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The global population of older adults is expanding rapidly resulting in a shift towards managing multiple chronic diseases that coexist and may be exacerbated by cardiovascular illness. Stable ischemic heart disease (SIHD) is a predominant contributor to morbidity and mortality in the older adult population. Although results from clinical trials demonstrate that chronological age is a predictor of poor health outcomes, the current management approach remains suboptimal due to insufficient representation of older adults in randomized trials and the inadequate consideration for the interaction between biological aging, concurrent geriatric syndromes, and patient preferences. A shift towards a more patient-centered approach is necessary for appropriately and effectively managing SIHD in the older adult population. In this review, we aim to demonstrate the distinctive needs of older adults who prioritize holistic health outcomes like functional capacity, cognitive abilities, mental health, and quality of life alongside the prevention of major adverse cardiovascular outcomes reported in cardiovascular clinical trials. An individualized, patient-centered approach that involves shared decision-making regarding outcome prioritization is needed when any treatment strategy is being considered. By prioritizing patients and addressing their unique needs for successful aging, we can provide more effective care to a patient population that exhibits the highest cardiovascular risks.
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1. Introduction

According to the United Nations (1), the world population of adults over 75 years of age is expected to rise by 40% within the next decade, growing from 165 million in 2020 to 231 million in 2030. The life expectancy at 80 years of age is projected to reach 7.8 years by 2025, 8 years by 2030, and 9.1 years by 2050 (1). With these projections, the number of people aged 75 or older is expected to double by 2050, accounting for over half of the total demographic of the older adult population.

In the United States, a similar demographic shift is evident. The Centers for Disease Control and Prevention (CDC) estimate that the number of individuals >80 years will grow from 9.3 million in 2000 to 19.5 million in 2030 (2). The life expectancy at 85 is predicted to increase from 7.1 years in 2017 to 8.4 years in 2060, according to the US Census (3). These trends call for urgent action in appropriately managing therapeutic strategies and interventions for favorable outcomes among older adults (4). Through recent decades, there has been a clear shift in the major disease spectrum (2), with chronic cardiovascular diseases now forming the majority of the comorbidity burden.

Currently, stable ischemic heart disease (SIHD) ranks among the top causes of morbidity and mortality in older patient populations (5–7). There is a projected doubling in the incidence of SIHD in the population aged >75 years in both men and women (5–8). The Global Burden of Diseases, Injuries, and Risk Factors study that assessed diseases with the largest impact on disability-adjusted life years, showed that in patients aged >75 years, SIHD remains the highest contributor for the past three decades (9). According to the recent American Heart Association (AHA) statement on the management of acute coronary syndrome (ACS) in the older adult population, the highest proportion of individuals who are hospitalized for ACS are patients aged 75 and above (10). These patients also tend to be sicker and require more frequent escalation of care at presentation (11). Owing to cardiovascular changes with aging, pre-existing geriatric syndromes, multimorbidity, and the scarcity of evidence on management of SIHD in the older population with multiple chronic conditions, their clinical outcomes in practice remain suboptimal (10).


1.1 Aging and SIHD

The initial definition of successful aging by Rowe and Kahn (12) emphasized the concept of disease avoidance and maintaining a disease-free state, thereby excluding most older patients living with multiple chronic conditions. However, the perceptions of successful aging are evolving. Empirical studies demonstrate that older adults frequently equate successful aging with multi-dimensional behavioral and psychosocial factors (13, 14). In a study, Bowling et al. (15) compared a biomedical and a psychosocial model of healthy aging to patient's own perspectives and observed that there was a divergence in what constituted important parameters of healthy aging. The literature consistently demonstrates a misalignment between the physiological or functional model of aging and the perspectives of older patients (16–18), highlighting the importance of incorporating subjective criteria of assessment.

Patient-reported outcomes (PROs) are defined as measures that directly capture patients' perspectives on their health, functional status, symptoms, and QoL (19). PROs encompass multiple domains pertinent to the health of older patients, including but not limited to functional ability and physical health, social and environmental support, religiosity (20), less depressive affective functioning (18), and intact cognition. There is a compelling call to prioritize PRO in cardiovascular care for older patients (21). The American Geriatrics Society (AGS) advocates for clinicians to engage in discussions about health care with patients and caregivers. Decisions should be aligned with patients' health priorities and their health trajectories instead of disease-specific care (22). The Geriatric 5Ms (mind, mobility, medications, multicomplexity, and “matters most to me”) (23) is a communication tool that can be used in the majority of healthcare decisions in older patients.

The number of older patients living with SIHD is rising, but evidence-based therapies in older adult populations remain limited (24). Randomized controlled trials (RCTs) evaluating management strategies have failed to adequately incorporate geriatric syndromes and age-related physical and cognitive confounders in the precepts of care (25, 26). Moreover, these trials have inconsistently defined major adverse cardiovascular events (MACE) and have largely ignored patient preferences while implementing therapeutic management strategies (25, 26). Consequently, relying solely on clinical practice guidelines based on published literature may prove insufficient and may introduce adverse outcomes in the highest-risk populations of older adults (27). To address this, there is a growing need to broaden our focus from preventing MACE outcomes to capturing the heterogeneous aging experiences, redefining health priorities, and evaluating the progression of geriatric syndromes with cardiovascular outcomes (28, 29).

The central objective of this review is to critically evaluate the relationship between PROs and the treatment approach for SIHD in older patients. We will examine the multidimensional aspects of PROs—encompassing functional ability, physical health, social support, mental health, and cognitive status—and their implications on SIHD management. The care objectives of treating older individuals are distinct, and a patient's perspective on these objectives may outweigh the potential benefits of life-extending, evidence-based treatments. Prior to implementing a treatment plan for this patient population, it is essential to evaluate existing body of evidence and conduct a risk-benefit analysis. We also aim to establish a tailored approach to SIHD management by incorporating a patient-centric model that aligns with older patients' specific health priorities, preferences, and unique aging experiences.

Key Takeaway


	1.There is a disconnect between traditional biomedical models of aging and older adults' actual experiences and perspectives.

	2.Current management strategies for SIHD in older patients are insufficient as they do not account for geriatric syndromes, age-related risks, and patient preferences, necessitating a shift towards an individualized, patient-centered approach that reflects the diverse aging experience of these patients.






2. Definition of older adults

In the foundational framework of active aging, the World Health Organization (WHO) proposed that older adults be defined as individuals over the age of 60 years (30). Despite acknowledging the potential ambiguity of this definition, it became an anchor for the initial age-related frameworks (31). In contemporary times, for both national and international population demographics, the definition of older adults has been extended to include those above 65 years of age consistent with Medicare eligibility (32, 33). Yet, in recent years, as life expectancy has increased, simultaneously with improvements in QoL, there has been an emerging consensus on the need to reevaluate and redefine the definition of older adults. In the Journal of Aging and Physical Activity, there was advocacy for adopting a more nuanced and stratified classification of the older patients (34). This proposed classification by Spirduso et al. subdivides the older population into the “young old” (ages 65–74), the “old” (ages 75–84), the “old-old” (ages 85–99), and the “oldest old” (ages 100+). This approach helps to capture the heterogeneity within the older adult population, acknowledging that a 65-year-old and an 80-year-old are likely to have markedly different health and functional profiles and hence have different biological ages.

The concept of biological aging can significantly diverge from chronological aging, which follows a fixed and linear pattern. The aging process is inherently heterogeneous, impacting cellular structures, molecular pathways, and entire organ systems in diverse ways. This complexity arises from various factors, including immune aging, accumulative metabolic damage at the cellular level (35), and inflammageing (increasingly recognized as both a symptom and a cause of age-associated illnesses) (36–38). The emerging understanding of cellular senescence further contributes to this multifaceted process (39). Lipsitz's review encapsulates this dynamic interplay by elucidating that aging is not only associated with increased complexity within anatomic structures and physiological functions, but also with heightened variability in physiological responses (40). This increased variability, coupled with a concurrent decline in adaptive capacity, is a distinctive hallmark of the aging process (40).

The molecular intricacies of aging are further complicated by the impact of diverse factors, including genetics, lifestyle choices, disease burden, and the presence or absence of geriatric syndromes. Geriatric syndromes, such as frailty, multimorbidity, and functional disability, can significantly accelerate the biological and, subsequently, cardiovascular aging processes (41, 42). They also shape the individual's physical resilience or susceptibility to various stressors and diseases. Frailty, a clinical syndrome reflecting a decline in physiological and functional reserve, increases with age and is a precursor of disability (43, 44). Frailty not only contributes to accelerated physiological aging but is independently associated with poor health outcomes regardless of the presence or absence of a specific disease state (45, 46). Another geriatric syndrome, multimorbidity, is highly prevalent in the older population (47–49). It is characterized by the coexistence of diseases that are functionally and physiologically independent but may synergistically contribute to physical dysfunction and functional decline (50, 51). This concept differs from comorbidity, which refers to a condition where one disease state is the chronological successor of multiple interacting conditions (52). As Calderón-Larrañaga et al. discuss comprehensively (53), multimorbidity involves a deleterious cycle wherein co-existing diseases interact, thereby undermining compensatory mechanisms and leading to physical and cognitive decline. Conversely, physical and cognitive impairments exacerbate the severity and burden of multimorbidity, thus establishing a bidirectional dysfunction (46). Much like frailty, the presence of multimorbidity is associated with poor functional ability, adverse health outcomes, and increased mortality (48, 49). Taken together, understanding and accounting for these differences is important in delivering effective care to older patients (54). Owing to the significant differences that exist in biological aging with every decade, it is important to revise the definition of “older adult” to encompass a more nuanced approach to aging. In this review, we refer to older individuals as those above the age of 75 and limit our discussion to this cohort.

Key Takeaway


	1.The conventional definition of older adults as individuals over 60 or 65 is overly simplistic because it fails to take into account the complexities of biological aging.

	2.Geriatric syndromes can influence the biological and cardiovascular aging process, impact resilience, and alter an individual's functional status. Hence, a tailored healthcare approach that accounts for these complexities is important.





3. Cardiovascular physiology and aging

A constellation of molecular, biological, and clinical changes constitute the hallmarks of aging that increase the susceptibility of older patients to the spectrum of cardiovascular diseases (55, 56). At the cellular level, multiple interdependent mechanisms and processes are observed that facilitate cardiovascular aging (55, 56). This includes the superoxide-driven upsurge in oxidative stress, chronic low-grade inflammation (57), and the increased expression of pro-inflammatory cytokines (58). Endothelial damage further leads to a dysregulated response to vascular injuries and stressors, impaired vasodilatory mechanisms, and increased intimal thickness (58–61). This detrimental sequence of events leads to a distinctive phenomenon of vascular aging (61–63). Simultaneously, aging also impairs the compensatory mechanism of the cardiovascular system to both internal and external stressors (59). For instance, older patients have impaired myocardial reperfusion post-acute myocardial infarction (AMI), which prolongs the recovery process (60). These cumulative maladaptive structural and functional transformations not only amplify the incidence of SIHD and AMI in older populations but also contribute to poor health outcomes (59). This has been corroborated by observations from several clinical studies. Early research from the GUSTO-I (64) trial highlighted age as a key determinant of outcomes in STEMI patients, a finding supported by the PURSUIT Trial of NSTEMI patients (65). Subsequently, both the Thrombolysis in Myocardial Infarction (TIMI) score (66) and the GRACE score (67) incorporated older age as an important factor that predicts death and cardiac ischemic events. More recently, Luca et al. recognized age as the strongest predictor of poor outcomes, even when adjusted for other risk factors (68). Both Rosengren et al. (69), and APEX-AMI (70) showed that in patients with ACS and STEMI, respectively, there was an increased likelihood of heart failure, cardiogenic shock, atrial fibrillation, and recurrent ischemia in older patients. In-hospital death rates also markedly increased in proportion to higher age for patients over 75 years. This understanding is important because not only the mechanism of SIHD development is significantly different in older patients, but also the trajectory it follows.

The second confounder of outcomes is the presence of geriatric syndromes, such as frailty, cognitive impairment, and multimorbidity, which amplifies the risk of systemic diseases, including SIHD, in older patients. Geriatric syndromes are associated with poor health outcomes across the spectrum of SIHD severity. The prevalence of frailty in older patients presenting with coronary disease is estimated to be as high as 19% (71). Frailty has been linked to sub-optimal/detrimental cardiovascular and all-cause morbidity and mortality outcomes in older patients with SIHD (54, 71–78). Adding to this burden is the presence of comorbidities which exacerbates the risk of poor health outcomes. Mortality risk in older patients has been shown to increase in a proportional pattern with the increase in comorbidity burden (79–81), and the benefits of revascularization, while generally improving survival after ACS event, show progressive less benefit with increasing comorbidity and frailty burden (79, 82).

Cognitive impairment, which is shown to increase in prevalence with increasing age (83), further complicates the prognosis in older patients with SIHD (46). Even mild cognitive impairment has been associated with poor cardiovascular outcomes (84). A higher 30-day mortality rate and an increased risk of admission at one year were reported among those with dementia or advanced cognitive decline (85). A recent meta-analysis reinforced this concept by demonstrating a higher short-term (30-day) and long-term mortality in older patients with cognitive impairment compared to their cognitively intact peers (86). Hence, an improved understanding of the influence of age-associated factors on MACE outcomes can help improve the clinical management of the older patient populations.

Key Takeaways


	1.Chronological age influences SIHD outcome. There is a higher risk of cardiac ischemic events, heart failure, atrial fibrillation, and cardiogenic shock in patients aged 75 years and older.

	2.The spectrum of changes associated with biological aging and geriatric syndromes, such as frailty, cognitive impairment, and multimorbidity, contribute to poor health outcomes in older patients with SIHD and should be taken into account when planning for any revascularization strategy.





4. Older adults in SIHD trials

The establishment of clinical practice guidelines and their general applicability necessitates evidence based on a well-represented study population. The lack of age-appropriate safety data, adverse event profiles, and insights into real-world effectiveness can, and does, lead to poor clinical outcomes (87). Up until the last decade, the majority of clinical practice guidelines on the prevention, diagnosis, and management of SIHD in the older adults have been extrapolation from clinical trials from the much younger patient cohorts. In fact, a recent systematic review of all clinical trials focusing on ACS management revealed that a meager 12.9% of over 1 million patients enrolled were aged 75 and above (88). Despite efforts to improve enrollment of representative older populations by removing chronologic age cutoffs, progress has remained modest (89).

Several factors contribute to the poor representation of older adults in clinical trials, which can be broadly classified into three categories: restrictive study design, recruitment difficulties, and retention challenges (90). Geriatric syndromes such as frailty, multimorbidity, and cognitive impairment pose significant challenges at each of these stages. The presence of geriatric syndromes is frequently encountered as a study exclusion criteria itself. Multimorbidity poses a challenge for both the internal and external validity of clinical trials (91). It can affect appropriate treatment selection as well as lead to confounding of treatment outcomes (91). Furthermore, polypharmacy is a common occurrence in older adult individuals due to the prevalence of multimorbidity. Polypharmacy complicates the investigation of the efficacy and safety of new drugs due to the higher potential for drug-drug interactions (92), which can lead to ineffectiveness and increased adverse events. Beyond the biological model, geriatric syndromes also impact recruitment and compound retention problems due to various logistical hurdles. These issues span a wide spectrum: transportation and mobility difficulties arising from functional dependence, economic constraints, and limited understanding or access to digital technology, all of which could curtail participation or heighten dropout rates (90). All these factors lead to under-representation, not only by direct causal effects but also by selection biases, as clinicians and researchers hesitate to recruit these complex patients in clinical trials (93).

Key Takeaways


	1.Most clinical guidelines on prevention, diagnosis, and management of SIHD have been based on clinical trials primarily involving younger patient cohorts, and hence there is inadequate representation of older adults.

	2.Selection bias, restrictive study design, recruitment difficulties, retention challenges, and logistical issues have all contributed to the underrepresentation of older adults in cardiovascular clinical trials

	3.Geriatric syndromes such as multimorbidity, polypharmacy, frailty, and cognitive impairment further complicate clinical trials due to potential interactions.





5. Current outcomes measures in clinical trials


5.1. Traditional MACE vs. patient-centered outcomes

Following on the initiatives from the National Institutes of Health, including the Inclusion Across the Lifespan policy (94), there has been a deliberate shift towards inclusion of older patients in cardiovascular trials. However, many of the more recent pivotal trials focused on traditional MACE outcomes such as mortality, rehospitalization, repeat revascularization, stroke, and peripheral vascular disease (68). These outcomes are seldom standardized or take into account the complexity of age-associated conditions that coexist in the older population. Table 1 shows the major landmark trials and registries that are currently inclusive of the older adult population.


TABLE 1 Major randomized clinical trials and prospective cohort studies that enrolled older adult populations with coronary artery disease.

[image: Table 1]

When we examine these trials, it is strikingly clear that the participation of older patients in clinical trials remains unsatisfactory. This underrepresentation is disproportional to the prevalence of SIHD in this population. The definition of MACE as a primary or co-primary outcome also exhibits considerable variability across the trials, and the follow-up varies significantly. These inconsistencies pose a significant challenge in pooling the data and comparing the results for generalizability. Moreover, geriatric syndromes have rarely been evaluated in landmark trials, except After Eighty Study (103) and ICON-1 (112). These parameters significantly impact the prognosis and management of SIHD for older individuals.

Even with recent strides that have been made to better understand and address the health outcomes pertinent to older patients, an essential facet that remains inadequately addressed is considering patient-centric preferences. These preferences, shaped by their own perception of successful or healthy aging, can deviate from the traditionally disease-oriented view of clinicians, researchers, and/or policymakers. For instance, von Faber et al. (113) presented a model of successful aging that includes optimal physical and social functioning as well as the subjective state of well-being. In their study cohort of individuals aged over 85 years, while only 10% of patients met the traditional health metrics of successful aging, a striking 80% subjectively reported successful aging. This perspective highlights that older patients often view successful aging as an adaptive process that consists of physical and social functioning and may not ascertain all benefits in traditional terms. Strawbridge et al. (114) compared patients' self-rating with Rowe and Kahn's criteria of successful aging (12). Only 18% of patients met the criteria as defined by Rowe, but >50% rated themselves as successful aged. They found that the self-rated model of successful aging demonstrated stronger associations with most well-being measures when compared to the Rowe and Kahn model.

Montgomery and Fahey (115) noted the divergence between patients' and physicians' treatment preferences in the importance of healthcare outcomes. Patients were more likely to select an additional therapeutic intervention if they perceived a significantly elevated disease-related risk, although the focus was on a single disease-related outcome. For older SIHD patients, this decision-making process becomes even more complex due to the multimorbidity (116) and polypharmacy (117). Nanna et al. identified that age influences treatment goals, willingness to consider invasive cardiac procedures, and risk tolerance among hospitalized older patients with SIHD. As patients age, they tend to more frequently prioritize goals, such as maintaining independence and mental capabilities, while being concerned with the loss of physical abilities and mental capacity (118). The AGS has acknowledged the importance of “preference-sensitive” decisions (117), stating that outcomes valued by older patients may deviate from disease-focused clinical practice guidelines and, in fact, may be in conflict with their individual health preferences. Fried et al. (119) examined the concept of competing outcomes of significant relevance in the older population. When queried about single-disease treatment preferences, patients would initially strongly align with evidence-based guidelines. However, a notable shift was observed when their global health was considered: they prioritized avoiding significant adverse effects secondary to therapy over disease-focused treatment guidelines. This was especially pronounced when treatment had marginal effects on disease-specific outcomes and/or failed to improve their QoL. This trend was in alignment with a subsequent study wherein more than 90% of the patients would decline even a low-burden evidence-based therapy if it potentially led to functional or cognitive impairment, irrespective of disease-specific benefits (120). Examining cardiovascular outcomes specifically, Tinetti et al. (121) reported that nearly half of their older cohort prioritized mitigating the risk of fall injuries and medication-related symptoms over curtailing the future risk of cardiovascular events in hypertension management. In a similar way, Caughey et al. (122) found that the initial patient preference for taking a disease-specific medication dropped dramatically when potential adverse events or competing health outcomes were considered. The inclusion of these preferences enables clinicians and investigators to evaluate the comprehensive impact of any treatment strategy on the overall health and QoL of older adults from their own perspective. Nanna et al. have recommended a “Consider, Listen, Decide” approach to complex decision-making in older adults with SIHD that incorporates these concepts (24, 123). We discuss the important patient-reported outcomes and their relevance in managing CAD in the older patient population below (Figure 1).
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FIGURE 1
In older adults presenting with SIHD symptoms, it is essential to first identify their expected outcomes and set priorities in the context of potential competing results. Physicians then must take into account the additional risk factors, such as age, concomitant geriatric syndromes, and evaluate the evidence supporting specific therapies. Physicians then present management options and highlight their associated traditional outcomes, such as MACE to the patient. Using the “Geriatric 5 M's” and the “Consider, Listen, and Decide” Approach, can help to promote shared decision-making. This approach ensures we develop a strategy that respects patient-reported outcomes and aligns with evidence-based therapy for SIHD management.


Key Takeaways


	1.Traditional MACE outcomes, such as rehospitalization, stroke, and mortality, that are often used in clinical trials are seldom standardized in accordance with pre-existing conditions in older adults.

	2.Older patients often view successful aging as an adaptive process that includes optimal physical and social functioning rather than meeting traditional health metrics. Older adults may prioritize avoiding significant adverse effects secondary to therapy over disease-focused treatment guidelines, especially when the treatment has marginal effects on improving their QoL.

	3.Competing health outcomes is an important consideration for older patients with multimorbidity and polypharmacy.





5.2. Patient-reported outcomes


5.2.1 Quality of life

The WHO defines QoL as “an individual's perception of their position in life in the context of the culture and value systems in which they live and in relation to their goals, expectations, standards, and concerns” (124). Bowling et al. defined QoL as a concept that is a collection of interactive objective and subjective dimensions (125). Bowling further refined the definition as a measure that reflects not just macro-societal influences but also delves into the nuances of an individual's personal experiences, circumstances, well-being, values, perceptions, and self-assessment of health (125).

One of the earliest large-scale oL assessments that involved patients' own perspectives was done by posing open-ended questions to patients eliciting a multifaceted range of responses that spanned several domains: independence, social relationships, social roles and activities, health, psychological well-being, perspective about home and neighborhood, and financial circumstances (125). In addition to identifying the core values that defined the meaning of QoL for older patients, this study also demonstrated the wide array of responses elicited by similar questions of integrating individualistic preferences. A public survey conducted by Brown et al. (126) identified the most important components of QoL for older patients—family and social relationships, emotional well-being, spirituality, functional independence, social engagement, standard of living, and health maintenance. Multiple studies focusing on older men and women further corroborated these QoL facets (121, 127, 128).

The QoL outcomes tie into what constitutes successful aging for older cardiovascular patients. This also makes it important to factor in the phenomenon of response shift, a concept that elucidates changes in an individual's QoL perception based on alterations in their internal standards, values, or conceptualizations (129). Patients' present QoL preferences might evolve over time in line with their health and life trajectory. Hence, the emphasis on long-term QoL outcomes is critical in concordance with the discussion of short-term benefits. Owing to these insights, the focus has appropriately shifted toward QoL measures in older patients, and numerous global policies and decisions are being implemented to enhance QoL with a focus on long-term care (21, 22, 32). In the context of SIHD management, the inclusion of QoL outcomes remains critical. The symptoms and impacts of the disease—such as chest pain, shortness of breath, and fatigue—can greatly influence both QoL and Health-related quality of life (HRQoL), as these factors often limit social activities, induce emotional distress, and affect overall well-being. Accurately assessing QoL outcomes in the context of cardiovascular treatment therapeutics improves patient selection, helps provide a roadmap for discussions regarding the risks and benefits of treatment, and solidifies a process of shared medical decision-making, particularly for invasive cardiovascular procedures. The instruments used to measure patients' preference for QoL that are validated in older patients are described in Table 2.


TABLE 2 Tools to measure patient reported quality of life outcomes.
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Key Takeaways


	1.QoL is a multidimensional concept that includes macro societal influences as well as individual experiences, circumstances, well-being, values, and perceptions. This encompasses components such as family, social relationships, emotional wellbeing, spirituality, functional dependence, the standard of living, and health maintenance.

	2.The concept of QoL aligns with the self-perception of successful aging for older cardiovascular patients and hence is an important outcome to factor in for any management strategy.

	3.There is a lack of standardization and validation of tools to measure patient-centered QoL in older CAD patients.





5.2.2. Health-related quality of life

The CDC defines HRQoL at the individual level as perceptions of physical and mental health, such as energy levels, mood, and their correlates (137). For all individuals, especially older people, health impacts not only their functioning but their global QoL, and hence, maintaining good health and minimizing its disease impacts is one of the most important preferences (138). There exists a bidirectional interaction between unrelated symptoms, functionality, and the resultant QoL, which can help in HRQoL assessment (139).

The critical role of HRQoL assessment is its ability to influence disease outcomes positively and guide treatment strategies (140, 141). To address HRQoL assessment, the CDC proposed four core values: patients' perspectives on general and physical health, mental health, and the impact of poor physical or mental health on their usual activities (137, 142). These core values are foundational for the creation of the Patient-Reported Outcomes Measurement Information System (PROMIS) database, which was a landmark step towards incorporating patient perspectives in HRQoL measurement and laid the groundwork for validating all patient-reported outcomes (143).

However, when measuring HRQoL, we must consider the heterogeneity of the tools used for measurement. While tools like SF-36 and EQ-5D-5l offer a broad, encompassing perspective on HRQoL, they may lack the sensitivity to capture disease-specific subtleties. In contrast, the HUI-III, despite its less widespread use, can provide nuanced functional status and coping assessments, which could provide valuable insights in the context of SIHD (144, 145). An early assessment comparing six widely used generic instruments against SIHD-specific HRQoL tools found that generic tools were capable of measuring both SIHD-specific symptoms and their impact on global health along with patients' overall health status (146). Table 3 discusses various generic and SIHD-specific/validated HRQoL tools.


TABLE 3 Tools to measure patient reported health-related quality of life outcomes.

[image: Table 3]

These instruments have inherent limitations, often involving trade-offs between comprehensiveness, feasibility, disease specificity, and global health. From a broader perspective, investigators and clinicians must carefully select the most appropriate instrument taking into account their unique strengths and weaknesses. Owing to the diverse study populations with SIHD and the numerous tools of HRQoL utilized in practice, standardization and comparisons of existing instruments are challenging (158, 169). A disease-specific and a generic HRQoL tool together may be required in tailoring treatment plans that prioritize patient preferences and improve overall outcomes in the management of SIHD. As the field evolves, there is a pressing need for robust, replicable, and standardized tools for HRQoL measurement in the context of older patients with SIHD.

Key Takeaways


	1.HRQoL determines the impact of health on an individual's perceived well-being, with physical and mental health perceptions as critical components.

	2.HRQoL assessment can positively impact SIHD outcomes and guide treatment strategies that align with patient preferences.

	3.There is significant heterogeneity in current HRQoL tools, and standardization is required. Generic tools may not capture SIHD-specific nuances, and hence comprehensive understanding is needed before implementing them in clinical trials and clinical practice.





5.2.3. Functional status

Age-related functional decline is a widely recognized phenomenon in geriatric medicine (170). As individuals advance in age, their functional capacity, or their ability to conduct daily tasks and activities vital for maintaining independence, tends to diminish. This capacity encompasses both activities of daily living (ADLs), and instrumental activities of daily living (IADLs). In the context of successful aging, preservation of functional ability is often prioritized as a key health outcome by older patients (171–174). Functional independence was identified as an important domain for maintaining the QoL in the Delphi consensus study (175), reflecting the findings of a comprehensive review by van Leeuwen which identified functional independence as the most common domain in patients' perspectives on healthy aging (176). The importance of functional status is further emphasized in settings of multiple diseases and limitations. Any health problem or outcome that hinders an individual's capacity to carry out desired or necessary tasks leads to poor functional outcomes (177). Furthermore, health conditions that limit a patient's daily activities are typically prioritized as severe or urgent among all comorbidities (178). This desire for independence extends beyond basic functional activities and encompasses maintaining adequate mobility, living independently, and continuing work-related activities (173, 179). Functional independence also carries significant protective effects on health. Functional limitations exacerbate feelings of social isolation and can negatively affect HRQoL.

Older patients, particularly those who have suffered from acute health conditions such as MI, often experience a significant decrease in their functional capacity (180). SIHD and related conditions, such as angina pectoris, markedly impair physical activity in older patients. This impairment consequently leads to reduced QoL and further diminishes their functional independence. It's important to note that these negative impacts on functional ability and independence can, in turn, adversely affect PROs, adding another layer of complexity to the management of older patients with SIHD. Therefore, the inclusion of functional status assessment and outcomes in SIHD management strategies for the older adult population is important in aligning care with the patient's health goals.

Key Takeaways


	1.Preserving functional ability is one of the most important PROs across older adults' cohort.

	2.SIHD can impose restriction in functional abilities, which in turn can negatively affect social and mental domains and significantly affect the HRQoL.

	3.Revascularization strategy that improves functional ability and outcomes that correlate with better functional health, may be prioritized in older adults living with debilitating SIHD.





5.2.4. Symptoms

In the older population, the burden of symptoms is complex and multifaceted, given the prevalence of multiple chronic conditions. Findings from the National Health and Aging Trends study found that at least 20% of community-dwelling older adults experienced two symptoms concurrently, including pain, fatigue, breathing difficulty, anxiety, depressed mood, and sleep disturbance (181). A significant portion of approximately 14%, reported an even higher symptom burden, with three or more coexisting symptoms. Two of the most prevalent symptoms reported by this population, regardless of gender, were pain and fatigue (182). Somatic symptoms, referring to physical manifestations of discomfort, pain, or other physically distressing conditions that hinder a patient's functional capacity, are important outcomes that patients wish to address (175). Any symptom that triggers a loss of functional ability is associated with poor functional health and remains a top priority from the patient's perspective (177). Unmanaged, persistent symptoms can significantly compromise the HRQoL of patients (183). The impact of persistent pain has been shown to be profound as it poses the most significant obstacle to performing ADLs and IADLs (182). Pain management is often a recurring theme in patients' discussions of physical health, and thus, it stands as a high-priority health outcome (184).

Chronic conditions such as SIHD and stable angina are examples of high-burden symptoms that significantly impact all aspects of a patient's QoL (185). In a comparative study of more than ten diseases, symptoms associated with CAD were found to exert the second highest impact on functional disability (186). A recent analysis showed that patients with typical angina had poor scores in the physical health component of SF score, as well as patients had much higher anxiety than those without typical angina (187). Taken together, symptom relief should routinely be assessed and managed appropriately in SIHD patients and is a critical outcome that needs to be incorporated in future research that targets SIHD in the older adult population.

Key Takeaways


	1.The symptom burden in older adults is multifaceted due to the concomitant presence of multiple chronic conditions. Older adults experience multiple symptoms, which may or may not overlap with SIHD symptoms, such as pain, fatigue, dyspnea, and mood disturbances.

	2.Symptoms that interfere with the functional ability of older patients are emphasized as a high priority when discussing preferred health outcomes.

	3.SIHD is a disease that results in high-burden of symptoms that significantly impacts all aspects of older patients’ QoL. Symptoms associated with SIHD considerably impact functional disability, making their management critical in care for older adults.





5.2.5. Mental health

Mental health serves as an important component in the context of successful aging (171). This is understood not merely as the absence of depressed or negative feelings but also incorporates the presence of positive mental outlooks and robust coping mechanisms (173, 175). These findings are corroborated throughout the literature. For instance, a study assessing the correlation between exercise tolerance and age discovered a robust independent association between high depression scores and age-associated exercise intolerance (180). A comprehensive review by Pressman et al. found that patients with a more pronounced negative affect reported their physical symptoms as disproportionately severe relative to their actual disease (188). Conversely, a positive mental outlook was linked with improved health outcomes (189), higher subjective QoL (188), and successful aging (173).
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FIGURE 2
Cardiovascular diseases, associated comorbidities, and multimorbidities can lead to a spectrum of symptoms that may or may not directly reflect direct causation. These initial symptoms are the more obvious cardiovascular symptoms, such as angina, dyspnea, fatigue, etc., but these symptoms, in turn, exert distinct impacts on four key areas: functional, cognitive, mental health, and social domains. Collectively, these influences shape older adults’ health-related quality of life, highlighting a potential disparity between clinical observations and patients’ desires.


It was proposed that any acute illness might trigger a stress response in older patients, leading to a spectrum of adjustment disorders (190). This captures the maladaptive psychological responses prompted by changes in life circumstances, with diseases playing a significant role. The concept is unequivocally illustrated in the AHRQ evidence report, which found a strong association between developing MI and increased depressive symptoms (191). Typical angina has been shown to elicit higher anxiety in older adults when compared to their counterparts without these symptoms (187). Importantly, older individuals often demonstrate a robust positive reaction to mental adaptability, which encompasses accepting their life circumstances while maintaining a positive outlook on life (176). Such resilience underscores the pivotal role mental health plays in their overall well-being, particularly in the context of managing chronic disease. Consequently, mental health emerges as a significant PRO that should be prioritized in the management of SIHD in the older adult population to ensure adequate QoL. When adverse events occur, interventions to help cope with the stressor should be provided to older patients to ensure adequate recovery of functional abilities.

Key Takeaways


	1.Mental health is a critical component of successful aging, encompassing not only the absence of negative feelings but also the presence of positive mental outlooks and robust coping mechanisms.

	2.Patients with more pronounced negative affect report their physical symptoms as disproportionately severe relative to their actual disease, impacting the perception of health status.

	3.SIHD has been independently associated with increased depressive and anxiety symptoms as well as acute stress response, which can cause maladaptive psychological responses.





5.2.6. Cognitive function

There is a known trend of cognitive functional decline with pathologic aging, impacting all facets of cognitive functioning (192). Cognitive functioning serves as a critical pillar of achieving functional independence among older patients and hence maintaining their sense of well-being as well as perceptions of successful aging. Adequate cognitive functioning includes the preservation of memory, the ability to engage in cognitive activities within their community, and the capacity to acquire new skills or experiences (173). In the older population, cognitive dysfunction can span a spectrum that ranges from mild cognitive impairment to more severe forms such as dementia, including Alzheimer's disease (193). Even mild cognitive impairment can notably undermine the ability of older adults to maintain their independence (192, 194). Moreover, the implications of cognitive impairment extend to HRQoL, with both subjective and mild cognitive impairment correlating with poor HRQoL outcomes (195, 196).

An important concept in gerontology is cognitive frailty, which is defined by the International Academy on Nutrition and Aging (I.A.N.A) and the International Association of Gerontology and Geriatrics (I.A.G.G) consensus group as the simultaneous presence of physical frailty and mild cognitive impairment in the absence of dementia or other pre-existing brain disorders. This state of cognitive frailty contributes to increased disease burden and is associated with poorer outcomes (46, 197). When we consider the impact of SIHD or ACS on cognitive function, several studies show that these conditions can indeed have a detrimental impact. For instance, individuals with SIHD often demonstrate poorer cognitive function compared to their counterparts, affecting domains such as memory, attention, and executive function. The exact mechanism of this interaction is multifaceted, with potential contributions from cerebrovascular disease, shared risk factors (198), and the effects of chronic systemic inflammation. Moreover, post-ACS patients may experience a decline in cognitive function, which can influence their functional independence and HRQoL. This highlights the importance of routine cognitive assessment and appropriate management in the context of SIHD, which could subsequently lead to improved outcomes and QoL in these patients.

Key Takeaways


	1.Cognitive abilities, including memory, the ability to engage in cognitive activities, and the capacity to acquire new skills, are frequently emphasized in older individuals' perceptions of successful aging.

	2.Studies have shown that both SIHD and ACS can have a detrimental impact on cognitive function, which in turn can cause functional impedance. Hence, routine cognitive assessment and appropriate management in this patient cohort is a necessity.





5.2.7. Social support

Social support and meaningful interpersonal relationships are fundamental for older patients to maintain a QoL that is personally fulfilling. This encompasses not only the avoidance of loneliness but also the establishment and continued cultivation of positive connections. Receiving emotional and psychological support from family, friends, colleagues, and others in their social circles, being contributing members of society, and feeling a sense of belonging is essential to their well-being (175, 176, 179, 199). These relationships provide instrumental and emotional support, fostering resilience and adaptability in this population (200). Evidence shows that the social dynamics of the older individual's life can directly impact their HRQoL (183, 201, 202), and subjective social aspects are associated with both subjective well-being as well as positive health affect (173, 203). These findings make it clear that subjective health parameters are interconnected and can mutually influence the overall well-being of the older patient. These complex interactions between social relationships, subjective well-being, and health-related outcomes suggest a need for an integrative and comprehensive approach to the management of CAD in older patients.

Key Takeaways


	1.Social support, strong interpersonal relationships, and maintaining roles within the community are important for ensuring adaptability in older adults.

	2.Social dynamics of an older individual's life can directly impact both the mental health component as well as HRQoL and hence should be taken into perspective when deciding any management strategies.






5.3. Gaps in knowledge

Understanding and acknowledging the need for a patient-centered approach in managing SIHD in the older adult population, several gaps in the current body of research need to be addressed:


	1.The categorization of “older adults” at a threshold age of 65 years, might not be an accurate representation of today's older adult populations due to improving health care and increased life expectancy. Studies examining the “old-old” population, those above 85 years and older, and incorporating biologic or physiologic aging are required to understand cardiovascular aging.

	2.Despite the acknowledgment of the significance of PROs in geriatric cardiology, they are still under-utilized in research and practice. Systematic reviews or meta-analyses investigating patient-preferred outcomes such as functional independence, cognitive abilities, and mental health in SIHD management, are limited and not externally validated.

	3.Clinical trials aimed at enrolling older patients with SIHD must incorporate patient-reported outcomes in their methodology.

	4.The development and validation of novel outcome measures that capture older adults' priorities are needed. Current outcome measures may not fully capture the range of patients' experiences and concerns, particularly in the realm of mental health and social functioning.






6. Conclusion

The National Academy of Medicine, the European Society of Cardiology, the American College of Cardiology, the American Heart Association, and the American Geriatric Society, strongly advocate for patient-centered care and propose personalized strategies for managing older patients living with SIHD. To optimize cardiovascular care for older patients with SIHD, research evaluating therapeutic outcomes must consider patient preferences and their perceptions of successful aging. These factors should be evaluated within each patient's unique cultural, social, and physical contexts, and weighed against the risks and benefits concerning mortality and morbidity (Figure 2). Geriatric syndromes should be recognized for their significant prognostic implications, and therapeutic interventions should be combined with both preventative and long-term care plans to mitigate these. Discussing therapeutic interventions for SIHD necessitates a comprehensive dialogue about the burden of treatment on the patient, balancing short- and long-term goals identified by the individuals themselves. To ensure a comprehensive and accurate assessment, standardized definitions for patient-reported outcomes in the older population should be the next frontier in clinical research. Taken together, guidelines for chronic coronary disease should not solely focus on managing hard clinical outcomes of SIHD, but rather reflect a more comprehensive person-centered care by incorporating PROs in the approach to management.
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The Heart Failure Collaboratory (HFC) is a consortium of stakeholders in the heart failure (HF) community that aims to improve the infrastructure of clinical research to promote development of novel therapies for patients. Since its launch in 2018, HFC has implemented several solutions to tackle obstacles in HF clinical research including training programs to increase the number of clinicians skilled in conducting clinical trials, novel study designs, and advocacy for a diverse and inclusive HF research ecosystem. We highlight some of the HFC successes since its establishment.


KEYWORDS
heart failure collaboratory, heart failure, clinical trials, academic research consortium, HFrEF—heart failure with reduced ejection fraction, HFpEF—heart failure with preserved ejection fraction





Introduction

The incidence of heart failure (HF) in the United States is on the rise. The American Heart Association estimates about 6.2 million American adults were living with HF between 2013 and 2016 (1). In addition to the increasing mortality and morbidity in HF, the burden of the disease on the economy is significant, including the direct cost to healthcare systems and indirect cost on society related to missed days of work. In 2012 the American Heart Association report estimated the cost of HF on the United States exceeded $30 billion (2). Globally, data on the incidence of HF is limited or even missing. However, the prevalence of HF globally is on the rise due to advancements in diagnostic tools which is also associated with a significant increase in the cost of care (3). Despite being a national and international public health issue, the development of therapies and devices targeted at the prevention and treatment of HF are straggling. This is in part due to the flaws in the infrastructure of HF clinical research in the United States (4).

HF has become difficult to study due to several patient and disease factors including the complexity of the disease and the increase in the expenses associated with conducting research studies. HF is a composite of several diseases and phenotypes that were previously seen as one single entity. Investigational studies have demonstrated the heterogeneity of the disease and the variable effectiveness of the current guideline-directed therapy.Clinical trials in HF require the enrollment of large sample populations with long follow up periods to collect sufficient numbers of events to demonstrate a treatment effect. The conduct of safe, effective, and generalizable clinical trials is challenging due to several other factors. Patient enrollment may be difficult in part due to hesitancy to receive experimental therapies, the long duration of follow up is a deterrent, and clinical trials are complex for patients and clinicians to understand. In addition, highly specific inclusion, and exclusion criteria limit enrollment, which eventually leads to delayed testing of new therapies and increases the cost of running the clinical trial. For example, several epidemiological studies have demonstrated the increase in the incidence of heart failure with preserved ejection fraction (HFpEF) globally (3). Despite the increase in the number of HFpEF trials, most of these trials are limited in size and lack the capacity to generalize the outcomes on HFpEF patients population (5). The inclusion criteria in some of these trials limited the number of HFpEF patients eligible for enrollment (6).

There is an incremental loss in the workforce capable of designing and implementing clinical trials to generate evidence. Fewer clinicians participate in clinical trials as investigators in part due to lack of incentives, resources, and protected time. The high complexity of clinical trials adds extra burden on clinicians who attempt to integrate clinical research into daily practice. While the number of patients with HF is on the rise, there is a decline in the number of physicians trained in management of HF, leading to limited physician-patient interaction time, which also limits the time during which clinicians can discuss clinical trials with patients. Furthermore, stakeholders in clinical trials including health systems, regulatory boards, industry, and third-party sponsors are not in alignment when it comes to defining protocols, end points, and adverse outcomes (7). Additionally, the cost of developing novel therapies is on the rise. It is estimated that it costs industry $2.5 billion to develop a new therapy due in part to the cost required to run phase I, II, and III trials to demonstrate the effectiveness and safety of the therapy. This is linked with the increased cost of enrolling each participant, which has increased four-fold over the past 20 years.



The heart failure collaboratory

In order to address these challenges in the HF clinical research environment, the HF Collaboratory (HFC) was launched in 2018. The HFC is a consortium of stakeholders committed to improving the ecosystem of HF clinical trials, which originated from a Think Tank meeting held on March 31, 2017 (4). HFC is a public-private partnership with a collaboration of stakeholders in HF clinical trials including health systems, clinical investigators, pharmaceutical and device companies, society representatives, and governmental agencies including United States Food and Drug Administration (FDA), National Institutes of Health (NIH), and Centers for Medicare and Medicaid Services (CMS). HFC addresses the deficiencies within the infrastructure of HF clinical science, and through learnings and publications described herein has become a model for improving evidence generation for multiple disease processes (Figure 1).


[image: Figure 1]
FIGURE 1
The stakeholders of the heart failure collaboratory working together to improve the infrastructure of heart failure clinical trials.


The HFC aims to improve patient care in the HF ecosystem by augmenting clinical research efficiency and rigor, develop an infrastructure for clinical research, enhance the design of clinical trials, and facilitate the efforts of all stakeholders to improve medical care in HF to facilitate evidence generation for novel HF therapies. HFC is headquartered and administrated at Inova Schar Heart and Vascular (ISHV). The HFC activities enhance enrollment of patients, train future generations of clinical trialists and investigators, and enrich communication across all stakeholders by bringing them together to achieve their collective goals (Figure 2).
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FIGURE 2
Some examples of the challenges commonly faced in the infrastructure of heart failure clinical trials, with some of the solutions implemented by the heart failure collaboratory.



Lessons learned from other disease states

Similar to HF, the incidence of cancer is on the rise. The Center for Disease Control and Prevention estimates that over 1.6 million Americans were diagnosed with cancer in 2020 with over 600,000 cancer deaths (8). Due to the fast-paced development of new therapies to detect, prevent and treat cancer, there was a critical need for systematic reforms to coordinate the efforts of clinical trials in cancer therapies. In 2010, the National Comprehensive Cancer Network and the oncology community developed a road map to improve clinical trials in oncology by unifying the national efforts in cancer research. This included the standardization of clinical trials and generating funds and supportive resources to facilitate the implementation of new therapies in clinical practice (9).

Cystic fibrosis therapeutic development also offers a model for enhanced therapeutic development by disease-state stakeholders. The Cystic Fibrosis Foundation launched the CF Therapeutics Development Network in 1998 that acts as a facilitator between pharmaceutical companies, health systems, and patients to deliver novel therapies in a timely fashion. This network oversees the funding and investments of revenues from cystic fibrosis therapies and focuses on the empowerment of patients (10). Successes in the oncology and cystic fibrosis environments of collaborative multi-stakeholder community organizations led directly to the creation of the HFC.




Training programs

Clinical investigators and researchers are the driving force behind clinical trial patient enrollments. Investigators understand the challenges in the management of HF, utilize the therapies available on the market, and select the appropriate therapy for the right patient. The longitudinal patient-physician relationship in HF is an important aspect to prevent HF, identify it when present, and understand its progression. However, fewer HF clinicians enroll in clinical trials than previously. As the population ages the prevalence of HF continues to rise, exacerbating demand and supply mismatch in HF care. Additionally, the number of trainees in advanced HF has plateaued and a significant number of training positions have remained unfilled (11). This insufficiency combined with the heavy patient volume has decreased access to care, increased the burden of clinical work, and reduced the time allocated for clinical research. The complexity of clinical trials and lack of incentives also contribute to the diversion away from clinical research. Academicians within the HF community have done an astonishing work to advance care in HF, however, far fewer clinicians continue to join this specialized community (12). In order to tackle this problem, the HFC designed and implemented training programs to empower and enrich the current and future generation of clinicians, aiming to enhance the workforce behind designing, implementing, and supervising clinical research in HF.


Clinical research internship program

The HFC launched the Clinical Research Internship Program targeting young scholars and aspiring medical students to prepare the future generation of academic clinicians and research enthusiasts. The program provides interns with the opportunity to gain the experience in clinical site-based research, with a focus on HF and cardiovascular diseases. The program hopes to incentivize young scholars to change the research culture and promote evidence generation. At the same time, interns benefit from boosting their academic portfolio and connecting with leaders in the field. Interns participate in HFC working group meetings, partner in research generation, help maintain the HFC social media platforms to broadcast HFC activities, and collaborate in the production of HFC end-products and manuscripts.

One HFC aim addressed by past interns is investigating novel methods in the design and analysis of clinical trials. In 2020 Perego et al. published a paper under the supervision of the HFC leadership on the utility of the restricted mean survival time analysis (RMST) in HF clinical trials (13). RMST as defined by the average event-free time up until a milestone time point, is an alternative to Cox proportional hazards modeling that is commonly used in the analysis of HF clinical trials (14). RMST was calculated from the published time-to-event data from landmark clinical trials in HF using Kaplan-Meier survival curves. RMST differences were estimated and compared with proportional hazard models. Finally, Weibull estimations were applied to extrapolate the trials’ data for 5 years of treatment time. In addition, the RMST is also patient-centered, in that it provides easily interpretable assessments of benefit. For instance, using Weibull estimation treatment with dapagliflozin in the clinical trial “Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction” was associated with 1.8 added months of life of patients compared to placebo. Alternatively, from the effect of spironolactone on morbidity and mortality in patients with severe heart failure clinical trial (RALES) was associated with 6.0 added months of life compared to placebo (15, 16). By applying this approach in the designs of clinical trials, patients can be provided with intuitive estimates of HF therapies without prohibitive statistical assumptions.



Data and safety monitoring board workshop

A Data and Safety Monitoring Board (DSMB) is an independent committee that monitors patient data during ongoing clinical trials to ensure safe and effective conduct of the study. A DSMB identifies significant risks or benefits of the therapies under investigation during the experimental phase, and in the case of likely harm or overwhelming evidence of benefit, plays a crucial role in modifying or terminating clinical trials. Members of the DSMB should have the expertise and knowledge in clinical trials as well as the disease process and therapy being investigated (17). However, despite the increased use of DSMB in HF clinical trials, the pool of clinicians trained in DSMB activity is limited and does not satisfy the current or likely future research need. In summer 2023, the HFC launched the DSMB Academy Training Workshop, an initiative that aims to train cardiovascular and HF clinicians in the skills and disciplines of DSMB performance, to increase the pool of DSMB-eligible participants for clinical trials of the future.




Clinical trial design


Patient enrollment

Patient enrollment in clinical trials remains challenging due to both trial exclusion criteria and patient reluctance to participate. For example, the Danish German Cardiogenic Shock Clinical Trial (DanGer Shock) is a prospective, multicenter, open-label trial to study left ventricular mechanical circulatory support with a percutaneous implantable microaxial pump in patients with acute myocardial infarction complicated by cardiogenic shock, compared to conventional treatment. The trial was initially approved by the Danish National Ethical Committee in November 2012, and aimed to enroll 360 patients. The first patient enrolled in January 2013, but by the end of June 2018 only 100 patients had enrolled. To overcome the slow enrollment, the study had to be re-designed to involve multiple additional German centers (18). The HFC has highlighted some of the underlying factors behind poor enrollment, including the high complexity of clinical trials and poor patient access to information regarding availability of clinical trials (4). The HFC proposed actions to improve patient enrollment including forming partnerships with patient groups to educate patients on the importance of clinical trials and interventions to develop effective therapies for HF, therapies that may benefit themselves and others suffering from the disease. They also developed a media platform to facilitate patient enrollment where patients can find these trials and apply to participate by themselves, similar to clinical trials for cancer therapies (19).



Diversity and inclusion

The HFC aims to enhance the generalizability of clinical trials by improving the diversity of patients who participate in clinical trials. Despite the government requirement to report age, race, ethnicity, and sex, participants’ diversity in clinical trials remains suboptimal and under representative of the broader patient population.

Tahhan et al. reviewed 118 HF clinical trials and found that only 27% of participants were female and less than 30% were non-white race. The under representation of women, the elderly, and mixed ethnic groups limits the generalizability of clinical trials and their implementation into clinical practice (5). Social and economic backgrounds also play an important role in the development and progression of HF and potentially the response to therapies, and patients from diverse socioeconomic backgrounds should be included (20). The HFC has advocated for further government legislation. This would help ensure that investigators and sponsors take into consideration methodical study designs, limit eligibility requirements, and promote use of electronic resources and diverse media outlets to enrich trials with diverse participants (4). The HFC also released a call to action to improve the enrollment of underrepresented racial and ethnic populations through the diversification of research leadership and stakeholder commitment (21).



“Lean” case report form

Large-scale data collection may prolong and complicate the clinical trial process, adding cost that may not be needed if some data elements can be streamlined or removed. Sponsors and investors who fund clinical trials are forced to be selective in choosing therapies to be investigated on cost and investment returns rather than potential efficacy and benefits on the patient population. When designing clinical trials, investigators should consider methods to simplify studies to improve the cost effectiveness and reduce the economic and workforce burden required to run trial. The HFC “lean” Case Report Forms (CRF) specifically for the use in HF clinical trials aim to reduce trial burden by limiting extraneous data collection. A CRF is generally a data capture tool used to catalogue information collected for each study participant in the clinical trial (22). CRFs have historically been extensive, requiring the collection of substantial unnecessary data that increases trial burden. The lean CRF was created after the systematic review of CRFs from 8 HF clinical trials. The lean CRF eliminates non-critical elements, which reduced the number of elements from 176 in the original CRF's to 75 elements. This freely available tool aims to standardize data collection in HF clinical trials and to reduce the cost and burden to run the trials (23).



Redefining endpoints in HF clinical trials

The HFC partnered with the Academic Research Consortium (ARC), a collaboration between experts in clinical trials and academic research organizations which include the Harvard Clinical Research Institute, Cardialysis, the Cardiovascular Research Foundation, and the Duke Clinical Research Institute, to standardize terminology used in clinical trials. This partnership aims to unify and modernize the endpoint definitions for HF clinical research. This partnership developed patient-centered consensus recommendations for functional and symptomatic endpoints in clinical trials to improve the efficiency of HF clinical trials and potentially lower their cost (24). As one example where additional investigation is needed, there is wide heterogeneity in determining actigraphic measurements in HF clinical trials. As a communal starting point, HFC-ARC published guidelines for actigraphy reporting guidelines that include 16 device attributes including device name and model, sampling rate, events marker, wearable location and monitoring duration (24).



Lessons from the COVID-19 pandemic

The COVID-19 pandemic that started in late 2019 changed the face of healthcare dramatically including the performance and analysis of clinical trials. For example, the GUIDE-HF trial of pulmonary artery pressure monitoring in HF appeared effective during the portion of the trial conducted before the COVID-19 pandemic but appeared to lose its treatment effect due to a reduction in HF events during COVID-19 pandemic. This finding may be related to patient behavioral changes during the pandemic and not directly related to the therapy monitoring device or COVID-19, but it unmasked the role that external forces may have on the clinical trial ecosystem. Participants may have increased at-home exercise, augmented the quality of homemade meals with reduced salt usage, or increased adherence with medical therapies (25). The HFC and ARC conducted serial meetings in 2020 to address urgent challenges of conducting clinical trials during the COVID-19 pandemic. Members released a timely expert consensus recommendation that reviewed options for maintaining best practices to conduct clinical trials during the pandemic to support ongoing clinical trials and strengthen the clinical trial ecosystem (26). This expert consensus discussed options for remote event monitoring, functional and exercise measures, the effect of COVID-19 infection on endpoints, and special statistical considerations that were used by multiple ongoing and initiating clinical trials at the time and facilitated discussions internally and with regulators.




Conclusion

As the burden of HF remains on the rise, the HF Collaboratory was launched to improve the development of drugs and devices for its treatment. Despite many ongoing obstacles that slow down or impair evidence generation, including the complexity of current clinical trials, slow patient enrollment, lack of trained and incentivized investigators, diminishing workforce to conduct these trials, and heterogenous definitions for endpoints of clinical trials, the HFC continues to work to overcome these barriers. The HFC has created solutions to tackle these problems through programs to train current and future generations of clinical investigators, re-imaged the design of clinical trials to reduce cost, complexity, and improve patient enrollment, and gathered stakeholders together to support the common cause of improving HF patient care. The HFC is a model for further collaborations among the cardiovascular community to improve therapies, reduce mortality, and improve quality of life for patients.
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Heart failure with preserved ejection fraction (HFpEF) and atrial fibrillation (AF) have emerged as major age-related epidemics within cardiology. Both conditions carry overlapping symptomatology, and delineating between AF and HFpEF from a diagnostic standpoint is challenging as echocardiographic and biomarker assessments used to diagnose HFpEF may be impacted by AF. Indeed, these two conditions are commonly found in the same individual, so much so that AF has been used in proposed diagnostic criteria for HFpEF. The frequent concomitant presence of these two conditions is associated with poorer quality of life, exertional capacity, as well as increased risk for decompensated heart failure and all-cause mortality. Though these deleterious effects of AF in HFpEF patients are well described, we currently have only a superficial understanding of the complex interplay between these two conditions. Preliminary studies on intervening in AF in HFpEF are very small, with mixed data on whether modifying the natural history of AF can lead to improvement in heart failure (HF) outcomes in HFpEF. In this review, we will describe the clinical implications of carrying both cardiovascular conditions, address recent advances in HFpEF and AF, and highlight preliminary studies targeted at reduction of effects associated with AF burden in HFpEF.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) and atrial fibrillation (AF) have emerged as major age-related epidemics within cardiology (1, 2). Both conditions carry overlapping symptomatology, and delineating between AF and HFpEF from a diagnostic standpoint is challenging as echocardiographic and biomarker assessments used to diagnose HFpEF may be impacted by AF (3). Indeed, these two conditions are commonly found in the same individual, so much so that AF has been used in proposed diagnostic criteria for HFpEF (4). The frequent concomitant presence of these two conditions is associated with poorer quality of life, exertional capacity, as well as increased risk for decompensated heart failure and all-cause mortality (5–11). Though these deleterious effects of AF in HFpEF patients are well described, we currently have only a superficial understanding of the complex interplay between these two conditions. Preliminary studies on intervening in AF in HFpEF are very small, with mixed data on whether modifying the natural history of AF can lead to improvement in heart failure (HF) outcomes in HFpEF. In this review, we will describe the clinical implications of carrying both cardiovascular conditions, address recent advances in HFpEF and AF, and highlight preliminary studies targeted at reduction of effects associated with AF burden in HFpEF.


Epidemiology and clinical significance of AF and HFpEF

By 2030, an estimated 12 million Americans will have HF, and at least half of these individuals will have HFpEF (12). HFpEF is a HF condition that leads to HF symptoms similar to individuals with heart failure with reduced ejection fraction (HFrEF) (13). HFpEF patients demonstrate impaired exercise capacity and have poorer projected survival: the median five-year survival rate of HFpEF patients after their first HF hospitalization is 35% (14, 15). At present, there have been limited prospective studies identifying effective treatments that modify the natural course of this disease, with sodium-glucose cotransporter 2 (SGLT2) inhibitors recently identified as the first and only class of drugs offering clinical benefit (16), making HFpEF a major cause of morbidity and mortality with unmet healthcare need.

AF is also a growing cardiovascular epidemic affecting millions of patients worldwide (17, 18). Individuals with AF have increased risk for morbidity and mortality, with a five-fold higher risk for developing HF and cerebrovascular events (15–21). In the general population, the presence of AF, defined in the traditional binary fashion, is independently associated with faster decline in cognitive function with age, a 1.4-fold increased risk of dementia, and a 5-fold increased risk of stroke (7, 22). Failure to diagnose AF and initiate systemic anticoagulation in a timely fashion places these patients at undue risk for cerebrovascular events. Clinical management of AF includes two basic goals: (1) prevention of thromboembolism with systemic anticoagulation when appropriate, and (2) selection of medications and/or interventional procedures to either maintain appropriate heart rate or maintain sinus rhythm.



AF and HFpEF: proposed interactions and implications on clinical prognosis

The association between AF and HF has been well described, with modern HF cohorts reporting concomitant AF diagnoses in 13%–27% of all HF subjects (23–27). In prospective follow-up of Framingham Heart Study participants, 1,470 participants developed either new AF or HF between 1948 and 1995, with 26% of those participants developing both of these cardiovascular conditions (7). The prevalence of AF in patients with HF is correlated with the severity of the HF condition, ranging from just 5% in patients with mild HF to up to 50% in patients with end-stage HF symptoms (28). Large cohort studies reveal that least one-third of all HFpEF patients have AF, which has been associated with significantly reduced exercise tolerance, increased risk for decompensated HF requiring hospitalization, and overall poorer survival (5–10).

The natural history of AF is for progression from paroxysmal to persistent, and ultimately permanent AF (29). While the adverse cardiovascular events have generally been explored using a binary approach of presence or absence of AF, studies on the general population suggest that the rates of death, stroke and worsening HF are higher in individuals with persistent and permanent AF than in those with paroxysmal AF (30). Interestingly, the presence of any type of AF burden, even paroxysmal AF, appears to increase risk for poor clinical outcomes in HF patients, including patients with HFpEF (29, 30).



Pathophysiologic interplay between HFpEF and AF

The presence of AF has been associated with increased right and left-sided atrial and ventricular pressures on right heart catheterization (31). Pathophysiologic postulates on the deleterious interplay between AF and HFpEF include these higher right- and left-sided atrial pressures seen in HFpEF with concomitant AF, which may lead to reduced tolerance for fluctuations in intravascular volume, resulting in reduced exercise capacity and increased risk for HF exacerbation requiring hospitalization. This postulate has led to trials assessing the interventional procedures involving placement of an interatrial shunt with the hopes of improving HF outcomes, which have not proven to demonstrate significant benefit (32). However, as shown in Figure 1, the proposed interaction between AF and HFpEF extends well beyond hemodynamic effects alone: patients with both cardiovascular conditions frequent carry other clinical comorbidities such as obesity, hypertension, diabetes, chronic kidney disease, obstructive sleep apnea, alcohol consumption and smoking. These comorbidities all contribute to systemic inflammation, and are associated with higher levels of pro-inflammatory mediators, and longitudinal observational studies report that individuals with higher levels of pro-inflammatory markers at baseline are at higher risk of developing HFpEF and AF during follow-up (33–36). Coronary microvascular dysfunction, defined as myocardial ischemia in the absence of macrovascular epicardial coronary artery disease, has also been shown to be highly prevalent in HFpEF and AF patients, and can cause subtle aberrations in systolic function despite the presence of normal ejection fraction (37). One study assessing prevalence of coronary microvascular dysfunction in HFpEF reported that the prevalence of AF was over twofold higher in HFpEF patients with coronary microvascular dysfunction (58%) than in those without microvascular dysfunction (25%) (38). Other postulated contributors include deposition of epicardial adipose tissue leading to both myocardial infiltration and paracrine effects promoting local inflammation tissue fibrosis and cardiomyocyte dysfunction (39–42), as well as a pro-fibrotic milieu contributing to the pathogenesis and progression of both conditions.


[image: Figure 1]
FIGURE 1
Pathogenesis and progression of atrial fibrillation and heart failure with preserved ejection fraction.


While carrying a concomitant diagnosis of AF portends poorer clinical outcomes in HFpEF, and though many treatments exist to manage AF, no evidence-based treatment guidelines exist for the growing number of patients with HFpEF and AF. Thus, understanding the interplay between AF and HFpEF is vital to guide selection of appropriate therapeutic interventions targeting HFpEF as well as AF to optimize the clinical trajectory of these patients.



Timing of AF and HFpEF in patients with both disorders: prognostic significance?

Delineating relative timing of diagnosis of AF and HFpEF is particularly helpful as the prognosis of these particular subgroups may differ in response to rhythm control therapy. Amongst these groups are (1) individuals with pre-existing AF and subsequent development of HF; and (2) individuals who have had pre-existing HF before development of clinical AF. The first group with pre-existing AF includes individuals who develop HFrEF with transient or curable etiologies, such as Takotsubo or timely revascularization in ischemic cardiomyopathy, as well as individuals who have HFrEF who have ejection fraction recovery following initiation on goal-directed medial therapy (3, 43). This group also includes individuals with completely reversible ejection fraction after resolution of tachyarrhythmias, for which AF is the most common culprit. In general, the clinical trajectory of individuals diagnosed with AF before developing heart failure who undergo AF control is much more favorable with a higher likelihood of achieving complete recovery from HF symptoms. In contrast, though individuals from the second group who develop AF after already carrying a diagnosis of HF (whether this is HFpEF or HFrEF) may experience clinical benefit in achieving AF rhythm control, these patients typically have poorer long-term clinical projections, including higher thromboembolic risk and increased all-cause mortality (44).



Novel HFpEF treatments: efficacy for HFpEF patients with AF, as well as effect on risk for development of incident AF

Until recently, extrapolation of medical therapies showing mortality benefit in individuals with systolic HF to HFpEF proved disappointing. Recently, the application of sodium-glucose cotransporter 2 (SGLT2) inhibitors, developed initially for treatment of type 2 diabetes mellitus, have shown major clinical benefits in all HF patients irrespective of diabetes status, including patients with HFpEF (16). The EMPEROR-Preserved and the DELIVER clinical trials evaluated patients with HF with ejection fraction greater than 40%, showing reduction in risk for HF exacerbation, defined as hospitalization or unexpected HF outpatient visit or cardiovascular death (45, 46). The salutary effects of SGLT2 inhibitors was consistent irrespective of whether these patients carried a diagnosis of AF at the time of enrollment, with no reported statistical heterogeneity between the effects of empagliflozin and dapagliflozin. A meta-analysis of these studies demonstrated that the treatment effect noted for the composite endpoint of cardiovascular death or first hospitalization for patients with HFpEF was indeed consistent for patients with AF (HR 0.77, 95% CI 0.69–0.87) and those with no AF (HR 0.83, 95% CI 0.72–0.95), and there was no statistical heterogeneity between empagliflozin and dapagliflozin in the subgroups of patients with AF (47). Analysis of subgroups of patients within the study participants who were at risk for development of AF indicated consistent benefit with SGLT2 inhibitors with no apparent heterogeneity between empagliflozin and dapagliflozin. Dapagliflozin was the only study drug that demonstrated a reduction in incident AF diagnosis compared to placebo, but it was unclear whether this was truly an effect from the drug or a side-effect of improved severity of HF coupled with a higher participant number lending relatively stronger power to identify differences in risk for development of AF following assignment to the treatment arm (48).

Other promising therapies are on the horizon for certain subgroups within the HFpEF population. The STEP-HFpEF trial demonstrated that high-dose weekly administration of semaglutide, a GLP1 receptor agonist, led not only to significant weight loss in obese HFpEF patients, but also resulted in substantial improvement in exertional capacity and reduction in HF symptoms (49). Obesity is a well-described risk factor for AF, and aggressive weight reduction with intensive lifestyle modification has been shown to decrease AF in large randomized control trials (50, 51), so reduction in AF burden should be expected to be seen in obese HFpEF patients who also have AF. Another interesting prospective study demonstrated that HFpEF patients with a permanent pacemaker had significantly improved quality of life, lower N-terminal pro-brain natriuretic peptide levels, and reduced AF burden when their lower rate limit was programmed higher than their underlying resting sinus heart rate, compared against the standard lower rate limit programmatic setting of 60 beats per minute (52). Interplay between these emerging device and medical interventions on AF within the HFpEF population requires further investigation, which is presently under way.



Modern AF management and implications on HF outcomes in HFpEF

Guidelines for the selection of rate vs. rhythm control strategies has relied on several historical clinical trials, the largest of which was the AFFIRM trial published in 2002 (53–55). Meta-analysis of these studies has not revealed significant differences between pharmacologic rate and rhythm control strategies in risk for all-cause mortality or cerebrovascular events (56). Analysis of the AFFIRM trial, however, did show better outcomes in subjects able to maintain sinus rhythm (53). Following AFFIRM, pharmacologic and procedural advances have led to tremendous advances in our ability to attain rhythm control, with new medications and new therapeutic strategies designed to achieved rhythm control. A central discovery was the identification of ectopic beats originating from the pulmonary veins as the major triggers for initiation of AF has led to an ablation strategy for AF rhythm control that involves pulmonary vein isolation (PVI) (57). AF ablation incorporating PVI, now carries a class I indication for treatment of individuals with symptomatic paroxysmal AF that is refractory to at least one anti-arrhythmic medication, and a class IIa recommendation for individuals with recurrent paroxysmal AF even before therapeutic trials of antiarrhythmic drug therapies (58). Other shifts in AF management noted in comparing AFFIRM with the recently published EAST-AFNET4 study show decreased in use of digoxin, increased availability of newer anti-arrhythmic options, such as dronedarone (59, 60).

Recent studies comparing these current rhythm control strategies to rate control strategies have shown more clinical benefit of pursuit of rhythm control both in the general population as well as in patients with HF, in contrast to earlier landmark trial findings (61–63). As recent studies have highlighted the enhanced likelihood for success of achieving rhythm control with early intervention, pursuit of early intervention on AF in the HFpEF population may mitigate the effects of this rhythm in this population.

The evidence supporting AF ablation that incorporates PVI for AF management in the HFrEF population has grown tremendously over the last 10 years. Following an initial observational study that showed that patients HFrEF and AF tended to perform better after undergoing successful electrical cardioversion (64), a series of small studies were conducted comparing AF ablation with medical management in the HFrEF population—all of which demonstrated significant improvement in ejection fraction and exercise capacity (61, 65, 66). Multicenter randomized control trials following these studies all demonstrated the same improvement in cardiac function as well as small but significant reduction in mortality (63, 67). The mechanism driving improved clinical outcomes in these studies remains unknown, as does the utility of this intervention in the HFpEF population, given that most therapies showing improved outcomes in HFrEF have not demonstrated comparable benefit in HFpEF.

Preliminary single-center exploratory studies have been published describing benefit of AF rhythm control using a catheter ablation strategy compared to a rate control strategy, including ones that demonstrate a reduction of pulmonary capillary wedge measurements following AF ablation in HFpEF patients (68, 69). To our knowledge, no large scale prospective randomized controlled trials have yet evaluated whether AF ablation improves clinical outcomes in the HFpEF population. Pre-specified subgroup analysis of the EAST-AFNET4 study compared early rhythm control of AF and found that it was associated with a lower risk of adverse cardiovascular outcomes in comparison with “usual care” among patients with AF diagnosed within 1 year of study enrollment, which included patients with HF (n = 798), approximately half of whom had HFpEF (56%) (70). The primary outcome of the EAST-AFNET4 study was a composite outcome (including death from cardiovascular causes, stroke, HF hospitalization or hospitalization secondary to acute coronary syndrome) which occurred in 94 of 396 (24%) HF patients assigned to early rhythm control and in 130 of 402 (32%) HF patients randomly assigned to usual care [hazard ratio (HR) 0.74, 95% CI 0.56–0.97, p = 0.03]. As reported in the subgroup analysis, patients with HFpEF demonstrated more improvement in reported NYHA class than patients with HFrEF, and HFpEF participants appeared to have an overall lower risk for time to development of the primary composite outcome in comparison to their HFrEF counterparts. Finally, exploratory analysis of HFpEF patients suggested that treatment with amiodarone, but not treatment with flecainide, propafenone or dronedarone, was associated with early HF hospitalizations (70). This association may be due to patients receiving amiodarone having a higher frequency and severity of clinical comorbidities serving as contraindications for other anti-arrhythmic medications, but serves to temper our complacency in using amiodarone as a rhythm control treatment option in the HF population. Long-term use of amiodarone may require re-examination, particularly in the face of the other rhythm control options available in our current armamentarium of AF therapies in HF patients.

The majority of EAST-AFNET4 patients were prescribed anti-arrhythmic drugs as the first line early rhythm control option, with only a small fraction of these patients undergoing AF ablation. A post-hoc analysis of the CABANA clinical trial compared catheter ablation and antiarrhythmic drug therapy in 778 patients with AF and stable HF at baseline, the vast majority (79%) of whom had HFpEF (71). In this secondary analysis, catheter ablation was associated with a striking 36% relative reduction in the primary composite endpoint of death, disabling stroke, serious bleeding, or cardiac arrest and a 43% relative reduction in all-cause mortality compared to anti-arrhythmic drug therapy. Notably, there was no significant reduction in the frequency of HF hospitalizations and there were limited data to ascertain HFpEF diagnosis. The authors concluded that these results should be reproduced in a confirmatory study dedicated to looking at the HFpEF population.

It should be noted that patients with HFpEF often present with permanent AF with profound left atrial remodeling. These patients may not have a high likelihood of maintaining sinus rhythm despite attempts at rhythm control using catheter ablation and/or antiarrhythmic drug therapy. When ablation and anti-arrhythmic drug strategies can no longer achieve rhythm control, atrioventricular nodal ablation with placement of a biventricular or conduction system pacemaker should be discussed in HFpEF, as the APAF-CRT trial for those with permanent AF and narrow QRS hospitalized for HF demonstrated reduction in all-cause mortality, irrespective of ejection fraction (72).




Conclusion

While the treatments available for HFpEF and AF have improved significantly within the last few years, patients who carry both clinical diagnoses are still faced with limited evidence guiding their clinical management. This unmet need is an opportunity for investigation and improvement of clinical outcomes, and requires not only the cooperation of the HF and electrophysiology teams, but requires a multidisciplinary approach to treatment to target comorbidities and lifestyle modifications (73, 74). We firmly believe that implementation of cross-disciplinary management is essential to success of managing all AF patients and carries the greatest potential for benefit in this patient subgroup.
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Anticoagulation is the mainstay of stroke prevention in appropriate patients with atrial fibrillation. Due to advances in pharmacotherapy the anticoagulants used for this purpose have evolved significantly over the past decades with the aim of optimizing effectiveness while minimizing bleeding risks. Though significant improvements have been made toward this goal, bleeding risk remains the major concern with these therapies. An investigational class of agents which inhibit Factor XI have shown promise in pre-clinical and early clinical trials to significantly minimize bleeding while maintaining efficacy against stroke and systemic embolism. This mini-review will discuss anticoagulants currently used for stroke prevention in patients with atrial fibrillation including warfarin and direct oral anticoagulants. We will also review the mechanism of action and data from early clinical trials for Factor XI inhibitors and discuss their potential advantages and shortcomings.
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Introduction

Atrial fibrillation (AF) is the most prevalent arrhythmia in the world impacting over 46 million individuals. AF is a frequent and major cause of stroke, affecting approximately 800,000 individuals in the United States annually, of which three-quarters are new strokes, leading to significant healthcare resource expenditure (1). Most strokes associated with AF are cardioembolic, precipitated by the formation of thrombus within the left atrial appendage which then embolizes and impedes blood flow supplying brain tissue leading to neurologic impairment. Cardioembolic strokes related to AF have a significantly high rate of recurrence without treatment (2).

Anticoagulation is the mainstay of stroke prevention in patients with AF. Current American Heart Association and Heart Rhythm Society (AHA/HRS) guidelines recommend oral anticoagulation to reduce the risk of stroke in patients with AF with an elevated CHA2DS2VASC [congestive heart failure; hypertension, age ≥75 years; diabetes mellitus; vascular disease (prior MI, PAD, or aortic plaque), age 65–74 years; female sex] score of ≥3 for women and ≥2 for men (2). Despite a decades long history supporting anticoagulant use to reduce stroke risk, no anticoagulant to date has proven to provide absolute protection against stroke without increasing the risk of bleeding.

In this review, we highlight the history of anticoagulant use in AF management and underscore the benefits and shortcomings of existing anticoagulants for the treatment of AF. We will provide an overview of warfarin and the direct oral anticoagulants (DOACs), specifically the direct thrombin inhibitors (dabigatran), and the Factor Xa inhibitors (rivaroxaban, apixaban, and edoxaban). We will focus this review on the emerging class of Factor XI inhibitors. With growing enthusiasm surrounding these novel molecules, we will describe their potential advantages and limitations in the treatment of stroke prevention in AF and review clinical trials currently underway evaluating their efficacy and safety in AF stroke prevention.



First generation oral anticoagulants for stroke prevention in atrial fibrillation: Warfarin and vitamin K antagonists

Historically, vitamin K antagonists (VKAs) such as warfarin were the only available oral anticoagulants used to prevent stroke in AF. Despite their widespread use, VKAs present significant pharmacologic and practical disadvantages to patients, as dosing is highly variable from patient to patient due to the unique pharmocodynamic and pharmacokinetic properties. This variability reflects drug–drug and drug–food interactions, liver metabolism, as well as genetic polymorphisms that complicate the balance between the anticoagulant effects (and therefore, stroke risk reduction) and bleeding risk and complications. Perhaps as a result of this variability, VKAs have been associated with a higher risk of both nuisance and high risk bleeding events compared to DOACS, including a higher risk of intracranial bleeding than DOACs (3, 4).

There are, however, unique advantages to warfarin in patients with AF. First, in patients with rheumatic mitral valve disease (especially in moderate to severe mitral stenosis), warfarin is the anticoagulant of choice, conferring greater protection against stroke than DOACs. Second, in patients with mechanical heart valves, warfarin is also the preferred anticoagulant over novel agents. Randomized trials have demonstrated a higher risk of thrombosis using DOACS as compared to warfarin in this setting and current guideline recommendations strongly support the use of warfarin (2).



Second generation oral anticoagulants for stroke prevention in atrial fibrillation: prothrombin inhibitors and factor X inhibitors

Designed to address and potentially overcome many of the pitfalls of warfarin, DOACs leverage novel mechanisms of action (Figure 1) to inhibit and target specific factors in the coagulation cascade. Increased specificity for a single component of the coagulation cascade affords DOAC class anticoagulants significant advantages including a reduced need for frequent laboratory monitoring of anticoagulation effect.
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FIGURE 1
Coagulation cascade and mechanisms of inhibition.


Across four large randomized clinical trials, DOACs have demonstrated similar efficacy and safety compared to warfarin in the prevention of stroke and systemic embolism in patients with non-valvular AF (5–8). Meta-analyses of these trials also have demonstrated a relative risk reduction in all strokes and systemic embolism (19% reduction), intracranial hemorrhage (52% reduction) and all-cause death (10% reduction). However, DOACs were associated with a higher risk of gastrointestinal bleeding (25% increase) compared to warfarin (9, 10). Moreover, “real-world” data comparing DOACs to warfarin—with the inherent limitations of observational studies—demonstrate findings consistent with clinical trial data across similar outcomes (9, 10).

Overall, compared to warfarin, DOACs have a more rapid onset and offset of action, fixed dosing regimens, fewer interactions with food and drugs, and no requirements for laboratory monitoring. In addition, DOACs appear to confer greater protection against the risk of intracranial hemorrhage compared to warfarin. Taken together, current guidelines recommend DOACs over warfarin as first-line therapies for stroke prevention in patients with AF and elevated risk of stroke (2). Nevertheless, limitations of DOACs still include a modest gastrointestinal bleeding profile and a variable dependence on renal clearance, which differs by drug used.



Third generation oral anticoagulants for stroke prevention in atrial fibrillation: factor XI inhibitors

Despite the advantages of DOACs compared to warfarin, the risk of major and minor bleeding remains a concern. A new class of pharmacotherapy, Factor XI inhibitors, aims to reduce thrombosis without significantly affecting hemostasis and may prove to be a promising strategy for stroke prevention with minimal bleeding risk in AF patients.

The coagulation cascade consists of a complex series of biochemical events occurring on cellular surfaces across three overlapping stages: initiation, amplification, and propagation. The cascade includes the intrinsic and extrinsic pathways, which converge at the common pathway to form a stable clot (Figure 1). Factor XI is part of the intrinsic pathway and circulates in an inactive form in the bloodstream. When vascular damage occurs, Factor XI is activated to Factor XIa by thrombin (initiation). Once activated, Factor XIa plays an important role in amplifying the coagulation response by activating Factor IX, which in turn, activates Factor X (amplification phase). This leads to a burst in thrombin generation, ultimately converting fibrinogen to fibrin and clot formation (propagation) (11–14).



Rationale for drug development of factor XI inhibitors

Factor XI inhibitors disrupt the amplification of the coagulation cascade specifically by reducing thrombin generation and fibrin formation. The inhibition occurs upstream from the formation of thrombin and fibrin, making Factor XI inhibitors a novel approach to anticoagulation (12).

The rationale for the development of Factor XI inhibitors stems from multiple pre-clinical as well as clinical observations. Congenital Factor XI deficiency, also called Hemophilia C, has a variable phenotype but many patients with the disorder are asymptomatic and have little to no increased bleeding risk. In addition, patients with Factor XI deficiency have minimal bleeding often only associated with trauma. In addition to a nominal bleeding risk, patients with congenital Factor XI deficiency have lower rates of r of venous thromboembolism and cardiovascular events compared to patients with normal Factor XI activity (12, 14, 15). In preclinical studies, animal models deficient in Factor XI have reduced thrombosis with similar bleeding times (11, 12). Drugs that target Factor XI aim to deliver similar therapeutic profile, a reduction in risk forthrombotic and embolic events with little to no increase in bleeding If this class of oral anticoagulants achieves this goal, they will offer improved outcomes for currently untreated or undertreated individuals with AF who have a pre-existing high or seemingly prohibitive risk of bleeding.



Mechanism of action of factor XI inhibitors

Factor XI inhibitors can be subdivided based on their site of action in the Factor XI synthesis and activation pathway into three broad categories: (1) Antisense oligonucleotides (ASO's) (2) Antibodies to Factor XI and XIa (3) Small molecules that bind to Factor XI and XIa.

ASO's are synthetic single stranded nucleotides which can bind and inhibit mRNA transcription thereby decreasing the level of the expressed protein (16). Their onset and offset of action is slow and are usually delivered through subcutaneous injection on a weekly or monthly basis. Although currently there are no ASO's approved for treatment of cardiovascular disease, they have been approved by FDA for treatment of muscular dystrophy (17). Ionis FXI and Fesomersen are two ASO's that inhibit Factor XI synthesis and are currently under investigation (12) for prevention of venous thromboembolism in patients undergoing orthopedic surgery. Utility of ASO's in prevention of cardioembolic stroke in patients with AF at high risk of stroke may be limited due to their relatively slow onset of action(weeks) thus requiring bridging or exposing the patient to small but not insignificant risk of stroke.

Monoclonal antibodies act by binding to their target proteins with high affinity and modifying/inhibiting their action. The potential utility of antibodies to Factor XI and XIa for prevention of thromboembolism is being evaluated in several clinical trials. These drugs are administered intravenously or subcutaneously on a monthly basis but have a relatively rapid onset of action compared to ASO's thereby making them more attractive for use in patients with AF. Their metabolism is independent of renal or hepatic function and thus may offer significant advantages over the currently available DOACs in patients with end stage renal disease (ESRD). They, however, can be immunogenic and therefore result in local injection site reaction, hypersensitivity and tolerance with repeated administration. This remains a concern with this class of drugs in general (18). Abelacimab (19), Osocimab (20) and Xisomab (21) are some of the monoclonal antibodies currently under development for Factor XI inhibition. Abelacimab has been studied for stroke prevention in patients with AF. It acts by binding to the active domain of Factor XI and inhibits the activity of Factor XI and its activated form Factor XIa. It has a half life of around 4 weeks thus allowing for monthly administration.

Small molecules are synthetic compounds which because of their low molecular weight can easily diffuse across cell membranes. They have a relatively rapid onset and offset of action and can be administered orally. Their metabolism, however, may be dependent on renal and hepatic function and thus need closer monitoring in a subset of patients who have renal or hepatic dysfunction. Asundexian (22) and Milvexian (23) are two small molecules which inhibit Factor Xia. Asundexian is currently being evaluated for stroke prevention in patients with AF at high risk of stroke. Its half-life is 15–20 h necessitating daily administration.



Clinical trials of factor XI inhibitors in patients with atrial fibrillation

Abelacimab and Asundexian have been studied in phase 1 and phase 2 clinical trials in patients with AF and have demonstrated promising preliminary results. Phase 3 trials of these drugs are currently underway. Below we will summarize the important completed and ongoing trials of these two drugs in patients with AF.



Abelacimab trials

ANT-004 (24) was a phase 1 trial evaluating the safety and pharmacokinetics of Abelacimab in patients with AF. Patients were administered monthly subcutaneous doses of Abelacimab (120 mg and 180 mg), or placebo, for 3 months. The results demonstrated significant and sustained reduction in free Factor XI levels with no clinically relevant bleeding leading the way for this drug to be tested in phase 2 and 3 trials.


LILAC-TIMI 76

The (LILAC-TIMI 76 NCT05712200) is a phase 3 randomized, placebo-controlled, double-blind trial to evaluate the safety and efficacy of Abelacimab relative to placebo in patients with AF who are unable to take currently available anticoagulation therapy. The primary efficacy and safety end points are the rate of ischemic stroke and clinically relevant bleeding respectively. The trial is currently enrolling with expected completion in 2025.



AZALEA-TIMI 71

The (AZALEA-TIMI 71 NCT04755283) trial is a phase 2 randomized trial comparing the effect of two blinded doses of Abelacimab relative to rivaroxaban on the rate of major or clinically relevant non-major (CRNM) bleeding events in patients with AF who are at moderate-to-high risk of stroke (CHADSVASC2 ≥ 4). The trial was stopped prematurely in September 2023 due to significantly lower rate of bleeding with Abelacimab.

The combined rate of major and clinically relevant nonmajor bleeding was 8.1 per 100 patient-years in the rivaroxaban group and 2.7 per 100 patient-years in the 150 mg Abelacimab group (HR 0.33; 95% CI 0.19–0.55). In the 90-mg Abelacimab group, bleeding occurred at a rate of 1.9 per 100 patient-years (HR 0.23; 95% CI 0.13–0.42) compared with Rivaroxaban.

Major bleeding occurred at a rate of 3.7 events per 100 patient-years in the rivaroxaban group vs. 1.0 per 100 patient-years in the 150-mg Abelacimab group (HR 0.26; 95% CI 0.11–0.61. Similarly, the incidence of GI bleed was significantly lower with Abelacimab (0.1 per 100 patient-years at either dose vs. 2.1 per 100 patient-years with Rivaroxaban) The trial was not designed to compare efficacy in stroke prevention among the three arms and a larger phase 3 trial will be needed.




Asundexian trials


PACIFIC-AF

PACIFIC-AF (8) was a phase 2 dose finding study comparing two doses of Asundexian to Apixaban in patients with AF. It demonstrated Asundexian significantly reduced Factor XI levels at both 20 mg and 50 mg dose. The level of inhibition of Factor XI at peak drug concentration was 90% with the 20 mg dose and 92% at the 50 mg dose. The trial also demonstrated significantly lower incidence of clinically relevant non major bleeding (CRNM) with Asundexian compared to Apixaban (HR 0.33, 90% CI 0.09–0.97). The trial did not compare the efficacy of the drugs for prevention of thrombotic and embolic events including cardioembolic stroke. Although the confidence intervals for reduction in bleeding were wide it was the first clinical trial to demonstrate lower rates of bleeding with Factor XI inhibitors compared to standard of care.



OCEANIC AF

(OCEANIC AF NCT05643573) trial is part of the OCEANIC program for the development of Asundexian. This is a phase 3 multicenter double blind randomized trial comparing the efficacy and safety of Asundexian to Apixaban in patients with AF. It was supposed to enroll approximately 18,000 adult patients with AF with estimated completion in 2025. However, the trial was stopped prematurely by the recommendations of the Independent Data Monitoring Committee (IDMC) due to inferior efficacy. Full data of the trial is not available at the time of this manuscript to ascertain the reason for its inferiority to Apixaban.




Conclusion

Factor XI inhibitors offer the promise of decoupling hemostasis from thrombosis and thereby offering a superior safety profile over current anticoagulants used for stroke prevention in AF. They have been evaluated in phase 1 and phase 2 human trials which have demonstrated consistently high levels of Factor XI inhibition without increasing bleeding. It is important to note that these preliminary yet promising results need to be validated in large phase 3 trials. Results from Oceanic AF are a sobering reminder that the efficacy of these agents needs to be validated in large Phase 3 randomized trials. It is unclear at this time if the lack of efficacy of Asundexian is peculiar to this agent due to its mechanism of action or a broader class effect. Finally, large clinical trials with longer follow-up might also alert us to any potential adverse effects from long term inhibition of Factor XI and other safety concerns which may arise from this new class of drugs. Nonetheless, the promise of anticoagulation for stroke prevention in AF continues to evolve and our pharmacologic options to protect patients from stroke while reducing their bleeding risk continues to make substantial progress.
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Cardiovascular disease (CVD) is the leading cause of death worldwide and accounts for roughly 1 in 5 deaths in the United States. Women in particular face significant disparities in their cardiovascular care when compared to men, both in the diagnosis and treatment of CVD. Sex differences exist in the prevalence and effect of cardiovascular risk factors. For example, women with history of traditional cardiovascular risk factors including hypertension, tobacco use, and diabetes carry a higher risk of major cardiovascular events and mortality when compared to men. These discrepancies in terms of the relative risk of CVD when traditional risk factors are present appear to explain some, but not all, of the observed differences among men and women. Sex-specific cardiovascular disease research—from identification, risk stratification, and treatment—has received increasing recognition in recent years, highlighting the current underestimated association between CVD and a woman's obstetric and reproductive history. In this comprehensive review, sex-specific risk factors unique to women including adverse pregnancy outcomes (APO), such as hypertensive disorders of pregnancy (HDP), gestational diabetes mellitus, preterm delivery, and newborn size for gestational age, as well as premature menarche, menopause and vasomotor symptoms, polycystic ovarian syndrome (PCOS), and infertility will be discussed in full detail and their association with CVD risk. Additional entities including spontaneous coronary artery dissection (SCAD), coronary microvascular disease (CMD), systemic autoimmune disorders, and mental and behavioral health will also be discussed in terms of their prevalence among women and their association with CVD. In this comprehensive review, we will also provide clinicians with a guide to address current knowledge gaps including implementation of a sex-specific patient questionnaire to allow for appropriate risk assessment, stratification, and prevention of CVD in women.
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1 Introduction

Cardiovascular disease (CVD) is the leading cause of death in the United States among both men and women. Women in particular face significant disparities in their cardiovascular care when compared to men, both in the diagnosis and treatment of CVD (1–5). Even when traditional risk factors for CVD are present, clinicians are more likely to attribute a lower perceived risk in women leading to worse outcomes (1, 3, 5). For example, hypertension is more prevalent among women and carries a two-fold higher mortality risk compared to men (1, 6–9). Women with diabetes carry an excess risk of ischemic heart disease (IHD), and future risk of CVD by 3–7 fold vs. 2–3 fold compared to men (1, 10–14). Likewise, a recent meta-analysis demonstrated that tobacco use confers a 25% increased relative risk of major cardiovascular events in women when compared to men (1, 15). These discrepancies in the relative risk of CVD when conventional risk factors are present appear to explain some, but not all, of the observed differences among men and women.

Sex-specific risk factors and its association with CVD risk have become a highly researched field, stressing the importance of obtaining a thorough obstetric and reproductive history for cardiac risk stratification (1, 3, 5, 6, 8, 11, 16–18). Sex-specific risk factors including adverse pregnancy outcomes (e.g., hypertensive disorders of pregnancy, gestational diabetes, fetal growth restriction, preterm delivery, and placental abruption), premature menarche, premature menopause and vasomotor symptoms, polycystic ovarian syndrome, autoimmune disorders, infertility, and depression are all associated with increased future CVD risk. In fact, the American Heart Association (AHA)/American College of Cardiology (ACC) multi-society cholesterol guideline in 2018 and the AHA/ACC guideline on the primary prevention of CVD in 2019 identified “risk-enhancing factors” specific to women that are associated with increased incident atherosclerotic CVD risk (3). In this comprehensive review, we will cover each of these sex-specific risk factors in detail and their association with future CVD risk, heart failure (HF), and stroke. Additional entities including spontaneous coronary artery dissection (SCAD), coronary microvascular disease (CMD), systemic autoimmune disorders, and mental and behavioral health will be discussed in regards to their association with CVD. Additionally, we will provide strategies clinicians can utilize to incorporate a strong obstetric and reproductive history to better risk stratify for sex-specific CVD risk and directions for future research. Please note that we recognize patients have diverse gender identities and strive to use gender-inclusive language. In some instances throughout this review, we use the word “woman” (and the pronouns “she” and her”) to describe patients or individuals whose sex assigned at birth was female, whether they identify as female, male, or non-binary. When describing or referencing study populations used in prior research, we use the gender terminology reported by the study investigators.  



2 Data collection and analysis

Our comprehensive review used a structured systematic approach that included a methodical literature search of systematic peer-reviewed articles. We extracted data from landmark research between 1997 and 2023 from databases including PubMed, MEDLINE, EMBASE, Scopus, and the Cochrane Library. Keywords used in the selection of articles included terms referring to sex-specific risk factors in cardiovascular disease, adverse pregnancy outcomes, and hypertensive disorders of pregnancy. Our study has several limitations. First, our search was bound to certain inclusion criteria and a specific search strategy, which could have led to the non-inclusion of all relevant articles. Likewise, our search was limited to articles published in English; thus, perhaps not all relevant articles have been included. In addition, selection bias may have also affected our review. Lastly, the included articles are of different methodological quality, ranging from case reports to meta-analyses.



3 Sex specific risk factors


3.1 Adverse pregnancy outcomes

Pregnancy leads to metabolic, physiologic, and vascular changes in a mother which include insulin resistance, adipose deposition, hypercoagulability, cardiac remodeling, and decreased vascular resistance (19). Despite these necessary maternal adaptations to support fetal growth and development, the physiological stress of pregnancy can also cause adverse pregnancy outcomes (APOs) (19–24). APOs are common and occur in 17%–20% of all pregnancies in the US (16, 25–27), and are a constellation of interrelated maternal and fetal complications caused by incomplete placentation, oxidative stress, and/or vascular dysfunction (1, 19). The term encompasses disorders which will be discussed in detail under subparagraphs 3.1.1–3.1.5.


3.1.1 Hypertensive disorders of pregnancy

Hypertensive disorders of pregnancy (HDP) are common complications during pregnancy and the early postpartum period. Pre-pregnancy chronic hypertension, gestational hypertension, preeclampsia, and eclampsia encompass the most common forms of HDP. Research across retrospective and prospective cohort studies have identified HDPs as a significant sex-specific risk factor for both short- and long-term maternal CVD (Table 1) (28–44). Women with history of HDP have significantly increased odds of chronic hypertension later in life (28, 29, 41, 42), stroke (30, 33, 34, 36, 39–41, 44), MI (44), and cardiomyopathy (44) versus women without history of HDP. Women with history of HDPs also have earlier-onset CVD and valvular heart disease including aortic stenosis and mitral regurgitation, suggesting an association between HDPs and accelerated cardiovascular aging (32, 84–86). Furthermore, women with HDPs are at highest risk for morbidity and mortality in the years following pregnancy compared to women without HDPs, including the development of cardiovascular risk factors such as hypertension, diabetes, and hyperlipidemia (32, 38, 84).


TABLE 1 A conglomerate of landmark studies describing statistically significant associations between various sex-specific risk factors and development of future cardiovascular risk factors, CVD, stroke, heart failure, and major adverse cardiac events.

[image: Table 1]

Gestational hypertension is defined as pregnancy-induced hypertension (defined as SBP ≥ 140 mmHg or DBP ≥ 90 mmHg) after 20 weeks gestation without evidence of proteinuria or preeclampsia (3, 19). History of gestational hypertension has been consistently associated with increased CVD risk and increased odds of stroke across various studies (Table 1) (33–38).

Among the major types of HDPs, preeclampsia poses the greatest morbidity and mortality risk and affects 5%–10% of all pregnant women (16, 87–89). Preeclampsia is a condition in which preexisting or new-onset hypertension is complicated by proteinuria and/or other features of end-organ dysfunction after 20 weeks gestation (16). There is robust research to suggest that history of preeclampsia is independently associated with increased risk of CVD, IHD, stroke, and chronic hypertension later in life (Table 1) (33, 34, 38–44). For example, a meta-analysis by Wu et al. of 6.4 million women demonstrated a 4-fold increased risk of IHD and 2-fold increased risk of HF in women studied with preeclampsia compared to those without. Of note, women with recurrent preeclampsia compared to women with an isolated episode of preeclampsia are at significantly higher risk for future CVD (37, 84, 90), hypertension, and IHD (16, 30, 42). Despite the research demonstrating an independent association between preeclampsia and CVD, attempts to incorporate preeclampsia within risk scoring equations have led to only small improvements in discrimination and reclassification (91). This may be in part due to the population-based cohort studies including women well beyond their reproductive years rather than those of childbearing age (91, 92). Future studies should work to incorporate women closer to the target population intended for CVD screening and preventative intervention (6, 91).



3.1.2 Gestational diabetes Mellitus

Gestational diabetes mellitus (GDM) is a condition of impaired glucose tolerance during pregnancy that most commonly develops during the second and third trimester (16, 93). Paralleling the rise in prevalence of obesity, GDM has become increasingly prevalent, now estimated to affect 6%–9% of all pregnant women in the US (16, 94, 95). GDM results from inadequate response from pancreatic beta-cells to respond to the physiological and placental-mediated insulin resistance which occurs during pregnancy (84, 96). Several meta-analyses have shown that women with GDM are at increased risk of developing cardiovascular risk factors including type 2 diabetes mellitus (T2DM), hypertension, and hyperlipidemia leading to early-onset CVD, future cardiovascular events, and fatal IHD (Table 1) (34, 45–50). In fact, women with GDM have a 7- to 10-fold increased risk of developing T2DM (16, 45, 84) and nearly a 2-fold increased risk of developing hypertension and hyperlipidemia (Table 1) (16, 46, 49, 50, 97). This relative risk for future CVD remained statistically significant even after restricting the sensitivity analysis to women with GDM who did not subsequently develop T2DM (47). Proposed mechanisms to explain the association between GDM and early-onset CVD include epigenetics, elevated inflammatory markers including CRP and IL-6 associated with early atherosclerosis, and endothelial dysfunction leading to subsequent increased carotid artery thickness (16, 98). Some researchers suggest a dose-dependent relationship between the degree of glucose impairment during pregnancy with risk of subsequent CVD (84, 99). Nonetheless, documenting an obstetrical history of GDM in women is crucial given these associations with CVD which have been demonstrated consistently throughout studies (Table 1) (84, 99).



3.1.3 Preterm delivery

Spontaneous preterm delivery (sPTD), defined as a live birth before 37 weeks gestation, is a significant cause of neonatal mortality worldwide (16). Although our understanding of the underlying mechanism is limited, sPTD is associated with an increased development of cardiovascular risk factors and maternal CVD mortality (3, 52, 53, 84, 100, 101). For example, in the first decade after pregnancy, women with a history of sPTD are at increased risk of developing chronic hypertension, T2DM, hypercholesterolemia, and subclinical atherosclerosis (Table 1) (34, 51–53, 101). A meta-analysis by Wu et al. highlighted the association of sPTD with increased risk of future composite CVD, cardiovascular mortality, CAD, and stroke (Table 1) (51). Emerging research now suggests that the earlier sPTD occurs in pregnancy, the stronger its association with later development of hypertension and increased maternal CVD risk (3, 19, 52, 54, 84, 102).



3.1.4 Placental abruption and pregnancy loss

Placental abruption is defined as the premature separation of a normally implanted placenta from the uterus before delivery most often occurring in the third trimester, and is strongly associated with cardiovascular risk factors and increased maternal CVD risk (3, 55, 84, 103). A meta-analysis by Grandi et al. demonstrated an increased risk of CVD in women with history of placental abruption (34), findings similarly documented in a large retrospective study by Ray et al., reporting a 1.7-fold risk of CVD in women with history of placental abruption or infarction (Table 1) (55). There is also a strong association of placental abruption with other concomitant APOs and cardiovascular risk factors such as higher BMI, hyperglycemia, and hyperlipidemia (84, 103).

Likewise, all forms of pregnancy loss (miscarriage, stillbirths, or combined) are associated with elevated risk of future cardiovascular risk factors and major cardiovascular events later in life (Table 1) (56–59, 61, 104). Recurrent pregnancy loss, defined as 3 or more losses, are associated with a particularly increased CVD risk (3). For example, a study by Wagner et al. demonstrated a higher risk of CVD for women who experienced two or three or more miscarriages as compared to those who did not experience miscarriage (Table 1) (60). Outcome data studying conventional CVD risk factors indicate that miscarriage is independently associated with future CVD and MI, highlighting its importance in obstetrical history for cardiovascular risk stratification in women (56, 59, 84).



3.1.5 Small for gestational age (SGA) and large for gestational age (LGA)

The association between infant birth weight and future maternal CVD risk is well documented in current literature though studies are limited, thus warranting future investigation (Table 1) (23, 33, 62, 63). For example, in the Women’s Health Initiative, delivery of a small for gestational age (SGA) infant (defined as being ≤10th percentile in weight for their gestational age) was independently associated with increased maternal ASCVD risk after adjustment for conventional cardiovascular risk factors (19, 84, 105). A retrospective cohort study by Bonamy et al. observed similar findings, reporting a 3-fold maternal CVD risk in women with preterm or SGA infants even after accounting for pregnancy-related complications, socioeconomic factors, and tobacco use (23). This complex interplay between fetal growth restriction (FGR) and maternal CVD risk is hypothesized to be related to maternal vascular health (19). Many cases of FGR are thought to result from uteroplacental insufficiency due to poor implantation of the spiral arteries, or vascular insufficiency due to abnormal maternal uterine artery flow resulting in inadequate oxygen and nutrient supply to the fetus (19, 84). Thus, delivery of a SGA infant may unmask preexisting maternal vascular dysfunction which can result in a future increased predisposition for CVD including HF and stroke (19).

A need for further research is warranted in mothers who deliver infants large for gestational age (LGA), defined as an infant whose weight is ≥90th percentile for their gestational age, as emerging studies suggest that LGA delivery may be related to increased CVD risk—possibly mediated by its association with elevated BMI and diabetes (Table 1) (19, 63, 84, 106, 107).




3.2 Premature menarche

Premature menarche, defined as menarche occurring before age 12, is strongly associated with an increased risk for developing future cardiovascular risk factors and CVD (3, 84). Though the mechanism linking early menarche to increased CVD risk is not entirely understood, it is postulated that given the strong association between childhood BMI and early menarche, premature menarche may reflect both genetic (e.g., elevated leptin levels associated with increased adiposity and higher BMI) and lifestyle risk factors (e.g., excess calorie consumption, lower birth weight, reduced physical activity) (84, 108, 109). One study estimated that premature menarche, independent of sociodemographic factors, is associated with a 15%–30% increased risk of future CVD (Table 1) (61, 64–66, 68). A meta-analysis by Charalampopoulos et al. reported a 3% reduction in the relative risk of all-cause mortality for every 1-year increase at menarche, and those women who experienced menarche at age <12 vs. ≥12 years were at an increased risk of all-cause mortality (Table 1) (64). The strong association intertwining premature menarche and increased CVD risk is likely due to women with history of early menarche being more susceptible to developing shared risk factors including hypertension, T2DM, hypercholesterolemia, and obesity later in life (3, 66, 68, 84).

Emerging data now suggest the relative risk for future CVD is elevated in both premature and delayed menarche, defined as menarche age ≥17 years, though further research is needed (1, 61, 65, 66, 84).



3.3 Polycystic ovarian syndrome (PCOS)

Polycystic ovarian syndrome (PCOS) is the most common cause of infertility in women and is often diagnosed in adolescence with key features including hyperandrogenism, ovulatory dysfunction, and polycystic kidneys on imaging (3, 84, 110). Women with PCOS are more likely to have traditional CVD risk factors including hypertension, insulin resistance, metabolic syndrome, elevated BMI, and dyslipidemia (1, 3, 69, 84, 110, 111). A meta-analysis by Zhang et al. demonstrated that the pooled risk of CVD events was higher in women with PCOS when compared to non-PCOS women, including increased risk of MI, IHD, and stroke (Table 1) (71). Likewise, a recent meta-analysis by Okoth et al. found that PCOS was associated with a 30% higher risk of overall CVD, including both in the risk of HF and stroke (Table 1) (70). These notable associations may be explained by the relationship between PCOS and carotid intima-media thickness (CIMT) and coronary artery calcium (CAC). Women with PCOS have greater CIMT and CAC even after adjusting for BMI when compared to non-PCOS women (3, 84, 112–115).



3.4 Premature menopause, premature ovarian failure, and vasomotor symptoms

Premature menopause is commonly defined as the permanent cessation of menses before the age of 40 and is often attributed to premature ovarian failure (POF). POF, a condition characterized by hypergonadotropic hypogonadism, exhibits symptoms from hypoestrogenism including amenorrhea, hot flashes, and vaginal dryness. A shorter reproductive lifespan and an earlier age at menopause transition (MT) mediated by hypoestrogenism has been well-studied as an independent risk factor for CVD (3, 116). Estrogen assists in blood flow regulation and the relaxation of blood vessels, and in tandem with early loss of ovarian function can lead to long-term activation of the renin-angiotensin-aldosterone system, chronic inflammation, and vascular damage (3, 117). Hypoestrogenism also leads to dysfunction in cholesterol metabolism leading to atherosclerotic plaque formation and an elevated testosterone-to-estradiol ratio, factors which can increase subsequent risk of CVD and HF (3, 118).As such, a recent scientific statement by the AHA identified the MT as a particularly impactful period requiring an aggressive prevention-based approach for women to prevent accelerated CVD risk and future cardiovascular events (84, 119).

Vasomotor symptoms (VMS), including night sweats, hot flashes, and heat intolerance, are the hallmarks of the MT and can significantly impact quality of life (120–123). Emerging studies show evidence of an association between VMS with aortic calcification (124) and increased odds of elevated BMI, total cholesterol, and hypertension (125).

Premature menopause and POF have been consistently associated with greater maternal CVD and mortality risk across high-quality data studies cited in this review, as noted in Table 1 (67, 72–74, 84). For example, a meta-analysis by Muka et al. assessed the relationship between premature menopause and CVD among 190,588 women, demonstrating an increased risk of overall incident CVD and CVD mortality (72).



3.5 Infertility/in-vitro fertilization (IVF)

Women with a history of infertility, defined as the inability to achieve pregnancy after ≥12 months of unprotected intercourse, excluding causes of male infertility, have a higher prevalence of conventional CVD risk factors and a strong association with CVD (79, 84, 126, 127). The largest study to date using Swedish registry data analyzed 863,324 participants, reporting a 19% greater risk of CVD in women who experienced ≥5 years of infertility versus women who did not experience infertility (75). This significant association between infertility and CVD was consistent in both age-adjusted and multivariable adjusted models across other large prospective cohort studies (Table 1) (75–77). The risk of CVD appears to be the strongest among women with history of infertility at an earlier age and among women whose infertility is attributable to an ovulatory disorder or endometriosis (77). Further research is necessary, however, to identify infertility as an independent risk factor for CVD as there are many shared risk factors and comorbidities (84).

Emerging research has also shown that the use of assisted reproductive technology (ART), including in vitro fertilization (IVF) and intracytoplasmic sperm injection, are associated with increased CVD risk (Table 1) (79, 126). This may be due to a causal relationship between ART and APOs, as one systematic review reported an association between IVF and HDPs (79, 126), though further research regarding the long-term cardiovascular implications of ART is needed.



3.6 Spontaneous coronary artery dissection and coronary microvascular disease

Spontaneous coronary artery dissection (SCAD) is an acute coronary event related to development of a hematoma within the tunica media causing separation of the intima or intima-media complex from the underlying vessel and compression of the true lumen, leading to ischemia and acute MI (128). Two hypotheses have been postulated to describe the pathophysiology of SCAD: the “inside-out” hypothesis and the “outside-in” hypothesis (128–130). The “inside-out” hypothesis suggests that blood enters the subintimal space from the true lumen after an endothelial-intimal disruption, while the “outside-in” hypothesis suggests that a hematoma arises de novo in the media perhaps from disruption of traversing microvessels (128–130). Current evidence favors the “outside-in” hypothesis for three reasons: (1) most SCAD cases demonstrate no communication between false and true lumens (128, 129, 131, 132); (2) serial angiograms following a SCAD event demonstrate that development of an intramural hematoma precedes intimal dissection (128, 129); and (3) optical coherence tomography (OCT) imaging suggests that observed fenestrations may arise from rupture of the false lumen into the true lumen, rather than vice versa (128, 132). Strikingly, women comprise 87%–95% of all SCAD events with literature describing SCAD as the underlying cause of up to 35% of all acute coronary syndrome cases in women ≤50 years of age and is the most common cause of pregnancy-associated MI (128, 133–138). The explanation for the astonishing over-representation of SCAD in women remains a hot topic for debate as many of the current leading theories have conflicting results and are not fully understood. Several postulated triggers for SCAD include but are not limited to: (1) genetic underpinnings; (2) regulation of autosomal susceptibility genes that exhibit sex-specific regulation (e.g., estrogen response element genes); (3) intrinsic, gene-independent differences in coronary biology in women; (4) endogenous and exogeneous sex hormones; and (5) extreme physical or emotional stress (128, 135, 139–141).

Aforementioned, pregnancy-associated SCAD (P-SCAD) is the most common cause of pregnancy-associated MI, estimated to affect 1.81 per 100,000 pregnancies and comprises 14.5%–43% of all pregnancy-associated MI events (128, 142–144). The majority of P-SCAD events occur in the third trimester or early postpartum, and when compared to non-P-SCAD women, these patients tend to be older at first childbirth with more severe clinical presentation (e.g., impaired left ventricular function, cardiogenic shock, left main disease, and multivessel dissections) (128, 145–148). The cause of P-SCAD is not fully understood, however hormonal changes during pregnancy leading to deleterious alterations in the architecture of the arterial wall has been hypothesized (138). Nonetheless, given the unpredictable and recurrent nature of SCAD, women are often advised to avoid subsequent pregnancy following an acute SCAD event (128). It should be highlighted that patients with SCAD experience a high frequency of major adverse cardiovascular events (MACE) driven primarily by recurrent SCAD, with rates of SCAD recurrence ranging from 10 to 30% by varying reports (128). Additionally, all patients diagnosed with SCAD should be assessed for other concomitant arterial abnormalities, given its high association with aneurysmal disease and fibromuscular dysplasia (138, 149–151).

There is now greater recognition and appreciation of the impact of structural and functional disorders that affect the entire coronary circulation, including microcirculation, termed coronary microvascular disease (CMD) (152, 153). Conceptually, the coronary arterial system can be divided into three compartments: (1) epicardial coronary arteries; (2) pre-arterioles; and (3) intramyocardial arterioles (152). Together, the pre-arterioles and intramyocardial arterioles directly interface with the capillary bed and comprise the microcirculation (152). In the absence of obstructive stenosis, the larger epicardial coronary arteries contribute only 10% of the coronary circulation volume, while the microcirculation contributes the remaining 90% and thus, is the site of the majority of coronary blood flow resistance and its regulation (152). The interconnected regulatory pathways which allow for dynamic regulation of microcirculatory resistance to match myocardial oxygen consumption is disrupted in CMD through a combination of structural (e.g., luminal narrowing, intramyocardial or perivascular fibrosis, decreased capillary density) and functional abnormalities (e.g., impaired endothelial dilation, microvascular spasm, enhanced constrictive reactivity), resulting in ischemia and a constellation of symptoms (152–154).

A proposed CMD classification scheme include the following subtypes: (1) primary CMD with evidence of ischemia with no obstructive CAD (INOCA); (2) CMD in MI with non-obstructive CAD (MINOCA) (3) CMD with obstructive CAD post-MI; (4) iatrogenic CMD associated with reperfusion injury and microvascular distal embolization following coronary revascularization; and (5) CMD unrelated to atherosclerosis (152–154). By far the most prevalent presentation of CMD occurs in patients with signs and symptoms of INOCA, seen most particularly in women (152). For example, in both the WISE (Women's Ischemia Syndrome Evaluation) and WISE-CVD (Women's Ischemia Syndrome Evaluation—Coronary Vascular Dysfunction) studies, nearly half of women with INOCA had CMD detected by invasive testing (152, 155, 156). Likewise, particularly in women, CMD is a major driver for adverse CV death and hospitalization for MI and HF (152, 157, 158). CMD is therefore an important and underrecognized entity to understand when observing similar or worse outcomes for women with INOCA despite a lower rate of obstructive epicardial CAD (152). Cardinal manifestations include angina, exertional dyspnea, and HF symptoms and when present without explanatory obstructive CAD, should prompt further diagnostic testing for CMD (152, 153). In the 2021 AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR Guideline for the Evaluation and Diagnosis of Chest Pain, evaluation for CMD with invasive coronary function testing and non-invasive assessment of myocardial blood flow by positron emission tomography (PET), stress cardiac magnetic resonance (CMR) imaging, and stress echocardiography with coronary flow velocity reserve was provided a class 2a recommendation for patients with stable angina and evidence of non-obstructive CAD (152, 154, 159). Given the paucity of robust evidence from large-scale randomized trials, there are no existing management guidelines for CMD (152). Treatment is aimed at reducing risk of adverse CV events and treating symptoms targeted to the specific subtype of CMD (152). The emerging WARRIOR (Women's Ischemia Trial to Reduce Events in Non-Obstructive CAD) trial will provide important outcome data at 3-year follow-up on the impact of medical therapy MACE in women with symptoms of INOCA, a population with a high rate of CMD (152, 160).



3.7 Systemic autoimmune and autoimmune disorders

Systemic inflammatory and autoimmune disorders, such as systemic erythematous lupus (SLE), rheumatoid arthritis (RA), and psoriasis are more prevalent in women and have shown clear association with increased MI and CVD mortality risk (Table 1) (1, 3, 7, 80–82, 161). For example, a meta-analysis by Li et al. demonstrated an elevated risk of CVD for both sexes with history of SLE, though this risk was disproportionately higher in women versus men (80). The Framingham Offspring study reported that young women with SLE were over 50 times more likely to suffer an MI versus those of similar age without history of SLE (13, 81, 162). Similarly, a meta-analysis by Aviña-Zubieta et al. reported a 50% increased risk of CVD mortality in women with RA when compared with the general population (82).

The link between systemic inflammatory disorders and CVD has been hypothesized to occur due to the pathological role that inflammation plays in the progression of atherosclerosis (1). Thus, these systemic rheumatologic conditions have been classified as risk-enhancing factors in the AHA/ACC 2018 Cholesterol Guidelines and should be considered for women during risk stratification and evaluation for statin initiation (3, 13, 163).



3.8 Mental and behavioral health

Many psychosocial, behavioral, and lifestyle factors have also been studied which disproportionally affect women and are strong risk factors for early-onset CVD (1, 13). Depression, for example, is 2-fold more common in women than men and is a recognized risk factor for incident MI and cardiac mortality, one study reporting a 9% attributable risk of acute MI from depression (Table 1) (13, 83, 164, 165). Current available research of other psychosocial factors which women have more exposure to including history of sexual and physical abuse, psychological stress, and post-traumatic stress disorder have also been postulated as strong risk factors for CVD (13, 166).

Unfortunately, the link between postpartum depression and anxiety for women during their childbearing years with future CVD risk has not been well studied and warrants future investigation (19). Likewise, additional research is needed to determine if addressing behavioral factors such as nutrition, stress, and exercise reduce a women's CVD risk, particularly women with history of APOs (16). Future clinical trials can investigate the efficacy of lifestyle interventions such as adopting a heart-healthy diet and regular physical activity in the prevention of future CVD (19).




4 Clinician’s guide to addressing current knowledge gaps and future directions

The appropriate risk stratification and prevention of CVD in women remain a significant challenge and a principal issue given the considerable burden of CVD in women (2, 8, 84, 167, 168). It is reported that only 42% of cardiologists felt adequately prepared to assess CVD risk in their female patients, with only 22% reporting using guideline-directed sex-specific guidelines (169).


4.1 Need for better risk sex-specific algorithms and risk assessment tools

Although current prevention guidelines have mentioned the inclusion of pregnancy history in the assessment of CVD risk, limited studies have emphasized the incorporation of pregnancy risk factors into predictive CVD scoring (16, 85). In fact, current CVD risk assessment tools do not consider any female-specific risk factors including APOs (19, 163). Only a few published studies have thoroughly investigated the utility of incorporating APOs to conventional CVD risk stratification despite their strong association with increased maternal CVD risk (19, 85, 92, 104, 170). This may be due to uncertainty as to whether APOs provide a direct causal relationship to future maternal CVD or if they unmask shared risk factors (16). For example, it is unclear if the delivery of SGA infants is an association independent of other maternal placental syndromes given their many interrelated factors.

Thus, further research is required to elucidate the true pathophysiology between these important sex-specific CVD risk factors with future maternal CVD risk to improve screening strategies, refine risk assessment, and implement primordial and primary prevention for women beyond traditional risk scoring algorithms (84). Future clinical trials and female-specific risk prediction models should recognize the importance of including women of childbearing age as well as women transitioning through menopause to reflect the target subpopulations intended for screening (16, 34).



4.2 Incorporating sex-specific questionnaires in patient evaluation

Improving patient and clinician education with regards to sex-specific CVD risk factors is vital. These risk factors can afflict women over a span of their lifetime, from young adulthood to childbearing age to their late adult and retirement years (Figure 1). Therefore, educating patients and clinicians, early and often, of these risk factors is essential to the identification and care of CVD in women. Most patients are not aware that having a pregnancy complication may increase their future CVD risk, with recent data showing that only 45% of women recognize that CVD is the leading cause of death (19, 169, 171). In particular, women with APOs should be informed that these disorders pose a higher lifetime risk of CVD and should undergo urgent risk assessment (19, 172, 173). Education and awareness of these risk factors have been shown to enhance the physician-patient relationship, improve engagement, and promote medication adherence (84, 174, 175). Likewise, educating clinicians and fellows-in-training regarding the importance of strong obstetrical and gynecological history-taking is fundamental and should be part of core and continuing medical education (84). Topics surrounding the identification of women with sex-specific risk factors should be featured at national and professional society conferences, such that all providers are better informed to provide comprehensive care for women at risk for CVD (84).


[image: Figure 1]
FIGURE 1
Sex-specific risk factors, which increase a women's future risk of CVD, can present over the span of a lifetime from young adulthood to childbearing age to late adulthood into retirement.


As evidenced by our discussion, a clinician's role in taking a strong obstetrical and reproductive history is an often neglected, though critical aspect, in the risk assessment and prevention of CVD in women. From preconception through pregnancy and into menopause, this continuum serves as an important opportunity for cardiovascular risk assessment. In fact, the American College of Obstetricians and Gynecologists (ACOG) recently formulated a concept called the “fourth trimester” of pregnancy, defined as a critical period for women after birth which warrant recurrent continuity of care beyond a traditional single postpartum visit (19, 171). With a multitude of elements of cardiovascular health to be discussed in a time-limited encounter, obtaining a strong sex-specific history poses a challenge (84).

To tackle this challenge, we developed a sex-specific screening questionnaire which can utilized and replicated throughout ambulatory clinics worldwide (Figure 2). This questionnaire highlights the many neglected sex-specific risk factors for women of reproductive age, which if recognized early, can assist in identifying high-risk individuals for close long-term follow-up and appropriate counseling regarding CVD prevention (Figure 2).


[image: Figure 2]
FIGURE 2
A screening questionnaire encapsulating pertinent medical, gynecologic, and obstetrical history to identify and document important sex-specific CVD risk factors.




4.3 Prospective and longitudinal databases to study sex-specific risk factors

Although beyond the scope of this review, the following prospective registries and cohort studies have been instrumental in understanding sex-specific risk factors and its association with CVD: NuMo2B, WISE, SCAPIS, SWAN, and CARPREG II. Active enrollment of eligible patients into current registries and cohort studies is a necessary element to propel the investigation of sex-specific risk factors forward.




5 Conclusion

Cardiovascular care for women in our current standard of practice is far from ideal. As outlined in this review, obtaining a thorough obstetrical history represents an opportunity to encourage sex-specific risk factor screening and refine risk prediction and stratification of CVD by recognizing important aspects of a women's reproductive and obstetrical history which affect long-term cardiometabolic health (84). Incorporation of sex-specific risk factors is one important step in shifting the paradigm of underdiagnosing and undertreating CVD in women which traditional risk models have done for years (3, 84, 176). Implementation of our patient questionnaire is an efficient, large-scale, standardized method of eliciting important medical history as it pertains to sex-specific risk factors, and can be utilized as a data analysis tool to develop a future prognostic model to improve the current inadequate care of CVD in women.
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Coronary chronic total occlusions (CTO) are present in up to one-third of patients with coronary artery disease (CAD). It is thus essential for all clinical cardiologists to possess a basic awareness and understanding of CTOs, including optimal evaluation and management. While percutaneous coronary intervention (PCI) for CTO lesions has many similarities to non-CTO PCI, there are important considerations pertaining to pre-procedural evaluation, interventional techniques, procedural complications, and post-procedure management and follow-up unique to patients undergoing this highly specialized intervention. Distinct from other existing topical reviews, the current manuscript focuses on key knowledge relevant to non-interventional cardiologists.
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Introduction

A chronic total occlusion (CTO) is defined as a 100% coronary artery occlusion that is non-acute and has been present for at least 3 months (1). Estimation of the occlusion duration is based upon first onset of classic anginal (or anginal equivalent) symptoms and/or history of myocardial infarction (MI) in the target vessel territory. Occluded coronary arteries discovered within 30 days of a MI are not considered CTOs, even though they may present technical revascularization challenges compared to acute lesions (2). There is an observed 15%–35% prevalence of CTOs in patients with CAD, increasing to 54%–89% for patients following coronary artery bypass grafting (CABG)—which has been noted to accelerate native vessel CAD and increase CTO prevalence post-operatively (3–8). The finding of a CTO during a diagnostic cardiac catheterization is also a common reason for referral to CABG, even though up to 30% of CTOs may still not be bypassed at surgery, as evidenced by data from the 2009 randomized SYNTAX (Synergy Between PCI with Taxus and Cardiac Surgery) trial (9, 10).

Fortunately, there have been significant advances in both equipment and procedural techniques for performing CTO PCI over the last decade. Yet, PCI referrals and attempt rates remain low—often influenced by past decades’ technological limitations. Whereas previous historical CTO PCI success rates hovered around 60%, success rates have improved to 80%–90% in contemporary CTO PCI registries (11–14). CTO PCI is most commonly performed to ameliorate anginal symptoms and improve quality of life, based on current data and expert recommendations (15). Anginal symptoms may be both “classic” and “non-classic” and include exertional chest (or jaw, neck, shoulder, arm, or abdominal) discomfort, or shortness of breath, and/or decreased exercise tolerance (16). Many patients with less-typical symptoms may incorrectly attribute these adverse feelings to non-cardiac disorders or to the “normal aging process”—as may their physicians. Patients may often understandably (and unfortunately) reduce their daily physical activity (to include simple activities of daily living) progressively over time to prevent or attenuate anginal burden, at the expense of quality of life (QOL) (17, 18).



Indications: when to consider CTO PCI?

Current expert consensus indications to consider recanalization of a CTO include: (1) to alleviate lifestyle-limiting symptoms and/or to increase exercise capacity; (2) to reduce the extent of ischemia as detected by non-invasive testing; (3) to improve dyspnea related to reduced left ventricular (LV) dysfunction with demonstrable evidence of viable myocardium; and (4) to improve long-term prognosis in patients with high-risk and prognostically-significant multi-vessel CAD (19–27). A less certain clinical indication is the prevention of a “double jeopardy” acute coronary syndrome event—occurring with acute occlusion of a non-CTO coronary artery providing collateral flow to a CTO myocardial territory, resulting in acute multivessel MI with risk for complete circulatory collapse due to cardiogenic shock (Figure 1) (28, 29).


[image: Figure 1]
FIGURE 1
Indications for CTO PCI. Potential indications for CTO PCI primarily include: relief of angina, improvement in left ventricular systolic function, reduction of ischemia burden, prevention of “double jeopardy” in acute coronary syndrome, and complete revascularization.


The 2021 ACC/SCAI revascularization guidelines assign a Class IIb (treatment may be considered, but usefulness or efficacy is less well-established) recommendation for CTO PCI in patients with suitable anatomy and refractory angina despite medical therapy (30). The guidelines emphasize that the primary goal of CTO PCI should be to relieve symptoms, improve QOL, and increase exercise capacity (30). Based on the weight of existing randomized trial and observational data, anginal symptom improvement should remain the primary indication for consideration of CTO PCI.



Clinical evidence for CTO PCI

Randomized clinical trials demonstrate that CTO PCI is most beneficial for symptom relief (31–34). The 2018 Euro-CTO (Randomized Multicentre Trial to Evaluate the Utilization of Revascularization or Optimal Medical Therapy for the Treatment of Chronic Total Coronary Occlusions) trial assessed health status difference at 12-months between optimal medical therapy (OMT) alone or OMT combined with PCI (11). CTO PCI was associated with significantly improved health status at follow-up compared to OMT alone. Patients with successful CTO PCI were noted to have fewer physical limitations, less angina, better mobility, and increased physical activity after revascularization as compared with patients treated with OMT alone. Additionally, observed periprocedural risks were low, and 12-month MACE rates were comparable to the OMT group.

The 2019 Decision-CTO (Drug-Eluting Stent Implantation Versus Optimal Medical Treatment in Patients With Chronic Total Occlusion) trial examined the outcomes of OMT alone compared to PCI coupled with OMT in patients with CTOs—and demonstrated low procedural complication rates and high procedural success but no difference in major adverse cardiovascular events (MACE) (35). Unfortunately, the study was limited by low power for clinical endpoints and was also terminated early due to slow enrollment and very high cross-over rates.

The 2016 EXPLORE (Evaluating Xience and left ventricular function in PCI on occlusiOns afteR STEMI) trial focused on LV function with concurrent CTO PCI for patients who presented with a ST-elevation MI and underwent primary PCI (36). While the trial had an overall low CTO PCI success rate of 73% and a high cross-over rate of 23%, a sub-study of patients with a left anterior descending coronary artery (LAD) CTO demonstrated benefit in LV ejection fraction (EF) improvement by cardiac MRI following successful CTO PCI—suggesting that CTO PCI to the LAD may improve not only clinical outcomes, but also LV geometry and function.

The 2017 OPEN-CTO (Outcomes, Patent Health Status, and Efficiency in Chronic Total Occlusion Hybrid Procedures) registry evaluated success rates, risks, and patient-reported benefits of contemporary CTO PCI (13). At one month following successful CTO PCI, significant improvements were seen in Seattle Angina Questionnaire (SAQ) QOL (49.4 ± 0.9–75.0 ± 0.7; p < 0.01), Rose Dyspnea Scale (2.0 ± 0.1–1.1 ± 0.1; p < 0.01), and Patient Health Questionnaire 8 (PHQ-8) (6.2 ± 0.2–3.5 ± 0.1; p < 0.01) parameters. Technical success rates in the registry were high, but complication rates were also higher than described for non-CTO PCI—highlighting the importance of careful evaluation of risks, benefits, and estimated technical success rates to most appropriately select optimal patients for CTO PCI and to best guide physician-patient shared decision-making conversations.

Overall, while there is abundant observational data suggesting that successful CTO PCI may be associated with improved clinical outcomes, prospective and randomized studies have been challenged by limitations in patient selection, trial design, and variable procedural success (37–40). Taken together, this data may be utilized to inform patient selection, education, pre-procedural counselling, and consent for CTO PCI—with evidence strongest at present for management of refractory anginal symptoms.



Preparation for CTO PCI: detective work and medication optimization

Once the decision has been made to proceed to CTO PCI, an in-depth review of patient coronary anatomy is essential. This involves a thorough examination of all recent and historical invasive coronary angiography (which should be acquired at low magnification and without panning to facilitate optimal evaluation of collateral routes and with administration of intraocoronary nitroglycerine to improve distal vessel filling), non-invasive coronary computed tomography angiography (CCTA), and prior percutaneous or surgical intervention records (41). CCTA can provide critical information regarding the vessel course within the CTO segment—to include the degree and extent of calcification—and may be superior to coronary angiography for analysing proximal cap morphology (42). In some facilities, integration of CCTA with invasive coronary angiography may also be possible during PCI—thereby delineating the course of the occluded segment and potential crossing obstacles. Overall, a more complete understanding of patient coronary anatomy via careful review of both CCTA and invasive angiography significantly aids technical decision-making regarding CTO crossing strategies (and their hierarchy) and risk assessment, and thus procedural consent.

Since the principal current indication for CTO PCI is symptom relief, we have adopted an algorithmic approach to optimal anti-anginal medication initiation in the outpatient setting prior to consideration of CTO PCI. These anti-anginal medications include a beta-blocker such as Metoprolol Succinate, a long-acting nitrate such as Imdur, a calcium channel blocker such as Amlodipine, and the metabolic modulator Ranolazine—all aimed at optimizing myocardial oxygen supply/demand. Only after patients are up-titrated over time to maximally tolerated doses of these medications (or prove intolerant to doses which adequately control symptoms due to adverse side effects), do we proceed with CTO PCI. Physicians who care for patients with CTOs should strongly consider referral to a CTO PCI specialist for further evaluation unless they are asymptomatic and with good exercise tolerance, normal EF, and minimal ischemic myocardium. When possible, it is advised that clinicians caring for patients undergoing evaluation for potential CTO PCI obtain prior invasive and non-invasive imaging studies in advance of CTO PCI specialty consultation and attempt medical optimization. Ultimately it is incumbent upon CTO PCI teams to complete any of this unfinished diagnostic or therapeutic work prior to pursuing invasive intervention (Figure 2).
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FIGURE 2
CTO PCI program referral recommendations. Evaluation and management of CTOs varies based on medical specialty and includes: assessment of angina and ischemia, review of patient comorbidities and values, maximization of medical therapy, referral to a CTO specialist, and consideration of PCI.




CTO crossing strategies and scoring systems

Given the complex technical strategies needed to perform CTO PCI safely and effectively and the enhanced procedural risks associated with these interventions, it is advised that patients undergoing evaluation for these procedures be referred to specialized and experienced interventional cardiologists at high-volume and high-complexity medical centers. Successful CTO PCI often requires multiple radial and/or femoral arterial access points to aid in vessel visualization and lesion crossing. There are essentially four techniques to traverse a CTO—antegrade wire escalation (AWE), antegrade dissection and re-entry (ADR), retrograde wire escalation (RWE), and retrograde dissection re-entry (RDR) (12, 15). In other words, CTO operators can cross CTO lesions four possible ways—from the antegrade direction straight through the blockage (“intraplaque” wire tracking within the occlusive intima-based plaque), from the antegrade direction “around” the blockage (“extraplaque” wire tracking outside the plaque but still contained within the adventitial layer), or from the retrograde direction via collateral vessels either straight through the blockage or “around” the blockage (31). Each individual crossing strategy and additional access point adds to procedural complexity and risk—advocating for both appropriate clinical indications and appropriate operator training and experience.

Multiple different CTO crossing expert consensus algorithms currently exist (e.g., Hybrid, Asia-Pacific, EuroCTO) and most recently a Global algorithm merging the best of each of these primary regional protocols has been proposed (43). Despite technical differences prioritizing one (initial) crossing strategy over another, all of the individual protocol share key guiding principles—to include a focus on the complementary nature of antegrade and retrograde wiring and reentry strategies, the importance of efficient switching between alternative crossing techniques to optimize success and shorten procedure time and radiation dose, and the critical importance of intracoronary imaging (15). Intracoronary imaging is vital for the optimal performance of all PCI, and CTO PCI in particular—for evaluation of intraplaque vs. extraplaque tracking, preintervention lesion assessment (to include assessment of plaque composition and follow-on optimal plaque modification technique), lesion preparation and stent deployment and optimization, and assessment of postprocedure endpoints and complications (44).

Various scoring systems have been developed to predict the technical success of CTO PCI and guide risk/benefit analysis and doctor/patient decision-making. Each scoring system considers multiple variables—to include both demographic and angiographic features. Two of the most common scoring systems to predict technical success are the J-CTO (Multicenter Chronic Total Occlusion Registry in Japan) and PROGRESS-CTO (Prospective Global Registry for the Study of Chronic Total Occlusion Intervention) scores (45, 46).

The J-CTO score predicts the likelihood of crossing the CTO lesion within 30 min. It includes five factors (each worth one point when present): occlusion length ≥20 mm, blunt stump appearance of the proximal cap of the occlusion, calcification within the lesion segment, presence of a >45-degree bend within the CTO, and prior failed PCI attempt. A J-CTO score of 0 is considered “easy”, 1 is intermediate, 2 is difficult, and ≥3 is very difficult, with the probability of a technically successful procedure described as 97.8%, 92.3%, 88.4%, and 73.3%, respectively (45). The PROGRESS-CTO score uses four independent variables to predict the likelihood of successful CTO recanalization: ambiguous proximal cap of the CTO, moderate or severe vessel tortuosity, circumflex artery as the target CTO vessel, and lack of “interventional collaterals” to support a retrograde procedural technique—with similarly graded success rates (which are also improving over time) as the J-CTO score (46, 47).



Complications: prevention, recognition, and management

CTO interventions are among the most complex and high-risk PCI procedures performed in the modern cardiac catheterization lab (48). Complications, while uncommon, can be catastrophic if not successfully anticipated, prevented, recognized, and managed (49). As presented in this document, meticulous procedural planning—to include detailed assessment of appropriate clinical indications, anticipated clinical benefit, anatomic complexity, and patient-specific procedural risk—is a critical aspect of CTO PCI (50). A detailed description of the technical aspects of management of specific CTO PCI complications has been well described elsewhere (51).

Many experienced CTO centers presently achieve high success rates (85%–90%) with low (2%–3%) risks of major periprocedural complications (52). By comparison, technical success rates >95% and complication rates <2% have been reported for non-complex non-CTO PCI—compared to success rates <60% (and >6% incidence of emergent CABG) at the dawn of PCI in the 1980s (53, 54). Still, despite lower technical success rates, equivalent MACE rates have been reported between the currently more routinely encountered complex (as opposed to non-complex) non-CTO PCI and CTO PCI (4.1% vs. 5.0% in a large recent single-center registry) (55, 56). Ultimately while there have been iterative advances in CTO PCI equipment and techniques and improvements in success and complication rates (in parallel with extension of procedures to increasingly more complex patient and lesion subsets), the benefit-to-risk ratio remains less favorable compared with non-CTO PCI and may be best limited to patients with refractory angina and dyspnea or high ischemic burden, and performed by high-volume, high-experience, CTO PCI teams and institutions (57).

The decision to pursue CTO PCI—as with all medical interventions—depends on the balance of estimated risk and anticipated benefit. When indicated and successful, CTO PCI may offer relief of angina, improvement in QOL, and possible improvements in myocardial function, exercise capacity, prevention of arrhythmias, and long-term survival (58–60). In-hospital procedural complications are similar to non-CTO PCI and include death, MI, stroke, perforation, pericardial tamponade, side branch occlusion, coronary dissection, major bleeding and need for blood transfusion, contrast-induced nephropathy, vascular surgery repair, and urgent CABG (51). In the initial 2017 report of the multi-center OPEN-CTO Registry, in-hospital mortality occurred in 0.9% of patients, myocardial infarction in 2.6%, emergency CABG in 0.7%, and coronary perforation requiring treatment in 4.8% (13). Scoring systems such as the PROGRESS-CTO complication risk score can facilitate estimation of these periprocedural risks of death, MI, urgent target vessel revascularization, tamponade requiring intervention, and stroke in patients undergoing CTO PCI (overall 2.1% in PROGRESS-CTO) and thus inform physician-patient pre-procedure counseling and shared decision-making (61).



Is CTO PCI appropriate for every operator and every center?

While CTO PCI may not be appropriate for every operator or every institution, therapy awareness and the option to undergo this intervention should be available to all eligible patients as part of a multidisciplinary Heart Team management model (30, 62–64). Compared with complex non-CTO PCI, this intervention involves very unique techniques and equipment—to include specialized lesion crossing strategies, specialty wires and microcatheters, and re-entry devices (48). Dedicated CTO PCI operators need to be facile with all four of the main lesion crossing strategies (as well as additional sub-strategies) unique to CTO PCI (48, 65). Finally, in order to achieve high success rates, operators should possess the skillset to rapidly and fluidly transition between multiple alternative AWE, ADR, RWE, and RDR strategies—which often only occurs with dedicated individual and team training and accumulated experience. Additional optimal CTO PCI program requirements have been well described elsewhere (15, 41).

Karacsonyi et al. recently analyzed the association between operator volume and procedural outcomes of 7,035 CTO PCI procedures performed between 2012 and 2021 at 30 centers and observed that higher-volume operators (>60 CTO PCI cases/year) performed higher complexity procedures with higher rates of technical and procedural success (87.9%) (66). In another analysis by Zein et al. of 7,389 CTO PCIs performed between 2010 and 2018 at 46 sites in Michigan, combined operator and hospital CTO PCI experience was directly related to procedural success but not to major adverse cardiac events—although notably only 4 institutions performed >50 CTO PCIs per year (with 81% procedural success among this higher-volume center cohort) (67).

Presently more than two-thirds of practicing US interventional cardiologists perform fewer than 100 total (non-CTO) PCI procedures annually and nearly 50% perform fewer than 50 total (non-CTO) PCI procedures annually—with unsurprisingly lower mortality noted for high-volume vs. low-volume operators (1.53% vs. 1.86%) (68, 69). Additionally, while a volume-outcome relationship has been noted for a variety of complex PCI lesion subsets in multiple studies, non-CTO PCI volume, expertise, and outcomes do not directly translate to CTO PCI safety and success (70–72). Together, this data may advocate for the regionalization of CTO PCI care to teams of experienced high-volume CTO operators at experienced high-volume CTO centers (Figure 2).



Knowledge gaps and research opportunities

Multiple questions remain regarding the potential benefits of CTO PCI beyond angina relief and increase in exercise capacity. Ongoing randomized controlled trials (RCT), such as the NOBLE-CTO (Nordic-Baltic Randomized Registry Study for Evaluation of PCI in Chronic Total Coronary Occlusion; NCT03392415) and ISCHEMIA-CTO (Nordic and Spanish Randomized Trial on the Effect of Revascularization or Optimal Medical Therapy of Chronic Total Coronary Occlusions With Myocardial Ischemia; NCT03563417) trials, expected to complete enrollment in 2027 and 2028, respectively, may help address these unanswered questions and further inform future myocardial revascularization guidelines.



Conclusions

CTOs are common in daily practice and new and evolving treatment options now exist for lesions that were once considered “untreatable”. While many patients are asymptomatic with medical therapy alone, others suffer lifestyle-limiting angina which may significantly curtail their activities of daily living. Although there are multiple potential advantages to CTO intervention, the most proven current indication is for symptom relief and quality of life improvement rather than survival benefit. Due to higher procedural complexity and risk and a need for greater operator technical expertise, CTO PCI may be most appropriately performed by specially-trained and experienced teams at high-volume cardiac catheterization laboratories.



Author contributions

LC: Writing – original draft, Writing – review & editing. MM: Writing – review & editing. RD: Writing – review & editing. BT: Writing – original draft. WB: Writing – review & editing. AT: Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Stone GW, Reifart NJ, Moussa I, Hoye A, Cox DA, Colombo A, et al. Percutaneous recanalization of chronically occluded coronary arteries: a consensus document: part II. Circulation. (2005) 112:2530–7. doi: 10.1161/CIRCULATIONAHA.105.583716

2. Hochman JS, Lamas GA, Buller CE, Dzavik V, Reynolds HR, Abramsky SJ, et al. Coronary intervention for persistent occlusion after myocardial infarction. N Engl J Med. (2006) 355:2395–407. doi: 10.1056/NEJMoa066139

3. Jeroudi OM, Alomar ME, Michael TT, Sabbagh AE, Patel VG, Mogabgab O, et al. Prevalence and management of coronary chronic total occlusions in a tertiary veterans affairs hospital. Catheter Cardiovasc Interv. (2014) 84:637–43. doi: 10.1002/ccd.25264

4. Råmunddal T, Hoebers LP, Henriques JP, Dworeck C, Angerås O, Odenstedt J, et al. Prognostic impact of chronic total occlusions: a report from SCAAR (Swedish coronary angiography and angioplasty registry). JACC Cardiovasc Interv. (2016) 9:1535–44. doi: 10.1016/j.jcin.2016.04.031

5. Azzalini L, Jolicoeur EM, Pighi M, Millán X, Picard F, Tadros VX, et al. Epidemiology, management strategies, and outcomes of patients with chronic total coronary occlusion. Am J Cardiol. (2016) 118:1128–35. doi: 10.1016/j.amjcard.2016.07.023

6. Fefer P, Knudtson ML, Cheema AN, Galbraith PD, Osherov AB, Yalonetsky S, et al. Current perspectives on coronary chronic total occlusions: the Canadian multicenter chronic total occlusions registry. J Am Coll Cardiol. (2012) 59:991–7. doi: 10.1016/j.jacc.2011.12.007

7. Pereg D, Fefer P, Samuel M, Wolff R, Czarnecki A, Deb S, et al. Native coronary artery patency after coronary artery bypass surgery. JACC Cardiovasc Interv. (2014) 7:761–7. doi: 10.1016/j.jcin.2014.01.164

8. Pereg D, Fefer P, Samuel M, Shuvy M, Deb S, Sparkes JD, et al. Long-term follow-up of coronary artery bypass patients with preoperative and new postoperative native coronary artery chronic total occlusion. Can J Cardiol. (2016) 32:1326–31. doi: 10.1016/j.cjca.2016.01.015

9. Dautov R, Manh Nguyen C, Altisent O, Gibrat C, Rinfret S. Recanalization of chronic total occlusions in patients with previous coronary bypass surgery and consideration of retrograde access via saphenous vein grafts. Circ Cardiovasc Interv. (2016) 9:e003515. doi: 10.1161/CIRCINTERVENTIONS.115.003515

10. Farooq V, Serruys PW, Garcia-Garcia HM, Zhang Y, Bourantas CV, Holmes DR, et al. The negative impact of incomplete angiographic revascularization on clinical outcomes and its association with total occlusions: the SYNTAX (synergy between percutaneous coronary intervention with taxus and cardiac surgery) trial. J Am Coll Cardiol. (2013) 61:282–94. doi: 10.1016/j.jacc.2012.10.017

11. Werner GS, Martin-Yuste V, Hildick-Smith D, Boudou N, Sianos G, Gelev V, et al. A randomized multicentre trial to compare revascularization with optimal medical therapy for the treatment of chronic total coronary occlusions. Eur Heart J. (2018) 39:2484–93. doi: 10.1093/eurheartj/ehy220

12. Tajti P, Karmpaliotis D, Alaswad K, Jaffer FA, Yeh RW, Patel M, et al. The hybrid approach to chronic total occlusion percutaneous coronary intervention: update from the PROGRESS CTO registry. JACC Cardiovasc Interv. (2018) 11:1325–35. doi: 10.1016/j.jcin.2018.02.036

13. Sapontis J, Salisbury AC, Yeh RW, Cohen DJ, Hirai T, Lombardi W, et al. Early procedural and health Status outcomes after chronic total occlusion angioplasty: a report from the OPEN-CTO registry (outcomes, patient health status, and efficiency in chronic total occlusion hybrid procedures). JACC Cardiovasc Interv. (2017) 10:1523–34. doi: 10.1016/j.jcin.2017.05.065

14. Brilakis ES, Banerjee S, Karmpaliotis D, Lombardi WL, Tsai TT, Shunk KA, et al. Procedural outcomes of chronic total occlusion percutaneous coronary intervention: a report from the NCDR (national cardiovascular data registry). JACC Cardiovasc Interv. (2015) 8:245–53. doi: 10.1016/j.jcin.2014.08.014

15. Brilakis ES, Mashayekhi K, Tsuchikane E, Abi Rafeh N, Alaswad K, Araya M, et al. Guiding principles for chronic total occlusion percutaneous coronary intervention. Circulation. (2019) 140:420–33. doi: 10.1161/CIRCULATIONAHA.119.039797

16. Ford TJ, Colin B. Angina: contemporary diagnosis and management. Heart. (2020) 106:387. doi: 10.1136/heartjnl-2018-314661

17. Peri-Okonny PA, Spertus JA, Grantham JA, et al. Physical activity after percutaneous coronary intervention for chronic total occlusion and its association with health Status. J Am Heart Assoc. (2019) 8:e011629. doi: 10.1161/JAHA.118.011629

18. Yeh RW, Tamez H, Secemsky EA, Grantham JA, Sapontis J, Spertus JA, et al. Depression and angina among patients undergoing chronic total occlusion percutaneous coronary intervention. JACC Cardiovasc Interv. (2019) 12:651–8. doi: 10.1016/j.jcin.2018.12.029

19. Schumacher SP, Stuijfzand WJ, de Winter RW, van Diemen PA, Bom MJ, Everaars H, et al. Ischemic burden reduction and long-term clinical outcomes after chronic total occlusion percutaneous coronary intervention. JACC Cardiovasc Interv. (2021) 14:1407–18. doi: 10.1016/j.jcin.2021.04.044

20. Zhao S, Wang J, Chen Y, Wang W, Hu W, Zou Y, et al. Improvement of symptoms and quality of life after successful percutaneous coronary intervention for chronic total occlusion in elderly patients. J Am Heart Assoc. (2023) 12:e029034. doi: 10.1161/JAHA.123.029034

21. Kucukseymen S, Iannaccone M, Grantham JA, Sapontis J, Juricic S, Ciardetti N, et al. Association of successful percutaneous revascularization of chronic total occlusions with quality of life: a systematic review and meta-analysis. JAMA Netw Open. (2023) 6:e2324522. doi: 10.1001/jamanetworkopen.2023.24522

22. Megaly M, Brilakis ES, Abdelsalam M, Pershad A, Saad M, Garcia S, et al. Impact of chronic total occlusion revascularization on left ventricular function assessed by cardiac magnetic resonance. JACC Cardiovasc Imaging. (2021) 14:1076–8. doi: 10.1016/j.jcmg.2020.10.012

23. Galassi AR, Brilakis ES, Boukhris M, Tomasello SD, Sianos G, Karmpaliotis D, et al. Appropriateness of percutaneous revascularization of coronary chronic total occlusions: an overview. Eur Heart J. (2015) 37:2692–700. doi: 10.1093/eurheartj/ehv391

24. Stone GW, Ali ZA, O'Brien SM, Rhodes G, Genereux P, Bangalore S, et al. Impact of complete revascularization in the ISCHEMIA trial. J Am Coll Cardiol. (2023) 82:1175–88. doi: 10.1016/j.jacc.2023.06.015

25. Garcia S, Sandoval Y, Roukoz H, Adabag S, Canoniero M, Yannopoulos D, et al. Outcomes after complete versus incomplete revascularization of patients with multivessel coronary artery disease: a meta-analysis of 89,883 patients enrolled in randomized clinical trials and observational studies. J Am Coll Cardiol. (2013) 62:1421–31. doi: 10.1016/j.jacc.2013.05.033

26. Valenti R, Migliorini A, Signorini U, Vergara R, Parodi G, Carrabba N, et al. Impact of complete revascularization with percutaneous coronary intervention on survival in patients with at least one chronic total occlusion. Eur Heart J. (2008) 29:2336–42. doi: 10.1093/eurheartj/ehn357

27. Jang WJ, Yang JH, Song YB, Hahn JY, Choi JH, Chun WJ, et al. Clinical implications of residual SYNTAX score after percutaneous coronary intervention in patients with chronic total occlusion and multivessel coronary artery disease: a comparison with coronary artery bypass grafting. EuroIntervention. (2017) 13:97–105. doi: 10.4244/EIJ-D-16-00421

28. Watanabe H, Morimoto T, Shiomi H, Furukawa Y, Nakagawa Y, Ando K, et al. Chronic total occlusion in a non-infarct-related artery is closely associated with increased five-year mortality in patients with ST-segment elevation acute myocardial infarction undergoing primary percutaneous coronary intervention (from the CREDO-Kyoto AMI registry). EuroIntervention. (2017) 12:e1874–82. doi: 10.4244/EIJ-D-15-00421

29. Watanabe H, Morimoto T, Shiomi H, Kawaji T, Furukawa Y, Nakagawa Y, et al. Chronic total occlusion in non-infarct-related artery is associated with increased short-and long-term mortality in patients with ST-segment elevation acute myocardial infarction complicated by cardiogenic shock (from the CREDO-Kyoto AMI registry). Catheter Cardiovasc Interv. (2018) 92:455–63. doi: 10.1002/ccd.27330

30. Lawton JS, Tamis-Holland JE, Bangalore S, Bates ER, Beckie TM, Bischoff JM, et al. 2021 ACC/AHA/SCAI guideline for coronary artery revascularization: a report of the American college of cardiology/American heart association joint committee on clinical practice guidelines. Circulation. (2022) 145:e18–114. doi: 10.1161/CIRCULATIONAHA.121.057538

31. Ybarra LF, Rinfret S, Brilakis ES, Karmpaliotis D, Azzalini L, Grantham JA, et al. Definitions and clinical trial design principles for coronary artery chronic total occlusion therapies: CTO-ARC consensus recommendations. Circulation. (2021) 143:479–500. doi: 10.1161/CIRCULATIONAHA.120.046754

32. Simsek B, Kostantinis S, Karacsonyi J, Alaswad K, Megaly M, Karmpaliotis D, et al. A systematic review and meta-analysis of clinical outcomes of patients undergoing chronic total occlusion percutaneous coronary intervention. J Invasive Cardiol. (2022) 34:E763–75.36227013

33. di Mario C, Mashayekhi AK, Garbo R, Pyxaras AS, Ciardetti N, Werner SG. Recanalisation of coronary chronic total occlusions. EuroIntervention. (2022) 18:535–61. doi: 10.4244/EIJ-D-21-01117

34. Stazi F. Dilemmas in cardiology: when to recanalize a chronic total occlusion. Eur Heart J Suppl. (2023) 25:B149–54. doi: 10.1093/eurheartjsupp/suad094

35. Lee SW, Lee PH, Ahn JM, Park DW, Yun SC, Han S, et al. Randomized trial evaluating percutaneous coronary intervention for the treatment of chronic total occlusion. Circulation. (2019) 139:1674–83. doi: 10.1161/CIRCULATIONAHA.118.031313

36. Henriques JP, Hoebers LP, Ramunddal T, Laanmets P, Eriksen E, Bax M, et al. Percutaneous intervention for concurrent chronic total occlusions in patients with STEMI: the EXPLORE trial. J Am Coll Cardiol. (2016) 68:1622–32. doi: 10.1016/j.jacc.2016.07.744

37. Kirschbaum SW, Baks T, van den Ent M, Sianos G, Krestin GP, Serruys PW, et al. Evaluation of left ventricular function three years after percutaneous recanalization of chronic total coronary occlusions. Am J Cardiol. (2008) 101:179–85. doi: 10.1016/j.amjcard.2007.07.060

38. George S, Cockburn J, Clayton TC, Ludman P, Cotton J, Spratt J, et al. Long-term follow-up of elective chronic total coronary occlusion angioplasty: analysis from the U. K. central cardiac audit database. J Am Coll Cardiol. (2014) 64:235–43. doi: 10.1016/j.jacc.2014.04.040

39. Hoebers LP, Vis MM, Claessen BE, van der Schaaf RJ, Kikkert WJ, Baan Jr J, et al. The impact of multivessel disease with and without a co-existing chronic total occlusion on short- and long-term mortality in ST-elevation myocardial infarction patients with and without cardiogenic shock. Eur J Heart Fail. (2013) 15:425–32. doi: 10.1093/eurjhf/hfs182

40. Nombela-Franco L, Mitroi CD, Fernández-Lozano I, García-Touchard A, Toquero J, Castro-Urda V, et al. Ventricular arrhythmias among implantable cardioverter-defibrillator recipients for primary prevention: impact of chronic total coronary occlusion (VACTO primary study). Circ Arrhythm Electrophysiol. (2012) 5:147–54. doi: 10.1161/CIRCEP.111.968008

41. Azzalini L, Karmpaliotis D, Santiago R, Mashayekhi K, Di Mario C, Rinfret S, et al. Contemporary issues in chronic total occlusion percutaneous coronary intervention. JACC Cardiovasc Interv. (2022) 15:1–21. doi: 10.1016/j.jcin.2021.09.027

42. Werner GS. Use of coronary computed tomographic angiography to facilitate percutaneous coronary intervention of chronic total occlusions. Circ Cardiovasc Interv. (2019) 12:e007387. doi: 10.1161/CIRCINTERVENTIONS.119.007387

43. Wu EB, Brilakis ES, Mashayekhi K, Tsuchikane E, Alaswad K, Araya M, et al. Global chronic total occlusion crossing algorithm: JACC state-of-the-art review. J Am Coll Cardiol. (2021) 78:840–53. doi: 10.1016/j.jacc.2021.05.055

44. Truesdell AG, Alasnag MA, Kaul P, Rab ST, Riley RF, Young MN, et al. Intravascular imaging during percutaneous coronary intervention: JACC state-of-the-art review. J Am Coll Cardiol. (2023) 81:590–605. doi: 10.1016/j.jacc.2022.11.045

45. Morino Y, Abe M, Morimoto T, Kimura T, Hayashi Y, Muramatsu T, et al. Predicting successful guidewire crossing through chronic total occlusion of native coronary lesions within 30min: the J-CTO (multicenter CTO registry in Japan) score as a difficulty grading and time assessment tool. JACC Cardiovasc Interv. (2011) 4:213–21. doi: 10.1016/j.jcin.2010.09.024

46. Christopoulos G, Kandzari DE, Yeh RW, Jaffer FA, Karmpaliotis D, Wyman MR, et al. Development and validation of a novel scoring system for predicting technical success of chronic total occlusion percutaneous coronary interventions: the PROGRESS CTO (prospective global registry for the study of chronic total occlusion intervention) score. JACC Cardiovasc Interv. (2016) 9:1–9. doi: 10.1016/j.jcin.2015.09.022

47. Karacsonyi J, Stanberry L, Alaswad K, Krestyaninov O, Choi JW, Rangan BV, et al. Predicting technical success of chronic total occlusion percutaneous coronary intervention. Circ Cardiovasc Interv. (2021) 14:e009860. doi: 10.1161/CIRCINTERVENTIONS.120.009860

48. Riley RF, Henry TD, Mahmud E, Kirtane AJ, Brilakis ES, Goyal A, et al. SCAI position statement on optimal percutaneous coronary interventional therapy for complex coronary artery disease. Catheter Cardiovasc Interv. (2020) 96:346–62. doi: 10.1002/ccd.28994

49. Riley RF, Sapontis J, Kirtane AJ, Karmpaliotis D, Kalra S, Jones PG, et al. Prevalence, predictors, and health status implications of periprocedural complications during coronary chronic total occlusion angioplasty. EuroIntervention. (2018) 14:e1199–206. doi: 10.4244/EIJ-D-17-00976

50. Naidu SS, Abbott JD, Bagai J, Blankenship J, Garcia S, Iqbal SN, et al. SCAI expert consensus update on best practices in the cardiac catheterization laboratory. Catheter Cardiovasc Interv. (2021) 98:255–76. doi: 10.1002/ccd.29744

51. Doll JA, Hira RS, Kearney KE, Kandzari DE, Riley RF, Marso SP, et al. Management of percutaneous coronary intervention complications. Circ Cardiovasc Interv. (2020) 13:e008962. doi: 10.1161/CIRCINTERVENTIONS.120.008962

52. Karacsonyi J, Vemmou E, Nikolakopoulos I, Ungi I, Abi Rafeh N, ElGuindy A, et al. Current challenges and prevention strategies for chronic total occlusion (CTO) complications. Expert Rev Cardiovasc Ther. (2021) 19:337–47. doi: 10.1080/14779072.2021.1905521

53. Waldo SW, Gokhale M, O'Donnell CI, Plomondon ME, Valle JA, Armstrong EJ, et al. Temporal trends in coronary angiography and percutaneous coronary intervention: insights from the VA clinical assessment, reporting, and tracking program. JACC Cardiovasc Interv. (2018) 11:879–88. doi: 10.1016/j.jcin.2018.02.035

54. Kent KM, Bentivoglio LG, Block PC, Cowley MJ, Dorros G, Gosselin AJ, et al. Percutaneous transluminal coronary angioplasty: report from the registry of the national heart, lung, and blood institute. Am J Cardiol. (1982) 49:2011–20. doi: 10.1016/0002-9149(82)90223-5

55. Azzalini L, Carlino M, Bellini B, Marini C, Pazzanese V, Toscano E, et al. Long-term outcomes of chronic total occlusion recanalization versus percutaneous coronary intervention for complex non-occlusive coronary artery disease. Am J Cardiol. (2020) 125:182–8. doi: 10.1016/j.amjcard.2019.10.034

56. Kheifets M, Vons SA, Bental T, Assa HV, Greenberg G, Samara A, et al. Temporal trends in complex PCI interventions. Eur Heart J. (2022) 43:ehac544.1243. doi: 10.1093/eurheartj/ehac544.1243

57. Mohamed OM, Polad J, Hildick-Smith D, Bizeau O, Baisebenov RK, Roffi M, et al. Impact of coronary lesion complexity in percutaneous coronary intervention: one-year outcomes from the large, multicentre e-ultimaster registry. EuroIntervention. (2020) 16:603–12. doi: 10.4244/EIJ-D-20-00361

58. Shah A. Chronic total occlusion coronary intervention: in search of a definitive benefit. Methodist Debakey Cardiovasc J. (2018) 14:50–9. doi: 10.14797/mdcj-14-1-50

59. Megaly M, Buda K, Mashayekhi K, Werner GS, Grantham JA, Rinfret S, et al. Comparative analysis of patient characteristics in chronic total occlusion revascularization studies: trials vs real-world registries. JACC Cardiovasc Interv. (2022) 15:1441–9. doi: 10.1016/j.jcin.2022.05.023

60. Leone PP, Calò L, Donahue M, Gasparini G. Acute coronary complications in chronic total occlusion interventions. Eur Heart J Suppl. (2023) 25:C96–105. doi: 10.1093/eurheartjsupp/suad041

61. Simsek B, Kostantinis S, Karacsonyi J, Alaswad K, Krestyaninov O, Khelimskii D, et al. Predicting periprocedural complications in chronic total occlusion percutaneous coronary intervention: the PROGRESS-CTO complication scores. JACC Cardiovasc Interv. (2022) 15:1413–22. doi: 10.1016/j.jcin.2022.06.007

62. Grines CL, Box LC, Mamas MA, Abbott JD, Blankenship JC, Carr JG, et al. SCAI expert consensus statement on percutaneous coronary intervention without on-site surgical backup. JACC Cardiovasc Interv. (2023) 16:847–60. doi: 10.1016/j.jcin.2022.12.016

63. Kaier TE, Hurrell H, Patterson T, Fisk G, Stewart J, Baig K, et al. The impact of a dedicated chronic total occlusion PCI program on heart team decision making. J Invasive Cardiol. (2022) 34:E660–664. PMID: 35916923.35916923

64. Young MN, Kolte D, Cadigan ME, Laikhter E, Sinclair K, Pomerantsev E, et al. Multidisciplinary heart team approach for complex coronary artery disease: single center clinical presentation. J Am Heart Assoc. (2020) 9:e014738. doi: 10.1161/JAHA.119.014738

65. Riley RF, Walsh SJ, Kirtane AJ, Michael Wyman R, Nicholson WJ, Azzalini L, et al. Algorithmic solutions to common problems encountered during chronic total occlusion angioplasty: the algorithms within the algorithm. Catheter Cardiovasc Interv. (2019) 93:286–97. doi: 10.1002/ccd.27987

66. Karacsonyi J, Tsiafoutis I, Alaswad K, Karmpaliotis D, Choi JW, Khatri J, et al. Association of annual operator volume with the outcomes of chronic total occlusion percutaneous coronary intervention. J Invasive Cardiol. (2022) 34:E645–652. PMID: 35969838.35969838

67. Zein R, Seth M, Othman H, Rosman HS, Lalonde T, Alaswad K, et al. Association of operator and hospital experience with procedural success rates and outcomes in patients undergoing percutaneous coronary interventions for chronic total occlusions: insights from the blue cross blue shield of Michigan cardiovascular consortium. Circ Cardiovasc Interv. (2020) 13:e008863. doi: 10.1161/CIRCINTERVENTIONS.119.008863

68. Harold JG, Bass TA, Bashore TM, Brindis RG, Brush Jr JE, Burke JA, et al. ACCF/AHA/SCAI 2013 update of the clinical competence statement on coronary artery interventional procedures: a report of the American college of cardiology foundation/American heart association/American college of physicians task force on clinical competence and training (writing committee to revise the 2007 clinical competence statement on cardiac interventional procedures). J Am Coll Cardiol. (2013) 62:357–96. doi: 10.1016/j.jacc.2013.05.002

69. Fanaroff AC, Zakroysky P, Dai D, Wojdyla D, Sherwood MW, Roe MT, et al. Outcomes of PCI in relation to procedural characteristics and operator volumes in the United States. J Am Coll Cardiol. (2017) 69:2913–24. doi: 10.1016/j.jacc.2017.04.032

70. Kaul P, Kandzari DE. Chronic total occlusions. Circ Cardiovasc Interv. (2020) 13:e009724. doi: 10.1161/CIRCINTERVENTIONS.120.009724

71. Kinnaird T, Gallagher S, Anderson R, Sharp A, Farooq V, Ludman P, et al. Are higher operator volumes for unprotected left main stem percutaneous coronary intervention associated with improved patient outcomes? Circ Cardiovasc Interv. (2020) 13:e008782. doi: 10.1161/CIRCINTERVENTIONS.119.008782

72. Kinnaird T, Gallagher S, Sharp A, Protty M, Salim T, Ludman P, et al. Operator volumes and in-hospital outcomes. JACC Cardiovasc Interv. (2021) 14:1423–30. doi: 10.1016/j.jcin.2021.04.034 34147386












	
	TYPE Mini Review

PUBLISHED 06 February 2024
DOI 10.3389/fcvm.2024.1349376






[image: image2]

A gentler approach to monitor for heart transplant rejection

Jason F. Goldberg1,2, Aditya Mehta1, Rupinder K. Bahniwal3, Sean Agbor-Enoh4 and Palak Shah1*

1Department of Heart Failure and Transplantation, Inova Heart and Vascular Institute, Falls Church, VA, United States

2Department of Children's Cardiology, Inova L.J. Murphy Children’s Hospital, Falls Church, VA, United States

3Eastern Virginia Medical School, Norfolk, VA, United States

4National Heart, Lung, and Blood Institute (NHLBI), NIH, Bethesda, MD, United States

EDITED BY
Lauren Cooper, Northwell Health, United States

REVIEWED BY
Marc Samsky, Yale University, United States
Jasjit Bhinder, Northwell Health, United States

*CORRESPONDENCE Palak Shah palak.shah@inova.org

Abbreviations
ACR, acute cellular rejection; AMR, antibody-mediated rejection; CAV, cardiac allograft vasculopathy; CMR, cardiac magnetic resonance; dd-cfDNA, donor-derived cell-free DNA; DSA, donor-specific antibody; EMB, endomyocardial biopsy; GEP, gene expression profiling; GLS, global longitudinal strain; HLA, human leukocyte antigen.

RECEIVED 04 December 2023
ACCEPTED 24 January 2024
PUBLISHED 06 February 2024

CITATION Goldberg JF, Mehta A, Bahniwal RK, Agbor-Enoh S and Shah P (2024) A gentler approach to monitor for heart transplant rejection.
Front. Cardiovasc. Med. 11:1349376.
doi: 10.3389/fcvm.2024.1349376

COPYRIGHT © 2024 Goldberg, Mehta, Bahniwal, Agbor-Enoh and Shah. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Despite developments in circulating biomarker and imaging technology in the assessment of cardiovascular disease, the surveillance and diagnosis of heart transplant rejection has continued to rely on histopathologic interpretation of the endomyocardial biopsy. Increasing evidence shows the utility of molecular evaluations, such as donor-specific antibodies and donor-derived cell-free DNA, as well as advanced imaging techniques, such as cardiac magnetic resonance imaging, in the assessment of rejection, resulting in the elimination of many surveillance endomyocardial biopsies. As non-invasive technologies in heart transplant rejection continue to evolve and are incorporated into practice, they may supplant endomyocardial biopsy even when rejection is suspected, allowing for more precise and expeditious rejection therapy. This review describes the current and near-future states for the evaluation of heart transplant rejection, both in the settings of rejection surveillance and rejection diagnosis. As biomarkers of rejection continue to evolve, rejection risk prediction may allow for a more personalized approach to immunosuppression.
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Introduction

The field of heart transplantation has experienced many remarkable innovations including (1) expansion of the donor pool with Hepatitis C-positive donors and donation after circulatory death (DCD) via normothermic regional perfusion and ex vivo perfusion; (2) assessment and understanding of donor-specific antibodies (DSA) and their contribution to antibody-mediated rejection (AMR); and (3) molecular diagnostics including gene expression profiling (GEP), donor-derived cell-free DNA (dd-cfDNA), and DSAs (1–5). Despite these advances, the evaluation of clinical rejection has continued to rely on repetitive invasive procedures, namely the histologic evaluation of endomyocardial biopsy (EMB) specimens to identify and diagnose acute cellular rejection (ACR) and AMR (Table 1). Despite EMB's risk of complications and lack of reproducibility in the diagnosis of rejection, EMB has remained a hallmark of post-transplant care (6, 7).


TABLE 1 Clinically available diagnostics utilized to evaluate heart transplant rejection.
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Rejection evaluations occur in two settings (Figure 1): surveillance in patients without signs and symptoms of allograft dysfunction (∼98% of EMBs) and for-cause in the setting of clinical signs or symptoms of allograft dysfunction (∼2% of EMBs). While transplant centers now forego many surveillance EMBs with reassuring molecular markers, such as dd-cfDNA and/or a lack of DSAs, the high prevalence of abnormal molecular markers in patients without rejection precludes the ability to diagnose and treat patients for rejection based on molecular profiling alone. As these biomarkers are combined with newer rejection evaluation modalities, including cardiac magnetic resonance (CMR) imaging and microRNA profiling, EMB may no longer be necessary to diagnose rejection. The rapid expansion of non-invasive evaluations of heart transplant rejection has resulted in a lack of clear clinical guidance on how to best incorporate them into post-transplant care. This review highlights the molecular and imaging tools available to the clinician in both the surveillance and for-cause settings. We also present a frontier of rejection risk prediction, identifying pre- and post-transplant rejection risk to allow risk stratification and individualization of post-transplant care.
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FIGURE 1
Central figure: evaluation of heart transplant rejection in surveillance and for-cause settings. Non-invasive molecular and imaging biomarkers can provide clinical reassurance of non-rejection, allowing avoidance of endomyocardial biopsy. With the continued validation of these technologies, they can be used in for-cause rejection evaluation settings to diagnose ACR and AMR and monitor for resolution, allowing clinical improvement and resumption of surveillance status. ACR, acute cellular rejection; AMR, antibody-mediated rejection.




Rejection surveillance


Donor-derived cell-free DNA

To date, dd-cfDNA remains the molecular modality with the most robust evidence in the non-invasive identification of both ACR and AMR. The evaluation of cell-free DNA in transplantation stems from preclinical work where donor and recipient plasma whole genome sequencing was performed to identify single nucleotide polymorphisms (SNPs) allowing differentiation and quantification of dd-cfDNA (8). A 2019 publication by Khush et al. describes an initial dd-cfDNA clinical validation: a multicenter, prospective study of 740 heart transplant recipients whose plasma samples were evaluated for dd-cfDNA. A donor:recipient cell-free DNA percentage >0.2% had 54% sensitivity, 76% specificity, PPV of 12%, NPV of 97%, and AUC of 0.64 for identifying a composite of ACR or AMR (Table 2) (9). Another commercially available dd-cfDNA assay utilized a greater number of SNPs in a separate cohort and demonstrated 79% sensitivity, 77% specificity, PPV of 25.1%, NPV of 97.3%, and AUC of 0.86 for the detection of ACR/AMR. Finally, the multicenter Genomic Research Alliance for Transplantation (GRAfT) consortium described results of dd-cfDNA shotgun sequencing, with dd-cfDNA >0.25% having 81% sensitivity, 85% specificity, 20% PPV, 99% NPV, and AUC of 0.92 for diagnosing a composite of ACR or AMR (5).


TABLE 2 Significant publications evaluating donor-derived cell-free DNA and microRNA in the evaluation of heart transplant rejection.
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Rejection diagnosis via dd-cfDNA and other molecular markers are evaluated against the histopathologic interpretation of an EMB; however, there remains question about the accuracy of this comparison due to the variability of EMB readings across pathologists (4, 6). Given this concern, the GRAfT investigators analyzed episodes of elevated dd-cfDNA without rejection by EMB. Among the 135 cases classified as “false positive” dd-cfDNA (“false negative” EMB) episodes, 21% were observed in patients exhibiting allograft dysfunction by echocardiography (defined by a decline in left ventricular ejection fraction ≥5%), and 44% of these cases were identified prior to a rejection diagnosis, with AMR being more prevalent than ACR (5). These results suggest that dd-cfDNA is an important biomarker of graft injury and rejection regardless of the EMB results. In addition, the PPV which is calculated in prediction of positive EMB, may actually be substantially higher. Combining dd-cfDNA with DSA, clinical, and imaging evaluations may be sufficient in surveillance of rejection.



Gene expression profiling (GEP)

The initial biomarker developed to non-invasively identify ACR was GEP, which measures 20 genes (11 reporter genes and 9 house-keeping genes). Individual expression of the 11 reporter genes is quantified and a GEP “score” is calculated with a score >30 (maximum score 40) having a positive predictive value (PPV) of 6.8% and negative predictive value (NPV) of >99% in the evaluation of ACR (4). In the Invasive Monitoring Attenuation through Gene Expression (IMAGE) study patients randomized as early as 6-months post-transplant to a strategy of GEP surveillance vs. EMB-based surveillance had similar outcomes (10). While the inclusion of GEP evaluation into post-transplant care marked the beginning of the “molecular era” of post-transplant evaluation, this biomarker is limited by its inability to detect AMR and lack of reliability when patients are on higher doses of corticosteroids, receive blood transfusions, or have a cytomegalovirus infection (11, 12). In addition, studies evaluating combination testing with GEP and dd-cfDNA show that patients with a positive GEP test and negative dd-cfDNA do not experience rejection, suggesting GEP as a false-positive in this setting (13, 14). As such, GEP is now of historical value in contemporary heart transplant practice, given the availability of dd-cfDNA in resource rich settings.



Soluble protein biomarkers

The diagnosis of acute cardiac rejection differs from other cardiac conditions, such as acute cardiac ischemia and myocardial infarction, in which a sensitive and specific evaluation can be conducted with high-sensitivity cardiac troponin (hs-cTn) assays and EKG. Both troponin and natriuretic peptides have been extensively studied as predictors of heart transplant rejection, with neither showing reproducible sensitivity and specificity in diagnosing rejection (15–17). Despite hs-cTn greatly improving accuracy over earlier generation troponin assays in ischemic heart disease, a recent evaluation showed no association between hs-cTn and ACR (18). Authors have also queried whether markers of inflammation, such as C-reactive protein and interleukin-6 (IL-6) can diagnose rejection, but neither have proven to be accurate markers (17, 19). There have been recent investigations into proteomic (expression assays of multiple protein biomarkers) evaluations of rejection and graft dysfunction, though rigorous evaluations of proteomic profiling in rejection have yet to be completed (20, 21). While abnormal troponins and/or natriuretic peptides can signal allograft dysfunction related to rejection, their lack of significant evidence in diagnosing rejection limits their use in rejection surveillance.



Rejection surveillance without biopsy

Many heart transplant centers now forego routine surveillance biopsy as early as one month after transplant in patients with favorable molecular evaluations (13). One single-center study evaluated this practice in 153 recipients where reassuring dd-cfDNA results allowed the cancellation of 84% of surveillance biopsies (14). This evaluation included a protocol recommending EMB cancellation with dd-cfDNA <0.2%. Of 172 biopsies performed during the one-year study period, only 2 patients had ACR and 2 patients had AMR: all episodes of rejection occurred in the setting of dd-cfDNA >0.2%. In another single-center evaluation, 64 recipients underwent 475 dd-cfDNA evaluations within the first year post-transplant, with molecular evaluation prompting EMB in only 22 cases (with 2 biopsies yielding ACR), while clinical evaluation led to EMB in 3 cases (with 1 biopsy yielding ACR) (13). As many centers are eliminating surveillance EMB with reassuring molecular and clinical evaluations, there are multiple ongoing trials assessing the effectiveness of these non-invasive rejection surveillance strategies.




Rejection diagnosis

Within five years of heart transplantation, over 40% of recipients are hospitalized for acute rejection, and repeat episodes of rejection increase the risk of graft dysfunction and cardiac allograft vasculopathy (CAV, a manifestation of chronic rejection), the leading cause of mortality in the late phase post-transplant (22, 23). The relationship between the patient and the transplant team involves frequent monitoring for signs and symptoms of rejection, which include fatigue, decreased appetite, dyspnea, edema, and weight gain. These symptoms would prompt an in-person assessment with clinical evaluation to include physical examination, echocardiography, and laboratory assessment of end-organ function and cardiac biomarkers (troponins or natriuretic peptides). Despite a clinical picture that suggests rejection, these medical and laboratory evaluations remain non-specific in the diagnosis of rejection, and patients are typically referred for a diagnostic EMB, which is evaluated for ACR and AMR based on the International Society for Heart and Lung Transplantation (ISHLT) grading nomenclature (24, 25). Increasingly, these for-cause evaluations include molecular testing such as DSAs and/or dd-cfDNA, which may provide rejection diagnosis without EMB. As these evaluations and other emerging biomarkers gain clinical utility, it may be possible to diagnose and treat rejection without EMB.


Donor-Specific antibodies (DSAs)

Immunologists and transplant physicians have worked together to advance the field of immuno-evaluation, where antibody data is used to assess humoral immune system activity before and after transplant. Given the limited donor pool, patient acuity, and in contrast to kidney transplantation, heart transplantation does not rely on human leukocyte antigen (HLA) matching. Rather, recipients are evaluated to ensure limited cross reactivity between pre-formed HLA antibodies and donor HLA antigens at the time of a donor offer through a process known as virtual crossmatch. As the complexity of heart transplant recipients increases (including mechanical circulatory support use, congenital heart disease, and multiparous females), heart transplant candidates may carry significant levels of pre-formed HLA antibodies, reducing the number of potential donors and increasing the risk of DSA development post-transplantation. DSA development post-transplant is associated with increased risk for AMR, CAV, allograft dysfunction, and mortality (26–29). In the past, evaluation of HLA antibodies (both pre-formed to the potential donor pool and post-transplant, specific to the donor organ—DSA) required physical complement dependent cytotoxicity (CDC) crossmatching where donor cells and recipient serum were combined to assess cross reactivity and cell lysis. This has evolved into virtual assessments of cross reactivity using solid-phase immunoassays (SPIs) where recipient serum is incubated with multiplex bead assays containing HLA antigens (30, 31).

Specific DSA characteristics, including their persistence throughout multiple post-transplant evaluations as well as their specificity to Class II HLA (primarily at the HLA-DQ locus), have been associated with higher rates of rejection and graft failure (32, 33). While there is a significant association between DSA and AMR, DSA is also found in ACR, reflecting the interdependence between the cellular and antibody-mediated immune response in rejection (27, 29). Currently, DSA evaluation alone cannot be used as a surrogate of rejection, as many patients develop DSA but never have rejection. Rather, it is used in complement with clinical and other molecular modalities to signal potential rejection. As more is learned about DSA development and associated risk factors, its evaluation will continue to be important in the evaluation of rejection.



Imaging evaluations

As CMR tissue characterization has aided in the evaluation of post-ischemic myocardial viability and inflammatory cardiomyopathies, there have now been numerous evaluations of its use in rejection diagnosis. Multiple CMR sequences including T1 and T2 mapping and extracellular volume (ECV) have been associated with acute rejection. In an evaluation of 112 simultaneous EMBs and CMRs, Imran et al. showed that native T1 mapping was able to identify a composite of ACR/AMR, with 93% sensitivity, 79% specificity, 99% NPV, and AUC of 0.89 (34). In another study by Dolan et al. of 72 subjects, global and peak T2 signals had the highest values in patients with active ACR and had sequentially lower signals in those with prior ACR followed by further decreased signal among healthy controls (35). This study also showed global and segmental ECV to be significantly higher in patients with active ACR, regardless of presence or absence of past ACR. Recent results of a randomized, non-inferiority trial of EMB vs. CMR rejection surveillance in 40 heart transplant recipients in Sydney, Australia showed 92% sensitivity, 93% specificity, 62% PPV, 92% NPV, and AUC 0.92 in the detection of composite ACR/AMR (36). In the CMR group, study protocol allowed for escalation to EMB in equivocal or clinically determined settings, which was only necessary in 6% of cases. Comparing the EMB and CMR surveillance groups, rejection rates were similar and the rates of hospitalization and infection were lower in the CMR group. Wider use of CMR for rejection diagnosis will require larger scale clinical trials as well as prompt availability of CMR in rejection suspicion (similar to rapid MRI evaluation utilized in stroke protocols). In addition, the cost of CMR varies greatly across the globe, which may limit universal availability.

Traditional 2D echocardiography can signal allograft dysfunction with the development of systolic or diastolic dysfunction. There remains question, however, about the utility of advanced echocardiography techniques, such as strain imaging, in the evaluation of rejection. Assessment of 2D global longitudinal strain (GLS) imaging has been associated with ACR, including a 2010 analysis by Kato et al. of 396 simultaneous EMB and GLS evaluations, with GLS > −27.4% having 82% sensitivity, 82% specificity, 36% PPV, and 97% NPV for ACR (37). While these results have been replicated in other studies, there have also been studies showing a lack of association between GLS and rejection (38). Additionally, there remains concern that cardiac strain imaging may not be consistently reproducible in the clinical setting, limiting its application in rejection evaluation (39). As advanced imaging modalities continue to evolve, they may complement clinical and molecular investigations of rejection, allowing non-invasive diagnosis of rejection.



Diagnosing rejection without biopsy

With the addition of positive molecular biomarkers of rejection to a clinical picture of allograft dysfunction (such as decreased ejection fraction or signs of heart failure), standard practice has been to initiate pulse dose corticosteroids and proceed with EMB to permit histopathologic assessment for ACR and/or AMR. This includes traditional hematoxylin and eosin staining which can provide an ACR diagnosis as well as special immunohistochemical stains to facilitate the diagnosis of AMR. If ACR is identified, most patients are treated with corticosteroid therapy and, in those with graft dysfunction, anti-thymocyte globulin may be administered. The diagnosis and treatment of AMR, however, is more complex, highlighting the need for an accurate diagnosis to outline a precise therapeutic pathway. Therapies for AMR include monoclonal antibodies, intravenous immunoglobulin, and apheresis strategies that impart substantial infection risk and/or cost. The suspicion for AMR is raised in recipients with pre-transplant HLA antibody sensitization, de novo post-transplant DSA, prior AMR, or those of Black race (27, 40, 41). With the presence of these factors as well as circulating DSA and/or other molecular markers of AMR, the non-invasive diagnosis of AMR may be possible (Figure 2).
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FIGURE 2
Utilizing molecular evaluation to diagnose and treat acute cellular rejection and antibody-mediated rejection. With continued clinical validation, molecular biomarkers may allow the diagnosis of specific rejection subtype or support addition evaluations, allowing appropriate therapy without the need for EMB. ACR, acute cellular rejection; AMR, antibody-mediated rejection; ATG, anti-thymocyte globulin; CAV, coronary artery vasculopathy; dd-cfDNA, donor-derived cell free DNA; DSA, donor-specific antibody.


Recent publications of molecular biomarkers suggest the ability to potentially discriminate between ACR and AMR without an EMB. Agbor-Enoh and Shah et al. demonstrated that dd-cfDNA has comparable diagnostic performance in assessing ACR (AUC 0.89) and AMR (AUC 0.95) individually (5). These results from the GRAfT consortium also showed distinct dd-cfDNA characteristics between rejection subtypes, with AMR having significantly higher dd-cfDNA values, shorter dd-cfDNA fragment lengths, and a higher percentage of guanosine:cytosine bases. Emerging modalities, including that of microRNAs may further allow for the diagnosis of rejection subtype without EMB. Duong van Huyen et al. showed that microRNAs were differentially expressed in ACR as compared to AMR in both the myocardium and circulation of heart transplant patients with rejection (42). More recently, a GRAfT study developed and validated microRNA clinical rejection scores for both ACR and AMR, having AUCs of 0.86 and 0.84, respectively (43).

Catheterization and EMB carry risk, especially in the setting of rejection, where these procedures can precipitate hemodynamic compromise. They also are resource-dependent, which may delay the initiation of rejection therapy or lead to non-specific therapy. As molecular and imaging biomarkers of rejection continue to evolve in a diagnosis-specific manner, EMB may not be needed to initiate rejection therapy. There remains the entity of non-specific graft failure or biopsy-negative rejection, a diagnosis which may be further elucidated and adequately treated with molecular biomarker differentiation of ACR or AMR phenotype.




Rejection risk prediction

It has become clear that a universal approach to post-transplant care may be less favorable than a personalized medicine approach frequently weighing each patient's rejection risk, which is dynamic as a function of time post-transplant. The 2022 ISHLT Guidelines for the Care of Heart Transplant Recipients support dd-cfDNA and DSA monitoring, without a recommendation for the elimination of EMB with reassuring evaluations (44). They include a Class IIa, Level of Evidence C recommendation to perform DSA monitoring at 1, 3, 6, and 12 months, followed by annually thereafter as well as more frequent assessments for sensitized patients. However, there are no specific schedules recommended for dd-cfDNA monitoring, citing a lack of significant evidence. The incorporation of clinical characteristics and non-invasive biomarkers may lead to multi-item risk prediction modeling that can be readily and repeatedly calculated for each individual patient, in a fashion similar to the AHA/ACC Atherosclerotic Cardiovascular Disease (ASCVD) Risk Calculator. In the long-term evaluation of CAV in heart transplant recipients, Loupy et al. described trajectory-based modeling to identify multivariable risk for CAV (45). Risk modeling of rejection, however, would require real-time rejection prediction, combining post-transplant biomarkers including DSA and dd-cfDNA with known pre-transplant predictors of rejection including HLA antibody sensitization and demographic factors. A composite risk score could help guide rejection monitoring, prompting more or less frequent evaluations given specific patient risk.

Prediction of rejection risk should also include immune system assessment, to help guide immunosuppressive therapy. Current immunosuppression strategies include induction (rapid immune state suppression to induce transplant tolerance) at time of transplant followed by lifelong maintenance immunosuppression with monitoring of circulating immunosuppression medication levels. Medications are typically tapered in a non-precise manner, decreasing doses and desired medication levels at set time intervals after transplant. In addition, levels are often reduced when a patient develops drug toxicity such as gastrointestinal intolerance, leukopenia, renal insufficiency, or neurologic dysfunction. Drug level and toxicity monitoring is important, as differences in pharmacogenomic and physiologic states require altered immunosuppression doses. However, ideal immune monitoring would include an evaluation of net state of immunosuppression, determining risk for rejection with under-immunosuppression and risk for infection or malignancy with over-immunosuppression. The Immuknow® Assay [Viracor-IBT (formerly Cylex), Lenexa, Kansas] has been used toward this goal; however, clinical evaluations of this assay have not shown a significant association with rejection (46, 47). Rather, real-time molecular evaluations such as dd-cfDNA (measuring donor allograft quiescence), torque teno virus quantification (measuring net immunosuppression load), and microRNA (measuring epigenetic factors regulating immune system transcription) may provide insight into immune state (5, 48, 49). These biomarkers have the potential to predict risk of not only rejection (with under-immunosuppression) but also complications of over-immunosuppression (such as infection and malignancy). As these modalities continue to be studied, a rejection risk prediction model may provide a comprehensive evaluation of each patient’s risk profile and the impact of specific rejection therapy and monitoring strategies.



Conclusion

At many heart transplant centers, patients undergo a gentler approach to rejection surveillance, with the elimination of many routine surveillance EMBs in the setting of favorable clinical, imaging, and/or molecular evaluations. As more data emerge regarding the positive predictive value of molecular and advanced imaging evaluations of ACR and AMR, many for-cause biopsies may also be eliminated. This shift may enable non-invasive rejection diagnosis and prompt initiation of rejection therapy. Molecular biomarkers continue to transform the way physicians treat patients, potentially creating rejection risk prediction tools for heart transplant recipients, allowing for less invasive evaluation and improved post-transplant longevity.
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Immune checkpoint inhibitors (ICIs) are monoclonal antibodies that block immune checkpoints and therefore activate immune cells, allowing them to recognize and attack cancer cells. ICIs have revolutionized oncology practice, but their use has been complicated by immune-related adverse events (irAEs). Of cardiovascular (CV) irAEs, ICI-related myocarditis has received significant attention due to high mortality rates, ranging from 25% to 50%, despite its overall low incidence. Establishing the early diagnosis of ICI-myocarditis is important for early initiation of steroids and consideration of hospitalization in patients who are at risk for hemodynamic compromise and need high acuity care in a tertiary setting. In this review, we summarize the diagnostic and prognostic tools for ICI-myocarditis, including electrocardiography, echocardiography, cardiac magnetic resonance imaging, with emphasis on circulating biomarkers. Cardiac troponins (cTns) are an essential component of the diagnosis of ICI-myocarditis, and we provide a summary of the recent studies that utilized different assays (cTnI vs. cTnT) and outcomes (diagnosis vs. prognosis including major adverse cardiac outcomes). With the exponential increase in ICI use across different oncology indications, there is a major need to include biomarkers in risk stratification to guide diagnosis and treatment. Our review proposes a framework for future multisite registries, including cTn evaluation at baseline and at the time of irAE suspicion, with development of central biobanking to allow head-to-head evaluation and clinical validation of different biomarker assays in ICI-myocarditis. This approach, with the inclusion of CV biomarkers into clinical and pragmatic oncology trials, holds promise to improve the early recognition and management of ICI-myocarditis and CV irAEs, thus leading to better outcomes.
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1 Immune checkpoint inhibitors in oncology and immune related adverse events

Immuno-oncology (IO) is a form of cancer treatment that utilizes the body's own immune system to recognize and target cancer cells. One of the key IO approaches involves the use of immune checkpoint inhibitors (ICIs). Immune checkpoints (ICs) are molecules present on the immune cells that regulate responses to antigens and in physiologic situations prevent immune system overactivation. Many cancers have the ability of binding to ICs to decrease the immune response and evade immune surveillance. ICIs are monoclonal antibodies that block the ICs and therefore activate immune cells, allowing them to recognize and attack cancer cells. Currently approved ICIs target two prominent IC pathways: (1) Programmed Cell Death Protein 1 (PD-1) signaling by binding and blocking PD-1 receptors (e.g., nivolumab, pembrolizumab, and cemiplimab) or PD-ligand 1 [(PD-L1), e.g., atezolizumab, avelumab, and durvalumab] and (2) Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4) pathways by binding and blocking CTLA-4 (e.g., ipilimumab).

ICIs have revolutionized oncology practice as multiple agents have been approved in treatment of different cancers in early, advanced, and metastatic settings (1). In 2022 there were more than 85 oncology indications for the 7 Food and Drug Administration (FDA)-approved antibodies targeting PD-1/PD-L11 pathways (2) and an analysis in 2019 indicated that more than a third of all patients with invasive cancer diagnoses in the US would be eligible to receive an ICI (3). The use of ICIs has been complicated by immune-related adverse events (irAEs) which result from overactivation of the immune system and may affect any organ and/or system. While irAEs differ widely in their clinical presentations, rapidly evolving and severe symptoms have been reported requiring prompt recognition and urgent treatment most often with steroids (4). Of cardiovascular (CV) irAEs, myocarditis has received the most attention due to its very high morbidity and reported mortality of 25%–50% in clinically symptomatic patients (5). The incidence of ICI-(related) myocarditis is low, ranging from 0.6% to 2.1% depending on the immunotherapy combination used, cancer type, and study design (5). The underlying mechanisms remain to be fully elucidated, but lymphocytic infiltrates in the myocardium point to T-cell mediated processes (6). Other CV events reported in ICI clinical trials have included pericardial disease, acute coronary syndrome (ACS), arrhythmias, and non-myocarditis related cardiac dysfunction (7) suggesting that different mechanisms may be underlying these clinical presentations. In this review we focus on ICI-myocarditis but emphasize the importance of the differential diagnoses and recognition of all irAEs.



2 Clinical presentation and diagnosis of ICI-myocarditis

Patients may present with a variety of symptoms including chest pain, dyspnea, fatigue, and/or palpitations, often mimicking ACS and/or heart failure (HF). Clinical features favoring ICI-myocarditis include recent initiation of ICI, most often within 30–60 days prior, and presence of other irAEs, (e.g., myositis, myasthenia gravis, pneumonitis, and/or hepatitis). The co-existence of severe myocarditis with myositis and/or myasthenia gravis has been reported (8, 9) and is recognized as clustered toxicity with recommendations for comprehensive evaluation when any one of the three conditions is found (10).

Currently recommended initial tests in patients with suspected ICI-myocarditis include electrocardiography (ECG), cardiac troponins (cTns), natriuretic peptides (NPs), and echocardiography (11). While there is general agreement about inclusion of these key clinical measures for the diagnosis of ICI-myocarditis (Table 1), there are significant variations in the definitions, reflecting the lack of high-quality data as well as the rapidly evolving field (10). Key characteristics of these diagnostic tests are summarized below followed by detailed discussion of circulating biomarkers.


TABLE 1 Examples of statements and society guideline criteria for diagnosis of myocarditis.
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3 Electrocardiography

A variety of ECG findings have been reported in patients with ICI-myocarditis, varying from life-threatening heart block, ventricular and atrial arrythmias and ST-elevation, to nonspecific ST-T wave abnormalities. ECG is usually the first test performed in a symptomatic patient and ECG abnormalities may overlap with those of ACS, requiring investigation of ischemia prior to being attributed to myocarditis. With regards to its prognostic value, retrospective analyses found associations between pathological Q-waves and mortality (16) and between QRS prolongation and major adverse CV events (MACE) (17) in patients with ICI-myocarditis.



4 Echocardiography

While reduced left ventricular systolic function and regional wall motion abnormalities (RWMA) on the echocardiogram can occur, a normal left ventricular ejection fraction (LVEF) has been demonstrated in more than 50% of patients with confirmed ICI-myocarditis, indicating that the presence of normal LVEF cannot exclude the diagnosis (18). In a retrospective analysis (19) including 140 patients with ICI-myocarditis, the presence of decreased global longitudinal strain (GLS) was a predictor of MACE regardless of LVEF (19); similar findings have been reported using global radial and circumferential strain (20). Finally, in a surveillance study among 129 patients who received ICIs, a decline in GLS correlated with elevation in high sensitivity (hs) cTnI suggesting that GLS is associated with myocyte injury (21). Abnormal GLS is associated with multiple cardiac conditions (15) and echocardiography is not consistently performed in the baseline evaluation of patients receiving ICIs, thus assessing an interval decline in GLS may be challenging when toxicity is suspected. Therefore, further research into the role of GLS for risk stratification and diagnosis of ICI-myocarditis is needed.



5 Cardiac magnetic resonance (CMR) imaging

CMR is the gold standard imaging methodology for diagnosis of myocarditis, providing visualization of edema and inflammation. The modified Lake Louise criteria (22) require confirmation of an abnormality in T2-weighted images indicating myocardial edema (T2-based criterion), and T1-based criterion indicating myocardial injury (e.g., increased myocardial T1 map value, increased extracellular volume, or positive late gadolinium enhancement) to establish the CMR diagnosis of acute myocarditis. These cardiac imaging criteria have been incorporated into the International Cardio-Oncology Society (IC-OS) consensus statement on definitions of CV toxicities (13) and included in the European Society of Cardiology (ESC) Guidelines on cardio-oncology (11) as well as other documents (12, 14) (Table 1). In the ESC algorithm, diagnostic CMR constitutes a major clinical criterion and its presence in addition to elevation of cTn with an appropriate clinical scenario is diagnostic of ICI-myocarditis (11). However, the sensitivity of CMR criteria has been questioned in a study demonstrating that less than 30% of patients with confirmed ICI-myocarditis met Lake Louise criteria (23) leading to a recommendation that endomyocardial biopsy should be pursued in patients with negative CMR and clinical suspicion for ICI-myocarditis (10, 11). Among patients diagnosed with ICI-myocarditis, abnormal T1-values, quantitated by T1-mapping, were predictive of subsequent MACE, pointing to its potential role in risk stratification of these patients (24).



6 Circulating biomarkers


6.1 Cardiac troponins (cTn)

Though elevated cTn levels are considered necessary for the diagnosis of myocarditis, other etiologies that require immediate investigation must also be considered. The degree of elevation and presence or absence of a rising/falling pattern of cTnI and T provide important insights, as persistently elevated cTn is typically seen in ICI-related myocarditis, but rapid rising may be related to an ACS (25). Furthermore, cTnI and T levels are often many folds higher than the upper reference limit [(URL), typically defined by the manufacturer as the 99th percentile of a healthy general population]. Substantial variability has been noted based on the specific cTn assay and timing of sample procurement (26), however these issues have been difficult to reconcile given the low frequency myocarditis and heterogeneity of assays used in practice. Unique cut-offs still need to be validated to optimize negative predictive value (NPV) and higher thresholds that optimize positive predictive value (PPV) both at baseline and with serial assessments. Table 2 summarizes the literature by different clinical scenarios highlighted below.


TABLE 2 Summary: troponins for surveillance, diagnosis, and prognostication in ICI-myocarditis.
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6.1.1 cTn surveillance in asymptomatic patients

Screening for cardiac injury and assessing risk for subsequent symptomatic ICI-myocarditis could be feasible, but there are unique issues to this patient population. For example, a single institution study of prospective surveillance in 214 patients demonstrated the need to test 72 patients receiving ICI therapies to detect 1 case of myocarditis based on the hs-cTnI URL (30). The PPV at the URL (55 ng/L) was only 12.5% and a PPV of 75% required hs-cTnI threshold value of 1000 ng/L.



6.1.2 cTn for diagnosis in symptomatic patients

cTn elevations of any extent have been reported in over 94% of patients with ICI-myocarditis (18, 21). A case series of 29 patients with ICI myocarditis reported elevations 42-fold the URL in severe cases, vs. 3.6-fold in less severe (27). In another study, cTn values correlated with myocardial histopathology and hs-cTnT values exceeding 300 ng/L (URL 19 ng/L) were found more frequently among patients with higher degrees of T-cell infiltration (33).



6.1.3 cTn for prognosis of MACE in patients with ICI-myocarditis

In a multicenter study that investigated 35 patients with ICI-myocarditis, higher cTnT was associated with MACE, and 10-fold higher median cTnT values were reported in patients with MACE compared to patients without (1,450 vs. 140 ng/L, respectively) (18). In another study of patients with ICI-myocarditis, presence of elevated hs-cTnT:URL ratio of >32 within 3 days of presentation, was associated with a hazard ratio of 11 (95% CI, 3–38) for MACE (25). In this investigation, MACE definition included all myotoxicity with respiratory failure reported in 50% of patients with MACE, raising a question whether the prognostic value of cTnT may reflect its sensitivity to detect myotoxicity in addition to cardiotoxicity (25, 34). Supporting this hypothesis, mRNA expression of cTnT, but not cTnI, was found in the skeletal muscle in patients with ICI myositis (25) indicating a need for further research of clinical significance of cTnT in detecting and monitoring systemic myotoxicity.



6.1.4 Clinical caveats for applying cTns in surveillance, diagnosis and prognostication of ICI-myocarditis

In general population cohorts, differences in associations with outcomes have been reported for low-grade elevations of hs-cTns: cTnI was associated with myocardial infarction (MI) and elevated cTnT was more strongly associated with all-cause mortality and non-CV death (35). Increased cTnT has also been found in the presence of skeletal muscle damage (36–38), which is similar to the observations in cardio-oncology literature where elevations in cTnT correlated with concomitant ICI-related myositis and myocarditis (25).

In patients with ICI-myocarditis, hs-cTnI has been noted to rise and fall more rapidly than cTnT (39), leading to recommendations for its preferential use in the initial assessment and diagnosis of ICI-myocarditis (10, 11), with cTnT having additional prognostic and potentially diagnostic utility for skeletal muscle myotoxicity.

The phenomenon of macrotroponin (macroTn) indicating formation of immunoglobulin-troponin complexes, is also coming to attention in the ICI population, where immune activation may result in autoantibody binding to circulating cTn, forming a macrocomplex. Initially considered a spurious cTn result finding, macroTn has been reported with all cTn assays and has been associated with myocarditis and cardiomyopathy (40–42). While clinical implications of macroTn in ICI-myocarditis remain an area of active investigation, elevated cTn must always be interpreted in conjunction with clinical context. If inconsistent, the laboratory should be consulted, as further analytic methodologies can be applied to investigate for macrocomplexes, and verification sought with another cTn assay.




6.2 Natriuretic peptides

Concomitant elevation of natriuretic peptides (B-type natriuretic peptide [BNP] and amino terminal proBNP [NT-proBNP]) is common in ICI-myocarditis. Elevated NT-proBNP was present in 88% of 83 patients with ICI-related myocarditis in one study (19), however NT-proBNP values were not significantly different in patients with subsequent MACE compared to patients without MACE. In another small surveillance study of 126 patients receiving ICI, BNP was elevated in 11 patients, in some possibly reflecting presence of baseline cardiomyopathy (28).



6.3 Creatine kinase

Elevations in CK and CK-MB have been utilized for diagnosis (29) and surveillance of ICI-myocarditis (28). Rising CK levels that predate elevations in cTns in ICI-myocarditis have been noted (28, 29), although CK and CK-MB are generally less sensitive and specific for myocardial injury. When peak biomarker levels measured within 3 days of admission in 57 patients with ICI-myocarditis were compared, hs-cTnT:URL was found superior to CK:URL ratio in predicting MACE 24.




7 Future directions

With expanding indications for IO therapies, the need for accurate diagnosis of ICI-myocarditis and irAEs will continue to increase. Current diagnostic criteria rely on the detection of new diagnostic test abnormalities (e.g., new cTn increase, new RWMA, and/or new T1/T2 abnormality on CMR) which may be difficult to ascertain in absence of baseline values. The relevance of pre-treatment assessment is further emphasized in older individuals many of whom may have prior CV conditions, including MI or HF, and in whom differentiation of acute from chronic myocardial injury creates a particular challenge. At the present time baseline cardiac testing is not included in routine oncology practice (43) although it has been recommended in the ESC guidelines (11). Prospective studies evaluating circulating biomarkers at baseline (pre-treatment) and at the time of clinical suspicion are needed to further refine the diagnostic criteria and provide insight about the extent of myocardial injury in an individual patient (Figure 1). Adoption of different biomarker thresholds to identify risk for CV irAE may ultimately be needed for each assay, similar to requirements for the diagnosis of acute MI. This approach will also allow us to identify predictors of risk that should guide further diagnostic and treatment steps. In addition to cTns, CK and natriuretic peptides, novel biomarkers will be needed to elucidate the role of inflammation, metabolic and immune system derangement in pathogenesis of myocardial injury and other irAEs (44). Beyond ICI-myocarditis and irAEs, prospective investigations are needed to understand the association between ICI use and progression of atherosclerosis and plaque vulnerability which have been reported in the retrospective studies (45). Central biobanking of multisite registries incorporating baseline and serial sampling would allow more reliable, head-to-head evaluation of different cTn assays as well as investigation and clinical validation of novel biomarkers. Finally, inclusion of CV biomarker investigations into IO clinical and pragmatic trials holds promise to improve the early recognition and management of cardiotoxicity and lead to better outcomes.
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FIGURE 1
Biomarkers in diagnosis and severity of immune checkpoint inhibitor (ICI)-myocarditis. The diagnosis of ICI-myocarditis relies on clinical presentation, circulating biomarkers, cardiac imaging and endomyocardial biopsy in select cases. Mild elevations of cardiac troponins (cTns) have been described in asymptomatic patients without abnormalities in cardiac imaging (Grade 1, subclinical ICI-myocarditis), while patients with Grade 2 or mild ICI-myocarditis have abnormal cTns and some abnormalities on electrocardiogram (ECG), echocardiogram (ECHO), and/or cardiac magnetic resonance (CMR). Patients with moderate (Grade 3) or severe (Grade 4) ICI-myocarditis have clinical symptoms and often present with concomitant myositis reflected in increase in creatine kinase (CK) and cTnT. Severity of biomarker abnormalities has been shown to correlate with the adverse outcomes, however the exact cut-off values remain to be determined. “-”: values below the upper reference limit“; “+”: increments above the upper reference limit; CK, creatine kinase; hs-cTnI, high sensitivity cardiac troponin I; hs-cTnT, high sensitivity cardiac troponin T; ECG, electrocardiogram; ECHO, echocardiogram; CMR, cardiac magnetic resonance; EMB, endomyocardial biopsy; G1-4, Grade1-4.
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Heart failure (HF) represents a worldwide health burden and the annual per patient cost to treat HF in the US is estimated at $24,383, with most of this expense driven by HF related hospitalizations. Decompensated HF is a leading cause for hospital admissions and is associated with an increased risk of subsequent morbidity and mortality. Many hospital admissions for decompensated HF are considered preventable with timely recognition and effective intervention.Systems of care that include interventions to facilitate early recognition, timely and appropriate intervention, intensification of care, and optimization to prevent recurrence can help successfully manage decompensated HF in the ambulatory setting and avoid hospitalization.
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Introduction

Heart failure (HF) represents a massive health burden worldwide, with approximately 6 million adults in the United States carrying the diagnosis (1). As the annual per patient cost to treat HF is estimated at $24,383, the financial impact is significant, and most of this expense is due to HF related hospitalizations (2). Decompensated HF is a leading cause for hospital admissions and carries negative prognostic implications, as hospitalization is associated with an increased risk of subsequent morbidity and mortality (3–5).

Many hospital admissions for decompensated HF are considered preventable with timely recognition and effective intervention (6). Interventions targeting preventing hospitalization for decompensated HF are increasingly patient-centered, with both an episodic focus and longitudinal perspective (7–9). Four key concepts are consistently associated with successful systems of care for ambulatory management of decompensated HF: (1) Early recognition of decompensation; (2) Timely and appropriate intervention to address decompensation; (3) Intensification of care until stabilization; and (4) Optimization to prevent recurrence (Figure 1).
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FIGURE 1
Main concepts in systems of care for ambulatory management of acute decompensated heart failure.


We will present current evidence for interventions corresponding with each of these elements, the residual clinical challenges, and future directions for care improvement (Table 1).


TABLE 1 Concepts in systems of care for ambulatory management of decompensated heart failure.
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Early recognition of decompensation

The first key element of a successful system of care for ambulatory management of decompensated HF is early recognition of an episode of active or impending decompensation. The concept of “decompensated” HF describes an exacerbation or abrupt worsening of symptoms in individuals with pre-existing HF (10). While typically considered a rapid onset of severe symptoms requiring immediate attention and frequently resulting in hospitalization, decompensation can also occur gradually (10). Symptoms of decompensation are often noted after a patient has been in the state for several days and prompt recognition is critical to facilitate appropriate treatment (11). Interventions shown to facilitate early recognition of decompensated HF include patient education, clinician driven remote patient management, remote monitoring, and biomarkers.

Patients themselves play a critical role in recognizing and responding to indicators of decompensation, and they should be routinely taught to check weight, heart rate (HR) and blood pressure (BP) regularly and report significant alterations to their healthcare provider (12). Several studies of this approach produced variable results in improvements in clinical outcomes and quality of life (QOL), but may have been confounded by poor adherence and lack of clear comprehensive management algorithm (12–15). In contrast, the TIM-HF2 trial showed reduction in the number of days hospitalized and all-cause mortality in patients with HF with EF <45%, using a structured approach to remote patient management, and self-care and monitoring that are widely used and incorporated in HF management guidelines (16–19).

Advances in technology have led to increased utilization of medical devices to improve early detection of alterations in health (11, 18). The CardioMEMS™ device is approved by the US Food and Drug Administration to wirelessly monitor pulmonary artery (PA) pressure and HR in patients with HF who were recently hospitalized or have elevated naturetic peptides (NP) with NYHA class II or III symptoms and is an important tool for early detection of decompensation (20). The readings from CardioMEMS™ devices are transmitted to patients' clinicians who can adjust HF therapy, specifically intensify diuretic regimens, as needed and often before symptoms of decompensation are present. In the CHAMPION trial, remote monitoring via PA pressure monitoring was associated with a 37% reduction in HF hospitalizations over 15 months for patients with symptomatic HF with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF), as compared to usual care (21, 22). Some of the benefits of remote PA pressure monitoring are that it requires minimal effort from patients, yielding a high rate of adherence with daily pressure transmissions in trials, and facilitates appropriate and safe adjustment of medical therapy and guideline directed medical therapy (GDMT) optimization (21–23). In addition to the clinical benefits, the GUIDE-HF trial showed that the CardioMEMS device was associated with improved QOL (24). Some potential challenges in implementation include the need for adequate internet for data transmission, clinic infrastructure required to manage often large volumes of readings from patients in a timely and effective way, and occasional need to repeat right heart catheterization and recalibration to ensure accurate readings (25, 26).

Most contemporary implantable defibrillators and pacemakers include technology that evaluate physiologic variables and can provide diagnostic information to aid in management of patients with HF (20). Data provided from these devices includes heart rate variability, activity, thoracic impedance, as well as atrial and ventricular arrhythmias (20). The use of multiple parameters from these devices has great potential for clinical utility though has had limited evidence supporting improved HF outcomes, likely related to lack of standardization in the response to the data (27–29).

Lastly, biomarkers are another tool for early detection of decompensation with established utility in diagnosing HF and assessing prognosis (17, 30). The most frequently utilized biomarkers in HF care are NP, which have excellent specificity for diagnosing HF (30). Beyond their role in establishing diagnosis, the Val-HeFT study demonstrated that changes in NT-proBNP values over time were closely associated with changes in prognosis, including prediction of mortality (31). While GUIDE-IT did not demonstrate benefit in utilizing NP to guide HF therapies, more recently, STRONG-HF demonstrated that a strategy of rapid up titration of GDMT, as compared to those in the usual care, resulted in more patients with HF reaching target doses of these therapies and also lower NT-proBNP levels, and also incorporated modifications to GDMT titration schedule based on elevated NT-proBNP levels (32, 33).



Timely and appropriate intervention to address decompensation

Once a patient with HF shows signs and symptoms of decompensation, it is imperative to act quickly to implement the appropriate treatment (34). A key factor in determining if outpatient management is safe and likely to be effective involves determining if the episode is consistent with “decompensated HF” or “worsening HF”. This distinction has been a recent point of focus in care guidance, with decompensating HF connoting the potential for outpatient management, but with worsening HF typically indicating the need for inpatient care (10).

Assessment of end organ function, including renal and hepatic parameters, should be used to augment risk assessment in decompensated HF and to guide management (17). The COACH trial demonstrated that providing decision-making support for clinicians in the emergency department facilitated accurate identification of low risk patients, and that initial treatment there, followed by 30-days of transitional care, yielded a low rate of hospitalization (35). This study contained several key elements to optimize outcomes for patients with acute HF, including a risk-score to guide real-time decision-making, transitional care, and the use of a standardized, dedicated HF clinic (36).

While there are unique differences in the etiologies, treatments, and clinical course of patients with HFrEF as compared to those with HFpEF, both are susceptible to decompensation with volume overload and assessing presence and degree of congestion is an important aspect of determining appropriate interventions (2). Loop diuretics are the mainstay therapy and escalation of oral diuretic regimens should be done as soon as decompensation is identified (37). However, oral diuretics may not be able to achieve adequate diuresis due to interstitial and bowel edema, kidney dysfunction and decreased organ perfusion, and parenteral administration may be needed (38).

Historically, most patients with HF have not had an option for IV diuretics outside of an emergency department or hospital admission (39). However, multiple recent studies have suggested that the use of outpatient IV diuretics is safe and effective in treatment of volume overload and reducing hospitalization (38, 40–44). The main tenets of clinics that offer outpatient IV diuretics includes same or next-day availability, careful patient selection, the use of standardized protocols to guide diuretic dosing, and ability to replace electrolytes and monitor BP to safely achieve large volume diuresis. Other best practices clarified by these studies include close follow up, either with additional visits or return to the primary cardiologist and adjusting outpatient regimens to achieve euvolemia and avoid admission particularly in the next 30 days (38, 40–44).

The use of subcutaneous furosemide for ambulatory management of decompensated HF is a promising recent development, particularly given the challenge of access to outpatient IV diuretics and it overcomes the suboptimal efficacy of oral medications. It has a favorable safety and efficacy profile and represents another outpatient option for the treatment of volume overload (39).



Intensification of care until stabilization

Intensification of care amidst a HF exacerbation is another important element present in systems of care developed to successfully manage outpatient decompensation. Increasing the frequency of outpatient monitoring, with focus on achieving clinical stabilization and identifying and addressing a reversible or modifiable cause is key in preventing hospitalization and reducing the risk of future exacerbations (35, 38). In addition to ensuring patients with decompensated HF have ongoing appropriate titration of diuretic doses, specific activities in this area include evaluation and treatment of underlying etiologies, selective referral for advanced HF therapies and palliative care consultation and optimization of GDMT.

While an ischemic evaluation is warranted for patients with a new HF diagnosis, the role of coronary revascularization in patients with known HF in a decompensated state is less clear. Some observational studies showed improved outcomes with percutaneous coronary intervention (PCI) in patients with HF and high-grade CAD, however recent data from REVIVED-BCIS2 showed no reduction in all-cause mortality or HF hospitalization for patients with HFrEF related to CAD who underwent PCI, and further investigation is warranted to determine appropriate timing and patient selection (45, 46).

Patients with decompensated HF episode may warrant investigation and treatment of atrial and ventricular arrhythmias, as uncontrolled and persistent arrhythmias can cause HF or trigger decompensation (17, 47). Recent studies have shown that catheter ablation for atrial fibrillation can be superior to medical therapy in select patients with HFrEF in improving survival and reducing HF hospitalizations, and suppression of premature ventricular contractions, either with medication or ablation, way be warranted in the setting of HFrEF (47–50). Additionally, for patients with HF and significant arrhythmias, testing for infiltrative cardiomyopathies should considered (17).

Failure to respond to above mentioned interventions and recurrent HF hospitalizations despite intensifying medical care are important triggers for referral to advanced HF specialists (51). Certain patients may benefit from advanced HF therapies including inotropes, mechanical circulatory support devices, and heart transplantation, and all patients with HF refractory to GDMT merit palliative care consultation to address symptoms and map out goals of care (51).

Lastly and arguably most importantly, intensification of care should focus on prescription and titration of GDMT, which has been repeatedly demonstrated to improve HF symptoms and improve morbidity and mortality (17, 52–55). Despite the weight of evidence, most patients with HFrEF are not currently at optimal doses of all four pillars of GDMT (54). Initiation and rapid up-titration of GDMT has a significant impact on reducing HF hospitalizations, regardless of baseline EF or initial biomarkers, as demonstrated in STRONG-HF (32). This rapid up titration model, wherein most of the GDMT adjustment was delivered in the outpatient setting, has been previously described and encouraged and the positive findings are unsurprising, given the significant and additive benefits of each of the 4-components of GDMT for HFrEF, including reductions in future HF hospitalizations and cardiovascular death (9, 53–56).



Optimization to prevent recurrence

The final element of systems of care for outpatient management of decompensated HF is a comprehensive focus on optimizing HF care to prevent recurrence. Interventions demonstrated to improve outcomes for patients with HF include iron infusion, supervised exercise training, and treatment of comorbidities (17, 57–62). These activities are often coordinated by multidisciplinary care teams, including social workers and RN navigators, who have been demonstrated to be valuable partners to help address non-clinical barriers to GDMT optimization and facilitate more patients achieving target doses of GDMT (17, 63, 64).

There is a growing interest in the use of IV ferric carboxymaltose (FCM) in the treatment of iron deficiency anemia in patients with HFrEF, with its use associated with improvement in QOL and six-minute walk distance in CONFIRM-HF and FAIR-HF (57, 59). Most recently, AFFIRM-AHF demonstrated that when used in patients hospitalized for acute HF, IV FCM was associated with a decrease in HF hospitalizations, but did not reduce CV death; and HEART-FID noted no significant difference in their primary outcome- a composite of death, hospitalizations for HF, or change in 6-minute walk distance- with the use of IV FCM in ambulatory patients with HFrEF (58, 65). Both studies note the challenge of interpreting results given the inherent heterogeneity of HF patient populations included, and the need to clarify criteria for iron-deficiency to identify which patients may benefit most (58, 65). Nevertheless, based on the demonstrated safety and potential to improve functional status and quality of life, IV iron supplementation is a Class IIa recommendation for use in patients with HF with iron deficiency (17, 66).

Another important intervention shown to improve quantity and QOL in patients with HF is exercise training, which carries a Class Ia level of recommendation for management of patients with Stage C HF regardless of EF (17). Led by the HF-ACTION trial, which demonstrated that exercise training was safe and carried modest but significant reductions in all-cause mortality or hospitalization and cardiovascular mortality or HF hospitalization, there are numerous additional cardiac rehabilitation studies demonstrating improvement in functional capacity and QOL in the HF population (60–62). Most relevant studies focused on the HFrEF population, but available data suggest a benefit in the HFpEF subset as well, and exercise training should be prescribed for all HF patients who lack a contraindication (60–62, 67).

In addition to these HF-focused interventions, it is important to take a broader and holistic approach to optimization of the care of patients with HF, including consideration of socioeconomic factors and comorbidities that may contribute to HF exacerbations and hospitalizations (17, 68, 69). Consideration of access to food that is low in sodium, transportation to visits, access to medications that are part of GDMT for HF, and evaluating and supporting health literacy are all essential components of reducing disparities in HF care and outcomes that are based in social determinants of health (70). Counseling patients on smoking and alcohol cessation, screening for and treating sleep disorders including obstructive sleep apnea, achieving optimal glycemic control, and enhancing BP management are all important components to prevent recurrence of decompensation in patients with HF (17). Lastly, depression is a comorbid condition commonly plaguing patients with HF and increasing the risk for rehospitalization and all-cause mortality (71). The prevalence of depression in patients with HF is higher than in the general population and limits the ability to perform needed self-care activities (71). Trials have produced little evidence of benefits of psychoactive medications on HF outcome (71). However, in contrast, a meta-analysis of the use of exercise training in HF showed it to be consistently associated with improvement in symptoms of depression, thus providing another reason to encourage increased activity for patients with HF (72).




Future directions

Despite numerous advancements in treatment strategies and therapies, episodes of decompensation remain a detriment to patients with HF and a significant healthcare burden. The goals of outpatient treatment of decompensated HF are to prevent hospitalization and return patients to previous or better clinical status (38). Systems of care that successfully manage decompensated HF in the ambulatory setting include interventions that promote early identification of an episode of decompensation, facilitate timely and appropriate intervention, provide intensification of HF care until resolution of the episode, and then focus on optimization of patients with HF to reduce the risk of future decompensation.

While there have been transformational trials yielding dramatically improved prognosis associated with the use of GDMT and other areas of HF care, significant work is needed to improve access to these therapies and reduce disparities in HF care. Cost, insurance approval, disparities in accessing care related to other social determinants of health, as well as logistics of navigating the healthcare system present barriers to utilization of GDMT, IV FCM, outpatient IV diuretics, and exercise training for patients with HFpEF, despite their potential to improve care and reduce the burden of disease (9, 38, 53, 56, 69, 70, 73). Addressing these factors is of utmost importance given the growing body of evidence demonstrating the impact of socioeconomic status and social determinants of health on cardiovascular outcomes in general and HF outcomes specifically (68–70).

Additionally, sex and race-based disparities with underrepresentation in trials for GDMT and RPM has led to gaps in understanding of potential unique risks and benefits and there has also been under-referral for RPM noted in these populations as well, despite the benefit noted specifically for these populations (24, 74).

Some of the potential interventions aimed at reducing disparities and increasing utilization of therapies for HF include utilizing integrated electronic medical record alerts, multidisciplinary teams with workforce and leadership diversity and clinician education and feedback, which have shown promise in increasing utilization of best practices in HF care and warrant ongoing investigation (26, 63, 64, 75, 76). Ensuring policies are in place that encourage enrollment of women and historically underrepresented populations is critical to improve understanding of the unique benefit of medications, invasive and noninvasive remote monitoring and other interventions aimed at improving outcomes for patients with HF (70, 74).

There is an ongoing opportunity to harvest the benefits of novel technology to improve HF care. The area of artificial intelligence holds great promise with the ability to create multiparameter models with input from invasive and noninvasive sources, that will allow HF care to evolve from identifying decompensation when it occurs to being able to predict and intervene earlier and with greater success (20, 26, 77, 78). Improved understanding of a patient's HF risk profile would allow low risk patients to be successfully managed in the ambulatory setting and would facilitate appropriate allocation of resources to those at highest risk. Related to this is the opportunity to optimize integration of relevant data from RM devices, wearable devices, and testing into the EMR, to allow efficient, standardized and appropriate care for patients with HF, particularly those in evolving decompensation (20, 79, 80).

Lastly, there is continued focus on providing acute HF care outside the hospital environment. While some aspects of this are increasingly available, including outpatient IV and SQ diuretics, and point of care tools like ultrasound and laboratory tests to augment diagnosis and decision making, continued work is needed to determine optimal timing and patient selection and also ensure these important events are recognized with the same prognostic weight as HF hospitalizations (10, 35, 38, 81).
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Introduction

Aortic stenosis (AS) is the most prevalent form of valvular heart disease (VA), affecting millions of patients on an annual basis. It carries significant risk for morbidity and mortality if left untreated (1). Currently, no pharmaceutical therapy with proven effect in slowing the progression of AS exists. Thus, effective therapy relies on the timely diagnosis, surveillance in the early stages, and prompt treatment when indicated (2). Transcatheter aortic valve replacement (TAVR) has changed the landscape for treatment of AS, resulting in greater awareness and diagnosis of the disease, and prompting calls for earlier therapy. In addition, while TAVR was initially approved in high-risk symptomatic patients with severe AS or those with prohibitive risk who were poor candidates for surgery, it is now the preferred therapy for all risk levels and for most patients with AS (3). In this review, we aim to highlight the evidence supporting TAVR in low-risk patients, the guidelines for clinical use, and the continuing challenges for treatment of AS patients at both lower risk and younger ages.



TAVR in low-risk patients – guidelines and clinical trials

Guidelines for the treatment of AS are derived from clinical trial evidence and currently implemented using the multidisciplinary “Heart Team” approach (4). The current American College of Cardiology/American Heart Association (ACC/AHA) guidelines recommend that all patients with severe AS undergo evaluation by a multidisciplinary team prior to consideration of percutaneous or surgical intervention (5). This includes imaging with echocardiography and/or more advanced imaging techniques, exercise treadmill testing when necessary, and consultation with both a cardiothoracic surgeon and a cardiologist with experience in TAVR (5). The guidelines have recently moved away from surgical/procedural risk stratification and toward a lifetime management approach in which the multidisciplinary team must consider the patient's age at the time of intervention, as well as their possible life expectancy, vascular and valvular anatomy, and symptoms. For patients with a poor vascular anatomy, prohibitive access, or for those with a valvular anatomy that is unfavorable for TAVR, surgical aortic valve replacement (SAVR) should be performed. For symptomatic patients aged >80 years with favorable anatomy, their life expectancy is likely ≤10 years, making TAVR the preferred choice over surgery. If these patients have a life expectancy of <2 years, shared decision-making is performed, and palliative or conservative options are considered (6). For symptomatic patients with a favorable anatomy and who are <65 years of age, life expectancy is often >10 years, and per the guidelines, SAVR is preferred. The balance comes for the symptomatic patients with favorable anatomies, between the ages of 65 and 80 years, where shared decision-making is recommended to make an individualized decision between TAVR and SAVR. Any patients with >20 years of life expectancy should be recommended for SAVR (5). These guidelines are based on the tremendous evidence base of randomized clinical trials (RCT) performed for TAVR vs. SAVR in patients at all risk levels. We will briefly highlight the PARTNER 3 and Evolut Low-risk trials in a later section of our review.


Key takeaways


	1.Based on current guidelines, TAVR is recommended in symptomatic patients aged more than 80 years who have ≤10 years of life expectancy and a favorable anatomy.

	2.SAVR is recommended in patients who either have a poor vascular anatomy, prohibitive access, unfavorable vascular anatomy for TAVR, >20 years of life expectancy, or are <65 years, symptomatic, and have a favorable anatomy.

	3.Shared decision-making on the approach between SAVR and TAVR is recommended in symptomatic patients with a favorable anatomy aged between 65 and 80 years.






Durability of TAVR valves

When making decisions for a lifetime management of AS, especially on the use of TAVR in younger patients, the durability of the valve prosthesis is a critical factor in the decision-making process. Data on TAVR valve durability are limited because of the rapid pace of innovation and design of the early trials. There is a small amount of long-term data on the older valve generations, and more robust short-term data on the current generation of TAVR valves. The long-term data are from the NOTION trial, a multicenter RCT of 255 low-risk patients to either have SAVR or TAVR (7). The patients had a mean age of 79 years and were randomized to receive surgical bioprosthetic valves or the Medtronic CoreValve Classic. At 8 years of follow up, mortality rates for TAVR and SAVR patients were similar (51.8% vs. 52.6%; p-value = 0.90) (7). Valve performance showed some advantages for TAVR over SAVR with significantly lower rates of structural valve deterioration (13.9% vs. 28.3%; p-value = 0.0017) defined as a mean transvalvular gradient ≥20 mmHg, increase in mean gradient ≥10 mmHg from 3 months following the procedure, or new or worsening moderate intra-prosthetic aortic regurgitation from 3 months post the procedure; however, rates of bioprosthetic valve failure were similar between the two groups (8.7% vs. 10.5%; p-value = 0.61) defined as one of the following three criteria: (i) valve-related death; (ii) severe hemodynamic structural valve deterioration; and (iii) aortic valve reintervention. This was an important milestone for TAVR durability (7).

The recent data on current generation valves have utilized surrogate, echo-based outcomes. Forrest and colleagues evaluated the echocardiographic and clinical outcomes in the Evolut Low-Risk trial at 3 years of follow up (8). Among 1,414 patients, randomized to TAVR with CoreValve or SAVR, patients who underwent TAVR had significantly improved valve hemodynamics compared with patients who underwent SAVR (mean aortic valve gradient 9.1 vs. 12.1 mmHg; p-value <0.01), with no differences in all-cause mortality or disabling stroke (8). Early data from the PARTNER 3 trial were also favorable. In this study, 1,000 low-risk patients, with a mean age of 73 years, were randomized to receive either TAVR with the balloon-expandable SAPIEN 3 or SAVR. The primary composite endpoint of death, stroke, and rehospitalization at 1 year of follow-up was significantly lower in patients who underwent TAVR when compared with the surgical group (8.5% vs. 15.1%, 95% confidence interval, −10.8 to −2.5, p-value <0.001). These differences were sustained after 2 years in 96.5% of the patients who were available for follow-up although the rates of the primary composite endpoint were not statistically different after 5 years of follow up (9). Similarly, patients in the TAVR group at 30 days had lower rates of stroke (p-value = 0.02), death or stroke (p-value = 0.01), and new onset atrial fibrillation (p-value <0.001) (9). Such outcomes were not due to valve failure or deterioration, nor due to paravalvular leak following echocardiographic analysis on follow-up, indicating the early durability of TAVR valves (10). Based on the results of these two trials, the US Food and Drug Administration (FDA) approved the use of TAVR in low-risk patients in 2019 (https://www.fda.gov/news-events/press-announcements/fda-expands-indication-several-transcatheter-heart-valves-patients-low-risk-death-or-major).

Influenced by these trials, Tam et al. evaluated the durability of TAVR vs. SAVR by creating hypothetical cases in low-risk patients with severe AS using discrete event simulation (11). In their analysis, where mean age was 73.4 ± 5.9 years, the difference between SAVR and TAVR in terms of life expectancy was similar. In their modeling, TAVR durability would have to be 70% lesser than that of SAVR to change life expectancy, which they deemed a very unlikely scenario. They concluded that durability concerns should not affect the choice of TAVR vs. SAVR in all but the youngest (<60) low-risk patients (11).

However, there are several factors, in addition to durability, that affect the choice of TAVR vs. SAVR (Figure 1). These include anatomical considerations like coronary re-access, and consideration for future valve interventions (depending on age) and risks. When considering coronary obstruction risk, the choice of SAVR valve may increase the risk in future valve interventions by four- to sixfold compared with TAVR, which impacts patients’ prognosis (12). The use of “unfriendly” surgical bioprosthesis including the stentless valves (i.e., Sorin Freedom and St. Jude Toronto) or internally stented valves (i.e., Sorin Mitroflow and St. Jude Trifecta), whose leaflets spread externally beyond the device frame, also increase the risk of coronary occlusion and they may best be avoided at the time of the first intervention (13, 14). These considerations warrant thoughtful deliberation when making a therapeutic decision at the outset of the first valve procedure.


[image: Figure 1]
FIGURE 1
The therapeutic decisions for TAVR vs. SAVR in the treatment of AS are affected by multiple issues including questions of durability, recovery time, rates of rehospitalization, anatomical features, coronary re-access, creating patient prosthesis mismatch, and the feasibility of subsequent valve-in-valve procedures. These issues are dynamic, depending on the age of the patient considering therapy. I, Devon Stuart, Devon Medical Art, LLC, as the creator and copyright owner of the original work, “First AVR,” can confirm that the authors of this manuscript have been granted a limited license to authorize its reproduction in Frontiers in Cardiovascular Medicine. Owner website: devonmedicalart.com Owner email: devonmedicalart@gmail.com.



Key takeaways


	1.Limited data pertaining to valve durability exist, with most of the long-term data coming from the NOTION trial that shows favorable outcomes in TAVR over SAVR in terms of valve deterioration.

	2.Trials like the Evolut Low-Risk, that showed better valve hemodynamics in TAVR, and the PARTNER 3, that showed a better primary composite endpoint of death, stroke, and rehospitalization in TAVR, led to FDA approval of TAVR use in low-risk patients.






Reintervention after TAVR

Most bioprosthetic valves, whether placed percutaneously or by conventional surgical techniques, eventually fail. Current estimates for surgical bioprosthetic valve durability are 10–15 years, though there is variation depending on valve type and patient factors (15). Methods of reintervention, for patients in need, have evolved since the introduction of TAVR. Valve-in-Valve TAVR for surgical bioprosthetic valves is an established procedure with known risks such as higher rates of coronary obstruction and possible patient prosthesis mismatch leaving the patient with a functional AS (16). TAVR-in-TAVR procedures are also performed at lower rates and present their own unique challenges. They introduce an increased likelihood of coronary obstruction, and thus preprocedural planning is important (17). Assessment of the original valve position with relation to the plane of the coronary ostia as well as the possible pinned leaflet plane for the valve prosthesis is important (18). Considering the mechanism of failure of the previous TAVR prosthesis is also important, as it may inform positioning of the next TAVR prosthesis and allow for consideration of risk vs. benefit with possible leaflet overhang. Finally, sizing of the previous TAVR is integral to TAVR-in-TAVR decisions as there is no likely benefit of the fracture of the previous prosthesis widening the valve orifice in these cases (19). In a study on 2,975 patients who underwent valve-in-valve TAVR with SAPIEN 3 and SAPIEN 3 ultra-valves, bioprosthetic valve fracture was used as an adjunct and was associated with higher risks of in-hospital mortality and bleeding, with little improvement in hemodynamic status on echocardiography (20). Continued research and advancing technology will make these procedures safer.

In a minority of cases, TAVR in TAVR is not feasible and TAVR explantation with redo SAVR is necessary. These procedures are more complex than conventional first-time SAVRs, and perhaps more morbid than conventional redo SAVRs. Limited data exist and are mostly from past generation devices. In terms of TAVR explantation risks, Bapat et al. evaluated the clinical and echocardiographic outcomes in the EXPLANT TAVR registry at 30 days and 1 year of follow-up. In this international multicenter registry on 269 patients with a median age of 72.7 years who underwent TAVR explantation, overall survival, in-hospital mortality, 30-day mortality, and 1-year mortality rates were 76.1%, 11.9%, 13.1%, and 28.5%, respectively. These results demonstrate that risks of TAVR explantation should not be negated but taken into consideration during AS management (21).


Key takeaways


	1.When deciding on methods of reintervention such as TAVR in TAVR, several factors must be considered such as the position of the original valve with respect to the ostia, mechanism of failure of the previous TAVR, and sizing of the previous TAVR.

	2.When TAVR in TAVR is not feasible, TAVR explantation is required; however, risks should be evaluated as indicated by the EXPLANT TAVR registry.






Coronary access after TAVR

As the number of TAVRs in young patients with severe AS is increasing, an increase in the number of patients receiving coronary angiography or percutaneous coronary intervention (PCI) following TAVR is anticipated (22). Preservation of coronary access (CA) is thus pivotal. CA following TAVR is a rigorous task mainly influenced by the interaction between the coronary ostia and the transcatheter heart valves (THV). Orientation of these THVs is crucial in determining success rates of coronary cannulation and access. While supra-annular THVs like the Evolut R/Pro and Acurate Neo provide mechanisms to improve commissural alignment, intra-annular THVs like the SAPIEN 3 do not. However, the SAPIEN 3 valve is unique in that its shorter frame height often allows for unobstructed access to the coronaries, possibly reducing the need for commissural alignment in select cases. Complications in CA are observed when two THVs come into play. One THV might push the outflow of the first, that is close to or at the sinotubular junction, resulting in blockage of the blood flow toward the aortic sinus (23).

Evaluating CA following TAVR is often conducted by coronary angiography or computed tomography (CT); however, data pertaining to the aforementioned modalities remain limited. In the study by Ochiai et al., 66 patients were treated with the Evolut R/Pro THVs, while 345 were treated with the SAPIEN 3 THVs. Unfavorable CA on CT was observed in 34.8% and 25.8% for the left coronary and right coronary arteries, respectively, with Evolut R/PRO, compared with 15.7% and 8.1% in patients treated with SAPIEN 3. The study also showed superior success rates in terms of coronary engagement in patients with favorable CA in all types of THVs (24). As for studies involving coronary angiography, the ALIGN-ACCESS was the first to address this. Its results indicated that commissural alignment increases the rate of selective coronary cannulation after TAVR with THVs like the Evolut R/Pro and Acurate Neo, despite having a higher risk of impaired CA when compared with the SAPIEN 3. In addition, the study showed that patients with a misaligned Evolut R/Pro and Acurate Neo, lower sinus of Valsalva (SoV), and higher THV to SoV relation are at a greater risk of impaired CA after TAVR (25). In the single-center prospective RE-ACCESS study, 7.7% of patients had unsuccessful coronary cannulation following TAVR, with 96% of those cases reported with the Evolut R/Pro THVs. Similar to the ALIGN-ACCESS, this study showed that a higher THV to SoV relation was a major predictor for increased risk of unsuccessful coronary cannulation following TAVR. Another predictor was decreased depth of implantation (26). An additional anatomical feature that might influence CA includes whether the aortic valve is bicuspid or tricuspid. Scarce data comparing CA following TAVR in bicuspid and tricuspid valves exists. Bicuspid aortic valves (BAV) are often divided into subtypes based on Siever's anatomical classification: Type 0 indicating no raphe; Type 1 indicating a fused raphe (i.e., between the left and right cusps); Type 2 indicating two fused raphes. In one study, THVs were used in 86 type 0 BAV, 70 type 1 BAV, and 132 tricuspid aortic valves (TAV). The results indicated that type 0 BAV had fewer THV-related challenges in CA in the left coronary artery compared with the TAV, indicating favorable outcomes; however, additional studies and a larger sample population are needed to further verify this in the future (27). Another factor that should be considered in CA following TAVR is the stent frame. In the study by Kim et al. on 449 patients from 25 centers, short stent-frame prosthesis (SFP), defined as any balloon-expandable transcatheter heart valve, ACURATE platform, Centera, DirectFlow, Engager, JenaValve, and Lotus had significant rates of success of CA following TAVR when compared with longer SFP, defined as Evolut platform and Portico in the right coronary (99.6% vs. 95.9%, p-value = 0.005), but not in the left coronary artery (99.7% vs.98.7%, p-value = 0.24).

One can thus conclude that the major factors hindering CA following TAVR are either anatomical, like a narrow SoV or a low coronary ostial height, or device and procedure related, like depth of implantation, position of commissures, and length of frame. With the experience of physicians and screening techniques like CT, appropriate patient selection and avoidance of CA complications are feasible (28).


Key takeaways


	1.CA following TAVR is often evaluated by CT or coronary angiography. Its preservation is of utmost importance.

	2.As indicated by various trials, a multitude of anatomical and procedural factors affect CA following TAVR including ostial height, narrow SoV, length of frame, and depth of implantation.






Progression and treatment in moderate AS

While the comprehensive documentation of severe AS in symptomatic patients is well established, there seem to be less data related to the clinical impact of moderate AS compared with mild or no AS. Hence, it is critical to understand the progression of moderate AS by evaluating the anatomical and clinical aspects of its progression. Regarding its anatomical progression, hemodynamic AS, which is usually homogenous with an average increase in peak velocity of 0.3 m/s per year, varies between patients. In terms of its clinical progression, patients often have a benign prognosis and an average of 13.4 years before developing severe AS requiring surgery. However, recent data have indicated that moderate AS is associated with increased mortality rates due to both cardiac and non-cardiac causes (29). This was demonstrated in a large Australian registry of 3,315 patients, where moderate AS was associated with long-term mortality, and had mortality risks similar to those seen in patients with severe AS (5-year mortality: moderate AS 56% vs. severe AS 67%) (30). As for factors affecting progression of moderate AS, results from a multivariate analysis indicated that a thickened left ventricular posterior wall, renal impairment, and aortic valve area were significantly associated with an increase in the fast progression of moderate AS into severe AS when compared with a slower progression. Moreover, faster progression was independently associated with increased risk for all-cause mortality. Hence, faster progression of moderate AS resulted in worse overall outcomes (31).

In terms of management of moderate AS, guidelines fail to provide specific recommendations. In the Simvastatin and Ezetimibe in Aortic Stenosis (SEAS) trial, a randomized double-blind trial on 1,873 patients with mild to moderate AS who received either simvastatin plus ezetimibe or placebo daily, medical treatment did not show any improvements in preventing the progression of moderate AS or its adverse clinical outcomes (32). TAVR, as previously mentioned, is also not indicated in management and prevention of progression. Ongoing trials, like the TAVR UNLOAD in patients with moderate AS and heart failure (HF) with reduced left ventricular ejection fraction (LVEF) and the PROGRESS and Evolut EXPAND TAVR II Pivotal in patients with moderate AS and/or cardiac damage and dysfunction, might eventually show TAVR's role as a treatment option for moderate AS.


Key takeaways


	1.Limited data and guidelines on the progression and treatment of moderate AS exist. Results from a certain registry and multivariate analysis indicate that the risk of mortality in moderate AS is similar to that of in severe AS, with factors such as thickened left ventricular posterior wall, renal impairment, and aortic valve area significantly influencing moderate AS progression.

	2.Similarly, there is limited information about the role of TAVR in the treatment and prevention of progression of moderate AS. Ongoing trials might provide future insights about TAVR's role.






Asymptomatic patients with severe AS

The management of asymptomatic patients with severe AS is a challenging task, with persistent debates related to optimal timing and methods of intervention (SAVR vs. TAVR) existing among physicians. While some claim that patients with delayed intervention are prone to irreversible outcomes of HF or death, the European Society of Cardiology (ESC)/European Association for Cardio-Thoracic Surgery (EACTS) recommends the “watchful waiting” approach, as this category of patients has good prognosis (33). The approach also suggests that intervention should not be performed unless certain symptoms and clinical findings are present, such as severe left ventricular hypertrophy, a systolic pulmonary artery pressure of more than 60 mmHg, increases in pro-brain natriuretic peptide (BNP) by more than threefold its normal value on follow-up, the mean gradient increases by >20 mmHg with exercise, increasing size of the left atrium, and decreases in the indexed stroke volume, as well as decreases in the left ventricular global longitudinal strain by more than −14.7% (34).

As for guidelines related to asymptomatic severe AS, several possible indications for aortic valve replacement (AVR) exist. These include LVEF < 50%, low-surgical-risk patients with severe AS (mean gradient >60 mmHg, aortic velocity >5 m/s), or severe AS with BNP level >3 times its normal range, or severe AS with an increase in aortic velocity >0.3 m/s per year, or decreased exercise tolerance or a drop in systolic blood pressure (SBP) >20 mmHg from baseline to peak exercise during carefully supervised bike or treadmill testing (using cardiopulmonary exercise testing protocols or standard/modified BRUCE protocols) (35).

However, two RCTs, namely, Randomized Comparison of Early Surgery Versus Conventional Treatment in Very Severe Aortic Stenosis (RECOVERY) and Aortic Valve Replacement Versus Conservative Treatment in Asymptomatic Severe Aortic Stenosis (AVATAR), dispute the “watchful waiting” approach. The RECOVERY trial compared the safety and efficacy of early surgical intervention vs. watchful waiting in asymptomatic patients with severe AS. These studies did not use the aforementioned risk factors (BNP, LV-indexed stroke volume, LV strain, etc.) to identify patients for early intervention; instead they randomized asymptomatic patients with severe AS for continued surveillance for the development of symptoms vs. early surgical intervention. They reported superior outcomes in the early surgical intervention group in terms of cardiovascular mortality at 4 years (1% vs. 15%, p-value <0.05), all-cause mortality at 8 years (10% vs. 32%, p-value <0.05), and HF hospitalization (0% vs. 11%, p-value <0.05) (36). Similarly, the AVATAR trial, which compared asymptomatic patients with severe aortic stenosis undergoing AVR vs. conservative therapy, reported superior outcomes in the intervention group in terms of all-cause mortality, HF, acute myocardial infarction (AMI), and stroke (15.2% vs. 34.7%, p-value = 0.02) (37). It is important to note that certain limitations pertaining to these two studies exist. These include the small sample size and highly selected population, where the RECOVERY trial included patients having a valve area ≤0.75 cm2 with a peak velocity ≥4.5 m/s or mean gradient ≥50 mm Hg, and the AVATAR trial only included patients able to complete the exercise stress test, while excluding patients with chronic health conditions or high perioperative risks (33).

In terms of TAVR, limited information regarding its role in asymptomatic patients is known. A recent study, evaluating the role of TAVR in 231,285 patients with AS, reported superior survival rates after 1 year following TAVR in patients with minimal symptoms when compared with patients with moderate-to-severe symptoms (adjusted hazard risk for death: 0.70, 95% CI: 0.66–0.75). Similarly, the mean change in the Kansas City Cardiomyopathy Questionnaire Overall Summary Score (KCCQ-OS) in this study, which included variables such as physical limitation, social limitation, and quality of life scores, was lower in the minimal symptom group following TAVR (2.7 point and 3.8 points vs. 32.2 and 34.9 points) increases at 30 days and 1 year, respectively (38). Another RCT, the EARLY-TAVR, comparing asymptomatic patients receiving TAVR with the balloon-expandable SAPIEN 3 prosthetic vs. conservative therapy, has recently completed enrollment, and upon its primary completion in March 2024 is expected to provide future insight into the role of TAVR in asymptotic patients (39).


Key takeaways


	1.Physicians often debate the optimal timing and methods of intervention when managing asymptomatic AS patients. Some encourage the watchful waiting approach that defers intervention unless certain symptoms such as severe left ventricular hypertrophy, increases in: levels of BNP/NT-proBNP, the mean gradient, and the size of the left atrium; and decreases in: the indexed stroke volume and left ventricular global longitudinal strain are present. However, trials like the RECOVERY and AVATAR dispute the watchful waiting approach.

	2.There is scarce data on TAVR's role in asymptomatic patients with AS, with future and ongoing trials expected to expand knowledge on its role.






Conclusion

Multiple factors must be taken into consideration when deciding on a treatment approach between SAVR and TAVR in low-risk patients with AS. Such factors include patient preference and anatomical, procedural, and surgical expertise. Based on the results of certain trials, TAVR was shown to have a role in treating these patients. As a result, exploring the use of TAVR in low-risk patients is of paramount importance in the changing field of cardiovascular disorders. Not only does TAVR provide a current solution for low-risk patients with AS, but it also acts as a blueprint for the continuous comprehension and future management of these patients. With the constant challenges faced and the limited evidence about its role in this subcategory, it is crucial for ongoing as well as future trials to resume their work and research in an effort to enhance both quantity and quality of patients’ lives.
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Valvular heart disease is a global health burden with substantial mortality. The left-sided valvular diseases have been extensively described using the robust treatment strategies available. By contrast, the right-sided diseases, particularly the tricuspid valve (TV) and associated regurgitation, still have much to be delineated. Worsening tricuspid regurgitation (TR) is associated with increased mortality; the non-invasive management is suboptimal; and surgical approaches carry significant risk. With advances in multimodality imaging, 3D echocardiography, improved understanding of TV anatomy, and pathophysiological mechanisms of primary and secondary regurgitation, as well as favorable data with transcatheter therapies, the field of TV management is rapidly evolving. This review aims to highlight pathophysiological mechanisms of TR, describe echocardiographic approaches to diagnosis and TV interrogation, and outline the latest transcatheter developments.
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Introduction

Valvular heart disease (VHD) remains a significant cardiovascular health burden in the United States and worldwide, with more than 33 million estimated global cases of rheumatic heart disease and 300,000 associated deaths (1). In the United States, an estimated 2.5% of the population carries a valvular heart disease diagnosis, and subsequent 25,000 deaths yearly from non-rheumatic VHD (2). Although the left-sided valvular disease has been well researched and reported, the right-sided pathology involving the tricuspid and pulmonic valves is a growing field of interest. Data suggest that clinically significant tricuspid regurgitation (TR) increases with age, and moderate or more TR is associated with twofold increase in hospitalizations and mortality compared with absent or mild TR (3, 4). Rapidly developing severe TR is an independent predictor of all-cause mortality and worsening heart failure (5–7), and population cohort analyses suggest that greater than 90% of patients remain untreated (8). Despite advances in TR diagnosis, guidelines have limited class I recommendations for surgical treatment owing to data paucity. Multimodality imaging, coupled with novel therapeutic strategies, allow for early, improved characterization and intervention.



Etiology and natural history

The tricuspid valve (TV) is a uniquely complex structure, comprising a multiplanar asymmetric “D”-shaped annulus, a conventional configuration of three leaflets: anterior, posterior, and septal, of which the anterior leaflet is the largest, posterior, the shortest, and septal, the least mobile (9–11). The valve operates via an intricate arrangement of papillary muscles and chordae. The anterior papillary muscle attaches the anterior and posterior leaflets, while the posterior papillary muscle supports the posterior and septal leaflets (9). The chords may have greater than 20 insertions throughout the TV (9), and the corresponding choral anatomy has significant implications in transcatheter therapies.

Variations exist in the healthy population. First reported by Hahn et al. (10), only 54% of tricuspid valves consist of the trileaflet configuration, while the rest have two, four, or more leaflets (Figure 1A). A septal papillary muscle may be absent in a quarter of the population (9–11). These varying configurations add to the already inherent architectural complexity of the TV structure, and make the TV highly sensitive to annular dilation, which then causes leaflet malcoaptation such that either the central or eccentric regurgitation jets can occur, of varying severity (11). The heterogeneity of the entire valve may also have implications for optimal treatment strategies in the future.


[image: Figure 1]
FIGURE 1
Preprocedural imaging of tricuspid valve. (A) Transesophageal view of a quadricuspid tricuspid valve with a (1) septal, (2) anterior, and (3,4) two posterior leaflets. (B) TEE view demonstrating septal and anterior tricuspid valve leaflets. There is sufficient length for TEER (>7 mm, left) on screening imaging, and during the procedure (right). (C) TEE images showing a reasonable coaptation gap (0.6 cm) on the left vs. a large coaptation gap (1.5 cm) between posterior and septal leaflets. The latter is an unfavorable feature for transcatheter edge-to-edge repair techniques. (D) 3D TEE image demonstrating an ICD across the TV impinging on the septal leaflet resulting in displacement of the leaflet and lack of coaptation in the systole. Color Doppler image on the right shows torrential TR with a wide base extending from anteroseptal to posteroseptal commissure.


Tricuspid regurgitation etiologies have been classified into primary and secondary causes (12). Primary, inherent disorders of the valve include congenital abnormalities such as Ebstein anomaly, myxomatous degeneration, rheumatic heart disease, infective endocarditis, and traumatic injury due to blunt chest trauma (9, 11, 12). Primary TR can also occur post heart transplant as valvular degeneration due to cardiac allograft vasculopathy or be iatrogenic due to repeated heart biopsies causing leaflet perforation and chordal damage (12, 13).

Secondary, functional TR is a consequence of surrounding pathology within the heart whereby abnormal atrial or ventricular remodeling causes annular dilation and leaflet tethering. Cardiomyopathies leading to reduced ventricular function, or impaired mitral or aortic valve function, can all have deleterious bearing on the TV (9). Advances have been made to further subclassify secondary TR. Atrial functional TR occurs in the presence of the preserved left ventricular (LV) function, when there is right atrial enlargement, basal right ventricular (RV) remodeling, and dilation, which causes TV annular dilation pulling the leaflets apart such that the coaptation and tenting height are reduced (14–16). Ventricular functional TR occurs in the setting of left-sided heart disease, pulmonary hypertension, and intracardiac shunting, whereby RV dilation throughout the entire chamber causes increased leaflet tethering more so than annular dilation, resulting in increased tenting height and lack of coaptation (14, 17).

Recently, a new classification has been proposed to include cardiac implantable electronic device (CIED) related-regurgitation as a separate entity, as TR caused by pacemakers and defibrillators lead to interaction with leaflets, and the subvalvular apparatus is not an intrinsic leaflet abnormality (18).



Assessment and quantification of severity

Echocardiography remains the diagnostic standard in evaluating TR, with transthoracic echocardiogram (TTE) and transesophageal echocardiogram (TEE) imaging necessary to characterize valve anatomy and regurgitation. No single measurement best defines TR severity, and as such, guidelines recommend a multiparametric approach using several qualitative, semiquantitative, and quantitative parameters incorporated together (6, 12, 19). To further guide transcatheter-based therapies and qualify subsequent reductions in TR severity, a five-grade regurgitation scheme was set forth by Hahn and Zamorano (20) expanding the severity grading to include massive and torrential grades.

Structural valve assessment is made by visualizing the leaflet morphology and identifying the presence of intrinsic leaflet pathologies such as flail, prolapse or perforation, or functional causes with leaflet tethering, coaptation, and tenting height. Dilated right atrial (RA), RV chambers, and reduced RV function further direct TR etiology and chronicity. Continuous wave (CW) Doppler interrogation across the regurgitant jet demonstrating a triangular-shaped, early-peaking waveform indicates rapid pressure equalization between the RA and RV, and is a sign of significant TR. Color flow jet area can be used; however, it often underestimates TR severity in the presence of low flow velocities and dilated RA (6).

Semiquantitative measurements in TR severity include the vena contracta (VC), vena contracta area (VCA), proximal isovelocity surface area (PISA), and hepatic vein flow evaluation. While VC is a simple and reproducible parameter to quantify TR, depending on echocardiographic view, the regurgitant jet could be under- or overestimated. PISA is used to calculate the quantitative parameters of the effective regurgitant orifice area (EROA) and regurgitant volume (RVol) (6). However, PISA underestimates TR severity in 20%–50% of patients for several reasons (6, 21, 22). The low-pressure, low-velocity system of the right heart can reduce PISA radius. The shape of the TR jet does not form a hemispherical flow convergence, underestimating the true severity of the leak. Regurgitation is also a dynamic process that varies throughout systole, therefore a PISA measurement at a fixed point during the cycle is not representative of the entire jet (21). Emerging data have shown that reformulating the PISA equation by incorporating the angle of the tethered leaflets, as well as accounting for the low regurgitant flow velocities, improved subsequent EROA and RVol calculations and resulted in reclassifying TR severity grade in 37% of the studied patients (21). The presence of hepatic vein systolic flow reversal is a specific sign supporting severe or greater tricuspid regurgitation (23).

Vena contracta area remains the best method to quantify TR severity and the feasibility of obtaining an accurate measurement has become more attainable with advances in 3D echocardiography and multiplanar imaging (24). As regurgitant jets often have complex shapes, VCA can accurately be measured at the level of the regurgitant orifice. Careful consideration must be taken as this may also underestimate the jet severity given that the jet area rarely occurs in a single plane (24). Exact cutoffs for 3D VCA have yet to be determined (6, 19, 25). The use of Doppler hemodynamics [the difference between tricuspid valve and left ventricular outflow tract (LVOT) or right ventricular outflow tract (RVOT) flow] to calculate EROA and regurgitant volume is another potentially valuable method to quantify TR that is currently under investigation.

Tricuspid coaptation gap (TCG) has also been studied as a marker of grading TR severity as a means to define greater than severe functional TR (26). The authors found that a TCG cutoff of 10 mm had the best combination of sensitivity and specificity, at 83% and 100%, respectively, for predicting very severe TR (VSTR), with better measurement reproducibility compared with two-dimensional EROA (26). EROA correlated poorly with TCG in patients with at least severe TR because of inherent PISA limitations; therefore, TCG may be an important and reproducible quantification parameter to grade greater than severe TR.

With the advent of cardiac CT and MRI imaging, further qualitative and quantitative characterizations can be made. Cardiac MRI remains the preferred method to assess RV function and provides accurate quantification of right ventricular stroke volume (SV) to obtain regurgitant volume and regurgitant fraction (RF) (6, 19). MRI also evaluates for atrial and ventricular remodeling. Cardiac MRI is a valuable tool when there is discordance between echocardiographic findings and clinical presentation (19). Although quantification is not possible with cardiac CT, it provides an additional modality for accurate preoperative planning for intervention (27).



Preprocedural imaging—assessment of TR morphology

Following accurate assessment and grading of TR severity, the etiology of regurgitation as well as anatomic configuration must be defined to guide transcatheter treatment strategies. TEE is the modality of choice for this stage, allowing primary vs. secondary TR to be delineated, leaflet arrangement to be specified, and several important parameters necessary for intervention such as leaflet length, coaptation gap, and tethering to be assessed.

In secondary TR, the underlying pathophysiological mechanism should first be treated and optimized hemodynamically, and the TV be reassessed, prior to intervention (28). While transcatheter treatment outcomes data are actively under study, there is a suggestion of increased residual TR risk following intervention in patients with a four-leaflet configuration (29). A central, anteroseptal regurgitant jet and coaptation gap ≤7 mm have been associated with procedural success, while increased EROA and valve tenting are associated with procedural failure (30).

A certain leaflet length is needed for proper grasping and to avoid the risk of single leaflet device attachment. Two- and three-dimensional (3D) TEE views can be used to accurately assess leaflet length and choose proper device type (Figure 1B). Measuring the coaptation gap can guide device choice and suggest procedural success (28, 30) (Figure 1C). Leaflet tethering is a common finding in ventricular functional cases because of RV dilation and septal leaflet retraction. It is important to recognize this finding as grasping tethered leaflets using edge-to-edge repair devices could be challenging, and excess tension could lead to leaflet tear.

The location of a regurgitant jet is best defined by TEE and in the transgastric view (or 3D multiplanar reformatted images), where en face view of the valve can be obtained. The jet emanating from the anteroseptal commissure is easier to treat with transcatheter edge-to-edge repair (TEER) as the anterior leaflet is generally larger. In fact, in the feasibility study on TRILUMINATE trial (31), 77% of the treated patients received clips on the anterior and septal leaflets, followed by 20% over the posterior and septal leaflets. Stabilizing the anterior or posterior leaflets to the septal leaflet is important as the tricuspid annulus dilates laterally, pushing the anterior and posterior leaflets away from the septum.

The presence of hardware such as annuloplasty bands, bioprosthetic valves, permanent pacemaker (PPM), or implantable cardioverter defibrillation (ICD) must also be identified (Figure 1D) as these can adhere, perforate, or restrict leaflet motion, all of which pose technical challenges during treatment intervention (32). The location of the lead across the TV, its mobility and relation to the leaflet, and subvalvular apparatus are all important for TEER. A posteriorly located lead, within the posteroseptal commissure, is ideal for repair using the edge-to-edge technique. A lead located in the middle of the valve or one that is mobile can make grasping the leaflets difficult owing to its interaction with the device delivery system. Furthermore, the closer the lead is to the jet location, the greater the attenuation artifact overlaying the leaflets. Leaflet impingement by leads, or involvement of the subvalvular apparatus, can impact proper leaflet coaptation and result in varying degrees of TR. These cases are difficult to treat using TEER techniques, as the leaflets are pulled away from the coaptation line by the leads, and even successful approximation of the remaining leaflets may not overcome the pulling impact of the leads. Hence, the likelihood of residual TR in such cases remains high. In addition, although a common etiology of regurgitation, leads could also be unrelated to TR development with the origin of the regurgitant jet being distant from the lead.

Imaging of the TV in the presence of hardware therefore is especially important and can pose its own technical challenges. TEE and 3D image reconstruction, along with multiplanar imaging, allow for the anatomy to be imaged on both the atrial and ventricular sides, visualize lead trajectory, and leaflet motion (32). Such information can best be acquired by the transgastric view or 3D volume-rendered equivalent (30). Intracardiac echocardiography (ICE) during transcatheter therapies can be a complement to TEE as it allows for closer imaging of the TV and its annular plane with similar temporal resolution, understanding however that the limited depth of the imaging, limited 3D field view, cost, and bleeding risk associated with venous vascular access are notable limitations to consider (28, 33).



Current treatment strategies

The current management strategies involve a combination of medical and invasive approaches (Figure 2). Medical strategies are limited, and principally involve diuretic therapy to treat the sequella of right-sided heart failure, in combination with treating the underlying pathology in secondary TR (17). Mineralocorticoid receptor 5 antagonists (MRA) may also be used to attenuate inappropriate renin-angiotensin-aldosterone system activation in heart failure (6). In patients with atrial fibrillation, rhythm control can mitigate annular dilation and improve TR (6). For those with concomitant mitral regurgitation, transcatheter therapies with edge-to-edge repair have shown to reduce TR in more than a third of patients (34).


[image: Figure 2]
FIGURE 2
Tricuspid valve intervention strategies. Medical therapy is limited to diuretics and mineralocorticoid receptor 5 antagonists. Surgical techniques involve annuloplasty ring or valve replacement. Several percutaneous devices are currently being investigated.


Surgical intervention strategies and timing depend on etiology of TR and are nuanced. Surgery is often recommended in symptomatic patients with severe TR of primary etiology, according to the 2021 ESC/EACTS valvular guidelines (6). The 2020 ACC/AHA Valvular guidelines define this as a class II recommendation, while tricuspid surgical intervention at the time of concomitant left-sided valve surgery is a class I recommendation (17). Intervention for isolated severe TR, particularly in the presence of pulmonary hypertension, dilated cardiomyopathy, or previous tricuspid surgery, carries a high operative mortality rate, which has been reported between 10% and 15% (17, 35, 36). The high mortality rate may help underscore the importance of early surgical referral with the intent of seeking correction before onset of pathological RV remodeling, and liberal surgical intervention at the time of left-sided surgery (37). Asymptomatic or minimally symptomatic patients with evidence of early RV dilation or reduced RV function on echocardiography should be considered for intervention, although exact thresholds have not yet been defined (6, 19). An annuloplasty ring is preferred over valve replacement and is associated with improved event-free survival (6, 38).



Discussion: evolving percutaneous strategies and future developments

Transcatheter approaches to TR are a growing interest, as early data demonstrate the effectiveness of reducing regurgitation, particularly in the high surgical risk population (6, 16, 28, 31). Several devices have been introduced (Figure 2) and tested in preclinical settings, and few devices are currently under study: TriClip (Abbott, Chicago, IL, USA), PASCAL (Edwards, Washington, DC, USA), TricValve (Products + Features, Vienna, Austria), and Cardioband (Edwards, Washington, DC, USA), each addressing a different TR mechanism (27, 28). Further research is currently being explored to assess improved mortality rates in high-risk patients using these techniques. Earlier referral and consideration of both transcatheter and surgical intervention before onset of RV dysfunction or presence of end-organ damage may lead to improvement in outcomes (19).

In the 1-year outcomes data of the TRILUMINATE Pivotal Trial, tricuspid regurgitation severity reduced by at least one grade in 87% of the enrolled patients at 30 days (31, 39). The TEER intervention group was also favored over the medical therapy control group, in achieving the primary outcome consisting of a hierarchical composite of death from any cause or tricuspid valve surgery, heart failure hospitalization, and improvement in quality of life as assessed by the Kansas City Cardiomyopathy Questionnaire (KCCQ) (39), although this was driven mainly by the latter. The degree of TR reduction was related to the degree of improvement in quality of life. In its secondary outcome analysis, 98% of TEER patients remained free of major adverse events (defined as cardiovascular death, new-onset renal failure, endocarditis, and non-elective cardiovascular surgery, due to TriClip device-related adverse event) at 30-days post implantation exceeding the performance goal of 90% (39). The significance of this data is further underscored by the fact that it currently remains the only prospective, randomized controlled trial with respect to TR management (39). Similarly, the Tri.fr study is actively underway as the first randomized, multicenter, academic study aimed to evaluate whether transcatheter treatment with TriClip is superior to medical therapy with regard to secondary TR within 1 year of intervention (40).

The CLASP-TR trial evaluated the Edwards PASCAL tricuspid repair system and demonstrated low complication and high survival rates at one year as well (41). The device has a high successful implantation rate, short hospital length of stay, and is associated with greater than one grade TR reduction with only one PASCAL device (41, 42). Treatment arm patients reported improvement from NYHA functional class to classes I and II as well as improvement in the six-minute walk test and an 18-point increase in the KCCQ score (41). While these results underscore the effectiveness of the PASCAL at reducing TR, as well as supporting its safety, more long-term data are necessary to determine if such outcomes will continue and successfully translate to clinical benefit for patients (42).

The TRI-REPAIR study, in which the transcatheter annuloplasty approach is explored in patients with at least moderate functional TR, showed a reduction in septolateral annular diameter, with patient improvement in 6-minute walk score and KCCQ score (43), with favorable survival and low rehospitalization rates (44). The TRICUS-EURO study whereby the TricValve system, consisting of bicaval prosthetic valves implanted in the vena cavae, was associated in significant NYHA class symptom and quality of life improvement at 6 months (38).

Diagnosis and treatment of TR remains a rapidly evolving topic, because of the complexity of the tricuspid anatomy, the challenges in identifying the etiology of regurgitation, and the heterogeneity in treatment pathways. Rapid advancements in echocardiographic techniques with 3D imaging, as well as supplementation with cardiac CT and MRI, open avenues for improved diagnosis and characterization. Transcatheter techniques currently under study will provide future treatment options with the intent to improve quality of life and reduce the mortality of the affected patient populations.
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Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the United States. Data shows that social drivers of health (SDOH), including economic stability, racial/cultural identity, and community, have a significant impact on cardiovascular morbidity and mortality. LGBTQ+ (lesbian, gay, bisexual, transgender, queer, and other gender and sexual minority) patients face a variety of unique health risk factors and bear a disproportionate burden of CVD compared to cis-gender, heterosexual peers. There is a paucity of research assessing the etiologies of CVD health disparities within the LGBTQ+ community. Herein, we seek to explore existing literature on LGBTQ+ health disparities with a focus on cardiovascular disease, examine trends impacting LGBTQ+ health equity, and identify strategies and interventions that aim to promote LGBTQ+ cardiovascular health equity on a regional and national level.
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1 Introduction to LGBTQ+ health

The lesbian, gay, bisexual, transgender, queer, and other gender and sexual minority population represents roughly 7.1% of the population in the United States (1). This heterogeneous community includes individuals who identify as lesbian, gay, bisexual, transgender, and queer, along with others who may identify with a different sexual orientation or gender identity (SOGI). On a whole, SOGI minority patients report lower overall self-reported rates of health compared to cis-gender heterosexual controls (2); a patient's SOGI intersect with other aspects of their identity including race, ethnicity, and other social drivers of health (SDOH) which can impact health outcomes. Over the past several decades, SDOH have been increasingly recognized as drivers of health inequity nationally (3).

Health equity refers to the concept of attaining the highest levels of health and wellness for all peoples; to understand one's set of unique set of health needs, data must exist which explore the intersection of SDOH and epidemiologic health data. Until recently, such data for LGBTQ+ patients were lacking. In 2011, the National Academy of Medicine released a report identifying these research gaps and called for research focused at better understanding LGBTQ+ specific health issues (4). More recently, the American Heart Association (AHA) released a statement in 2020 outlining ways to better understand LGBTQ+ cardiovascular health disparities, identify research gaps, while also providing a framework for research aimed at better understanding LGBTQ+ CV health equity (5).



2 LGBTQ+ health disparities

LGBTQ+ patients face health disparities on a regional and national level compared to their cis-gender peers in the United States. Many of these disparities are driven by inequities related to the community's SDOH. One of the most unifying long-term risk factors for adverse health outcomes in LGBTQ+ patients is related to minority stress (6). Minority stress is broadly driven by pervasive and chronic forms of stress borne by individuals who live in a society which marginalizes and discriminates against them (2, 6). Contributors to minority stress are multifactorial and include increased rates of discrimination at the familial, social, cultural, and employer level (7–9), amongst other sets of internal pressures, which result in higher rates of mental health disorders in the LGBTQ+ population and, putatively, higher rates of physiologic stress (2, 6, 10, 11). SOGI minority patients living in states which practice institutionalized discrimination against LGBTQ+ peoples face higher rates of mental illness compared to those living in states without such policies (12). Increased levels of psychosocial stressors result in increased physiological stress, an adverse impact on the immune system, and hypertension (13–15). The physiological impact of minority stress on the LGBTQ+ population have not been well studied (16), although it has been extensively studied in non-LGBTQ+ minority populations.

While minority stress is a common unifier of health inequity within the LGBTQ+ community, subgroups within the LGBTQ+ community face unique risk factors that impact overall health and well-being. Gay and bisexual men have higher rates of human immunodeficiency virus (HIV) (17). HIV contributes to chronic inflammation, and some drugs used in the treatment of HIV adversely affect cardiometabolic risk (18). Certain non-nucleoside reverse transcriptase inhibitors (NNRTIs) including stavudine and zidovudine have been shown to promote lipoatrophy (19). Protease inhibitors, including ritonavir, and other NNRTIs such as efavirenz and nevirapine, have been shown to promote dyslipidemia (19). Tenofovir lowers levels of high-density lipoproteins, low-density lipoproteins, and total cholesterol, but whether this translates into lower cardiovascular risk in setting of a chronic inflammatory milieu driven by HIV, is unknown (19). Highly active antiretroviral therapy also increases the risk for developing type 2 diabetes mellitus roughly four-fold (20).

Bisexual men face higher rates of substance abuse compared to both gay and straight men, and rates of substance abuse are generally higher in SOGI adults compared to the general population (21, 22). Lesbian women have higher rates of obesity and alcohol use compared to their heterosexual peers (23, 24). Moreover, lesbian women are more likely to engage in tobacco use compared to heterosexual women (25). Lesbian and bisexual women also have high rates of depression, anxiety, asthma and arthritis compared to heterosexual women (26, 27). Transgender patients are more likely to experience physical violence and have higher rates of housing instability and homelessness compared to heterosexual peers (28).

SOGI minority people of color (POC), particularly those with African ancestry, face increased rates of discrimination compared to white LGBTQ+ patients; this includes higher rates of social discrimination, racism, employment discrimination, and housing discrimination (29). This has led to higher rates of depression in LGBTQ+ POC compared to white LGBTQ+ peoples (30). Structural racism was associated with higher rates of anxiety and alcohol abuse for SOGI minority men of color, but not for white SOGI minority men (31). Gay and bisexual men who are black also face significantly higher rates of HIV and decreased utilization of pre-exposure prophylaxis compared to white gay and bisexual men (32). Roughly half (47%) of all SOGI patients of color live in a low-income household compared to 36% for white SOGI patients (33).



3 LGBTQ+ cardiovascular health disparities

LGBTQ+ patients also face increased risk for cardiovascular disease compared to the general population (34). Risk factors for cardiovascular disease generally exhibit wide variation across LGBTQ+ subgroups, and risk factors shared by one SOGI group may not be observed in other SOGI groups. However, on a whole, cardiovascular disease tends to develop at an earlier age for LGBTQ+ patients compared to heterosexual peers (35).

Observational studies have consistently shown that LGBTQ+ patients have higher rates of hypertension compared to their heterosexual peers (15, 35). Sexual minority women are diagnosed with hypertension roughly a decade earlier than heterosexual women, or between the ages of 35–44 (compared to 45–54 for heterosexual women) (35). Gay and bisexual men experience increased rates of hypertension compared to heterosexual men, but age at onset to diagnosis does not differ when compared to heterosexual men (35, 36). Transgender men also experience increases in blood pressure following gender affirming hormone therapy (GAHT), while for transgender women, blood pressure decreases with GAHT (37).

No concrete data exists as to the extent and mechanisms driving this observed risk of hypertension for SOGI minority patients. One hypothesis is that physiologic mediators of chronic stress (minority stress theory) may drive this disparity, which has been observed and studied in other cis-gender minority communities adversely impacted by chronic stress (38).

Gay and bisexual men, as well as lesbian and bisexual women, have higher rates of dyslipidemia compared to their heterosexual peers (35). Gender affirming hormone therapy (GAHT) has been shown to promote dyslipidemia in transgender patients, but evidence is mixed as to whether this translates into worse long-term cardiovascular outcomes (39, 40). HAART therapy in HIV + patients can promote dyslipidemia, and there are numerous drug-drug interactions between HAART and statin medications; the recent REPRIEVE trial showed that for patients with HIV and moderate or greater risk of cardiovascular disease, pitavastatin reduced rates of major adverse cardiovascular outcomes (41).

Lesbian, gay, and bisexual patients have higher rates of stroke compared to their heterosexual peers (35). Gay and bisexual men have roughly twice the adjusted risk of myocardial infarction and heart failure compared to heterosexual men (35). Transgender men face higher rates of myocardial infarction compared to both to cis-gender men and women (42). Clear mechanisms explaining this increased have not been identified. Despite having higher rates of heart disease, LGBTQ+ patients are less likely to be treated for primary prevention of heart disease with statin medications compared to their heterosexual peers, even after controlling for a variety of social and economic risk factors (43). The authors speculated that the residual disparities may be the result of “bias, stereotyping, and mistrust” (43).

The effects of GAHT on cardiac remodeling remains unknown, and robust data does not exist on the topic (44). Older data had suggested that transgender women had higher rates of venous thromboembolism (VTE) compared to the general population, but this observation was only with an estradiol no longer used with GAHT (39). More recent studies have not observed an increased risk of VTE in transgender men or women on GAHT under the age of 37 years old (45). Prospective cohort studies are needed to better understand what, if any, long term effects on cardiac remodeling or VTE are associated with GAHT.

Our current understanding of the unique health risks that affect LGBTQ+ patients is summarized in Figure 1. While there is some commonality to health disparities affecting LGBTQ+, there is significant heterogeneity within each community subgroup. Even within subgroups, there is significant variation in terms of health inequities, some of these being driven by one's SDOH (Figure 1).


[image: Figure 1]
FIGURE 1
Heterogeneity of social drivers of health and health disparities within the LGBTQ+ population. Cis-gender refers to a patient whose gender identity corresponds with the sex assigned at birth. SOGI refers to sexual orientation and gender identity. While LGBTQ+ patients share some similar risk factors which increase their risk of cardiovascular disease, these disparities are not consistently observed between different LGBTQ+ subgroups.




4 LGBTQ+ barriers to care

Having access to quality, culturally competent health care is paramount component of SDOH. Numerous barriers to care for LGBTQ+ patients have been identified. These include structural discrimination, financial barriers to care, and lack of access to culturally competent care for LGBTQ+ patients in the United States.

SOGI minority patients have increasingly faced sociopolitical systemic discrimination in the United States, where a growing social milieu in areas of the United States has evolved to limit LGBTQ+ access to care (46, 47). This sociopolitical discrimination has been rising across the United States in recent years (48). For example, in Texas and Mississippi, LGBTQ+ focused University-based health centers were forced to close under political duress (49, 50). Prescribing GAHT, a treatment which reduces rates of depression and suicide attempts in transgender adolescents, is currently a felony in 5 US states (48). In 3 other states, it is illegal to provide GAHT although it is not considered a felony (48). 19 states within the US restrict GAHT care for adolescents, and 16 of the 19 state laws restricting access to GAHT have been passed within the past year (48). The United States House of Representatives recently passed a bill in July of 2023 which would eliminate fundings for LGBTQ+ health centers nationally (51). The number of bills and legislation introduced at the federal and state level continues to steadily increase, and the future health impact of the present political climate on LGBTQ+ patients, particularly younger LGBTQ+ patients, remains to be seen.

Access to health insurance had previously been a barrier for LGBTQ+ patients, but after the Affordable Care Act was passed in 2016, coverage rates between LGBTQ+ patients and their cis-gender peers were observed to be comparable (52). However, disparities exist within the LGBTQ+ community, where LGBTQ+ POC are more like to be uninsured compared to white LGBTQ+ patients (53). LGBTQ+ patients also have higher rates of self-reported financial stressors when accessing healthcare compared non-SOGI minority peers (54).

Despite the growing body of literature demonstrating poorer health outcomes for LGBTQ+ patients, there is wide variation in how medical schools in the United States educate students on these topics (55). Roughly one third of allopathic and osteopathic medical schools in the United States and Canada reported having zero hours of clinical education for students on LGBTQ+ related health issues; the median national average for Canadian and US medical schools was 5 h of training over four years (55). Growing data has begun to emerge that both undergraduate and graduate medical education related to LGBTQ+ is not sufficient to address the unique health needs of LGBTQ+ patients (56). For example, a recent survey of internal medicine residents in 120 programs across the Unites States showed that nearly half of trainees have very limited knowledge of basic knowledge related to LGBTQ+ patients (57). Moreover, medical residents and fellows in the US feel less comfortable discussing LGBTQ+ patient related concerns compared to US medical students (58), which is somewhat concerning. It’s noteworthy that LGBTQ+ medical residents in the US face higher levels of discrimination and bullying by peers and attendings during their medical training compared to their non-SOGI minority peers (59). Some have advocated for a broader commitment by the Accreditation Council for Graduate Medical Education (ACGME) to better incorporate LGBTQ+ health issues pertinent to the residency specialties during graduate medical education training (56).



5 LGBTQ+ health in Northern Virginia

The DMV (Washington, District of Columbia, Maryland, and Virginia) area has historically been home to a large and vibrant LGBTQ+ community. However, many health resources dedicated to this population are located within the District of Columbia for several reasons, including geographical concentration of people and centralized distribution of care. As the DMV region continues to grow and expand, it became clear that the LGBTQ+ community in Northern Virginia was lacking in resources specifically dedicated to them within the Virginia region. This need has been a well-known fact highlighted in the findings of several population needs surveys conducted by health departments and local health systems. In June of 2022, Inova Health System opened its first LGBTQ+ clinic named the Inova Pride Clinic (60). The Inova Pride clinic serves LGBTQ+ youths (ages 12 and greater) and adults alike, with over 1,000 new patients in its first calendar year of opening. The purpose of this specialized clinic is to provide comprehensive holistic primary care with an LGBTQ+ focus—to expand the scope of service of primary care to include specific needs for the LGBTQ+ population including gender affirming care, robust mental health services, sexual health, HIV prevention and treatment, and management of chronic diseases.

The clinic has met great success—surpassing initial projections for growth and highlighting the dire need and desire for these services in Virginia and beyond. The Pride Clinic houses medical specialties including internal medicine, pediatrics, obstetrics and gynecology, as well as behavioral health services. Our primary patient population resides in Northern Virginia, Washington, DC, and Maryland. As our clinic continues to grow, we have started to see patients well outside of our geographical location, including the Deep South. Not all patients have the means or resources to travel out of state for medical care, if such medical care is limited in their home state.

At Inova Schar Heart and Vascular, we are working to build a partnership with the Inova Pride Clinic in an effort to enhance cardiovascular care for this community. One of the largest present limitations of cardiovascular research on LGBTQ+ patient's unique health profiles is a lack of SOGI data incorporated into electronic medical records. Going forward, we hope to leverage this robust, comprehensive patient dataset to better understand unique cardiovascular factors impacting LGBTQ+ patients. Long term, we seek to develop the first prospective cardiovascular cohort study of LGBTQ+ patients specifically focused on both clinical and physiologic stressors of health to better understand cardiovascular disease risk factors in this community. Ultimately, we see this as a step towards a broader promotion of community-level LGBTQ+ cardiovascular health equity in the DMV, and especially Northern Virginia.



6 Conclusions

Research has only begun to reveal the disparities that LGBTQ+ identifying individuals may face, limiting our understanding of mechanisms underlying these disparities. The purpose of this review was to frame our current understanding of these risks and to consider how to fill existing gaps in knowledge. By having a dedicated LGBTQ+ center of care, we are building a platform which directly allows us to promote community health equity and reduce barriers to care (to the extent that we, as a health system, have control over said barriers). More research, both in the basic science and longitudinal clinical studies, needs to be performed to community to continue using such venues to partner with the community and better learn about their specific needs and most successful strategies to improve their health and improve equity. Our current understanding of the unique health factors impacting LGBTQ+ cardiovascular health will likely change as more data becomes available. The long-term effects of the current political on current and future LGBTQ+ health remains to be seen.
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Cardiogenic shock (CS) is a time-sensitive and hemodynamically complex syndrome with a broad spectrum of etiologies and clinical presentations. Despite contemporary therapies, CS continues to maintain high morbidity and mortality ranging from 35 to 50%. More recently, burgeoning observational research in this field aimed at enhancing the early recognition and characterization of the shock state through standardized team-based protocols, comprehensive hemodynamic profiling, and tailored and selective utilization of temporary mechanical circulatory support devices has been associated with improved outcomes. In this narrative review, we discuss the pathophysiology of CS, novel phenotypes, evolving definitions and staging systems, currently available pharmacologic and device-based therapies, standardized, team-based management protocols, and regionalized systems-of-care aimed at improving shock outcomes. We also explore opportunities for fertile investigation through randomized and non-randomized studies to address the prevailing knowledge gaps that will be critical to improving long-term outcomes.
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Introduction

Cardiogenic Shock (CS) is a multifactorial, hemodynamically complex syndrome characterized by profound and refractory circulatory collapse due to impaired myocardial contractility resulting in systemic hypoperfusion, metabolic acidosis, and refractory multiorgan system dysfunction (1). Despite more than two decades of advances in interventional techniques, the development of rapidly deployable temporary mechanical circulatory support (tMCS) devices, and systems-of-care strategies to treat AMI, patients with CS continue to fare poorly with 30%–50% risk of 30-day mortality and associated multiorgan dysfunction in the modern era (2–8). It was not until the landmark Should We Emergently Revascularize Occluded Arteries in Cardiogenic Shock (SHOCK) trial in 1999, however, that a strategy of early revascularization was demonstrated to improve outcomes (9, 10). While randomized controlled trials (RCTs) have failed to demonstrate clear benefit with either pharmacologic or device-based therapies, burgeoning observational research from North American CS registries have highlighted the potential merits of standardized, team-based care in improving the care of patients with CS (11–14). These studies suggest that the implementation of a multidisciplinary “Shock team,” employing early utilization of pulmonary artery catheter (PAC) hemodynamic monitoring, selective and hemodynamically tailored tMCS and comprehensive longitudinal care in an American Heart Association (AHA) Level 1 cardiac intensive care unit (CICU) may be associated with reduced in-hospital mortality. The heterogeneity of clinical presentations, complex hemodynamic perturbations, therapeutic strategies, and eventual outcomes delineates the inadequacy of a one-size-fits-all CS management algorithm. In this narrative review, we discuss the pathophysiology of CS, the phenotypes and evolving definitions to risk stratify this disease state, the gamut of pharmacologic and device-based therapies currently available, and potential treatment protocols and systems-of-care strategies to enhance outcomes in this condition. Finally, we discuss opportunities for fertile investigation to address the prevailing knowledge gaps that persist in this disease.


Epidemiology of cardiogenic shock

CS remains the most common type of shock in patients admitted to the CICU in the contemporary era (15, 16). Historically, CS was seen as a primary disorder caused by LV dysfunction resulting from AMI. However, in recent years, acute decompensation of chronic HF has been recognized as the most common underlying etiology, contributing up to >50% of the admissions for CS (15). Numerous single and multi-center studies have reported the increasing prevalence of non-AMI CS (15–19). This paradigm shift may be attributed to increased use of preventive therapies and the concomitant decline in AMI incidence, early revascularization strategies in AMI patients leading to decreased incidence of resultant CS, and improved AMI survival in patients sustaining significant irreversible ischemia, resulting in more survivors with chronic HF due to LV dysfunction (20, 21). Patients are now living longer because of declining mortality from AMI-CS (18, 19). Among 1,254,358 CS admissions from the National Inpatient Sample (NIS) from 2004 to 2018, there was a more than threefold increase in the number of hospitalizations accompanied by a substantial 25% reduction in in-hospital mortality (from 49% to 37%) during the study period (22).

Healthcare costs have burgeoned revealing the inexorable financial toll of CS on both individual patients and healthcare systems. In one retrospective observational study of the NIS population from 2000 to 2014, Vallabhajosyula et al. reported a median cost of hospitalization of $80,346 for AMI-CS and $183,767 for CS-associated multiorgan failure hospitalizations (23). A single-center retrospective study of 230 patients reported the cost of AMI-CS hospitalization was more than five times that of AMI without CS, mostly (80%) due to the use of invasive procedures and device usage in the ICU (24). The financial outlay extends beyond the index hospitalization phase, as higher CS—associated readmission rates and progressive disease result in costly follow-up care. Re-hospitalizations contribute to the already elevated cost burden, with 30-day readmission rates nearing 19% and a median cost of nearly $10,000 per readmission (25).



Pathophysiology of cardiogenic shock

The pathophysiology of CS is a complex and vicious cycle often culminating in multiorgan failure and death. Initiated by a progressive impairment in ventricular contractility, CS leads to a critical reduction in mean arterial pressure (MAP) and cardiac output (CO), resulting in systemic hypoperfusion and decreased coronary perfusion pressure with compensatory activation of baroreceptors and chemoreceptors in an attempt to maintain hemodynamics and perfusion (1, 26, 27). Arterial- and veno-constriction occur as a result of baroreceptor and chemoreceptor activation, causing an increase in vascular resistance with blood distribution away from splanchnic circulation and elevating pulmonary venous and central venous pressure (CVP); these mechanisms result in multiorgan congestion, often exacerbating preexisting volume overload seen in patients with HF, and further compromise end-organ perfusion represented by worsening lactic acidemia (28, 29). In response to tissue ischemia, a state of systemic inflammatory response syndrome (SIRS) ensues which leads to systemic vasodilation and inflammation in an already dysfunctional myocardium—propagating the progressive maladaptive spiral of CS (11, 30).

The two most commonly recognized etiologies of CS are AMI-CS and HF-CS (11). AMI-CS is typically associated with injury to >40% of the LV myocardium but can also be precipitated by mechanical complications such as ventricular septal defect and free wall or papillary muscle rupture (31). Analysis of pressure-volume loop curves in AMI-CS show a rightward and downward shift of the end-systolic pressure volume relationship suggesting a sudden reduction in LV contractility resulting in reduced stroke volume (SV), CO, and MAP and increases in pulmonary capillary wedge pressure (PCWP) and CVP (26, 32). These hemodynamic changes reflect the canonical clinical course for patients with AMI-CS, often beginning with hypotension from the acute ischemic insult leading to hypoperfusion and culminating with congestion. In contrast, HF-CS often follows a more indolent clinical course, usually presenting with congestion in acute on chronic HF-CS phenotypes leading to hypoperfusion and ending with systemic hypotension (11, 26).



Definitions and classifications of cardiogenic shock

Despite varying definitions in clinical trials, CS has been historically described as a state of systemic hypoperfusion due to impaired myocardial contractility, typically with associated hypotension (systolic blood pressure <90 mmHg for a prolonged duration usually extending >30 min) (2, 4, 9). Patients may also clinically present in a state of isolated hypoperfusion, in which they are normotensive due to compensatory system vasoconstriction, but may still have hemodynamic and biochemical evidence of malperfusion (33). This underrepresented and poorly studied patient population was first reported in the SHOCK Trial registry with a 43% in-hospital mortality (34). Recognizing the need to evolve from binary determination of CS, which does not adequately describe the spectrum and myriad of etiologies and phenotypes or the varied clinical presentations of shock, a multidisciplinary workgroup at the Society for Cardiovascular Angiography and Intervention (SCAI) established a five stage (A to E) classification system for CS in 2019, encompassing the full spectrum of the syndrome based on physical examination findings, laboratory markers, and invasive hemodynamics (35). The SCAI classification system has undergone retrospective and prospective validation in several single center and multicenter registries, with the most recent iteration published in 2022 emphasizing the presence of cardiac arrest with coma as an adverse effect modifier, dynamic baseline and maximum SCAI staging and serial re-staging, and treatment intensity to stratify risk (7, 36–38).

In the SCAI taxonomy, each stage of CS severity is defined by biochemical, physical exam, and hemodynamic findings with the development of tissue hypoperfusion, end-organ dysfunction, and the need for hemodynamic support heralding the transition from pre-shock (Stage B) to later stages (C-E) (35). In 2022, SCAI proposed the addition of a 3-axis model of CS evaluation and prognostication to SCAI staging, recognizing the dynamic nature of shock, and serving as a reminder to individualize patient care based on risk modifiers, clinical phenotype, and comorbidities (37).

More recently, the Cardiogenic Shock Working Group (CSWG) has proposed a pragmatic revision to the SCAI classification to allow for patient risk-stratification using consistent and uniform definitions (36). Utilizing data from 3,455 patients across 17 hospitals from 2016 to 2021, the SCAI-CSWG classification provides specific threshold values to define hypotension (SBP and MAP) and hypoperfusion [lactate, alanine transaminase (ALT), pH] across all stages, and incorporates other relevant variables including treatment intensity (number of vasoactive agents, inotropic therapy, and acute MCS devices) and out-of-hospital cardiac arrest (OHCA). In brief, under the newly refined classification, SCAI-CSWG Stage A is a broad representation of a myriad of hemodynamically stable patients with known cardiac diagnoses which place them at risk for CS. SCAI-CSWG Stage B patients are defined as having either isolated hypotension (SBP 60–90 mmHg or MAP 50–65 mmHg) or hypoperfusion (lactate 2–5 mmol/L or ALT 200–500 U/L) without the need for drug or device therapy. SCAI-CSWG Stage C represents the more “classic CS” patients with hypoperfusion (lactate 2–5 mmol/L or ALT 200–500 U/L) and hypotension (SBP 60–90 mmHg or MAP 50–65 mmHg) or requiring one drug or tMCS device. SCAI-CSWG Stage D patients represent those deteriorating despite initial therapies who remain hypotensive (SBP 60–90 mmHg or MAP 50–65 mmHg) with signs of worsening hypoperfusion (lactate 5–10 mmol/L or ALT >500 U/L) requiring 2–5 treatment-intensive drugs or tMCS devices or have persistent hemodynamic instability on one drug or device. Lastly, SCAI-CSWG Stage E, or extremis shock, represent patients with (1) refractory hypotension (SBP <60 mmHg or MAP <50 mmHg), (2) refractory hypoperfusion (lactate >10 mmol/L), (3) requiring >3 drugs or tMCS devices, or (4) suffering an OHCA with coma. One significant difference between the original proposed SCAI system and the new SCAI-CSWG nomenclature centers around the definition of Stage B (beginning) shock, the latter allowing for earlier recognition and more reliable capture of patients with normotensive hypoperfusion—a largely unrecognized entity increasingly identified as an independent risk factor for CS mortality (36). In this manner, the SCAI-CSWG classification provides a granular, uniform taxonomy for risk stratification to delineate the temporal progression of CS across SCAI Stages (36).

Invasive hemodynamic assessment may also be useful in the classification of CS. The original Diamond-Forrester nomenclature initially proposed binary classification of HF patients with respect to perfusion and congestion based on the initial cardiac index and pulmonary capillary wedge pressure (PCWP) assessments, respectively (39–41). Modern day hemodynamic profiling of CS has become more nuanced, further classifying CS with distinct congestive profiles including “LV-dominant”, “RV-dominant”, and “biventricular (BiV)” shock profiles (33). LV-dominant CS is characterized by reduced LV function with elevated PCWP and normal or reduced CVP, while RV-dominant CS is characterized by elevated CVP with relatively preserved LV function and normal to low PCWP and pulmonary artery pressure. Lastly, as the name suggests, BiV shock is characterized by reduced LV function with elevated right and left cardiac filling pressures (1, 35). A sub-study of SHOCK registry reported similar in-hospital mortality in patients with RV vs. LV shock (53% vs. 61%, p = 0.30) (42). However, recent literature suggests that BiV shock is not only the most commonly observed profile out of the three congestive entities but also is a significant independent predictor of mortality when compared to LV congestion profile [aOR 2.4 (95% CI 1.4–3.7)] or no congestion [aOR 2.1 (95% CI 1.1–4.0)], and not necessarily driven by RV predominant shock (43).



Acute myocardial infarction related cardiogenic shock (AMI-CS)

With an aging population and associated frailty syndromes, up to 10% of patients presenting with AMI are likely to not only have profound hemodynamic perturbations, but also complex coronary artery disease (CAD), to include multivessel disease, chronic total occlusions and calcified vasculature (2, 44, 45). In patients with pre-existing CAD, even small ischemic injuries can precipitate CS, jeopardizing up to 40% of myocardial mass (46). Initially coined a “downward spiral” by Hollenberg in 1999, the central pathophysiologic premise of AMI-CS is an ischemic insult from an acute coronary thrombosis resulting in regional myocardial necrosis, impaired cardiac output due to concomitant systolic and diastolic dysfunction, elevated intracardiac filling pressures and reflexive sympathetic activation resulting in systemic vasoconstriction and heightened afterload (47). The timing of CS onset following AMI is variable, with a post-hoc analysis of the SHOCK Trial registry reporting a median time from AMI symptoms to CS onset of 6 h, with the greatest delay in patients in which the left anterior descending artery was the culprit vessel (48). Up to 20% of patients with AMI-CS may also develop refractory and non-infectious SIRS, due to the upregulation of nitric oxide synthetase and associated cytokines (49). These patients are at increased risk for non-cardiac organ dysfunction as well as higher in-hospital and one-year mortality rates across the CS severity spectrum. Lastly, patients with AMI may develop CS due to mechanical complications, such as ventricular septal defects, papillary muscle rupture with consequent severe mitral regurgitation, and free wall rupture (50). The landmark SHOCK Trial fundamentally altered our understanding and treatment approach to AMI-CS after it demonstrated a 13% absolute reduction in all-cause mortality at one year in patients undergoing revascularization (10). The prognostic relevance of timely invasive reperfusion in this patient population was further reinforced by the findings of the Feedback Intervention and Treatment Times in ST-Elevation Myocardial Infarction (FITT-STEMI) trial which demonstrated every 10 min treatment delay was associated with 3 additional deaths per 100 patients with AMI-CS undergoing percutaneous coronary intervention (PCI) (51). The classic term “golden hour” was coined by R. Adams Cowley in 1975 where he stated, “the first hour after injury will largely determine a critically injured person’s chances for survival.” This “golden hour” in CS management must include prompt identification followed by timely revascularization, resuscitation, and admission to CICU for escalating levels of care as appropriate (52). While the term “door to balloon” (D2B) is pertinent for ST-elevation myocardial infarction (STEMI) cases, in the realm of CS, the analogous “shock to support” (S2S) and “shock to perfusion” (S2P) durations have yet to be established. These timelines reflect the window for restoring adequate blood pressure and preventing multiorgan failure, comparable to the urgency of re-establishing coronary blood flow in STEMI patients. Basir et al. demonstrated the impact of early intervention on associated survival rates. Initiating tMCS within 1.25 h of shock onset yielded a survival rate of 66% in contrast to 26% when tMCS was initiated beyond 4.25 h (53). Despite advances in interventional therapies and systems-of-care strategies for the treatment of STEMI, AMI-CS continues to pose a challenge to health systems and clinicians worldwide given its multiorgan system ramifications (54).



Emergency department care

Prompt recognition of CS by emergency medical services (EMS) personnel and emergency department providers is key to ensuring timely treatment of patients with AMI with circulatory collapse. Steps to expedite the care of AMI-CS include early 12-lead electrocardiogram acquisition, administration of vasopressors (preferably norepinephrine and avoidance of phenylephrine) to achieve MAP >65 mm Hg, mechanical ventilation, point-of-care echocardiography to assess for mechanical complications, and immediate transfer to a primary PCI-capable facility (55–58). While patients with SCAI Stages A or B AMI-CS may proceed directly to cardiac catheterization laboratories (CCL), those with SCAI stage C or D may first require adjunctive stabilization measures while also mitigating any significant delays to invasive reperfusion (59). For patients with SCAI stage E AMI-CS, particularly those without ST-segment elevation, and who may have had prolonged out-of-hospital cardiac arrest, refractory ventricular arrhythmias and severe lactic acidosis with unfavorable prognosis, careful multidisciplinary team review of expected prognosis and elucidation of prior patient wishes and goals of care is warranted, often followed by formal palliative care consultation (60, 61).



Best practices for vascular access

Transradial access has now been recognized as the default approach for coronary angiography and PCI for patients with acute and chronic coronary syndromes following clinical trial data demonstrating reductions in major bleeding and vascular complications as compared to the femoral approach (62–64). These findings have been similarly noted in patients with AMI-CS (65). It is recognized, however, that AMI-CS is an important predictor of transradial access failure, as these patients have systemic constriction and are often receiving vasoactive therapies. They may also concomitantly require large bore access to facilitate implantation of tMCS (66). Therefore, if radial access is challenging or tMCS is required, concerted efforts should be made to employ safe femoral access using contemporary multimodality imaging techniques (67). The core elements of “vascular safety bundles” include routine ultrasound and fluoroscopic guided micropuncture access, pre-and post-procedure run-off angiography, and validated hemostatic protocols (68). In select patients with peripheral vascular disease or severely constricted lower extremity vessels, further measures may be undertaken to mitigate the risk for bleeding and vascular complications. These include upstream SHiP (Single access for High Risk PCI) in patients supported with Impella CP (Abiomed, Danvers, MA) and use of distal perfusion catheters in patients requiring downstream tMCS who are at risk for acute limb ischemia (68, 69).



Antithrombotic therapy

Multiple factors pose a challenge to achieving prompt, safe, and consistent antithrombotic effects in AMI-CS including but not limited to: (1) impaired absorption of oral P2Y12 inhibitors due to microcirculatory dysfunction and opioid induced enteral dysmotility; (2) platelet dysfunction due to hypothermia during targeted temperature control (TTC), microcirculatory thrombosis, myeloid dysfunction and acute renal failure; (3) impaired cytochrome P450-dependent activation of clopidogrel due to hepatosplanchnic malperfusion; and (4) bleeding and vascular complications due to large bore access (59). To date, recommendations for antiplatelet and antithrombotic treatments in AMI-CS have been extrapolated from patients with hemodynamically stable acute coronary syndrome, given limited efficacy data in CS (70). Given the high burden of hepatic and renal failure in CS with associated risk for inconsistent pharmacokinetics and pharmacodynamics, the AHA Position Statement on CS and European guidelines recommend the use of unfractionated heparin as the anticoagulant of choice due to its rapid offset and reversibility (1, 71).

Dual antiplatelet therapy (DAPT) with aspirin and oral P2Y12 inhibition is the mainstay of contemporary antiplatelet therapy in patients with AMI. The newer generation P2Y12 inhibitors prasugrel and ticagrelor, in crushed formulations, are generally the preferred oral agents because of their rapid onset of action and favorable pharmacodynamics compared to clopidogrel (72–75). In circumstances where oral bioavailability may be limited, use of the intravenous P2Y12 inhibitor cangrelor to bridge the gap in platelet inhibition may be warranted. With the ability to achieve steady state concentration within 2 min of infusion and a half-life of less than 6 min, cangrelor has been studied in cardiac arrest patients and has been demonstrated to impart more consistent platelet inhibition without increased risk for bleeding compared to oral agents (76). The Dual Antiplatelet Therapy for Shock Patients with Acute Myocardial Infarction trial (DAPT-SHOCK-AMI) (ClinicalTrial.gov: NCR03551964) is an ongoing multicenter randomized study comparing the primary clinical and laboratory endpoints of 30-day death/myocardial infarction/stroke and ADP-induced platelet aggregation between cangrelor and ticagrelor in AMI-CS. There is limited data regarding the clinical utility of glycoprotein IIb/IIIa inhibitors in AMI-CS, with concurrent class IIa recommendation in select non-CS AMI patients with high thrombus burden, no-reflow phenomenon or abrupt periprocedural vessel closure (63, 77).



Revascularization strategy

Up to 80% of patients with AMI-CS will have multivessel CAD, an independent predictor of morbidity and mortality in this patient population (78). Despite clinical precedent favoring coronary artery bypass grafting (CABG) in patients with ischemic left ventricular dysfunction, less than 7% of shock patients undergo surgical revascularization given their elevated risk for perioperative morbidity and mortality (21, 79). Notwithstanding the merits of complete revascularization in patients with hemodynamically stable acute coronary syndromes, gaps remain in knowledge regarding the extent of revascularization strategies that most benefit patients with AMI-CS (80). To date, only one large, multicenter randomized clinical trial has addressed this issue. The Culprit Lesion Only PCI vs. Multi-vessel PCI in Cardiogenic Shock (CULPRIT-SHOCK) trial demonstrated a 17% absolute reduction in the primary endpoint of 30-day death or renal replacement therapy with culprit-vessel PCI (2). Similar findings were noted at one year, with the caveat that the culprit revascularization cohort had higher rates of heart failure rehospitalization and repeat revascularization during this intermediate time period (81). The applicability of this study’s findings to real world practice has been challenged, as fewer than one-third of all patients had tMCS and nearly one-quarter of the multivessel cohort also underwent PCI of coronary chronic total occlusions, a practice that has not been demonstrated to improve cardiac function in non-CS patient with acute coronary syndrome (82). A recent sub-study of the National Cardiogenic Shock Initiative (NCSI), for instance, showed no differences in in-hospital mortality, acute kidney injury and length of stay in patients with AMI-CS undergoing multivessel PCI when Impella was implanted prior to revascularization (83). The US and European guidelines have nevertheless downgraded the practice of ad-hoc multivessel PCI in AMI-CS to a Class III recommendation based on the CULPRIT-SHOCK findings (63, 64). Similarly, there is a paucity of data regarding coronary stent platforms in AMI-CS (84). However, iterative advances in drug elution pharmacokinetics and emerging data suggest ischemic equipoise with attenuated bleeding risk in select high-risk patients undergoing PCI; drug-eluting stents are preferred over bare-metal stents in patients undergoing PCI (85).



Heart failure related cardiogenic shock (HF-CS)

In the last decade, HF-CS has been recognized as a distinct etiology which varies from AMI-CS not only in terms of pathophysiology and clinical presentation but also with respect to acute management and long-term prognosis (17). The pathophysiology of HF—CS also varies depending on de novo vs. acute on chronic HF-CS subtypes. Chronic HF primarily manifests as congestion due to cardiac dysfunction involving increased systemic vascular resistance and redistribution of blood from the splanchnic circulation as previously discussed. These changes, including venoconstriction and elevated CVP, contribute to organ congestion, impaired renal function, and hepatic dysfunction (26). Over time, cardiovascular and muti-organ adaptations to these derangements allow patients with chronic HF to tolerate conditions that would be critically dangerous if they occurred suddenly (86). When ventricular function is severely impaired, chronic HF progresses to HF-CS, resulting in worsening hypoperfusion and subsequent acute on chronic hepatic and renal injury, lactic acidosis, reduced coronary perfusion, and further activation of baroreceptors and chemoreceptors. These factors create a vicious cycle that worsens cardiac function, and the body enters a state of systemic inflammatory response syndrome culminating in multiorgan failure and death.

Initial assessment of HF-CS should include identifying the underlying etiology of HF-CS, the severity of CS using the SCAI stage definitions, and determining the hemodynamic congestive profile. Based on the recent CSWG observational data, 90% of the patients with SCAI B deteriorated to a higher SCAI stage (i.e., C/D/E) during the course of their index hospitalization; the mean time to achieving the maximum SCAI stage was 52 h (36). Hence, early institution of PA catheter guided hemodynamic management may be useful in identifying worsening HF-CS patients sooner and potentially lead to improved outcomes (87, 88). Patients with worsening hypotension and hypoperfusion with elevated lactate levels and evidence of end-organ dysfunction should be transferred to dedicated AHA Level 1 cardiac ICUs with invasive hemodynamic monitoring to reduce the risk of progression to hemometabolic HF-CS. Zweck and colleagues described this phenotype of HF-CS patients with near complete loss of compensatory reflex mechanism to maintain CO combined with multiorgan failure as hemo-metabolic HF-CS, and this subset of patients carry the highest risk of mortality among various HF-CS phenotypes (89).

Elevated filling pressures have been recognized as a strong predictor of adverse outcomes as opposed to CO alone in the advanced HF population (90). Co-administering loop diuretics with thiazides and thiazide-like diuretics (distal sodium reabsorption blockade) or with acetazolamide (proximal sodium reabsorption blockade) can overcome diuretic resistance via sequential nephron blockade and help attain successful decongestion (euvolemia) as shown in the ADVOR (Acetazolamide in Acute Decompensated Heart Failure with Volume Overload) trial, albeit in HF patients without CS (91).

For patients experiencing clinical deterioration and failing to meet hemodynamic goals despite initial therapeutic interventions, a selective and tailored approach to MCS device selection is recommended based on the severity of HF-CS with the goal of achieving hemodynamic unloading and restoring systemic perfusion (59). The application of MCS should be contextualized within a broader strategy aimed at either bridging the patient to advanced therapies or facilitating myocardial recovery. However, it is imperative to exercise caution when considering MCS use if exit strategies are not available; palliative care consultation should be considered if not concurrently pursued. A detailed review of temporary MCS, including IABP, Impella CP and Impella 5.5, and VA ECMO is provided in the sections below.




CICU management of cardiogenic shock


Shock teams and regionalized systems of care for CS

Team-based interventions have been shown to expedite care and improve outcomes for a number of high-mortality conditions, such as trauma, cardiac arrest, sepsis and stroke (92–95). The initial experience and feasibility of a team-based approach to CS was first described at the Mayo Clinic in Arizona, where mobile ECMO teams consisting of a cardiac surgeon, perfusionists and critical care nurses were deployed to the community to rapidly resuscitate and stabilize patients in refractory circulatory collapse with VA-ECMO and to transfer them back to local tertiary care center for follow-on care (96). These patients fared better than those stabilized at the community hospital, with survival to discharge of 56% vs. 30%, respectively (96). Given these initial favorable findings and recognizing the time-sensitive clinical nature of CS, researchers issued a clarion call to action in 2015 for centers to employ multidisciplinary “shock teams” in the care of patients with refractory hemodynamic compromise (97). Since then, several dedicated single center shock registries have published their findings following implementation of institutional shock teams, demonstrating associated improvements in short-term outcomes across the severity spectrum and phenoprofiles of CS (Table 1) (11–14). Clinical researchers at Inova Health System were among the first in the country to adopt this care paradigm for patients with both AMI-CS and HF-CS, demonstrating a significant associated improvement in 30-day survival (77% in 2018 vs. 47% in 2016; p < 0.001) following implementation of a one-call shock team activation, hemodynamically driven protocols for drug and device-based selection, and institutional best practices around vascular access and closure (11). The Critical Care Cardiology Trials Network (CCCTN), a multicenter collaborative of North American Level 1 CICUs, similarly showed favorable outcomes in 10 out of 24 sites with standardized team-based approached to CS, with significant reductions in CICU mortality (23% vs. 29%; aOR 0.72; 95% CI: 0.55–0.94; p = 0.016) and enhanced utilization of PACs and advanced MCS compared to centers without dedicated shock teams (98). Based on the amalgam of this observational data, the 2022 AHA/ACC/HFSA HF guidelines have awarded a class IIa recommendation for the utilization of multidisciplinary shock teams in the triage and follow-up care of patients with CS (99).


TABLE 1 Clinical studies evaluating outcomes in cardiogenic shock after implementation of standardized team-based approach.
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Addressing regional disparities in management and outcomes remains a major knowledge gap in CS care (59, 100). The 2017 AHA scientific statement on CS endorsed a systems of care approach to management, through the development of regionalized shock networks promoting interhospital collaboration and centralized care at regional destination centers using time-sensitive transfer protocols (1). A tiered-based approach to CS care has been correspondingly described to categorize centers based on the local levels of interventional, surgical, and critical care expertise (55). In these proposed networks, level 1 or “hub” institutions are tertiary or quaternary care centers with 24/7 PCI capabilities, cardiothoracic surgery, and advanced MCS availability. These centers employ “high-intensity” CICUs which are often co-managed by critical care cardiologists and intensivists and provide multiorgan system services and durable cardiac replacement therapies. Level 2 and 3 hospitals, referred to as “spoke” centers, have more limited resources, with the former capable of providing primary PCI services and limited temporary MCS such as IABP, and the latter equipped with emergency medical departments, general medical intensive care units and advanced cardiovascular life support capabilities (Figure 1) (55). Clinical investigators at Inova Health System were among the first in the country to implement and publish an integrated shock network with 34 partnering spoke shock care centers in the Washington DC-Maryland-Virginia region. Through collaboration and integration of care protocols between providers at the spoke institutions and the local shock team at the level 1 center, no significant differences were noted between patients with CS, irrespective of whether they were initially triaged at a Level 1 or 2/3 center, with respect to in-hospital mortality, 30-day mortality, major bleeding complications, stroke, and 30-day major adverse cardiovascular and cerebrovascular complications (101). The 2022 AHA/ACC/HFSA HF guidelines provide a class IIb recommendation for the early triage of patients with CS who are refractory to initial stabilizing measures to level 1 centers with advanced MCS and critical care expertise (99). As we continue to learn about the advancements in the field of cardiogenic shock and its implications on patient management with use of tMCS devices, the original protocol for management of CS put forth by our task force at Inova has undergone several revisions and the most recent formulation stratified by AMI-CS and HF-CS are presented in Figures 2A,B, respectively. The CS team activation and coordination protocols are presented in Supplementary Figures 1 and 2.
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FIGURE 1
Central illustration. Proposed algorithm of cardiogenic shock management within a regionalized shock network by a multidisciplinary shock team. A contemporary systems of care approach for cardiogenic shock (CS) management by a multidisciplinary team in a “hub and spoke” model. This allows for timely diagnosis with early comprehensive invasive hemodynamic assessment. Early, selective, and tailored mechanical circulatory support (MCS) based on CS phenotype and congestive profiles is crucial for CS management in the modern era. This is also predicated on expedited transfer to the level 1 CS centers of excellence for team-based and comprehensive multiorgan system care. AHF, Advance Heart Failure; AMI, Acute Myocardial Infarction; CS, Cardiogenic Shock; IABP, Intra-Aortic Balloon Pump; LV, Left ventricle; LVAD, Left Ventricular Assist Device; MCS, Mechanical Circulatory Support device, SCAI, Society for Cardiovascular Angiography and Interventions; VA-ECMO, Veno-Arterial Extra Corporeal Membrane Oxygenation.
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FIGURE 2
(A,B) schematic representation of the care pathways in the upstream and critical care management of patients with acute myocardial infarction (AMI, 4a) and acute decompensated heart failure (HF, 4b) cardiogenic shock (CS) at the INOVA schar heart and vascular institute. BiV, Biventricular; CPO, Cardiac Power Output = [mean arterial pressure x cardiac output]/451; PAPi, Pulmonary Artery Pulsatility Index = [systolic pulmonary arterial pressure—diastolic pulmonary arterial pressure]/right atrial pressure; PMCS, percutaneous Mechanical Circulatory Support; SBP, Systolic Blood Pressure, other abbreviations as in Figures 1, 2.
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Vasopressors and inotropes

The acute management of patients with CS requires successful augmentation of cardiac output, typically with intravenous vasopressors and inotropes (102). These agents may enhance myocardial contractility by targeting the system of myocardial calcium fluxes, modulating adrenergic receptors or through phosphodiesterase inhibition (102). Although norepinephrine is often recommended as the first-line agent of choice for treatment of AMI-CS, data from clinical trials is limited. A subgroup analysis of the SOAP-II trial showed that norepinephrine appeared superior to dopamine based on fewer deaths in the CS subgroup (103). Epinephrine was associated with higher incidence of refractory AMI-CS than norepinephrine in the OptimaCC Study (56). Milrinone was associated with greater rates of sustained hypotension and atrial arrhythmias without any difference in cardiovascular-related hospital days as compared to placebo in the OPTIME-CHF Study (104). The DOREMI (Dobutamine Compared with Milrinone) trial, a double-blind randomized clinical study comparing dobutamine with milrinone in patients with AMI and HF-related CS, did not find any differences with regard to the composite or individual end-points of in-hospital death, resuscitated cardiac arrest, non-fatal myocardial infarction, transient ischemic attack, stroke, renal replacement therapy or need for mechanical circulatory support or heart transplant between patients randomized to milrinone or dobutamine (6). Despite frequent and prolonged administration of these drugs in the treatment of patients with CS, they all may have deleterious effects on energetic efficiency, as they may further increase myocardial oxygen demand by way of refractory ischemia, arrhythmias, and vasodilatory hypotension (102). An observational analysis from the CSWG registry demonstrated that concatenation of vasoactive therapies, independent of tMCS, was associated with worse mortality. Given that multiple vasoactive and/inotropic agents are often used contemporaneously, concerted efforts should be made to properly assess the drug(s) of choice based on their effects on right and/or left ventricular congestive profiles and to minimize the total number and duration of administration of vasopressors and inotropes (59). Clinical guidelines currently endorse a Class I recommendation for the utilization of vasopressors and/or inotropes in CS in the 2022 AHA/ACC/HFSA Guidelines for Heart Failure (105).



Invasive hemodynamic monitoring

A growing body of evidence now supports routine early invasive hemodynamic assessment with PAC use for HF-CS despite initial preliminary studies failing to show benefit (11). The Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial, a randomized controlled trial (RCT) of 433 patients with symptomatic, recurrent HF without CS who were assigned to PAC-guided volume optimization or clinical assessment alone failed to demonstrate an impact of PAC use on primary composite endpoint of days alive and out of the hospital at 6 months (106). Most notably, however, the ESCAPE trial did not specifically evaluate patients with CS for whom inotropic and vasopressor therapy was frequently used or for assessment of potential candidacy for MCS (107). The eligibility criteria in the ESCAPE trial also excluded patients with severe HF decompensation, significant renal dysfunction (creatinine >3.5 mg/dl), prior use of inotropic therapy, and those with pulmonary hypertension—a subset of patients who ultimately may have benefitted most from PAC-guided therapy (107). Nevertheless, the overall use of PAC among patients with HF continued to decline from 2004 to 2014 including in patients with CS (88).

Subsequently, given the controversy and limitations of ESCAPE, there have been several registries and emerging studies advocating for the incorporation of early invasive hemodynamic monitoring as a standard of care in contemporary CS management, as PAC use may lead to earlier and more accurate identification of CS phenotyping to tailor specific medical and device-based therapies (11). A contemporary analysis of 1,531,878 CS admissions from the NIS database from 2004 to 2018 observed significant regional variations in the employment of invasive hemodynamics, with the highest rate of PAC use in the Northeast United States and in urban teaching hospitals (22). Based on these findings and subsequent negative studies, societal guidelines have provided only limited recommendations regarding the use of PACs in CS, with the 2022 AHA/ACC/HFSA guidelines for the management of HF providing a Class IIa recommendation for invasive hemodynamics only in select patients with HF and worsening symptoms or signs of end organ perfusion despite optimal medical therapy and a Class IIb recommendation for its use in CS (99).

There are several potential theoretical advantages to the routine use of upfront, routine invasive hemodynamics in CS which have been postulated: (1) Timely diagnosis of CS, including assessment of RV and LV congestive profiles and elucidation of SCAI classification; (2) Optimal use of hemodynamically tailored tMCS with serial follow-up assessments to inform decision making around device escalation or de-escalation; and (3) Correlation of cardiac performance with congestion to further inform risk stratification of patients with CS and multiorgan system dysfunction (33, 36). There is an emerging body of evidence suggesting that routine PAC use may be associated with improved survival in CS, particularly in patients with tMCS (11, 12, 88, 108, 109). These observational contemporary studies have demonstrated reductions in CICU- and in-hospital mortality in patients with AMI-CS and HF-CS across all SCAI stages, particularly when complete PAC data was obtained within 6 h of hospital admission and prior to tMCS implantation (88, 108). Furthermore, routine invasive hemodynamic monitoring has been a core element in contemporary CS treatment algorithms (33). For instance, the National Cardiogenic Shock Initiative (NCIS), a single-arm, prospective, multicenter registry of AMI-CS in the United States, found that using a standardized protocol emphasizing routine invasive hemodynamic monitoring and rapid initiation of tMCS resulted in a 72% survival to discharge rate for patients presenting with AMI-CS (12). This was indeed achieved through an aggressive utilization of PAC (performed in 92% cases) and tMCS implanted in 74% prior to PCI. Likewise, recent outcome data analysis from the CSWG registry demonstrated that the mortality rates differed significantly between patient groups with no PAC profiling, incomplete PAC profiling, and complete PAC profiling (26). Patients in the complete PAC assessment group had the lowest in-hospital mortality rates across all SCAI stages [aOR 1.57 (95% CI 1.06–2.33), compared with no PAC assessment] (43). Furthermore, in an analysis of administrative data from the Nationwide Readmissions Database including over 230,000 hospitalizations for CS between 2016 and 2017, the use of PAC was associated with a significantly lower in-hospital mortality [aOR 0.69 (95% CI 0.66–0.72)] (110). More recent data from the CCCTN, a multicenter network of level I CICUs in the United States across 34 centers, again demonstrated that PAC use, even after adjustment for factors associated with their placement, was associated with lower mortality in all shock patients admitted to a CICU [OR 0.79 (95% CI 0.66–0.96); P = 0.017] (88). Currently, the latest European Society of Cardiology Guidelines for Acute and Chronic Heart Failure have recommended that invasive hemodynamic monitoring coupled with a standardized team-based approach may be associated with improved patient survival (111). An expert consensus statement from SCAI also stressed that defining CS phenotypes using invasive hemodynamics may help to guide therapy, particularly with respect to identifying patients who may require RV or BiV support (35).

Given that no RCTs have prospectively tested the utility of PAC use among patients with acute decompensated HF-CS (ADHF-CS), the Pulmonary Artery Catheter in Cardiogenic Shock (PACCS) trial (NCT05485376) is a registry-based trial designed by the CSWG and will test the hypothesis that early invasive hemodynamic assessment (within 6 h of randomization) and ongoing management with a PAC decreases the primary endpoint of in-hospital mortality compared to clinical management with delayed (beyond 48 h after randomization) or no PAC-guided assessment among patients with ADHF-CS (112). As a randomized, multicenter, adaptive design trial, PACCS intends to enroll 400 patients across several sites in the United States with a study duration of 4 years (112). Outside of hemodynamic monitoring in the inpatient setting, there remains a paucity of data testing the efficacy of remote hemodynamic monitoring in the outpatient setting to prevent adverse outcomes following CS hospitalization. The Hemodynamic monitoring to prevent Adverse events foLlowing cardiOgenic Shock (HALO Shock) trial (NCT04419480) is a prospective, unblinded study at the Inova Schar Heart and Vascular Institute that will test the hypothesis in a 1:1 randomized fashion that remote hemodynamic monitoring with CardioMEMS (Abbott) device implementation improves outpatient management including medication titration to prevent adverse outcomes following CS hospitalization (113). HALO Shock is a pilot study that has the potential to transform care for shock survivors with persistent congestion at high risk of subsequent morbidity and mortality following CS.



Temporary mechanical circulatory support devices

Temporary mechanical circulatory support (tMCS) devices are increasingly utilized in the management of CS worldwide. An analysis of 110,462 AMI-CS admissions from the NIS database from 2005 to 2014 demonstrated that tMCS was used in 55% of cases (114). Similar findings have been noted in European registries, yet with shifts toward greater employment of advanced tMCS platforms such as microaxial flow percutaneous ventricular assist devices (pVAD) and veno-arterial extracorporeal membrane oxygenation (VA-ECMO) (115). To date, RCTs evaluating pVAD and VA-ECMO in AMI-CS have not demonstrated an improvement in short-term outcomes compared to either medical therapy or conventional IABP counterpulsation (3–5). Recent large scale administrative claims data studying the use of pVADs in AMI-CS, in fact, suggest that routine employment of these devices in the management of CS patients may be associated not only with increased risk for short-term and one-year mortality, but also major bleeding complications, acute kidney injury, and stroke (66, 116, 117). As a result, the indications for tMCS in AMI-CS, timing of implantation, and how to best incorporate them into shock management protocols remains an evolving area of controversy, and clinical practice guidelines currently delineate the routine employment of these devices in AMI-CS care as a Class IIb (Level of Evidence: C) recommendation (44, 117). Mechanistically, tMCS devices may serve as bridging vehicles to myocardial recovery or cardiac replacement therapies by not only reducing intracardiac filling pressures and LV stroke work but also augmenting coronary and end-organ perfusion (59). Optimal tMCS device selection should be tailored to not only severity of the shock state, but also the respective congestive profiles and phenotypes, thus requiring a nuanced understanding of how each device platform can modulate right and left ventricular pressure-volume loop hemodynamics (26, 59). Given regional variations in the expertise and management of tMCS, centers caring for patients with these devices should employ standardized protocols not only around device insertion and removal, but also continuous monitoring in the CICU to mitigate the associated risks for bleeding, vascular complications, hemolysis, and afterload mismatch associated with these devices (68, 118). Ongoing trials evaluating the role of tMCS devices in CS are summarized in Table 2.


TABLE 2 Ongoing, select clinical trials assessing the role of mechanical circulatory support devices.
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There is emerging data from several North American CS single-center registries that select utilization of tMCS devices based on time-sensitive protocols may be associated with improved survival (12, 119, 120). The 2022 AHA scientific statement on tMCS similarly endorsed an algorithmic approach to device selection and subsequent escalation and de-escalation of tMCS using a standardized framework which integrates timely, interdisciplinary input and collaboration based on serial invasive hemodynamics, clinical, and laboratory data (121). While early implantation of tMCS device to offset or reverse the ensuing end-organ dysfunction may seem attractive, the deleterious risks associated with these devices and their potential complications needs to be appreciated given the absence of any robust RCT supporting mortality benefit from instituting tMCS (Figure 3). In select patients with increasing number and doses of inotropes and/or vasopressors, one must consider escalation to tMCS strategy in order to minimize the risk of arrhythmias and increasing myocardial oxygen demand. An interdisciplinary shock team evaluation as soon as CS is identified is of utmost importance, so that appropriate and tailored MCS device can be deployed. Although no absolute level of lactate reliably differentiates between patients with and without poor prognosis, early lactate clearance within the first 6–8 h of CS onset and/or at 24 h has shown to be more prognostic in identifying treatment responders and associated with overall improved survival (32, 122). The International Society for Heart and Lung Transplantation, in collaboration with the Heart Failure Society of America, has published guidelines on employing tMCS in specific populations, including women, ACHD, the elderly and frail, as well as those who are obese. These guidelines address implementation timing, patient specific device selection, and emphasizes the importance of involving patients and their families in the decision-making process through the use of decision aids (123).
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FIGURE 3
Optimizing patient-centric care: mechanical circulatory support considerations for appropriate use of selective and tailored approach to available devices. The figure illustrates the intricate process of achieving optimal patient-centered care in the context of MCS use. The achievement of the right patient, at the right time, with the appropriate MCS device, and in the right clinical setting who should be managed at an appropriate level of CS center in a regionalized shock network, is a complex endeavor influenced by a multitude of factors. AMI, Acute Myocardial Infarction; CICU, Cardiac Intensive Care Unit; CS, Cardiogenic Shock; HF, Heart Failure; LVAD, Left Ventricular Assist Device; SCAI, Society for Cardiovascular Angiography and Interventions.




Intra-aortic balloon pump

IABP plays a crucial role in cardiac support by employing the principle of counterpulsation. These medical devices consist of balloon-mounted catheters with a volume capacity ranging from 25 to 55 cc, strategically positioned in the descending aorta. The mechanism involves inflation during diastole, which enhances central aortic root diastolic pressure and coronary perfusion. During systole, the balloon deflates, creating a negative pressure zone, consequently reducing LV afterload. This leads to a decrease in LV cardiac work and myocardial oxygen consumption while simultaneously augmenting cardiac output by up to 1 L/min. The clinical efficacy of IABPs has been explored through randomized controlled studies, almost exclusively in cases of AMI-CS (124, 125). The IABP-SHOCK II trial randomized AMI-CS patients to IABP or standard therapy and found no significant difference in 30-day mortality, leading to the conclusion that routine IABP use did not improve survival in this patient population (124). In contrast, IABPs have been associated with improved outcomes in patients with HF-CS, albeit in nonrandomized studies, serving as a bridge to durable LVAD or orthotopic heart transplantation (HT) (126–129). Notably, there is some evidence to suggest the presence of IABP-responders and non-responders. IABP insertion has shown benefits in patients with non-ischemic cardiomyopathy and higher pulmonary artery pulsatility index (PAPi) scores, indicating its potential utility in appropriate patient selection for HF-CS (126). High SVR, low cardiac index at baseline, and diabetes mellitus have also been shown to be positive predictors of IABP response (130). The ongoing AltShock-2 trial (NCT04369573) aims to address this knowledge gap by prospectively comparing IABP to vasoactive therapy in HF-CS patients, with a primary endpoint of 60-day survival or successful bridge to OHT (131).



Percutaneous ventricular assist device (pVAD)

Impella pVADs, developed by Abiomed Inc. (Danvers, MA), are catheter-based microaxial ventricular assist devices that can deliver up to 5.5 liters of cardiac output by using the principle of an Archimedes screw, harnessing the impeller’s rotational kinetic energy to displace blood from LV to aorta, thereby reducing the LV preload and oxygen consumption while increasing mean arterial pressure and tissue perfusion (132). In the U.S., Impella devices have been FDA approved to provide temporary support for 5–7 days (or 30 days for Impella 5.5), regardless of heart rate or residual LV contractility. However, limited randomized data on the efficacy of Impella on survival in CS have led to lack of endorsement from professional society guidelines, potentially causing variations in device selection and use across centers. Studies like ISAR-SHOCK and IMPRESS-in-Severe-SHOCK have compared Impella to IABP in AMI-CS (4, 132). While these studies have shown improvements in cardiac index with Impella, especially when initiated before primary PCI, they have not demonstrated reduced 30-day mortality as compared to IABP. Additionally, a meta-analysis involving percutaneous MCS devices has reported no significant mortality difference between Impella and IABP (133). However, it highlighted a higher bleeding risk associated with tMCS (134). RECOVER IV is a prospective, multicenter, randomized controlled open-label, two-arm trial with an adaptive design evaluating whether early Impella support in STEMI patients with CS prior to percutaneous intervention as compared to a non-Impella based standard of care treatment strategy reduces all-cause mortality at 30 days. Emerging interest surrounds pre-procedural LV unloading to enhance coronary reperfusion and clinical outcomes, with ongoing randomized trials investigating this novel therapeutic approach (135, 136). Impella RP Flex is a newer device specifically designed for right ventricular (RV) support, with an inlet either in the inferior or superior vena cava and an outlet in the pulmonary artery. When combined with left-sided Impella pumps, comprehensive biventricular support may be provided although this strategy has not been formally tested in clinical trials. Impella RP, the immediate predecessor of the Impella RP Flex, has shown safety and immediate hemodynamic benefits in the RECOVER RIGHT trial (137). In summary, the Impella platform of devices offer significant hemodynamic support in CS, particularly in AMI-CS cases but without any randomized data evidence of survival benefit to date. Thus, there is a need for more comprehensive clinical data to identify the appropriate patient population for timely device selection to optimize outcomes and inform clinical practice guidelines.

TandemHeart (LivaNova, Houston, TX) is percutaneously placed via a transseptal puncture for left sided support (TH-LVAD) and with ProtekDuo, supports the right side as well (TH-RVAD) (138, 139). TH can be utilized in cases such as LV thrombus and/or significant aortic regurgitation where transvalvular options are limited. By splicing an oxygenator into the circuit, it facilitates hemodynamic stabilization, perfusion, and decongestion with oxygenation analogously to VA-ECMO. Given the transseptal approach, the placement of TH-LVAD is complicated in the emergent setting and no mortality benefit has been proven for these devices yet (140, 141).



Extracorporeal membrane oxygenation (ECMO)

ECMO is commonly used as the first line tMCS strategy in patients with acute severe or refractory cardiac and respiratory failure. The configuration of ECMO determines whether it is providing gas exchange (veno-venous or VV-ECMO) or gas exchange with hemodynamic support (VA-ECMO) (142, 143). ECMO support can be inserted percutaneously via a large bore venous cannula inserted in a central vein which drains the de-oxygenated blood, cycles through an external oxygenator and a blood pump (centrifugal or rotational), and returns the oxygenated blood to a central artery via large bore arterial cannula. To prevent limb ischemia, a distal perfusion cannula is often used, usually placed through the superficial femoral artery and sometimes through the posterior tibial artery in a retrograde fashion. Typical access sites for VA ECMO cannulation include femoral or axillary arteries and jugular or subclavian veins (144–146). A key limitation to prolonged support with VA-ECMO is increased LV afterload which will be discussed in detail in the subsequent section. Systemic anticoagulation is needed because of the large cannula size, which exposes patients to the possibility of multiple complications; overall ECMO-associated morbidity and mortality are high. A 2014 meta-analysis of almost 1,900 patients reported up to 20% rate of lower extremity ischemia, up to 50% acute renal failure needing dialysis, and up to 40% rate of major bleeding in patients supported with VA-ECMO for CS and cardiac arrest (147). The ECMO-CS trial was recently published, comparing early VA-ECMO vs. salvage VA-ECMO in 122 patients with CS SCAI stage D or E (5). The trial enrolled around two-thirds AMI-CS patients excluding patients who were comatose after cardiac arrest. Unfortunately, the trial failed to demonstrate any significant difference between the two groups in the 30-day composite primary end point of death, resuscitated cardiac arrest, or escalation of MCS (63.8% vs. 71.2% respectively; hazard ratio, 0.72; 95% CI: 0.46–1.12); 30-day mortality did not differ (50.0% vs. 47.5%) (5). The trial had comparable but high rates of serious adverse events (60.3% vs. 61.0%). In addition, the multicenter, international EURO SHOCK trial aimed to determine if early use of VA-ECMO within 6 h (± only IABP for unloading) improves 30-day mortality in patients with persistent CS 30 min after primary PCI as compared to standard of care therapy (148). The trial aimed to enroll 428 patients but was able to enlist only 35 (13.25%) patients due to recruitment challenges amidst the coronavirus disease (COVID-19) pandemic. Patients with AMI complications such as ventricular septal rupture, ischemic mitral regurgitation, or LV free-wall rupture were excluded. The trial failed to demonstrate a significant difference in all-cause mortality at 30 days between the two groups (43.8% vs. 61.1%, HR = 0.56, 95% CI: 0.21–1.45, p = 0.22). The secondary outcome of major bleeding and vascular complications were numerically higher in the VA-ECMO group. Mortality at 12-months was numerically lower but statistically not significant in the VA-ECMO group (51.8% vs. 81.5%, HR = 0.52, 95% CI = 0.21–1.26, p = 0.14) (148). Given the low recruitment and limited patient enrollment, no definitive conclusions can be drawn from this trial. Most recently, the ECLS-SHOCK (ExtraCorporeal Life Support for Acute Myocardial Infarction complicated by Cardiogenic SHOCK) trial enrolled 420 patients with AMI-CS and randomized to ECLS or usual care group and reported no significant 30-day mortality difference (47.8% vs. 49.0%, p = 0.81). ECLS was associated with increased incidence of moderate or severe bleeding (23.4% vs. 9.6%, p < 0.05) (8). In light of the aforementioned studies, the optimal role of VA ECMO in AMI-CS remains to be determined.



LV venting

During peripheral VA-ECMO, retrograde flow generated towards the aortic valve by the arterial cannula increases LV afterload (149). The increased afterload produces LV distension increasing wall stress and oxygen demand of the myocardium (149, 150). Elevated LV end-diastolic pressure, worsens subendocardial ischemia thereby further reducing LV systolic function (Figure 4). In AMI-CS, with competent mitral valve and non-compliant LV, the risk for LV distension is higher as compared to patients with HF-CS (i.e., in chronic decompensated HF, the LV is often dilated with mitral annular dilatation), in which the mitral valve serves as a potential “pop-off” valve and leads to acute pulmonary edema. In AMI-CS cases supported with VA-ECMO recovery can be delayed and often difficult owing to the above mechanisms. An artificially high afterload results in the inability of the aortic valve to open, LV blood stasis, and thrombus formation with the potential risk of embolization to systemic circulation. The effect of increasing LV end-diastolic pressure results in elevated LA pressures, which in turn increases pulmonary venous pressure, resulting in pulmonary edema, hemorrhage, and eventually systemic hypoxia (151). Multiple strategies for LV venting and/or unloading can be used and each have their own advantages and disadvantages (Table 3). Common practices include reducing the ECMO flow, increasing inotropic therapy, or left ventricular venting via a pVAD insertion, left atrial septostomy, and surgical venting (Table 3).
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FIGURE 4
Pathophysiology of left ventricular distension during veno-arterial extracorporeal membrane oxygenation. The figure illustrates the pathophysiology of left ventricle (LV) distension which occurs during VA-ECMO as the outflow cannula generates retrograde flow towards the aortic valve, resulting in increased afterload. This results in high LV end-diastolic pressure (LVEDP) and increased LV end-diastolic volume (LVEDV), resulting in subendocardial ischemia, hindering LV recovery. In some cases, mitral valve may act as “pop-off” valve for the LV but leads to pulmonary edema, resulting in increased PCWP, CVP, and subsequently RV distension and RV failure. LV, CVP, Central Venous Pressure; EDP, End-Diastolic Pressure; LV, Left Ventricle; PAP, Pulmonary Artery Pressure; PCWP, Pulmonary Capillary Wedge Pressure, RV, Right Ventricle. Created with BioRender.com.



TABLE 3 Strategies for left ventricular unloading during veno-arterial extracorporeal membrane oxygenation.
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Peripheral cannulation coupled with an LV vent using either an intra-aortic balloon pump for passive venting or Impella CP/5.5 for active unloading is a frequently employed strategy. Furthermore, surgical assist devices such as the CentriMag pump can provide full univentricular or biventricular support, approximately 5 liters per minute, for extended periods. This approach involves venting the left ventricle through an inflow cannula in the left atrium or the LV apex with an outflow cannula into the aorta (152). For right ventricular support, an inflow cannula is placed in the right atrium with an outflow cannula in the pulmonary artery. This strategy is typically reserved for patients inadequately supported by percutaneous assist devices who are awaiting heart transplantation, anticipating prolonged wait times.



Anticoagulation and anti-thrombotic therapy in temporary mechanical circulatory support devices

The use of tMCS is associated with both bleeding and thrombotic complications, which may occur simultaneously in some patients, which may pose a challenge in finding an optimal anticoagulation and anti-thrombotic regimen. In devices such as VA-ECMO, IABP, and Impella (Abiomed Inc), use of anticoagulation is mandatory to counteract activation of the coagulation cascade caused by shear force stress and the presence of a foreign material in the body, in order to prevent device-related thrombosis and embolization. This is mostly based on pathophysiological considerations as opposed to randomized clinical trial evidence, because such trials are lacking. While on the other hand, recent large retrospective studies including patients supported by microaxial flow pumps, showed higher mortality as compared to those supported by IABP, mainly due to higher rates of major bleeding complications (66, 116). Apart form use of anticoagulation, the effect of DAPT in patients with acute coronary syndrome post PCI, or those who develop acquire von Willebrand syndrome, or vascular access-site complications, the risk of bleeding increases even further. In general, unfractionated heparin (UFH) is the anticoagulant agent of choice in patients on pVAD (153, 154). In subset of patients who develop heparin-induced thrombocytopenia (HIT), use of direct thrombin inhibitors (DTIs), such as bivalirudin or argatroban, is recommended (155, 156). When used, UFH has marked variability in its anticoagulation effect in different patients and monitoring can be challenging. Also, due to presence of comorbidities and multi-organ dysfunction in these critically ill patients, aPTT may not provide an accurate assessment of its anticoagulant effect. Therefore, parallel monitoring of anti-Xa and aPTT is considered to be superior to aPTT alone because it is not affected by other confounding factors, and has been supported by studies that show mortality increases when aPTT and anti-Xa start to diverge (154, 157–159).



Long term outcomes for survivors of cardiogenic shock

Intermediate and long-term outcomes in CS patients has become an important area of investigation. The CSWG demonstrated that in-hospital mortality was significantly higher in patients with AMI-CS (39.5%) as compared to HF-CS (25.3%; P < 0.0001) despite having similar hemodynamic profiles (43). In a Nationwide Readmission Database study, there was a 16% readmission rate among 4,229 survivors of CS post-ECMO who recovered and were discharged alive (160). These patients had an in-hospital mortality rate of 10% with the most common cause of re-admission being infection followed by acute decompensated heart failure (160). Additional CS studies analyzing patients with AMI-CS and non-AMI-CS (not restricted to ECMO use), respectively, reported a higher readmission rate of 20% and 23%, respectively (161, 162). In a more recent study by our group, CS patients who survived to hospital discharge had comparable 30-day readmission rate for HF-CS and AMI-CS (19.5% vs. 24.5%; p = 0.30) (17). Our group reported similar outcomes with higher in-hospital mortality for AMI-CS when compared to HF-CS (39% vs. 24%, p < 0.001); however, in patients who survived to discharge, the one-year mortality was comparable for both groups (19.7% vs. 23.5%, p = 0.41) (17). However, limited data exists on the long-term outcomes, beyond the first year following index hospitalization of patients surviving the initial phase of CS. In the 2005 French registry of Acute ST-elevation and non-ST-elevation Myocardial Infarction (FAST-MI), 59% of patients with CS were alive at 5 years with increased risk of death in the first year after discharge (163). A recent population-based retrospective Canadian study of 9,789 AMI-CS patients showed that one-year mortality was 41% and at 5 years was around 60% (164). Among patients who survived to discharge, 48% were re-admitted to the hospital and 15% died within the first year, suggesting potential opportunities to serve CS survivors during this vulnerable phase of their illness journey (164).



Role of palliative and hospice care in CS management

Despite the wide availability of pharmacological and device-based therapies, not all CS patients may benefit from them, and the illness culminates in death for many patients (165). Palliative care services can provide social, emotional, and spiritual support to CS patients and their families and is distinguished from hospice care with its focus on controlling symptoms and improving quality of life concurrently while complementing curative therapies (1, 166, 167). Feng at al. analyzed 2017 Nationwide Readmission Database with 134,000 CS admissions with a reported mortality of 36% (168). Only 9% of CS admissions utilized palliative care services which was associated with lower 30-day readmission rate of 12% as compared to 22% in those who did not see palliative care. The hospitalization cost per patient was also lower at US $51,000 vs. $67,000, findings showing benefit not only for the individuals but also for health care systems across the US (168). Unfortunately, observational data suggest patients receiving palliative care in AMI-CS is very low at 5% in the last 15 years but there is an increasing trend toward more frequent utilization of these services (169).



Knowledge gaps and future directions for CS

There are several important knowledge gaps which provide fertile opportunities for future investigation in CS including but not limited to: electronic health alerts for early identification and recognition of CS; clinically actionable risk prediction tools; “Shock-omics” phenotyping and machine learning approaches to CS; pragmatic, registry based RCTs in CS; and longitudinal survivorship in CS.



Role for early identification

CS is a heterogeneous syndrome with protean clinical manifestations. Rapid, early identification and stratification are of utmost importance in management of CS. The CSWG observational data indicate that 90% of SCAI B and 70% of SCAI C CS patients, respectively, progress to a higher SCAI stage during the course of their index hospitalization (36). This is particularly important as SCAI stage at admission was associated with higher in-hospital mortality, which further increased after re-classifying them at 24 h in the Altshock-2 registry (SCAI B = 18%, SCAI C = 27%, SCAI D = 63%, SCAI E = 100%), and was also an independent predictor of in-hospital mortality (170). Electronic health alerts built within the electronic medical record (EMR) interface may be useful in early identification analogous to the “sepsis alert” which is based on SIRS or Sequential Organ Failure Assessment (SOFA) criteria. Application of “cardiogenic shock alert” can be considered by utilizing SCAI stages, clinical history, demographics, and hemo-metabolic markers of organ perfusion (such as lactate, renal function, transaminase levels, SBP, and/or MAP). This may potentially expedite timely diagnosis and management and transfer to a higher level of care when appropriate. However, “alert fatigue” is a common phenomenon in which clinicians often ignore EMR safety notification at a rate between 49% and 96% (171). False alerts for non-shock patients are a major cause of alert fatigue. Using Natural Language Processing (NLP) with ever-growing artificial intelligence (AI) capabilities, surveillance solutions may be able to extract information from daily documentation and refine the algorithms for “cardiogenic shock alert” systems.



Role for risk prediction in CS

Although multiple risk prediction scores have been published for AMI-CS, none are widely used in contemporary clinical practice (172). While the IABP-SHOCK II score is applicable to only AMI-CS patients, the Inova Heart and Vascular Institute (IHVI) score, CardShock risk score, and SCAI staging systems may be used more broadly in other forms of CS (Table 4) (2, 11, 19, 37, 173). Despite availability of multiple risk prediction tools, development of a unified scoring system that is capable of early prognostication to inform not only the therapeutic decisions, but also encompassing risk prediction at multiple time points and in different forms of CS has been challenging. Ideal risk scores for assessing patients with CS should be contemporary, specific to etiologies and phenotypes, and consider the evolving nature of the disease. These scores should address subphenotypes, such as acute de novo HF-CS as compared to acute-on-chronic HF cases, which may present differently. An “ideal risk score” should use readily available metrics at the initial presentation and incorporate serial data collected during the index hospitalization to refine prognostic estimates. It should also account for the patient’s response to initial treatment and potentially include novel and clinically actionable variables. For this reason, RCT populations for score derivation may not be ideal. Large, real-world multicenter CS registries may be a better source for generating risk scores. These scores should be easy to calculate at the bedside and incorporate clinical, biochemical, and hemodynamic parameters of interest. Additionally, the concept of a “futility score” is proposed to rapidly identify patients unlikely to survive, facilitating appropriate resource allocation and early engagement of palliative and hospice care (172).


TABLE 4 Cardiogenic shock risk prediction tools.
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Utility of machine learning and artificial intelligence approaches to CS

Machine learning approaches are rapidly emerging to elucidate the mechanisms of CS. A retrospective analysis of 1,959 patients with CS from two separate CS registries (Cardiogenic Shock Working Group and Danish Retroshock MI Registry) used machine learning approaches to identify and consecutively validate three distinct phenotypes or clusters of CS patients: “non-congested (I),” “cardiorenal (II),” and “Cardiometabolic (III).” (89) Phenotype I patients, the non-congested profile, were more likely to have lower heart rates, higher blood pressures, and lower filling pressures (right atrial pressure and pulmonary capillary wedge pressure) relative to the other phenotypes. Phenotype II patients, the cardiorenal profile, were older and more likely to have comorbidities of diabetes mellitus, chronic renal insufficiency, and hypertension. These patients were at higher odds of displaying elevated mean pulmonary artery pressures and left-sided filling pressures and consequently decreased glomerular filtration rates (GFR). This group had two- to three-fold mortality compared to phenotype I. Lastly phenotype III patients, the cardio-metabolic profile, were the sickest of all the phenotypes. This group exhibited significant elevations in biomarkers such as lactic acid and aminotransferases. Clinically, they had more profound hypotension, tachycardia, elevations in right atrial pressures, decrease in cardiac power output and cardiac index. This group had up to five-fold increase in mortality relative to phenotype I (89). Although the clustering algorithm used baseline laboratory values, the identified phenotypes showed consistent clinical differences in demographics, comorbidities, and hemodynamics. Although these findings have been validated in a CICU population, the clinical utility remains to be determined. (174), It is also unclear how these phenotypes affect prognosis and treatment decisions in contemporary clinical practice. Taken together, these findings illustrate that individualized risk stratification based on etiology and unique CS phenotype may be useful in guiding therapy and improving clinical outcomes.



Designing randomized clinical trials in cardiogenic shock

Although RCTs remain the gold standard in CS, there have been numerous challenges to randomization of care and trial enrollment in critically ill CS patients. Potential reasons for these negative results in RCTs, especially in AMI-CS, include but are not limited to: (1) selection bias and failure to account for population heterogeneity; (2) inclusion of patients who are unlikely to benefit, including many cardiac arrest patients; (3) slow enrollment and low statistical power; (4) inadequate matching to shock severity and/or severity of illness; (5) enrollment after onset of multiorgan failure and irreversible sequelae of hemometabolic shock (175, 176). Observational studies have yielded conflicting results, albeit with limitations due to residual confounding, and sometimes contrary to the results of RCTs. Conducting RCTs in patients with AMI-CS is challenging due to the need for rapid informed consent from critically ill patients or their legal representatives as well as physician biases regarding equipoise with respect to the use of MCS devices. In the United States, there is a statute for Exception from Informed Consent (EFIC) under Title 21, Code of Federal Regulations, Section 50.24 (21 CFR 50.24) which allows investigators to perform “investigations involving human subjects who have a life-threatening medical condition that necessitates urgent intervention (for which available treatments are unproven or unsatisfactory), and who, because of their condition (e.g., traumatic brain injury) cannot provide informed consent.” This has not been commonly employed in CS trials to date but will be critically examined in upcoming CS trials including Recover IV.

Notably, negative findings from RCTs may mask positive treatment effects in specific subgroups, emphasizing the importance of evaluating important interactions and heterogeneity of treatment effect in subgroups in larger RCTs (175). Large-scale multinational RCTs with sufficient statistical power and inclusion of a population that closely represents real-world CS cases are crucial. While the promise of registry-based RCTs remains to be realized, there are several opportunities to heeds the lessons of recent RCTs in designing pragmatic and adaptive studies to move the field forward (176). There is a need for robust research infrastructure, inclusion of diverse patient populations, and engagement of key stakeholders in creating prospective studies with cluster randomized or stepped-wedge trial designs.



Survivorship in cardiogenic shock

Survivors of an acute episode of CS are susceptible to the long-term ramifications of this critical illness, as compromised functional status and diminished quality of life remain pervasive (177). However, evidence suggests that despite these challenges, significant proportions of survivors maintain relatively favorable functional status and quality of life, underscoring the potential for meaningful recovery. In the SHOCK trial, 87% of patients who survived for one-year had NYHA functional class I or II (178). Another CS study estimated the total life years gained was 410 years for the 230 patients with approximately $10,000 per life year gained (24). In another series of CS patients treated with ECMO, nearly all patients managed to perform daily activities and even return to gainful employment at 1-year post-index hospitalization, attesting to the potential for successful rehabilitation (179). Recently, the IHVI Shock Registry reported a 57% survival at 1 year for HF-CS and 47% for AMI-CS based on the three year study period from 2017 to 2019 (17). Higher SCAI stage D/E and age were independently associated with 1-year mortality for both AMI-CS and HF-CS with acute decompensated heart failure as the most common cause of readmission within 30 days of discharge, irrespective of etiology. Future trials such as HALO-Shock [NCT04419480] will leverage remote hemodynamic monitoring such as Abbott’s proprietary CardioMEMS technology, an implantable pulmonary artery pressure monitoring platform, to intervene early after discharge for patients with HF-CS to assess its impact on mortality, rehospitalizations, quality of life, and biomarkers (113). Understanding and improving long term outcomes after critical illness are vitally important and efforts to promote convalescence and full recovery after critical illness, especially during the vulnerable transition phase from ICU to post discharge follow-up, should receive greater consideration (177).




Conclusion

CS is a complex, multifactorial, hemo-metabolic syndrome with increasing prevalence in the modern CICU. Despite significant advances in medical and device-based therapies, CS remains associated with high morbidity and mortality, especially with increasing incidence of HF-CS. Due to the protean clinical presentations and treatment options, managing these critically ill patients requires a comprehensive, standardized, multidisciplinary team-based approach, using a regionalized system of care. Future efforts should focus on phenotyping of CS and enhancing long-term outcomes in CS survivors, leveraging registry based RCTs and multicenter shock registries to determine the optimal timing for initiating therapeutic strategies, weaning tMCS, and bridging to destination strategies including durable LVAD, heart transplant, and native myocardial recovery.
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SUPPLEMENTAL FIGURE 1

Schematic representation of multidisciplinary cardiogenic shock (CS) team activation through a 1-call “shock line” to gather physicians for multidisciplinary consultation and decision making. This “shock team” can be activated by any department not only within the hospital but also across the region, to provide appropriate management for CS. CI, cardiac index; CO, cardiac output; CPO, cardiac power output; DNR, Do Not Resuscitate order; dPAP, diastolic pulmonary arterial pressure; MAP, mean arterial pressure; PAPi, pulmonary arterial pulsatility index; PCWP, pulmonary capillary wedge pressure; pMCS, percutaneous mechanical circulatory support; sPAP, systolic pulmonary arterial pressure; other abbreviations as in Figures 1–4.

SUPPLEMENTAL FIGURE 2

Schematic representation of the care pathways in the upstream and critical care management of patients with acute myocardial infarction (AMI) and heart failure (HF) cardiogenic shock at Inova Schar Heart and Vascular Institute. CI, cardiac index; CO, cardiac output; CPO, cardiac power output; DNR, Do Not Resuscitate order; dPAP, diastolic pulmonary arterial pressure; MAP, mean arterial pressure; PAPi, pulmonary arterial pulsatility index; PCWP, pulmonary capillary wedge pressure; pMCS, percutaneous mechanical circulatory support; sPAP, systolic pulmonary arterial pressure; other abbreviations as in Figures 1–4.
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More than 1 million transcatheter-based cardiovascular procedures across the spectrum of interventional cardiology are performed annually in the United States. With the expanded indications for and increased complexities associated with these procedures, interventional cardiologists are expected to possess the requisite expertise to complete these interventions safely and effectively. While the art of vascular access and closure remains a prerequisite and critical skillset in contemporary practice, there remain significant variations in the techniques employed, resulting in the bleeding and vascular complications encountered in clinical practice. With an increasing recognition of the potential merits to standardized approaches to vascular access and closure, cardiovascular societies have put forth recommendations around best practices for performing these procedures in the cardiac catheterization laboratories. In this review, we aim to: (1) Examine the evolving definitions of bleeding and vascular complications; (2) Review best practices for transradial and transfemoral access and closure, including for large bore procedures; and (3) Highlight knowledge gaps and proposed areas of clinical research pertaining to vascular access which may inform clinical practice and potentially optimize the outcomes of patients undergoing transcatheter-based cardiac and vascular interventions.
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Introduction

Cardiovascular disease is the leading cause of mortality in the United States, with a prevalence of nearly 50% in all adults over the age of 20, and greater than 2.2 million hospitalizations and 1,000 deaths occurring on a daily basis (1). The population is also increasingly aging with an enhanced burden of cardiac co-morbidities and associated frailty syndromes (2). As a result, more than one million transcatheter-based procedures are performed annually to diagnose and treat cardiac conditions (3). There have also been significant advances in the scope of technologies to perform transcatheter-based cardiac and vascular procedures, covering the broad spectrum of coronary, peripheral and structural heart disease. Patients are also increasingly requiring mechanical circulatory support (MCS) devices to treat cardiogenic shock (CS) and to facilitate high risk percutaneous coronary interventions (PCI) (4, 5). With the expanded indications for and increased complexities associated with cardiac catheterizations, interventional cardiologists are expected to possess the expertise required to perform these procedures safely and effectively. Despite these clinical demands, there remain significant variations in how these techniques are employed, thus contributing to the bleeding and vascular complications encountered in clinical practice (6, 7). As a result of increasing recognition of the potential merits to standardized approaches to vascular access and closure, cardiovascular societies have put forth recommendations around best practices for these techniques (3, 8). In this review, we aim to: (1) Examine the evolving definitions of bleeding and the clinical importance of this complication in daily practice; (2) Review best practices for transradial arterial access (TRA) for coronary angiography and PCI; (3) Assess contemporary techniques for standard and large-bore transfemoral arterial access (TFA) and closure (Figure 1); and (4) Highlight knowledge gaps and proposed areas of clinical research pertaining to vascular access which may potentially optimize the outcomes of patients undergoing transcatheter-based cardiac procedures.
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FIGURE 1
Contemporary arterial access and closure in the cardiac catheterization laboratory.



Major bleeding following transcatheter-based cardiac procedures

Historically, varying definitions of major bleeding have been studied across different PCI registries and clinical trials, and it has been shown to be a powerful predictor of morbidity and mortality (9–13). A summary of the most commonly used bleeding nomenclatures is highlighted in Table 1. While bleeding following cardiac catheterization may occur from a variety of sources, more than 50% of cases are due to access site complications (14, 15). An analysis of 15,968 patients from the GLOBAL LEADERS study, a contemporary randomized clinical trial comparing 1-month vs. 12-month dual antiplatelet therapy following PCI in an all-comer patient population, reported a 6.6% risk of Bleeding Academic Research Consortium (BARC) 2, 3, or 5 bleeding (16). Overall, 11 percent of patients with a bleeding event died during the two-year follow-up, and the presence of even a minor periprocedural bleed imparted a 1.8-fold increase-risk for mortality beyond 1 year (16). The clinical and economic impacts of periprocedural bleeding are significant, with up to 14% of patients undergoing a blood transfusion and each complication contributing to nearly $12,000 in increased costs (15–17). Notwithstanding the stabilizing effects of increased circulatory volume and oxygen carrying capacity, the practice of blood transfusion is associated with a deleterious impact on clinical outcomes following PCI, with 3-fold increased risk of mortality and major adverse cardiac events (18). This effect is likely multifactorial, due to a combination of increased platelet reactivity, upregulation of plasminogen activator inhibitor proteins, reductions in 2, 3-diphosphoglyceric acid and nitric oxide levels in the stored red blood cells (19–22).


TABLE 1 Major bleeding definitions in contemporary interventional cardiology.
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The prognostic implications of major bleeding complications are only further amplified in patients undergoing large bore access for MCS devices or structural heart interventions, often with delivery catheters that are 14 Fr or greater in diameter (23–25). In the case of the former, they are frequently inserted under emergency circumstances when patients are experiencing circulatory collapse (8). These findings were noted in recent observational data from the Cath-PCI and Chest Pain-MI registries which showed that among 1,680 propensity matched pair patients with acute myocardial infarction complicated by CS undergoing PCI, those supported with axial-flow percutaneous ventricular assist devices (pVAD) had double the risk of bleeding with more than 10-fold increased risk of death compared to patients supported with smaller platform intra-aortic balloon pumps (23). Frequently performed under more elective circumstances, patients undergoing structural heart interventions are similarly at risk for access site complications. While there has a notable decline from the nearly 15% incidence rates of periprocedural bleeding and vascular complications seen in the early days of TAVR due to smaller 14 Fr sheaths delivery systems, the frequency of these adverse events and variations in clinical expertise around recognition and management remain significant (26, 27). A contemporary analysis of 34,893 patients undergoing TAVR from the Society of Thoracic Surgeons/American College of Cardiology Transcatheter Valve Therapy (TVT) Registry from 2011 to 2016 observed a 7.6% incidence of in-hospital bleeding events (28). Significant inter-hospital variations were noted, with complication rates ranging from 0% to 46% among the 345 TVT sites (28). A bleeding complication was associated with significant increased risk for death and hospital readmissions at 1 year (28).



Transradial access

Since its first description by Lucien Campeau in 1989, the adoption of transradial access (TRA) has steadily increased worldwide (29–31). It is associated with reductions in bleeding and vascular complications as well as major adverse cardiac events compared to transfemoral access (TFA) across the spectrum of coronary artery disease (32). It is also associated with improved quality-of-life outcomes, with reductions in bed rest time and bodily pains (33, 34). There are also potential economic benefits to TRA, with a significant reduction in healthcare costs related to not only fewer access site complications, but also shorter hospital lengths of stay, with nearly 20% increased likelihood for same-day discharge following elective PCI (35–37). A contemporary analysis of 279,987 PCI patients observed a nearly $3,700 adjusted savings in hospital costs in patients undergoing TRA for PCI who were discharged home the same day (36). With advances in radial sheaths and associated catheter technologies, TRA is also feasible in high-risk patients with complex coronary anatomy or hemodynamic compromise, where larger sheath sizes may be needed to facilitate intervention. In these circumstances, TRA is feasible without any appreciable increased risk for bleeding/vascular complications, contrast or radiation exposure (38). Given these considerations, TRA is recommended as the default access site for patients undergoing diagnostic coronary angiography and PCI (39–41).



Bleeding and vascular access site complications with TRA

Initial observational studies with TRA demonstrated lower rates of major and minor bleeding compared to TFA, particularly in high-risk subgroups (42, 43). A retrospective cohort study of 2,820,874 PCI procedures from the National Cardiovascular Data Registry from 2007 to 2012 demonstrated that while TRA accounted for only 1 in 6 PCI's, it was associated with a significantly lower adjusted risk of bleeding (aOR 0.51; 95% CI: 0.49–0.54; p < 0.001) and vascular complications (aOR 0.39; 95% CI: 0.31–0.50; p < 0.001) compared to TFA, with the greatest benefit seen in women, patients ≥75 years of age and those with ACS (42). Similar finding were noted in the UK where TRA was adopted earlier, with marked reductions in major adverse cardiac events in patients with both stable ischemic heart disease and acute coronary syndrome (ACS) (35, 44–46).

The Radial vs. Femoral Access for Coronary Intervention (RIVAL) trial initially showed the greatest bleeding reductions among centers with the highest TRA utilization rates, suggesting that there may be volume-outcome relationship with utilizing the radial artery (44). However, subsequent studies including Radial vs. Femoral Randomized Investigation in ST-Elevation Acute Coronary Syndrome (RIFLE-STEACS) and Minimizing Adverse Haemorrhagic Events by TRansradial Access Site and Systematic Implementation of angioX (MATRIX), further confirmed these findings across the spectrum of TRA-expertise with reductions in composite endpoints encapsulating outcomes such as death, MI, stroke, recurrent MI and target lesion revascularization (35, 46). Subsequent investigations, including a meta-analysis of 24 studies and a post-hoc examination of a high volume North American quaternary care center, have subsequently confirmed these findings with reductions in major adverse cardiac events compared to TFA across the severity spectrum of CAD, including cardiogenic shock (32, 47). Interestingly, the most recently published study in this field, The Safety and Efficacy of Femoral Access Versus Radial for Primary Percutaneous Coronary Intervention in ST-Elevation Myocardial Infarction (SAFARI-STEM) trial, was terminated early due to futility as it failed to demonstrate the superiority of TRA in STEMI with regards to 30-day all-cause mortality, non-surgical TIMI major bleeding, or death/re-infarction/stroke compared to TFA in patients with STEMI (48). While this study has been scrutinized for its limited statistical power and for enrolling patients with lower acuity of illness and bleeding risk than previous trials, its findings do highlight the need for the development of institutional competency pathways in vascular access so that operators may remain facile with both access techniques in contemporary clinical practice. A summary of the pertinent RCT's evaluating TRA is highlighted in Table 2.


TABLE 2 Clinical trials comparing radial versus femoral arterial access in acute coronary syndrome.
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Access site complications associated with TRA occur infrequently, between 0.2%–1.0% of cases (32). While rare, they can be associated with significant morbidity. Thus it is important to recognize and manage these sequelae in timely fashion. Vascular complications which may be seen following TRA include radial artery spasm, perforation, occlusion due to intimal medical hyperplasia, arteriovenous fistulae and forearm hematomas with compartment syndrome (49). Like most cardiac procedures, there is a learning curve with accessing the radial artery safely and effectively. It is recommended that operators learning TRA perform at least 50 cases initially followed by a minimum of 80 procedures annually to achieve and maintain proficiency, respectively (50). It has also been demonstrated that operators facile with TRA are able to perform both diagnostic cardiac catheterizations and coronary interventions with similar efficacy and safety vs. femoral access, as demonstrated by comparable radiation dosages and total fluoroscopy/procedural times in high-radial volume centers (48, 51).



Best practices for transradial arterial access and hemostasis

A “radial-first” approach is strongly encouraged for all-comers undergoing coronary angiography or PCI (39). The radial artery however is small, typically measuring 2.2 mm–2.6 mm in diameter, and inability to successfully cannulate the vessel is a major contributor to nearly 60% of cases in which there is TRA failure (52). The radial approach can also be challenging in patients with systemic vasculitides, such as Raynaud's disease, as well as in patients with chronic kidney disease due to calcified vessels, brachiocephalic tortuosity, and in those with prior ipsilateral mastectomies with lymph node dissection (39). In the case of the latter, caution against TRA has been borne out of concern for potential risk of access site infection and lymphedema, although this has not been seen in observational studies (53). During TRA, the radial artery is subject to trauma resulting from intimal tears, medial dissection, long-term intimal medial thickness, and impaired flow-mediated vasodilation (54–56). These acute and chronic changes in turn may compromise its utility to serve as a suitable conduit for future coronary artery bypass grafting (CABG) and non-cardiac surgeries, such as arteriovenous fistula formation (56). While not an absolute contraindication to TRA, it is advised to avoid using the ipsilateral radial artery for CABG for at least 3 months given observational data demonstrating reduced radial artery bypass graft patency (3). Historically, confirmation of dual arterial supply to the palmar arch had been required prior to TRA, by examining pulse oximetric waveform patterns following manual occlusion of the ipsilateral radial artery. Commonly referred to as the Barbeau or Allen exams, these pre-procedural tests were once widely performed to predict the risk of hand ischemia. However, given a recent study failing to demonstrate significant differences in thumb capillary lactate, hand grip strength or discomfort between patients with normal and abnormal Barbeau exams, routine pre-procedural assessment of collateral hand circulation is no longer recommended and should not preclude TRA (3, 57). While most interventionalists prefer right TRA primarily because of ergonomic purposes, consideration may be given to left TRA in certain cases. These include patients with brachiocephalic tortuosity and those who have undergone CABG with left internal mammary arteries, although right TRA may still be feasible in these circumstances (58–61). The use of two-dimensional ultrasound may facilitate more timely radial arterial puncture by allowing for direct visual inspection of vessel size, potential anatomic anomalies, needle tip puncture, wire passage and sheath insertion. Several studies have published the benefits associated with ultrasound-guided TRA, including a meta-analysis of 12 studies (n = 1,992) and the Radial Artery Access with Ultrasound Trial (RAUST), a multi-center RCT of 698 patients undergoing TRA who were randomized to manual palpation or ultrasound guidance (62, 63). Both studies showed enhanced efficiency and success with TRA when US was utilized, with the former also reporting reductions in site hematomas, findings which result in reductions radial artery occlusion (RAO) up to 30 days post-procedure (62–64). TRA may be obtained either by way of single- or double-wall puncture, with the latter technique associated with higher rates of successful puncture on the first attempt (65). In cases in which TRA is not successful, the ipsilateral brachial or ulnar arteries may be considered as alternative conduits. Limited studies have demonstrated comparable safety and efficacy between the radial and ulnar access sites, although the ulnar approach was associated with increased access site cross-over (66, 67). While not observed in clinical studies, caution is advised with ulnar access in patients with occluded ipsilateral radial arteries given the risk for hand ischemia with ulnar nerve injury (68).

During TRA, concerted efforts should also be made to undertake measures to prevent radial artery occlusion (RAO), a multifactorial phenomenon stemming from vascular injury and inflammatory changes of arterial wall during sheath insertion. Procedural factors associated with RAO include insufficient anticoagulation, sheath-to-arterial diameter ratio >1, multiple puncture attempts, vasospasm and prolonged occlusive hemostasis (64, 69–74). Pharmacologic measures to achieve this goal include adequate administration of moderate sedation and local analgesia, anti-spasmolytic therapy with intra-arterial nitroglycerine (100–200 μg) and verapamil (5 mg), as well as systemic anticoagulation with intra-arterial or intravenous heparin (at least 5,000 U or 50 U/kg bolus) following sheath insertion (69, 70, 75). Iterative advances in TRA technology with reductions in sheath size and hydrophilic coating have also advanced the field, allowing operators to perform complex PCI via TRA with relative impunity. An example of this advancement is the 6 Fr Glidesheath Slender (Terumo, Somerset, NJ), a novel thin-walled sheath design with 5 Fr (2.46 mm) outer diameter while maintaining 6 Fr inner architecture. This technology was compared in a randomized, multi-center non-inferiority trial with standard 5 Fr technology, and no differences were noted with regards to RAO, vasospasm, access-site vascular complications or local bleeding (71). Cordis (Rainsheath) and Merit Medical (Prelude Ideal) similarly have thin-walled sheath platforms which can facilitate complex PCI using 7 Fr guide catheters. An alternative conduit for TRA coronary angiography and PCI are sheathless systems, which are usually 1–2 Fr smaller than standard sheaths and obviate the need for additional mechanical stretch of the radial artery (76). Two commonly used sheathless platforms are the Eucath (Asahi, Irvine, CA) and the Railway (Cordis, Hialeah, Fl) systems. They are introduced using a dilator and without the need for a sheath, and while 5 Fr, 6 Fr, or 7 Fr catheters can be used with these technologies, catheter backup and manipulation may not be as consistent as with traditional sheathed systems. Sheathless guide catheters have been evaluated in non-randomized cohort studies with successful outcomes in patients with calcified and bifurcation lesions (77, 78). While there have not been any randomized clinical trials studying thin-wall sheaths and sheathless platforms for PCI in head-to-head fashion, a recent propensity-matched analysis of 728 patients with acute coronary syndrome, those undergoing transradial PCI using a 7 Fr Glidesheath Slender had lower rates of RAO (OR = 0.32, 95% CI: 0.11–0.93; p = 0.036) (79) Further research is needed to better understand the optimal transradial platform for performing safe and effective higher risk PCI in patients with complex CAD. A summary of currently available transradial sheaths and sheathless systems is described in Table 3 (80).


TABLE 3 Current transradial sheaths and sheathless catheter platforms.
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Upon completion of the cardiac catheterization, steps should be undertaken to ensure safe and effective hemostasis. A number of radial occlusion devices are currently available for commercial use. To date, a strategy of patent hemostasis has been shown to be most effective in reducing the rates of RAO, with the Prevention of Radial Artery Occlusion—Patent Hemostasis Evaluation (PROPHET) study demonstrating reductions in early (<24 h) and late (30 days) incidence of RAO of 59% and 75%, respectively, compared to a strategy of conventional pressure application (73). Shorter durations of hemostatic compression have been associated with reductions in radial artery compromise, with many centers employing protocols which advocate for patent hemostasis times of 2 and 4 h following diagnostic angiography and PCI, respectively (69). Prophylactic ipsilateral ulnar artery compression following completion of transradial cardiac catheterization has also been shown to be efficacious in not only facilitating safe and patent hemostasis of the RA, but also in reducing the risk of RAO. The PROPHET-II (PROPhylactic Hyperperfusion Evaluation Trial), a multicenter randomized clinical trial of 3,000 patients undergoing TRA for cardiac catheterization demonstrated that a strategy of occlusive compression of the ipsilateral ulnar artery at the Guyon's canal at the time of radial band application followed by removal of the radial sheath and patent hemostasis was associated with nearly 3-fold reduction in RAO up to 30-days post-procedure compared to patent hemostasis alone (81). It is recommended that TRA centers develop post-procedural care pathways and quality assurance mechanisms to ensure that multi-modality assessments are employed to ensure timely hemostasis and early ambulation following transradial coronary angiography or PCI (39).



Distal transradial access

More recently, distal transradial access (dTRA) in the “anatomic snuffbox” a triangular depression on the dorsum of the hand that is bordered by the extensor pollicis brevis and abductor pollicis longus tendons laterally and by the extensor pollicis longus tendon medially, has been proposed as an alternative cannulation site to traditional TRA in the wrist (82). In addition to ergonomic benefits and shorter hemostasis times due to the superficial location of the distal RA with a boney basement in the snuffbox, dTRA may also potentially impart greater reductions in RAO compared to traditional TRA (83, 84). The putative mechanism for this hypothesis is the more distal location of the puncture site, which in turn may facilitate greater preservation of flow in the radial artery proximally, due to the rich cascade of adjacent collateral networks from the deep palmar arch. The safety and feasibility of dTRA for coronary angiography and PCI has been demonstrated, with clinical trial data suggesting greater reductions in RAO, as determined by doppler ultrasound, compared to traditional TRA (84, 85). Little is known, however, regarding the pathobiology of radial artery injury and remodeling following dTRA. The PRESERVE Radial study (A PRospEctive Randomized Clinical Study Comparing Radial ArtERy Intimal Hyperplasia Following Distal Vs. ForEarm TransRADIAL Arterial Access for Coronary Angiography) (NCT04801901) will be the first clinical trial to compare intimal medial hyperplasia and other markers of vessel healing following dTRA and traditional TRA using ultrahigh resolution ultrasound. Given the more superficial location and potential tortuosity of the radial artery in the snuffbox, however, patients undergoing dTRA may experience greater number of puncture attempts, time-to-sheath insertion and access-site crossover (84, 86).



Transfemoral access

Despite a significant shift towards TRA for coronary angiography and PCI, the femoral artery remains a necessary conduit for numerous procedures in contemporary clinical practice, such as the insertion of percutaneous MCS devices and TAVR. It is still also required in non-large bore coronary angiogram/PCI cases (<8 Fr) where TRA or ulnar access are not feasible. Contemporary TFA should ideally employ four multimodality techniques: 1. Fluoroscopy; 2. Doppler ultrasound; 3. Micropuncture needles; and 4. Iliofemoral angiography (87). Familiarity with femoral artery anatomy is key to safe and efficient vascular access and closure. The Common Femoral Artery (CFA) is a continuation of the External Iliac Artery and lies below the inferior epigastric artery, the anatomic location of the inguinal ligament, where the vessel dives posteriorly into the retroperitoneal space. Distally, the CFA bifurcates into the Superficial Femoral Artery (SFA) and Profunda Femoris Artery (PFA). The angiographic anatomy of the femoral arteries are shown in Figure 2. The following steps are recommended for optimal TFA (87):


	1.The inferomedial edge of the femoral head should be identified under fluoroscopy and its position should be noted either by way of a hemostat or marker.

	2.Ultrasound should then be used to scan for the CFA and its tributaries.

	3.Local anesthetic should then be applied using ultrasound guidance to the subcutaneous tissue above and adjacent to the CFA.

	4.Using ultrasound guidance, a 21-gauge micropuncture needle should then be used to access the CFA approximately 1 cm–3 cm below the probe with direct visualization of the puncture. This is recommended to avoid a steep angle on the needle with consequent risk for high femoral access, and thus a retroperitoneal bleed. A micropuncture needle may be preferrable to standard 18 gauge platform as it can reduce not only the size of the initial puncture, but also the amount of bleeding associated with vascular injury should there be multiple attempts at cannulating the artery (8). Despite these potential advantages, randomized data supporting this strategy is lacking, and it is advised that institutions develop best practices around vessel puncture, regardless of which needle platform is used (88).

	5.Once TFA is obtained, a 0.018″ micro access guidewire should then be advanced under fluoroscopy to ensure appropriate passage, avoiding the circumflex iliac artery, as inadvertent perforation of this vessel with a guidewire may lead to an abdominal hematoma, requiring blood transfusion and endovascular intervention (89).

	6.A 4 Fr microcatheter dilator should then be advanced over the guidewire. An iliofemoral angiogram may be performed through the microcatheter dilator, typically at 30 degree ipsilateral angulation, to confirm the location of the arteriotomy. If the access site is not felt to be appropriate, the dilator may then be removed followed by 10 min of manual pressure prior to re-access. Low access at the level of the superficial femoral artery is associated with increased risk for arteriovenous fistula formation, pseudoaneurysms and thrombosis. If the arteriotomy site is deemed to be satisfactory, the tract can then be dilated to place the requisite sheath size to perform the respective cardiac procedure.
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FIGURE 2
Femoral artery anatomy. This cartoon figure depiction demonstrates the branches of the femoral artery. Safe and effective transfemoral access should ideally rely on fluorscopic and ultrasound-guided landmarks, with micropuncture access of the common femoral artery at the lower edge of the femoral ahead below the inferior epigastric artery.




Ultrasound guided femoral artery access

Routine utilization of ultrasound should be the standard of care for all TFA cases for optimal access and preventing the risk for vascular complications (Figure 3) (87). The merits of ultrasound guidance for femoral access have been studied extensively, including a meta-analysis of 1,422 patients demonstrating nearly 50% reduction in all complications, including bleeding and accidental puncture, as well as 42% improvement in likelihood of successful arterial access on the first attempt (90–93). The Femoral Arterial Access with Ultrasound Trial (FAUST) demonstrated that the use of ultrasound was associated with 80% increased likelihood of first-pass success, 85% reduced risk of accidental venipuncture and nearly 60% reduction vascular complications compared to fluoroscopic guidance (90). The greatest benefit with successful vessel cannulation was noted with common femoral arterial bifurcations above the femoral head, an inherently high risk cohort of patients (90). Interestingly, the routine Ultrasound Guidance for Vascular Access for Cardiac Procedures (UNIVERSAL) Trial, a multi-center prospective study 621 patients undergoing TFA for coronary angiography or PCI, failed to show a decrement in Bleeding Academic Research Consortium 2, 3, or 5 major bleeding or vascular complications with ultrasound-guided access compared with manual palpation, although the former was associated with reduced number of access attempts and accidental venipunctures (94). While the study has been critiqued for not mandating the use of micro puncture catheters and for including BARC 2 minor bleeds which may be unrelated to the procedure, the findings do highlight the need for further research in the form of large multicenter registries and clinical trials evaluating the potential benefits of skilled ultrasound utilization to reduce the risk of adverse periprocedural sequelae during TFA (95).
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FIGURE 3
Best practices for femoral arterial access and potential vascular complications. (A) The optimal technique for ultrasound-guided femoral arterial access requires the use of a 5- to 10-MHz linear ultrasound probe which is held such that the vertical marker is facing upward from the femoral artery to facilitate a longitudinal view of the common femoral artery and its branches. The access needle should then be used at a 45 degree angle to access the common femoral artery. (B) Longitudinal view of the femoral vasculature demonstrates the posterior dive that the common femoral artery takes below the inguinal ligament as the probe is advanced cranially. (C) Rotating the ultrasound proble 90 degrees allows for cross sectional view of the femoral bifurcation, including anterior or posterior vessel wall calcification. (D) Vessel puncture cranial to the inferior epigastric artery is associated with increased risk for retroperitoneal bleeds. (E) Vessel puncture below the common femoral artery bifurcation and involving the superfical femoral artery is associated with increased for pseudoaneurysm formation. Pseudoaneurysms can present clinically as pulsatile hematomas, painful ecchmyoses or as frank bleeding. They typically consist of 1 or 2 layers of the vessel wall, and are therefore associated with increased risk for rupture, embolization, and limb ischemia. They typically demonstrate “to-and-fro” patterns of flow with pulsed Doppler assessment.




Vascular closure devices

Historically, manual compression has been the standard of care for achieving hemostasis following femoral arterial sheath removal, usually once activated clotting time (ACT) has been less than160–180 s (96). Given the labor intensive nature of digital compression by catheterization laboratory staff members, a number of mechanical compression devices, such as the Femostop (Radi Medical System) and CompressAR C-clamp (Advanced Vascular Dynamics) were subsequently developed, with some studies suggesting that they may be associated with reduced vascular complications compared with manual hold (97–99). Despite the benefits of allowing staff members to be relieved from the demands of bedside manual compression, these devices do need careful supervision to ensure that they do not migrate and that they are not applied at pressures which could compromise limb flow and result in arterial and/or venous thrombosis.

In response to the logistical challenges associated with manual pressure and passive closure platforms, a variety of vascular devices (VCD) have been developed since the mid 1990s which can be deployed at the conclusion of cardiac catheterization, allowing for potentially faster hemostasis, shorter duration of bed rest and reductions in patient discomfort (96). They are used in up to 75% of TFA cases in contemporary clinical practice (100). VCD's have historically been classified into 4 categories: plugs, sutures, glues or topical patches. Despite their potential to improve patient satisfaction and clinical throughput, the evidence supporting their use has been limited to observational studies and modest sized clinical trials (100). These studies have demonstrated the safety and feasibility of VCD's, but they have not provided definitive evidence around efficacy or reductions in bleeding complications compared to manual compression (100–105). As such, caution is advised with the routine deployment of these devices following TFA. Instead, societal guidelines advocate for a patent-centered approach that takes into consideration clinical factors such as body habitus, arteriotomy location and vessel anatomy (size, calcification tortuosity) (101). It is advised that all patients undergoing cardiac procedures via TFA undergo femoral angiography prior to closure to determine whether the arteriotomy site and vessel anatomy are suitable for the deployment of these devices. Potential complications associated with these devices include acute limb ischemia, bleeding, infection, distal embolization, pseudoaneurysm and arteriovenous fistula formation (106, 107). It is recommended that interventionalists have familiarity with all device and that they able to address any potential device-related complications with facile expertise (108). Table 4 provides a summary of the some of the currently Food and Drug Administration approved VCD's employed in clinical practice in the United States.


TABLE 4 Most currently employed vascular closure devices in the United States.
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The Angio-Seal system (Terumo, Somerset, NJ) is one of the most commonly used platforms in the United States, consisting of a co-polymer which is deployed intravascularly and attached by an absorbable Dexon traction suture to an extravascular collagen plug (96). It was first studied against manual compression in a multi-center RCT of 435 patients undergoing cardiac catheterization and was noted to have 85% reduction in time to hemostasis and lower rates of bleeding and hematomas (109). These results were further observed in a subsequent clinical trial of 612 patients undergoing PCI who were randomized to Angio-Seal or manual compression (110). These patients had select high risk features for vascular complications (age >70, previous puncture at the same site, hypertension, treatment with ticlopidine at least 2 days prior, use of abxicimab, 8 Fr access, prolonged heparin treatment after the angioplasty, and use of fibrinolytics) (110). Angio-Seal was associated with significant reductions in time to hemostasis, total bedrest time, and bleeding (110). Available in 6 and 8 Fr platforms, Angio-Seal is rapidly deployable with hemostasis success rates of up to 97% (107).

The ProGlide Perclose device (Abbott Vascular, Abbott Park, IL) is a suture-mediated device that is advanced over an 0.035″ J wire through the arteriotomy after the femoral sheath is removed. Once the return of pulsatile blood is noted from the side arm, the device lever is pulled and two simultaneous needles are deployed through the anterior wall of the femoral artery utilizing the non-biodegradable polypropylene microfilament with preformed knot that is tightened to form the suture loop. The suture is then retracted to the anterior wall of the arteriotomy site and deployed to achieve hemostasis (96) (Figure 4). The Perclose platform is unique among VCDs as it maintains access to the vessel by way of the 0.035 inch guidewire after the needles and suture have been deployed. Therefore if the needles do not capture the sutures and adequate hemostasis is not achieved, the guidewire may be re-introduced into the arteriotomy and ultimately removed following confirmation of satisfactory hemostasis. Similar to the Angio-Seal device, Perclose has been associated with reduced time to hemostasis and ambulation with no significant differences in bleeding complications compared to manual hemostasis (111, 112). In experienced hands, it can also be associated with significant costs savings as it may obviate the need for further manpower and work personnel typically associated with manual compression (113).
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FIGURE 4
Recommended practices for the perclose proglide vascular closure device. The Perclose Proglide platform (Abbott, Chicago, IL) is a suture-mediated vascular closure device commonly used in contemporary practice to hemostase standard and large bore femoral arterial access sites. It consists of two needles in the proximal compartment and a catheter that house the suture. It is 0.035″ J wire compatible. This cartoon depiction demonstrates the steps of large bore access and closure using this platform. (A) Using ultrasound guidance, the common femoral artery is accessed with a 21 gauge micrpuncture needle 1-3 cm below the probe. (B) Once femoral access is obtained, a.018″ micro access guidewire should then be advanced under fluoroscopy to ensure appropriate passage into the ipsilateral common iliac artery and abdominal aorta. (C) Following confirmation of the femoral access site, the arteriotomy may be “pre-closed” using 1 or 2 Proglide sutures, typically in the 10- and 12-o’clock positions. Here, the percutaneous ventricular assist device is secured in place following dilation of the arteriotomy (D) During deployment of the Proglide system, the catheter is advanced over an 0.035″ J wire through the arteriotomy. (E-F) Once the return of pulsatile blood is noted from the side arm, the device lever is pulled and two simultaneous needles are deployed through the anterior wall of the femoral artery utilizing the non-biodegradable polypropylene microfilament with preformed knot that is tightened to form the suture loop. The suture is then retracted to the anterior wall of the arteriotomy site and deployed to achieve hemostasis.


The MANTA™ vascular closure received pre-market investigational device exemption approval by the Food and Drug Administration in 2019 following multi-center observational data demonstrating safety and feasibility in 263 patients undergoing TAVR and percutaneous endovascular thoracic and abdominal aortic aneurysm repair (114). With an effective sheath outer diameter of 22 Fr or 7.3 mm, rapid closure was able to be achieved, with median time to hemostasis of 24 s and only 4.2% rate of Valve Academic Research Consortium-2 major vascular complications (114). A collagen-based platform, it is currently available in 14 Fr and 18 Fr configurations, and it is 0.035″ guidewire compatible, consisting of a poly-lactic-co-glycolic snap attached to a bovine collagen plug which is tampered down, sandwiching the arteriotomy while a toggle is deployed intravascularly. The toggle and collagen plug usually are fully absorbed within 6 months and the vessel may be re-accessed 2.5 cm cranial or caudal to the MANTA device (96). The safety and efficacy of MANTA was recently compared with Proglide in the Randomized Comparison of Catheter-based Strategies for Interventional Access Site Closure during Transfemoral Transcatheter Aortic Valve Implantation (CHOICE-CLOSURE) study, a multi-center RCT of 516 patients undergoing TAVR (115). The authors reported significantly lower times to hemostasis with MANTA [80 (32–180) vs. 240 (174–316) seconds; p < 0.001) but at the cost of increased rates of access-site vascular complications [relative risk, 1.61 (95% CI: 1.07–2.44), p = 0.029], in particular pseudoaneurysms and hematomas (115). No differences were noted, however, with respect to access site bleeding or device failure. Historically, vascular closure following TAVR and other large bore access procedures has been performed by tightening the knots of 1 or 2 Perclose devices which were partially deployed at the time of initial access (“pre-closure”) (116).Further research is needed in the form of large multi-center registries and nested clinical trials using standardized best-practices to identify closure strategies in patients undergoing large bore access that are the most safe, effective and cost-sensitive.



Large bore vascular access and closure

The employment of safe and effective femoral arterial access is of paramount importance in patients requiring large bore sheaths (>8 Fr) for structural heart interventions, endovascular aneurysm repairs and percutaneous MCS placement. Despite advances in device-based therapies to treat these conditions using minimally invasive techniques, there remain significant variations in the technical expertise of large bore access within and among institutions (6, 8). A contemporary analysis of 17,672 patients undergoing large bore access for TAVR, EVAR and percutaneous MCS observed an 18% rate of bleeding complications, which in turn was associated with nearly 3-fold increased risk for in-hospital mortality, 2-fold increase in hospital-length-of-stay and marked increases in total healthcare costs (25). In cases requiring MCS implantation under emergency circumstances, the rates of bleeding and vascular complications can be as high as 40%, with greater than 4-fold increased risk for acute ischemia if advanced platforms such as percutaneous ventricular assist devices or VA-ECMO are utilized (117, 118). A summary of currently available MCS and structural heart platforms with their respective sheath sizes is described in Table 5. Given these considerations, societal recommendations and position statements have been developed around best practices for proper large bore femoral arterial access and closure (8, 119):


	1.Similar to standard TFA, multi-modality imaging techniques should be employed to visualize the common femoral artery, including bifurcation, calcification and dimensions, with a minimal diameter of 6 mm typically needed for sheath sizes of up to 18 Fr. In elective circumstances such as TAVR, pre-procedural computed tomography may also be performed to assess iliofemoral anatomy, in addition to other anatomic considerations, such as annular dimensions, valvular calcification and coronary artery height (120).

	2.Using fluoroscopic landmarks and doppler ultrasound, a 21 gauge micro-puncture needle should be used to access the CFA, typically 2 cm–3 cm below the mid portion of the inguinal ligament and 1 cm lateral to the lower third of the femoral head (8, 90).

	3.Similar to standard TFA, all patients should undergo femoral angiography following micro-puncture access, using standard or digital subtraction angiography (87). Once the femoral access site has been deemed to be suitable, the arteriotomy tract should then dilated for placement of a 6 Fr sheath.

	4.Given the clinical ramifications of bleeding and vascular complications associated with large bore access, it is advised that pre-procedural planning occur and contingency measures be developed around closure strategies. While it is generally recognized that VCDs may be preferrable to manual pressure following large bore access, there is no single best practice strategy around a particular device and when to employ it. A “pre-closure” strategy of using 1 or 2 Proglide sutures which are partially deployed, typically in the 10- and 2-o'clock configurations, is commonly employed in contemporary practice, and has been associated with low rates of bleeding and vascular complications (116).

	5.Given the enhanced complexities and time intensive nature of large bore procedures, it is advised that operators make concerted effort to mitigate radiation exposure to the patient and staff members at all times. This includes at the time of access when inguinal fluoroscopy is performed to confirm device placement and vessel patency. Strategies include ensuring that the patient is close to the image receptor and away from the x-ray source so as to reduce radiation scatter, maintaining at least 1 cm distance between the operator and the patient, avoiding the use of steep angles with the x-ray beam and placing the C-arm in 0° to 20° angulations, minimizing the number of cineograms and shortening each cine acquisition, utilizing lower frame rates (i.e. 7.5 frames/s) and the application of protective scatter-radiation absorbing shields (121, 122).

	6.Once the arteriotomy has been duly upsized and the respective large-bore sheath has been secured, a run-off angiogram should be performed to ensure adequate distal limb perfusion (8). If limb flow is impaired, a distal perfusion catheter consisting of a 5- or 6-Fr braided sheath may be placed using ultrasound-guided antegrade access of the ipsilateral superficial or profunda femoral artery. Distal perfusion can be maintained by utilizing one of three donor strategies: (1) “External” bypass from the ipsilateral common femoral artery by connecting the side-arm of the large-bore sheath to the distal perfusion cannula; (2) “External” bypass from the contralateral common femoral artery by connecting the side-arm of a 5 or 6-Fr retrograde sheath placed in the contralateral vessel to the distal perfusion cannula; and (3) “Internal” contralateral bypass from a 7 Fr retrograde sheath in he the contralateral common femoral artery to the ipsilateral profunda femoris artery through an up-and-over internal 4 Fr sheath which is inserted through the contralateral conduit (8, 123). The radial artery may also be utilized as a donor for distal perfusion, although caution is advised if it prolonged indwelling of the radial sheath is anticipated, given the potential risk for radial artery thrombosis and upper extremity digital ischemia (8). It should be noted that the feasibility and safety for distal perfusion cannula placement is primarily from observational data, and further research in the form of randomized clinical trials is needed to inform the application of this practice on a larger scale (8, 119, 123).

	7.While the radial artery has been demonstrated to reduce bleeding and major adverse cardiac events in patients undergoing complex PCI with pVAD support, there is an alternative technique currently employed at many centers in the United which may reduce the number of access sites. Commonly referred to the SHiP (Single access for High-risk PCI) technique, the procedure is facilitated by a micro-puncture needle which is used to pierce the diaphragm of the pVAD peel-away sheath, allowing for placement of a 7 Fr sheath through the hemostatic valve and adjacent to the 9 Fr pVAD catheter shaft, through which complex PCI can be performed (124).

	8.Upon completion of the large bore cardiac procedure, it is recommended that vascular closure be performed in the cardiac catheterization laboratory or hybrid operating room with cardiac and vascular surgical back-up capabilities (8). Closure strategies currently employed in clinical practice include: 1) Deployment of the Perclose Proglides sutures (1 or 2) which were used to “pre-close” the arteriotomy at the onset of the case; (2) “Post-Closure” using a double-wire approach to facilitate the deployment of two Perclose Proglide; (3) “Hybrid” approach with the combined use of one Perclose Proglide suture and either one Angioseal or Mynx VCD; (4) “Dry closure” with balloon hemostasis of the ipsilateral external iliac artery via radial or contralateral femoral arterial access; or 5) Deployment of the MANTA device (114, 125–127).

	9.Once hemostasis is achieved, final run-off femoral angiography (via the radial artery or contralateral femoral artery) is advised to ensure distal perfusion and recognize any potential vascular complications (8). In the event of vessel injury stemming from perforation, hemostasis can be obtained percutaneously by way of endovascular deployment of covered stents. While both self- and balloon-expandable platforms can be used, the former may be preferred given its more adaptive frame in response to daily physiologic stressors imposed on the iliofemoral vessels from flexion and extension (128).

	10.All vascular complications stemming from standard or large bore TFA access should be reviewed at institutional quality assurances forums in standardized fashion by physician and administrative leadership. Direct feedback can then provided to the interventional team around potential opportunities for improvement (129).




TABLE 5 Current mechanical circulatory support platforms and structural heart devices.
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Conclusion

Despite technologic advances in transcatheter-based therapies using minimally invasive techniques, major bleeding and vascular complications continue to hinder outcomes across the spectrum of contemporary interventional cardiology. While cardiovascular societies have put forth guidelines around proper management of arterial access and closure, the data supporting these recommendations have either been observational in design or derived from medium-sized clinical trials. As a result, there remains an unmet need for further research in the form of large multi-center registries with nested and pragmatic clinical trials to address the knowledge gaps that remain in this field. Clinical questions that remain unanswered and could potentially optimize catheter-based procedures include the role that short-acting parenteral antiplatelet agents may play in reducing the risk for periprocedural bleeding, the potential merits of pre-emptive atherectomy and/or lithotripsy of calcified iliofemoral vessels in patients with peripheral arterial disease who are undergoing large bore procedures, the development of smaller caliber delivery platforms to facilitate MCS and structural heart interventions, and the creation of novel bleeding detection platforms capable of recognizing hemorrhagic sequelae prior to overt clinical manifestation (130–132). Until then, concerted efforts should be made to minimize variability in clinical practice by developing institutional protocols and competency pathways incorporating best practices for safe and effective vascular access and closure. Coupled with institutional mechanisms for oversight and quality improvement, these measures hold promise in informing multicenter collaborations and clinical research designs aimed at advancing the care of patients undergoing catheter-based cardiovascular procedures.
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The professional landscape for clinical cardiologists and most physicians has changed dramatically in the last decade in the United States. By the end of 2020, 87% of cardiologists were integrated with a health system (employed or part of a professional services agreement). Physicians transitioning to a large employer are often dissatisfied with the lack of autonomy and the pressure from “one-size-fits-all” productivity targets. The results from physician surveys indicate that physicians practicing clinically in an academic environment have greater job satisfaction. Potentially even a modest amount of time comprising 10-20% of total effort spent on academic pursuits that are most meaningful to the individual physician can result in nearly a two-thirds lower risk of burnout compared with physicians who don't receive this time. The opportunity to participate in this special topic compendium by cardiovascular specialists at one regional integrated health system in the United States is an example of an opportunity to successfully incorporate meaningful professional academic opportunities into a clinical care environment.
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The professional landscape for clinical cardiologists and most physicians has changed dramatically in the last decade in the United States. By the end of 2020, 87% of cardiologists were integrated with a health system (employed or part of a professional services agreement) (1). The Inova health system, located in northern Virginia outside of Washington, DC, is consistent with this trend. Physicians transitioning to a large employer can feel dissatisfaction from a lack of autonomy, pressure from “one-size-fits-all” productivity targets, and outcomes judged by patient satisfaction scores. Productivity demands at their worst can lead to the phenomenon of “burnout,” with a paradox that higher demands with greater clinical productivity can lead to a lower sense of personal accomplishment. There can be serious consequences of “burnout.” A recent meta-analysis showed that a sense of lower personal accomplishment results in 47% more patient safety incidents adversely impacting all within a health system (2). How then might this be addressed in a constructive manner to promote professional wellbeing, expertise, and autonomy with recognition that health systems often work with razor-thin financial margins? Thinking as a clinician, one considers both a peer-reviewed evidence base and anecdotal experience to address this issue.

Physicians, in general, including those who predominantly do procedures, appear to have greater career satisfaction in an academic environment than in non-affiliated practices despite similar work hours (3, 4). From the 2019 Association of American Medical College's (AAMC) survey, which included 40% academically affiliated physicians, academically affiliated physicians reported 13% less feelings of burnout, and more satisfaction with time use and their career compared with unaffiliated physicians (4). In another survey of 3,170 graduates from one US medical school, those more involved in teaching, research, and lifelong learning activities had higher career satisfaction (5). Those with the highest career satisfaction were also the most likely to be engaged professionally through the publication of papers, presentations at meetings, serving on professional committees, and playing a role with medical journals (5). It turns out that only a modest amount of academic time (reflected by teaching, research, and administrative leadership roles) might make a big difference. Another survey study of physicians at a large academic medical center where over two-thirds reported patient care as the most meaningful aspect of their work found that physicians allowed just 10%–20% of their time to do what was most meaningful to them professionally were 64% less likely to experience burnout than those not provided this time (6). There is a caveat to most of the aforementioned analysis in that they are cross-sectional associations and implying causality (i.e., academic activity improves career satisfaction) is not possible. In fact, the survey of 3,170 graduates from one medical school additionally found that those with the highest career satisfaction also ranked highly in their medical class suggesting that enthusiasm and ability early on guided lifelong career choices and professional engagement (5).

Our anecdotal experience with a recently created Heart and Vascular service line, recruitment of an external academically oriented leader, and consolidation of multiple private practice groups into an employment model took place in the mid-2010s. It became immediately apparent that a cardiology fellowship training program would be critical to defining the culture of the institute. To allay the concerns of the director of a graduate medical education program, over 40 cardiologists (about half of the total privileged staff) showed up to an evening meeting to attest to their commitment to train fellows and in 2018 a general cardiology fellowship was started, now with many attendings competing for time on teaching services. Most of the fellows from this recently started program now go on to prestigious university subspecialty training programs. Many of the attendings who led articles as part of this special issue already participate in professional society committees and coauthor with many others but infrequently take a lead role. Others are known regionally for their expertise on a topic and have developed specialized programs within the health system. In both cases there may be limited venues, particularly including our trainees, to publish on our expertise and practice with our patients. As topic coordinators for this special issue, the immediate enthusiasm of our colleagues to contribute couldn't have been better. We solicited 22 topics, and we got 21 positive responses. More importantly, we then received 21 well-written articles to send forward to the journal for peer review. While coming together as a large group of cardiovascular care providers to create and share our expertise in this special issue certainly cannot solve all the challenges associated with contemporary clinical practice, it added to our broader sense of purpose and brought professional satisfaction to many who participated. We recommend the process highly to others.


Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Author contributions

CdF: Writing – review & editing.



Funding

The author declares that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

We certainly could not have done this without a lot of support. First, I would like to thank Frontiers in Cardiovascular Medicine for allowing us to pursue this project framed around the types of cardiovascular care delivered by an integrated health system that provides primary through quaternary cardiovascular services to the region with a diverse patient population. We would particularly like to thank Amanda Angheben from the journal for tirelessly guiding us through the many steps to create a special issue. A special thanks to our illustrator, Devon Stewart, who gave extraordinary attention to the illustration for each article to bring to life the authors’ efforts in each piece. Of course, there is always a behind-the-scenes person who makes a project of this size happen, and for us that was Liz Wilson, who kept us organized, nudged people along, and interfaced beautifully with the journal and authors. Next, our external associate editors, doctors Lauren Cooper, Maurice Saurano, and Sana Al-Khatib, volunteering their expertise in heart failure, imaging, and electrophysiology as well as their time to help review and manage these articles for the journal helped make the process seamless. Many thanks to the authors of the articles in this special issue most of who are full-time clinicians who took time to mentor and write with trainees. We know this was a night and weekend endeavor. Lastly, we would like to thank Dwight and Martha Schar for their generous support of Inova Schar Heart and Vascular, and the Dudley Family for their continued contributions and support of the Inova Dudley Family Center for Cardiovascular Innovation.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Available online at: https://www.acc.org/latest-in-cardiology/articles/2021/09/01/01/42/business-of-medicine-medaxiom-report-2021-cv-provider-compensation-production-survey (accessed February 5, 2024).

2. Hodkinson A, Zhou A, Johnson J, Geraghty K, Riley R, Zhou A, et al. Associations of physician burnout with career engagement and quality of patient care: systematic review and meta-analysis. Br Med J. (2022) 378:e070442. doi: 10.1136/bmj-2022-070442

3. Mahoney ST, Irish W, Strassle PD, Schroen AT, Freischlag JA, Brownstein MR. Practice characteristics and job satisfaction of private practice and academic surgeons. JAMA Surg. (2021) 156(3):247–54. doi: 10.1001/jamasurg.2020.5670

4. Zhuang C, Hu X, Dill MJ. Do physicians with academic affiliation have lower burnout and higher career-related satisfaction? BMC Med Educ. (2022) 22(1):1–8. doi: 10.1186/s12909-022-03327-5

5. Hojat M, Kowitt B, Doria C, Gonnella JS. Career satisfaction and professional accomplishments. Med Educ. (2010) 44(10):969–76. doi: 10.1111/j.1365-2923.2010.03735.x

6. Shanafelt TD, West CP, Sloan JA, Novotny PJ, Poland GA, Menaker R, et al. Career fit and burnout among academic faculty. Arch Intern Med. (2009) 169(10):990–5. doi: 10.1001/archinternmed.2009.70












	
	TYPE Mini Review

PUBLISHED 20 March 2024
DOI 10.3389/fcvm.2024.1352700






[image: image2]

Spontaneous coronary artery dissection: a focus on post-dissection care for the vascular medicine clinician

Katherine A. Martinez1, Brent Gudenkauf2, Elizabeth V. Ratchford3, Esther S. H. Kim4 and Garima Sharma3,5*

1Biochemistry Undergraduate Program, Loyola University Maryland, Baltimore, MD, United States

2The Texas Heart Institute Fellowship Program, Houston, TX, United States

3Johns Hopkins Center for Vascular Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, United States

4Sanger Heart and Vascular Institute, Atrium Health, Charlotte NC, United States

5Inova Schar Heart and Vascular, Inova Fairfax Medical Campus, Falls Church, VA, United States

EDITED BY
Maurice Enriquez-Sarano, Minneapolis Heart Institute Foundation (MHIF), United States

REVIEWED BY
Yaser Jenab, Tehran University of Medical Sciences, Iran

*CORRESPONDENCE Garima Sharma garima.sharma@inova.org

Abbreviations
AMI, acute myocardial infarction; CBT, cognitive behavioral therapy; CCTA, coronary computed tomography angiography; DAPT, dual antiplatelet therapy; ECG, electrocardiogram; EDN1, endothelin 1; FMD, fibromuscular dysplasia; IVUS, intravascular ultrasound; LAD, left anterior descending artery; MI, myocardial infarction; MMPs, matrix metalloproteinases; MRA, magnetic resonance angiography; OCT, optical coherence tomography; PCI, percutaneous coronary intervention; PHACTR1, phosphatase and actin regulator; P-SCAD, pregnancy associated sudden coronary artery dissection; PTGIR, prostaglandin reductase; SAPT, single antiplatelet therapy; SCAD, sudden coronary artery dissection.

RECEIVED 08 December 2023
ACCEPTED 19 February 2024
PUBLISHED 20 March 2024

CITATION Martinez KA, Gudenkauf B, Ratchford EV, Kim ESH and Sharma G (2024) Spontaneous coronary artery dissection: a focus on post-dissection care for the vascular medicine clinician.
Front. Cardiovasc. Med. 11:1352700.
doi: 10.3389/fcvm.2024.1352700

COPYRIGHT © 2024 Martinez, Gudenkauf, Ratchford, Kim and Sharma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Spontaneous coronary artery dissection (SCAD) is an uncommon condition which is increasingly recognized as a cause of significant morbidity. SCAD can cause acute coronary syndrome and myocardial infarction (MI), as well as sudden cardiac death. It presents similarly to atherosclerotic MI although typically in patients with few or no atherosclerotic risk factors, and particularly in women. As more patients are recognized to have this condition, there is a great need for clinician familiarity with diagnostic criteria, as well as with contemporary treatment approaches, and with appropriate patient-centered counseling, including genetic testing, exercise recommendations, and psychological care. The standard of care for patients with SCAD is rapidly evolving. This review therefore summarizes the diagnosis of SCAD, epidemiology, modern treatment, cardiac rehabilitation and preconception counseling, and the current approach to genetic testing, exercise recommendations, and psychological care, all of which are crucial to the vascular medicine specialist.
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Introduction

Spontaneous coronary artery dissection (SCAD) was first recognized in 1931 (1) and is an uncommon but important cause of myocardial infarction (MI), particularly in young people (1). It causes less than 1% of MI in some cohorts although it is likely underdiagnosed despite recent efforts at increasing awareness (2). SCAD occurs primarily in women who may not have traditional risk factors for atherosclerotic coronary artery disease and causes 25%–30% of MI in women younger than 50 years of age, as well as 15%–20% of peripartum and pregnancy-associated MI (3–7). Its pathophysiology is incompletely understood, but it probably results from dissection of the tunica media or rupture of the vasavasorum, causing intramural hemorrhage and hematoma and resultant luminal obstruction by the dissection flap or the hematoma itself. This may result in ischemia or infarction (8, 9). Prompt diagnosis is essential, as treatment differs considerably from the more common causes of MI, and SCAD is associated with high rates of complications (2). Further, SCAD highlights a vascular system at risk of further dissection, and it is linked to other vasculopathies such as fibromuscular dysplasia (FMD) and aneurysms (10, 11). A diagnosis should prompt diagnostic imaging of other vascular territories to identify aneurysms or extra-coronary abnormalities requiring treatment and referral to a vascular specialist (12). Patients may also benefit from lifestyle counseling to decrease the risk of recurrence (12). This review will discuss the clinical manifestations and various types of SCAD, diagnostic findings, surveillance for disease in the non-coronary vasculature, pharmacologic management, genetic testing, and advice for patients, particularly for patients considering pregnancy. As SCAD may be the initial presentation of an underlying vascular disease, vascular specialists should be familiar with the rapidly evolving science of SCAD, including its epidemiology, diagnosis, treatment, and the patient counseling required in this condition.



Clinical presentation

The clinical presentation of SCAD is similar to MI caused by atherosclerotic coronary artery disease and can encompass all the signs and symptoms of the acute coronary syndrome (13, 14). In one study, 30% of patients presented after physical exertion, and half presented after emotional stress, although it is important to note that no cause of SCAD is found in many patients (14). There is also an association with increased shear stress, such as with exercise, sneezing, or cocaine use (12). Because it may present as unstable angina or even as cardiac arrest, a high index of suspicion is required to make the diagnosis, particularly as patients typically have no or few risk factors for atherosclerotic disease (15).



Diagnosis


Coronary angiography

While the most commonly affected artery is the left anterior descending artery (LAD) (16, 17), SCAD can affect any coronary artery and is diagnosed via coronary angiography. Four sub-types may be visualized (Table 1) (18). Type 1 is illustrated by multiple lumens and a visible flap. Type 2 is the most common, with abrupt luminal narrowing without flap (Figures 1A,B). Type 3 causes gradual luminal narrowing without a visible flap (Figure 1C). Intracoronary nitroglycerin may be helpful to rule out coronary vasospasm as a cause of these various findings, particularly when SCAD types 2 or 3 are suspected (18).


TABLE 1 Classification of SCAD phenotypes by angiography (18).
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FIGURE 1
Images of three separate cases showcasing SCAD presentations. (A) Case of a 42-year-old female who presented with syncope, ventricular tachycardia, and elevated troponin. Coronary angiography indicated an ulcer crater in the left main coronary artery with 40% stenosis which extended into the origin of the LAD and the LCx (top left panel). Cardiac MRI showed delayed transmural gadolinium enhancement in the anterior and lateral walls as well as the lateral aspect of the inferior wall, suggestive of a vascular insult (bottom left panel). Subsequent coronary CTA found 30%–40% stenosis of the distal left main, with surrounding hypodense material causing vessel enlargement, suggestive of SCAD with intramural hematoma (right panel). Similar findings were seen in the very proximal portions of the LAD and LCx. No atherosclerosis was observed. LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; MRI, magnetic resonance imaging; CTA, computed tomography angiography; SCAD, spontaneous coronary artery dissection. (B) Case of a 30-year-old female with fibromuscular dysplasia who presented with chest pain. CCTA (left panel) showed a 30%–40% stenosis of the ostial to proximal LAD, consistent with a coronary dissection. Coronary angiography (middle panel) and repeat CCTA (right panel) performed six months later showed a focal eccentric 20% ostial LAD stenosis compatible with healed SCAD or intramural hematoma. CCTA, coronary computed tomography angiography; LAD, left anterior descending coronary artery; SCAD, spontaneous coronary artery dissection. (C) Case of a 53-year-old female who presented with an acute anterior MI and was found to have SCAD of the mid-to-distal LAD (left panel). Five months later, recurrent chest pain prompted repeat coronary angiography, discovering a focal myocardial bridge and a long region of 30%–40% stenosis at the prior SCAD site (middle panel). No interventions were undertaken. One year after the initial event, another episode of chest pain prompted CCTA, which showed a larger lumen, with only mild 10% stenosis at the prior SCAD site with continued vessel wall thickening suggestive of residual hematoma (right panel). SCAD, spontaneous coronary artery dissection; LAD, left anterior descending coronary artery; CCTA, coronary computed tomography angiography).
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CENTRAL ILLUSTRATION
Considerations in post spontaneous coronary artery dissection counseling of patients.


Traditional coronary angiography may not be sufficient to make the diagnosis, particularly when a dissection flap is not visible, such as in type 3 dissection. In these cases, intracoronary imaging with intravascular ultrasound (IVUS) or optical coherence tomography (OCT) is instrumental. These modalities, however, carry a theoretical risk of dissection propagation. However, the benefits of diagnostic precision and precise treatment must be weighed against this theoretical risk. It is important to note that in recent studies on intracoronary imaging in MINOCA, no such complications occurred (19).



Computed tomography angiography

Coronary computed tomography angiography (CCTA) can reveal intramural hematoma or dissection flap in proximal vessels, as well as perfusion defects, which, if present, can suggest SCAD (20, 21). It is not yet a widely accepted tool, as it cannot rule out SCAD due to resolution limitations, and a case-control study showed that its early use did not reduce death or subsequent MI (22, 23). It may be useful, however, in follow up to clarify if dissected vessels are healing, and in evaluation for anatomic features of the coronary arteries (such as shortened left main and an acute angle between the LAD and the first diagonal branch), which, if present, may cause an increased risk of SCAD due to increased vessel shear stress (24, 25). If CCTA is chosen, protocols with lower doses of radiation should be used as these patients tend to be younger, and more often female (26).




Epidemiology and pathophysiology

Compared to patients with MI caused by atherosclerosis, patients with SCAD are much more likely to be female, younger, and have fewer risk factors for atherosclerotic disease (14, 17). Almost 90% of patients are female, commonly aged 47–53 years (16, 27, 28). Further, SCAD causes 15%–20% of MI during pregnancy or the peripartum period (3, 29). The reason for this sex predilection is unclear.

SCAD is associated with pregnancy, known as P-SCAD. It affects 1.81 per 100,000 pregnancies, with 70% occurring postpartum (30), usually within the first week (30), and these patients tend to have more severe presentations (30, 31). 1/3 of P-SCAD cases occur in late pregnancy and 2/3 in the early postpartum period (16, 32), and P-SCAD accounts for <5%–17% of SCAD cases overall and 14.5%–43% of pregnancy-associated AMI (2, 14, 18, 33, 34). SCAD has also been associated with multiparity (35–37), clomiphene (35), oral contraceptives (7, 37, 38), and hormone replacement therapy (7, 37, 38). Why it presents often in the peripartum period is unclear, but it could be linked to the hemodynamic changes of pregnancy such as increased cardiac output and blood volume, and reduced systemic vascular resistance (39). It is also possible that perimenopausal/peripartum hormonal fluctuation changes the quantity of elastic fibers and collagen synthesis, as well as the mucopolysaccharide content of arterial walls (3, 18, 31, 35, 39, 40). For example, one study linked estrogen exposure to increased expression of matrix metalloproteinases (MMPs) from vascular smooth muscle cells, leading to necrosis and an unsupported vasa vasorum (41). Additionally, progesterone levels remain high during pregnancy, which can cause loss of normal corrugation of elastic fibers (42). This process could lead to increased susceptibility of rupture with increased hemodynamic stress, as occurs in pregnancy and labor (41).

SCAD is also closely linked with other vasculopathies such as fibromuscular dysplasia (FMD) and has also been described in collagen-elastic fiber disorders such as Ehlers-Danlos and Marfan syndromes (7, 43–46). There is also an inconsistent association with inflammatory disorders which are in general more common in women (12, 30, 47). Regardless of pathophysiology, mortality risk is lower with acute MI from SCAD (in the non-pregnant state) in comparison to MI associated with atherosclerosis (48). This is likely secondary to younger age and lower prevalence of atherosclerotic risk factors (48).



SCAD and fibromuscular dysplasia

FMD is a noninflammatory, nonatherosclerotic vasculopathy of unclear etiology that is characterized by intima and media hyperplasia, adventitial sclerosis, and destruction of normal elastic tissue. Like SCAD, FMD also primarily affects women. Recent studies have found a significant link between the two conditions (7, 10, 39, 49), especially with concomitant migraines (28, 48). More than 50% of patients with SCAD have FMD, making it the main underlying arterial abnormality observed in SCAD (7, 14, 15, 49). As both conditions are rare, this association suggests causality (39). Because of this strong correlation, all patients with SCAD should undergo screening for FMD with a comprehensive vascular physical examination and with head-to-pelvis CTA (or magnetic resonance angiography, MRA), as finding extra-coronary involvement may affect management and inform prognosis (50). For example, aneurysms or other dissections may require additional treatment to prevent rupture or longitudinal follow up with serial imaging.

Recent advances in genetics have helped to elucidate the link FMD between SCAD. They both appear to be familial in <5% of cases with autosomal dominant inheritance (51). Some studies have revealed common single nucleotide variants, though there is still no explanation as to the sex differences in SCAD (31). The PHACTR1/EDN1 (phosphatase and actin regulator and endothelin 1) locus was the first genetic risk factor to be identified to potentially link SCAD and FMD (52). Further, loss of function of PTGIR (prostaglandin reductase) is enriched in both FMD and SCAD. These mutations seem to lead to non-atherosclerotic arterial stenosis and dissection in patients diagnosed with FMD and SCAD (53).



Post-dissection care

In this section, we enlist a stepwise format to address and recognize some of the patient facing challenges in the management of post-SCAD care. These concerns focus on rehabilitation of patients and return to functional lives. (Central Illustration, Table 2).


TABLE 2 Post dissection care recommendations.
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(a) Exercise

It is generally advised that patients with SCAD should avoid prolonged high-intensity activities, competitive and contact sports, activities performed to exhaustion, sudden increases in physical activity, exercise in extreme temperature or terrain, or performance of the Valsalva maneuver during lifting or exercise (12). Though evidence-based research is lacking, this conservative approach is based on successful clinical practice that mimics the cardiac rehabilitation thresholds previously described (54). Low resistance and high repetition exercises are recommended and deemed safe while weight training (1, 55). The theoretical reason for this advice is that high-intensity activities, sudden increases in exertion, extreme environments, and Valsalva maneuvers may increase arterial shear stress and predispose to recurrence of dissection (36).



(b) Contraception and preconception counseling

Data are mixed as to whether repeat pregnancy increases the risk of recurrent SCAD (12, 56). However, due to the risk of mortality and significant morbidity associated with a recurrence, these patients should engage in a multidisciplinary decision-making process about the safety of pregnancy. Many clinicians recommend against pregnancy and encourage the use of contraception. If contraception is chosen, hormonal therapy should be avoided due to studies correlating long-term exposure to progesterone and estrogen with an increased risk for SCAD (2, 36). For patients considering pregnancy, vascular medicine, cardio-obstetrics, and maternal-fetal medicine preconception consultation is advised. Not only is there a potential risk of recurrent SCAD with pregnancy, but also there is accumulating evidence that a recurrent episode can have worse outcomes than the first presentation (12). Patients who do become pregnant after SCAD should be followed longitudinally by a multidisciplinary team of maternal-fetal medicine specialists, cardiologists with experience treating SCAD, and obstetric anesthesiologists throughout the prepartum, intrapartum, and postpartum periods. This team should carefully review the patient's prescribed medicines to ensure all medications are safe for pregnancy, conduct baseline cardiac testing, and create a plan for labor, delivery, and postpartum care (12).



(c) Breastfeeding

Theoretically, hormonal changes during breastfeeding may potentiate the effects of the postpartum period and increase risk for SCAD (57, 58). One study reported that about 3% of women in a cohort were breastfeeding at the time of SCAD (14). However, there is a paucity of data on this specific population, and breastfeeding's potential link to SCAD needs to be investigated further.



(d) Genetic testing

A thorough family history should be obtained. Genetic testing for connective tissue disorders, however, is typically low yield. In one study, it was diagnostic in only 5% of patients (45). Additionally, familial screening is also relatively low yield, with only 1.2% of individuals being recognized (59). Thus, routine genetic screening is not our current practice, although it can be beneficial and should be performed in some cases with a particularly high pre-test probability (37). For example, if other abnormalities are found on echocardiogram such as aortic root dilatation or aneurysms or other arteriopathy on head-to-pelvis imaging, then genetic testing may be helpful, especially among patients with a strong family or personal history suggestive of vasculopathy.

Recently, there have been more advances that link SCAD patients together with underlying genetic mutations (46, 60). Some of these genetic variants have been linked to other forms of arterial diseases, though SCAD is often the first and only presentation. Variants in genes associated with thoracic aortic aneurysm and dissection (TAAD), Loeys-Dietz syndrome (SMAD2), vascular Ehlers-Danlos syndrome (COL3A1), familial thoracic aortic aneurysm and dissection (LOX), and the cytoskeletal protein talin 1 (TLN) have been reported to have increased prevalence in cohorts of SCAD patients (46, 60).



(e) Cardiac rehabilitation and psychological care

Patients have reported physical and emotional benefits from participation in cardiac rehabilitation following SCAD, including improvement in chest pain, exercise capacity, psychosocial well-being, and a reduction in repeat cardiovascular events (54). Standard cardiac rehabilitation beginning 1–2 weeks after SCAD has been deemed safe and improves aerobic capacity, body composition, and measures of depression and stress (61). Cognitive behavioral therapy (CBT) is often part of rehabilitation and has been a successful psychosocial intervention for SCAD survivors. It should be considered as part of the treatment plan for patients experiencing anxiety and depression (62). The primary reason for lack of participation in cardiac rehabilitation and structured psychological support is that these programs are not routinely recommended by healthcare providers (63). In addition to cardiac rehabilitation, other avenues of support should also be considered for patients including counseling, support groups, and patient advocacy organizations.



(f) Medical therapy


Antiplatelet agents

One observational study found that at 1-year-follow up, SCAD patients on dual antiplatelet therapy (DAPT) had a higher rate of adverse cardiovascular events, including death, non-fatal MI, unplanned percutaneous coronary intervention (PCI), and bleeding, when compared with single antiplatelet (SAPT) regimens (64). This study was purely observational, but there is still a risk of bleeding with antiplatelet therapies and limited data on long-term benefit. Further, the patients treated with DAPT rather than SAPT may have had more severe presentations of disease. However, despite these limitations, the current evidence does not support dual antiplatelet therapy.



Statins

Statins are commonly prescribed after MI (65). However, in patients who are subsequently found to have SCAD rather than atherosclerotic coronary disease, statin therapy is likely not necessary unless the patient meets criteria for a statin for other reasons. Post-event comprehensive vascular imaging (e.g., head-to-pelvis CTA) can be helpful in decision making if atherosclerosis is detected.



Beta blockers

Beta blockers are also widely used in the treatment of SCAD, and although routine practice includes the use of beta blockers for SCAD patients, there are no current studies about beta-blocker usage specifically with this population (37). Theoretically, beta blockers may alleviate symptoms, decrease myocardial demand and vessel wall stress, and prevent recurrence (37). These theoretical benefits may indeed be clinically relevant, as a recent study demonstrated markedly reduced SCAD recurrence (hazard ratio 0.36) with beta blockers (66). Beta blockers have the added benefit of reducing the frequency of migraines, which are common among SCAD patients. Counseling patients on possible side effects of beta blockade is important, as fatigue and hypotension are common, which may dramatically affect patients with SCAD, as they are typically young and otherwise healthy without hypertension (12).



Antianginal therapy

Patients commonly experience angina after SCAD (30, 54). A careful history and physical examination are essential when a patient presents with chest pain post-SCAD, particularly looking for signs of in-stent restenosis (if stenting was performed) or SCAD recurrence. Physicians should be aware that women are less likely than men to be treated with anti-anginal therapy. Further, in those reporting angina, women were less likely than men to undergo an exercise ECG, to be referred for coronary angiography, to be prescribed antiplatelet and statin therapies, and to be revascularized, even after multivariable adjustment (67). Physicians must be aware of the potential for cognitive bias when treating women and when choosing whether to evaluate angina with advanced imaging studies (68, 69).


Role of revascularization

Revascularization with PCI or coronary artery bypass grafting has previously been associated with greater failure rates and major adverse cardiovascular event rates (70, 71). However, a recent meta-analysis concluded that there might not be such a drastic difference in outcomes as previously thought (72). When comparing patients managed with the two approaches, no statistically significant difference in death, MI, revascularization, SCAD recurrence, or heart failure was found. Therefore, conservative management with long-term observation should remain the standard of care unless the patient presents with other high-risk features (71, 73) warranting immediate revascularization such as unremitting chest pain or hemodynamic instability.






Current clinical trials

Currently, there is one clinical trial specifically looking at the SCAD population. It is a randomized, controlled clinical trial examining the efficacy beta blockers and antiplatelet agents. The primary completion date for the trial is 2024 (74).



Conclusion

SCAD is a relatively rare form of vascular disease accounting for about 1% of MI and it primarily occurs in women 30–50 years of age. Knowledge of diagnosis and treatment strategies for these patients is crucial for all vascular clinicians. Prompt diagnosis is essential, which should be done with either IVUS or OCT. Non-pregnancy associated SCAD most often occurs in the LAD, while pregnancy-associated SCAD is typically multi-vessel. It is typically treated with antiplatelet therapy and beta blockers, though there is increasing evidence that a more robust combination of post-dissection care is useful. This may include revascularization in rare cases, tailored exercise recommendations, cardiac rehabilitation, and preconception counseling for those considering pregnancy. Clinicians should also be aware of the overlap between FMD and SCAD. SCAD is often misdiagnosed, which can lead to worse outcomes for these patients. Close longitudinal follow-up is essential for patients following SCAD, especially as treatment options continue to evolve. Ongoing clinical trials should shed further light on ideal management strategies in this patient population.
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Peripheral artery disease (PAD) continues to increase in prevalence worldwide due to risk factors such as advanced age, diabetes mellitus, and obesity. Critical limb ischemia (CLTI) is the advanced form of PAD that can result in a lack of healing and limb loss as the most devastating consequence. Patients with PAD, especially CLTI, benefit from multidisciplinary care to optimize outcomes by reducing cardiovascular morbidity and mortality and preventing lower extremity amputation. Collaboration between various specialties allows a focus on problems involved in treating the patient with PAD including prevention, screening, medical care, wound care, infection, and revascularization when needed. Although there is no clear definition or consensus on the structure of the PAD team, certain guidelines are applicable to most clinical scenarios emphasizing “provider champions” in leading a clinical program. A vascular specialist (vascular surgery, interventional radiology, interventional cardiology) and a soft tissue specialist (podiatry, plastic surgery) are the typical “champions,” often involving orthopedics, general surgery, vascular medicine, diabetology/endocrinology, infectious disease, nephrology, and rehabilitation medicine. The team should also include wound nurses, nutritionists, occupational therapists, orthotists, pharmacists, physical therapists, prosthetists, and social workers. This paper presents a brief overview of the structure of the multidisciplinary team with key components and functions of such a team to optimize treatment outcomes for PAD and CLTI.
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Introduction

Peripheral artery disease (PAD) is most commonly due to an atherosclerotic process resulting in reduced lower extremity perfusion as a result of flow reduction from stenosis or occlusion of peripheral arteries. Symptoms of PAD range from asymptomatic disease to intermittent claudication, and, finally, chronic limb-threatening ischemia (CLTI) manifest as rest pain and tissue loss. Physiologic parameters of PAD focus on the ankle brachial index (ABI, <0.9), although other parameters such as the toe brachial index (TBI) have been included in recent publications addressing global standards (1). PAD affects over 10% of adults in the United States with at least 12 million people currently living with this condition, and this number is increasing rapidly (2). Tremendous clinical and economic burdens are associated with PAD including the cost to the health system of treatment and amputation and reduced quality of life (QOL). Amputation has been shown to include costs that double the original cost of the amputation itself (3). This is a significant consideration as over 1.5 million people are living after limb loss, a number that is increasing due to the aging of the population and the global exponential rise in diabetes mellitus.



Multidisciplinary approach to optimize PAD management

The contemporary management of PAD, especially CLTI, is optimal in the context of a multidisciplinary program. Such a program requires a coordinated effort of physicians, nurses, allied health professionals, and administrators who are dedicated to the cause of treating PAD and saving and maintaining functional limbs. Prompt and appropriate diagnosis followed by a multidisciplinary approach to treatment is critical to successfully treating patients with PAD (4). Programs should incorporate risk reduction with appropriate medical therapy. A review of medical therapy for PAD is beyond the scope of this overview, but familiarity with antiplatelet agents and anticoagulants in the context of the PAD patient is critical. PAD affects the QOL and longevity of patients with significant mortality rates from not only associated major amputation but also coronary disease and stroke, with 5-year mortality approaching 50%. The rise in the prevalence of diabetes mellitus will undoubtedly lead to an increase in lower extremity ulceration limb threat. A multidisciplinary approach leads to enhanced healing, limb preservation, decreased mortality, and increased patient satisfaction through a decrease in the morbidity and mortality associated with PAD/CLTI.

Unfortunately, there continues to disparity of care based on race, socioeconomic status, and geography (5, 6). A limb preservation program would standardize care for the patients with CLTI mitigating some of the factors that cause disparity in the care. Of those patients with limb-threatening ischemia, 25% undergo primary amputation, 25% receive medical therapy, and 50% undergo attempted revascularization. Goodney et al. (7) have reported that 46% of patients undergo major amputation without a diagnostic arteriogram despite evidence that diagnostic arteriography is a predictive factor for limb preservation. There are data to support the fact that amputation is prevented by an increasing incidence of revascularization whether endovascular or open surgical bypass and that amputation rates are lower in centers with higher volumes of revascularization procedures (8). An important factor to address these issues in such a program is communication. Several medical disciplines can assume leadership roles for such a program in each community. Leadership is based on the passion for the type of patients managed shown by the participants as much as specific medical training. It is important to draw on the expertise and passion available in the local medical community to construct a limb preservation team.



Components of a limb program

An appropriate staff is the critical component of a multidisciplinary program. The team must share a dedication and passion for the goals as outlined above and create and maintain open lines of communication. The staff includes the physician team, administrative support, physician extenders, nursing team, and secretarial support. A medical director who has the authority and initiative to bring together other team members should lead the physician team. The background of the medical director can vary but is most often drawn from vascular surgery, podiatry, or plastic surgery. It is important to have representatives from both the vascular and soft tissue perspectives in leadership roles, and therefore co-director positions can be created. Although there is not only one model regarding the multidisciplinary PAD team, certain applicable guidelines begin with the importance of “provider champions” in leading a clinical program. A vascular specialist (vascular surgery, interventional radiology, interventional cardiology) and a soft tissue specialist (podiatry, plastic surgery) are the typical “champions,” often involving orthopedics, general surgery, vascular medicine, diabetology/endocrinology, infectious disease, nephrology, and rehabilitation medicine. The team should also include wound nurses, nutritionists, occupational therapists, orthotists, pharmacists, physical therapists, prosthetists, and social workers.

There should also be an administrator dedicated to the program with time available to guide the project on a daily basis. The administrative director can be either a physician (medical director) or someone trained in medical administration. The administrator should know the clinical and business aspects of the program and be facile with interaction among the hospital, physicians, staff, and local community. Physician extenders such as nurse practitioners or physician assistants play a crucial role in the success of the program. These practitioners initiate the medical evaluation of each patient and coordinate the complex care required for an optimal outcome. These providers can often run clinics independently with supervision from treating physicians. This includes wound care, preoperative preparation, and prescription of medications used in the treatment plan. The physician extenders must work closely with trained wound nurses, medical assistants, and secretaries. The wound nurses or technicians are the focus of the clinic setting. These specialized personnel perform much of the wound care and dressing changes and important patient education required to involve the patient in their own care. Coordination of visiting nurse visits is also coordinated by the wound nurses. The ideal complement of such personnel to optimize patient flow is approximately three physician extenders/wound nurses for each doctor involved in the clinic setting. Staff support should also include a receptionist and medical assistants. The medical assistants aid in moving patients through the clinic and completing initial demographic and historical data in the electronic medical records and may help in the removal and application of dressings under the direction of the wound nurse or physician. Ideally, case managers and prosthetists form part of the program. Case managers assist in the volume of work involving rehabilitation centers and insurance issues, which patients often require, while a prosthetist with familiarity with the patients and direct communication with the limb team greatly enhances the functional results of the patients.

A dedicated, identifiable outpatient space is important. The space should be accessible to those patients who have mobility problems. The outpatient space should be in proximity or connected to the hospital, as limb patients require frequent hospital services. The space for exam rooms is also important, as patient flow is important to program viability and patient satisfaction. Ideally, six rooms for every 30 scheduled patients would allow for the optimization of the physician and physician extender team. A designated inpatient hospital ward for limb patients when they are admitted is also preferred. The nursing staff on an identifiable ward should be familiar with the medical issues surrounding the PAD patients. Wound dressings and other medical materials can be centrally located in proximity to the admitted patients. The identifiable limb ward fosters the team approach and continuity of care from outpatient to inpatient setting and back to outpatient wound or rehabilitation centers as needed.



Non-invasive vascular laboratory

A non-invasive, diagnostic vascular laboratory is critical to the management of PAD and requires appropriate space and equipment. These vascular laboratories are used routinely in the care of the PAD patient both for initial diagnosis, follow-up care, and the decision for invasive therapy. The vascular laboratory should perform the standard tests including ABI, segmental waveforms and pressures, post-volume recordings, digital pressures, and duplex ultrasound imaging. Diabetes is associated with increased calcification of the arterial media, often rendering the tibial arteries incompressible by the blood pressure cuff and a falsely elevated ABI. The TBI is important for the assessment of PAD in diabetic patients and digital pressures to determine healing potential. Other modalities can assist in the assessment of tissue perfusion and healing ability including transcutaneous oxygen measurement and skin perfusion pressure. Transcutaneous oxygen values are measured in the area of the wound and usually at the calf, ankle, or foot with an absolute value of >20–30 mmHg consistent with healing supported by a chest wall index of >0.4. The chest wall index compares the value in proximity to the wound to the value taken on the chest wall, which is considered a normative value. Measuring skin perfusion pressures utilizes a Doppler shift effect in laser light reflected from the capillary flow with the pressure measured at which the blood flow first returns to the capillary bed of the skin envelope. A skin perfusion pressure of >30 mmHg belies CLTI while predictive of healing. Hyperbaric oxygen (HBO) therapy can serve a certain segment of the threatened limb population and is of particular value in patients with irradiation-induced ulcers or diabetic foot ulceration. HBO may be useful if an increase in tissue oxygenation can be demonstrated when the patient is given supplemental oxygen (9). It requires a facility with dedicated staff that recognizes the associated medical risks.



Arterial imaging in the management of PAD

When intervention is deemed necessary by patient history, exam, and vascular lab studies, then arterial imaging is required to plan the appropriate revascularization, including CT angiography (CTA), MR angiography (MRA), and catheter-based arteriography. CTA allows 3D reconstruction while demonstrating calcium and the calcium load in the arterial tree. Unfortunately, CTA involves contrast with the timing of the injected bolus critical to image quality. Heavily calcified arteries can also impact image quality. MRA is a flow-dependent analysis, and while non-invasive without the need for standard contrast, the best images are obtained with the administration of gadolinium, which is problematic in patients with renal insufficiency due to the chance of nephrogenic systemic fibrosis. Additionally, MRA images can overestimate the degree of stenosis due to signal dropout, and certain patients cannot tolerate the time required to acquire the images in the enclosed space. Catheter-based arteriography continues to play an important role in diagnostic imaging for limb preservation, especially in terms of the precise definition of distal tibial disease. A primary intervention can be performed at the time of the initial arteriogram; however, obtaining quality images of the lower leg and foot with subsequent planning of complex revascularization procedures is often appropriate. This approach allows collaboration and communication among providers of varying skills and experience in the different modes of revascularization.



Revascularization in the management of PAD

Revascularization to treat PAD is performed to alleviate the symptoms of disabling claudication, enhance wound healing, and prevent amputation. Claudication is rarely a limb-threatening situation, and conservative therapy should always be considered with exercise, tobacco cessation, and the possible addition of cilostazol. The role of endovascular therapy in treating PAD has dramatically increased with many centers advocating an “endovascular-first approach.” This has changed the landscape of lower extremity revascularization for PAD. Recently, two prospective, randomized clinical trials, BEST-CLI and BASIL-2, have published results comparing bypass and endovascular revascularization (10, 11). While both trials emphasized the benefits of revascularization for PAD/CLTI, the difference between trials in choice of primary endpoint led to different interpretations of conclusions. The BEST-CLI trial chose major adverse limb events (MALE) with mortality and concluded that bypass with a saphenous vein was superior to an “endovascular-first” approach. The BASIL-2 trial chose amputation-free survival (AFS) incorporating the primary endpoints of amputation and survival. This trial indicated that endovascular therapy may be preferred based on a survival difference between groups without a difference in amputation rates. Both trials demonstrate that trial surgical bypass and endovascular intervention can be effective modes of revascularization and should be offered in a limb program. An important observation was the persistently high mortality rate of patients with symptomatic PAD/CLTI. This is an area that must be addressed.

Outpatient revascularization is becoming more common and accepted by patients, providers, and insurance carriers. PAD programs often include space for an outpatient office-based lab (OBL) or ambulatory surgery center (ASC). However, procedures performed in these settings must satisfy appropriate indications and diagnostic evaluations prior to PAD intervention. As the number of procedures performed in the OBL setting continues to increase, the need for oversight of outcomes is critical.



Revascularization techniques

Revascularization in the context of a PAD program focuses on rest pain and tissue loss as primary indications for intervention. This program requires options for both endovascular therapy and open surgical bypass. Patients requiring revascularization can be complex with distal occlusive disease, a lack of autogenous conduit, concomitant infections, and prior failed attempts of revascularization. In terms of endovascular revascularization, the entire range of therapies should be available to treat the patient appropriately; however, a predominance of patients can be treated with standard balloon angioplasty and stent deployment. Atherectomy has a select role, but an increasing role, in certain patients based on the experience of the operator and venue (12). There has been an increased utilization of aggressive endovascular techniques such as extensive tibial angioplasty with crossing of chronic total occlusions and distal pedal loop revascularization (13). Despite controversial data regarding patient mortality (14), the use of drug elution technology will almost certainly have an increasing impact in the future on patients in need of revascularization for limb preservation.

There is a subset of patients in whom bypass should be considered for optimal revascularization to enhance healing and limb preservation. Hybrid operating room technology has become essential for the complex procedures often required for the revascularization of more advanced PAD. These patients include those presenting with large volume tissue loss (>2 cm), patients with several prior attempts at endovascular therapy, and patients in whom angiosome revascularization may be important with the target artery best perfused with a bypass (15). Development in bypass technique includes heparin-bonded prosthetic conduits with a venous adjunct at the distal anastomosis, the addition of an arteriovenous fistula at the distal anastomosis, and surgical deep venous arterialization with utilization when there is a lack of autogenous conduit, and, in the presence of poor arterial runoff (16–21) (Figure 1). Many bypasses are now performed following endovascular failure and lack of venous conduit. Furthermore, this is complicated by the paucity of suitable distal arterial targets (the “desert foot”) requiring a more distal target than would have previously been required following endovascular therapy.
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FIGURE 1
Advanced bypass options for limb preservation.




Wound care and soft tissue reconstruction

In a PAD program, wound care and soft tissue reconstruction are equally important to revascularization. The majority of leg ulcers can be effectively managed with non-surgical debridement, typically in the form of dressing changes or wound ointments that encourage tissue healing. Whether performed in the operating room or clinic, the goal of debridement is to remove all non-viable, infected tissue and reach bleeding tissue or viable fat, tendons, or fascia. Consideration should be given to the delayed wound closure and the vacuum-assisted closure device (VAC) or other biologic wound care adjuncts. The VAC is a negative pressure wound therapy that enhances granulation tissue ingrowth through reduction of edema and removal of proteases (22). VAC therapy can be discontinued when the wound is small enough to close with simpler less expensive dressing changes or can be closed primarily or with a skin graft. Ideally, wound care should be performed under the auspices of wound care protocols, which can stabilize the uniformity of the procedures and optimize results in a limb preservation program as carried out by the medical and ancillary staff.

The PAD program should include the ability to perform advanced soft tissue flaps when primary wound care is insufficient. Three types of flaps are employed in the lower extremities: local random-pattern flaps, local pedicle flaps, and free tissue transfers. All soft tissue flaps are based on axial vessels, typically branches of arteries supplying the angiosomes to maintain perfusion to the tissue of the flap in question. The use of VAC therapy and other flaps has led to a decline in the use of microsurgical free flaps in the lower extremities. However, there are certain wounds for which free flaps may still be useful, such as large defects and wounds characterized by significant bone exposure.



Amputation

Although the goal of a PAD program is limb preservation, primary amputation may be required in varying clinical scenarios, such as lack of tissue for reconstruction, sepsis, non-ambulatory status, and/or being demented and unable to cooperate with rehabilitation. The goal of PAD management should be to maximize the functional length of a biomechanically sound limb. Proper limb biomechanics is the key to successful amputation. To optimize biomechanics, anatomy must be appreciated, and the procedure performed with technical care. Viable tissue should be maximized especially along the plantar surface of the foot as this tissue is often used for forefoot reconstruction. Skeletal stability is also important. The patient should not be left with any pressure points or potential areas of decubitus ulceration after amputation. Several amputations can be considered to obtain an optimal result. Minor and below-ankle amputations include digital (ray) amputation, transmetatarsal amputation, and midfoot (Lisfranc), hindfoot (Chopart), and less commonly ankle amputation (Symes). The goal of these procedures is to maximize the length and ambulatory status. Major or above ankle amputations are classified as above- and below-knee. All amputations can be technically challenging to obtain long-term function, but the below-knee amputation must be done especially carefully to design a well-constructed posterior flap with maximal length from the tubercle of the tibia. Tenodesis (the anchoring or fixation of a tendon to a bone) to the tibia helps maintain function and diminish deformity postoperatively. Advances in prosthetic technology have greatly contributed to maintaining ambulatory function after a well-done major amputation. Peer support groups can also help assist the amputee in a successful recovery.



Education and research

A limb preservation program should also include a patient support group, as there is a significant emotional component to limb loss or living with a foot ulcer. A patient support group can be very important both preoperatively and postoperatively in helping patients deal with the burden of their clinical situation by maintaining functionality and a positive outlook. Education can be incorporated into the program in the form of seminars for patients and referring physicians. Education is critical to achieving the goal of limb preservation through the reduction of amputation and enhancement of the QOL of patients. The limb program also provides a format for multidisciplinary research that is increasingly important to the healthcare system. Both education and research are a reminder of the importance of a patient-centered approach when initiating and maintaining a multidisciplinary limb preservation program.
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Patent Foramen Ovale (PFO) is a common congenital atrial septal defect present in 20%–35% of the general population. Although generally considered a benign anatomic variant, a PFO may facilitate passage of a thrombus from the venous to arterial circulation, thereby resulting in cryptogenic stroke or systemic embolization. A PFO is detected in nearly one half of patients presenting with cryptogenic stroke and often considered the most likely etiology when other causes have been excluded. In this review, we discuss the contemporary role of transcatheter closure of PFO in the treatment of cryptogenic stroke, including devices currently available for commercial use in the United States (Amplatzer PFOTM Occluder and GoreTM Cardioform Septal Occluder) and a novel suture-mediated device (NobleStitchTM EL) under clinical investigation. To provide the best care for cryptogenic stroke patients, practitioners should be familiar with the indications for PFO closure and corresponding treatment options.
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Introduction

Patent Foramen Ovale (PFO) is a common anatomic variant, present in about 20%–35% of the population (1). During cardiac embryogenesis, the septum primum and the septum secundum form a flap-like valve in the interatrial septum allowing blood to flow from the right to left atrium, bypassing the fetal lungs. After birth, with spontaneous breathing and a reduction of pulmonary vascular resistance, right sided atrial pressure drops compared to left, leading to the fusion and the closure of interatrial septal defect. However, in approximately 1 in 4 individuals, the septa fail to fuse, leaving a PFO which is a residual communication between the right and left atria. While PFOs are generally clinically insignificant, under certain conditions they can allow passage of (1, 2) a thrombus/embolus from the venous system into the arterial system leading to a paradoxical embolism which can result in cryptogenic stroke and/or systemic embolism (3). Transcatheter PFO closure has been developed and performed for decades in patients with presumed paradoxical embolism to reduce the risk of recurrent cardio-embolic events.


Indications for PFO closure with cryptogenic stroke

Stroke is the fifth leading cause of death in the US and a major contributor to cardiovascular morbidity and mortality. Cryptogenic strokes represent between 15% and 40% of all strokes (4). The Trial of Org 10172 in Acute Stroke Treatment (TOAST) defined cryptogenic stroke as a brain infarct not related to a definite source of cardio embolism, large vessel occlusion or small vessel disease despite extensive evaluation (5). Prior retrospective studies have revealed an increased prevalence of PFO (40%–45%) in patients with cryptogenic stroke (3, 6). However, given the high prevalence of PFO in the general population, when selecting patients for PFO closure, it is important to determine the likelihood that the PFO is causally implicated in the stroke rather than being an innocent bystander. The Risk Of Paradoxical Embolism score (RoPE) score is a 10-point scoring scale developed to predict the likelihood that a cryptogenic stroke is attributable to an associated PFO, rather than an incidental finding (Table 1). As a validated tool for objectively assessing the relationship between cryptogenic stroke and PFO in a given patient, the RoPE score helps guide PFO closure treatment decisions (7, 8), keeping in mind that the estimation of degree of causality of PFO in cryptogenic stroke using the RoPE score may be affected by the difference in PFO prevalence in population (9). While no significant race-ethnic differences in PFO prevalence were identified in a large US cohort of cryptogenic stroke patients, white and Hispanic patients had a higher prevalence of high risk PFO anatomic features compared to black patients (10). In addition to clinical variables accounted for in the RoPE score, anatomic characteristics of the PFO are also now recognized as important features in determining PFO related stroke risk. The PFO-Associated Stroke Causal Likelihood (PASCAL) Classification System adds echocardiographic features, such as PFO shunt size and presence of interatrial septal aneurysm, to the RoPE score to help further risk stratify patients into those who benefit most from PFO closure (11).


TABLE 1 RoPE score calculator.
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The debate about whether to close a PFO to reduce the risk of recurrent stroke or recurrent paradoxical embolism has been ongoing over the last two decades. Early clinical trials, including the Evaluation of the STARFlex Closure System in Patients with a Stroke and/or Transient Ischemic Attack due to Presumed Paradoxical Embolism Through a Patent Foramen Ovale [CLOSURE I] and the Percutaneous Closure of Patent Foramen Ovale Using the Amplatzer PFO Occluder With Medical Treatment in Patients With Cryptogenic Embolism [PC Trial] failed to show significant benefit of PFO closure in patients with cryptogenic stroke or TIA (12, 13). However, these trials were hampered by several design issues, including limited statistical power, a high crossover rate between the study groups, patient selection issues, and lack of standardization of antithrombotic therapy in the medical therapy group. Additionally, the STARFlex device used in CLOSURE I trial was withdrawn in Europe out of concerns about residual defects and device-related thrombus formation (14, 15).

Subsequent innovation led to improved closure device and study designs. The Randomized Evaluation of Recurrent Stroke Comparing PFO Closure to Established Current Standard of Care Treatment (RESPECT) trial initially failed to show superiority of PFO closure over medical therapy, however after extended follow up (median 5.9 years) a significant reduction in the incidence of ischemic stroke compared to medical therapy was observed [HR 0.55; 95% CI (0.31–0.999); p = 0.046] (16, 17). Several other randomized control trials, designed to address the pitfalls of earlier trials, further validated the benefit of PFO closure compared to medical therapy in reducing the risk of recurrent stroke in patients presenting with cryptogenic stroke. The Gore Septal Occluder Device for PFO Closure in Stroke Patients (REDUCE) trial showed remarkable benefit and reduction in the risk of ischemic stroke compared to medical therapy alone (1.4 vs. 5.5%; p = 0.002; NNT = 25) (18). In the Patent Foramen Ovale Closure or Anticoagulation vs. Antiplatelet after Stroke (CLOSE) trial, none of the 238 patient who were randomized for PFO closure had stroke compared to 14 strokes in the medical treatment arm (hazard ratio, 0.03; 95% confidence interval, 0–0.26; P < 0.001) (19). In the Device Closure Versus Medical Therapy for Cryptogenic Stroke Patients with High-Risk PFO (DEFENSE-PFO trial) PFO closure significantly reduced the composite of stroke, vascular death, and thrombolysis in MI major bleeding at 2 years compared to medical therapy with number needed to treat (NNT) of 8 (20). Mojadidi et al., conducted a meta-analysis including the CLOSE, RESPECT, REDUCE, PC and CLOSURE trials (n = 3,440). This confirmed that percutaneous PFO closure reduced the risk of ischemic stroke compared to medical therapy alone (2.0% vs. 4.5%; RR: 0.42; 95% CI: 0.20–0.91; p = 0.027). However, the risk of atrial fibrillation was noted to be higher in the device arms (4.2% vs. 0.74%; RR: 4.55; 95% CI: 2.16–9.60; p < 0.0001), which was likely procedure related (21).

Based on this robust clinical trial evidence base, the Society for Cardiovascular Angiography and Interventions recently released guidelines for the management of PFO (22). The guidelines gave its strongest recommendations for PFO closure over antithrombotic therapy in patients between ages 18 and 60 years with a PFO-associated stroke. Similarly, American Heart Association/American Stroke Assocation Guideline and the Canadian Stroke Best Practices Recommendations gave the same recommendation for PFO closure in patients within the same age group with cryptogenic stroke; however, both of these guidelines also emphasize the importance of anatomic features by recommending closure specifically in patients with high risk PFO features (23, 24). ESC guidelines also recommend PFO closure in patients with PFO-associated stroke and have extended the recommendation for PFO closure to include patients up to 65 years old (25). When considering applications of these guidelines to individual patients, it is important to note that a RoPE score ≥7 has been associated with greater benefit from PFO closure. An analysis of data from CLOSURE-1, RESPECT and PC trials demonstrated that in patient with RoPE score of 7 and more, the rate of recurrent strokes per 100 person-years was 0.30 in the PFO closure group vs. 1.03 in the medical therapy group [hazard ratio (HR), 0.31; 95% CI: 0.11–0.85; P = 0.02]. In patients with lower RoPE scores (<7, n = 912), the rate of recurrent strokes per 100 person-years was 1.37 in the PFO closure group vs. 1.68 in the medical therapy group (HR, 0.82; 95% CI: 0.42–1.59; P = 0.56) (26).



Transcatheter PFO closure device therapy

The choice of a PFO closure device depends on several factors, including patient anatomy, size of the PFO, physician preference and experience, and the safety and efficacy profile of the device (27). There are currently two FDA approved PFO closure devices, based on results from the RESPECT and REDUCE trials. The AmplatzerTM PFO Occluder is a double-disc nitinol wire mesh device that conforms to the septal wall and is delivered via a catheter through the vein under echocardiographic and fluoroscopic guidance. The discs are deployed on either side of the atrial septum, effectively sealing the PFO. The device comes in 4 sizes (18, 25, 30, and 35 mm), accommodating varying PFO anatomy (16, 17, 23). The GoreTM Cardioform Septal Occluder, manufactured by W.L. Gore & Associates, also uses a dual-disc design, and is made of a nickel-titanium alloy frame covered with a soft, flexible material composed of expanded polytetrafluoroethylene (ePTFE) -a biocompatible material that conforms to the septum. The device comes in 3 sizes (20, 25, and 30 mm), and has a lower profile which may reduce the risk of cardiac tissue irritation (23, 28). Both the Amplatzer and the Gore devices proved to be superior to STARFlex device in terms of reducing the risk of recurrent stroke/TIA with less occurrence of new onset Afib (29). Occlutech® Flex II PFOOccluder is a newer device currently under investigation in the FDA approved OCCLUFLEX study.OCCLUFLEX is a prospective randomized multi-center controlled investigation comparing PFO outcomes of the Occlutech Flex II Occluder to standard of care PFO occlusion with the Amplatzer PFO occluder and the Gore Cardioform Septal Occluder. Using nitinol wire mesh, the Occlutech device consists of 2 retention discs connected by a 3 mm central waist with a single hub to promote endothelialization (30, 31). The OCCLUFLEX study is expected to be completed in 2026.

Before considering transcatheter PFO closure, the indications, risks, benefits, and alternatives should be thoroughly discussed, and patient shared decision-making utilized. The currently approved transcatheter PFO closure devices are delivered from 8 to 12 Fr femoral venous sheaths using intracardiac (ICE) or transesophageal echocardiography (TEE) for imaging guidance during the procedure. Intracardiac echocardiography is often preferred as it facilitates conscious sedation, quicker recovery and earlier hospital discharge (often same-day discharge) than TEE. Postprocedural care is a critical component of the procedure that is essential to effective and safe PFO closure. Oral dual antiplatelet therapy with aspirin and a P2Y12 inhibitor is generally recommended for 6 months to minimize the risk of device thrombus (32) while complete endothelialization occurs over the ensuing several months (17, 33). In some cases, anticoagulants may be prescribed instead of antiplatelet therapy, particularly if there is a high thrombotic risk or the patient has another indication for anticoagulation (23). Pre and post procedural patient education is paramount and should include informing the patient of the signs and symptoms of complications, such as infection, arrhythmia, pericardial effusion or thromboembolism. Transthoracic Echocardiography with agitated saline bubble study is then typically performed at 1-, 6- and 12-months post closure to confirm PFO closure. Successful closure is defined as a grade 0 or 1 residual right to left shunt (34, 35). Although the risk of infective endocarditis after PFO closure is low, prophylactic antibiotics are generally recommended for procedures that could introduce bacteria into the bloodstream during the first 6 months after device implantation (23).



Transcatheter suture-mediated PFO closure

Despite the excellent efficacy and safety of traditional PFO closure devices, the occasional induction of rhythm disturbances (usually atrial fibrillation), nickel allergy, and rare occurrence of potentially serious complications (device dislodgement, fracture, embolization, infection, and thrombosis) have served as an impetus to consider alternative catheter-based suture-mediated techniques to achieve PFO closure. Furthermore, the permanence of PFO closure device across the interatrial septum may hinder future cardiac interventions that require transseptal access, such as left atrial appendage closure, arrythmia ablations, and transcatheter mitral valve interventions. The NobleStitch® EL Patent Foramen Ovale (PFO) closure device (NobleStitch EL, HeartStitch, Inc., Fountain Valley, CA, USA) is a suture mediated “deviceless” closure system, composed of polypropylene sutures. There are 2 suture delivery catheters, one to capture the septum secundum and one to capture the septum primum. A third Kwiknot catheter is then used to tie the two sutures together, effectively closing the PFO and potentially mitigating the risks and/or limitations of a permanently implanted cardiac device. NobleStitch EL has received CE Mark in the European Union and 510k approval by the FDA for the broad indication of cardiovascular suturing, but not specifically for the indication of PFO closure for secondary stroke prevention.

Prospective observational studies have provided data on the feasibility, safety, and efficacy of the NobleStitch® EL PFO closure system, however, thus far there have been no studies comparing results directly to commercially available PFO closure devices. The NobleStitch® EL Italian registry included 200 consecutively enrolled patients from June 2016 to October 2017 (mean age 44 +/–13 years, 59% female) and demonstrated successful PFO closure with the NobleStitch EL in 96% of the patients, with closure rates comparable to traditional device-based systems. Intermediate term follow-up with agitated saline contrast echocardiography with valsalva maneuver revealed no (grade 0) right to left shunt (RLS) in 75% of patients, RLS grade ≤1 in 89% and significant residual RLS (grade 2 and 3) was present in 11%. Using the standard definition of effective closure (grade 0 or 1 residual RLS), NobleStitch® EL system achieved closure rates similar to that previously reported for established closure devices and long-term follow-up data at 2 years has shown this approach to be safe and effective with thus far no major long-term complications, or permanent arrhythmias (36).

There are several important anatomical features to consider when performing PFO closure using the NobleStitch EL device. A recent retrospective observational study showed that a PFO width of >5 mm and larger (grade 2–3) preprocedural right to left shunts were associated with a lower likelihood of successful PFO closure with 1 suture (37). Utilization of more than one stitch for complete closure in these cases may be necessary. Long-tunnel shaped PFO and septal aneurysms can sometimes be challenging for successful closure using NobleStitch (38–40). Another prospective single center study with a 6-month follow-up revealed partial stitch detachment, atrial septal tear and knot embolization as the main causes of RLS at follow up (41, 42). Therefore, despite some theoretical advantages and early enthusiasm with Noblestich EL, it remains unclear if this approach will provide as effective and complete PFO closure as the 2 established FDA-approved devices. The ongoing NobleStitch EL STITCH Trial (NCT04339699), a prospective, non-randomized, open-label study comparing NobleStitch with the Amplatzer PFO Occluder, should provide further information on the relative efficacy of these 2 devices, including PFO closure success rates, reduction of recurrent ischemic events and safety.




Conclusions

Although PFO is quite common in the general population, this congenital atrial septal defect occasionally results in cryptogenic stroke or paradoxical systemic embolism. The totality of clinical trial evidence argues in favor of PFO closure over medical therapy alone in patients presenting with cryptogenic stroke, especially those between ages 18 and 60 years with high RoPE scores, large shunts and/or atrial septal aneurysms. There are currently 2 FDA-approved PFO closure devices available for use in the U.S. that have demonstrated safety and efficacy. Although registry data also appears promising for suture mediated PFO closure, the relative efficacy and safety of this approach vs. established PFO closure devices has yet to be established, thereby warranting further investigation. To provide the best care for cryptogenic stroke patients, practitioners should be familiar with the indications for PFO closure in this setting and corresponding treatment options.
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Introduction

Adult congenital heart disease (ACHD) is a field undergoing substantial growth due to the increasing patient population. As neonatal surgical techniques have evolved and medical therapies improved, the prevalence of adults with congenital heart conditions (CHD) has surpassed the number of children with CHD (1). Additionally, the spectrum of ACHD patients is heterogenous and represents varied anatomical lesions from isolated pulmonary valve disease to single ventricle physiology (2, 3).

This paper is designed as a targeted outline for healthcare providers into the field of ACHD, offering a focused overview.



Appropriate ACHD care

ACHD patients faces multiple challenges during their lifetime. Among the first challenges is the transition of care from pediatric cardiovascular care to adult care. In fact, many patients are lost to care at the time of transfer of care or do not participate in a transfer program (4, 5). As few as 15% of ACHD patients may transfer to an ACHD center (5). There are several factors that account for this. ACHD patients typically have been under the care of pediatric cardiologists and other specialists since birth. Transitioning to adult care often requires leaving behind a familiar and supportive healthcare team, which can lead patients to feeling lost (6, 7). Moreover, there is a lack of awareness for the need of lifelong care among many ACHD patients and/or families (8, 9). Finding ACHD specialists can also be challenging as there is a shortage of such specialists particularly outside of major urban settings (10). In the United States, ACHD patients may also encounter difficulties with insurance coverage as they age out of pediatric coverage (7, 11, 12).

To address the drop-off in care, healthcare systems are increasingly recognizing the need for dedicated ACHD and transition programs (13). These programs aim to provide comprehensive care, education, and support to ACHD patients during the transition from pediatric to adult care, as well as throughout adulthood. They emphasize the importance of lifelong care, early education about the condition, and ongoing monitoring to prevent complications and improve the overall health and quality of life for ACHD patients.

When these patients establish care in such a specialized center, they are usually managed by a multidisciplinary team of cardiovascular specialists. A comprehensive ACHD center is a specialized healthcare facility dedicated to providing comprehensive care to adults with CHD. These centers are designed to meet the unique medical, psychological, and social needs of ACHD patients throughout their lives. ACHD centers have a team of healthcare professionals with expertise in ACHD, including cardiologists, cardiac surgeons, nurse practitioners, social workers, psychologists, and other specialists. This multidisciplinary team collaborates to provide holistic care (Figure 1).


[image: Figure 1]
FIGURE 1
A multidisciplinary adult congenital heart disease (ACHD) team typically includes cardiologists, surgeons, nurses, and other healthcare professionals who specialize in managing complex cardiac conditions in adults with congenital heart defects. This team collaborates to provide comprehensive care, offering expertise in diagnostics, medical and surgical interventions, as well as emotional and psychological support for ACHD patients.


Perhaps a unique aspect of a comprehensive ACHD center that can be overlooked relates to genetic counseling services. While in the current era genetic counseling and evaluation is commonplace in pediatric cardiology, the current generation of ACHD patients may not have been evaluated by genetics at time of diagnosis. As such, patients may not recognize their own genetic syndrome or the recurrence risk in their children. In the ACHD clinic, a genetic counselor can initiate the appropriate screening and refer patients to a geneticist as needed. Additionally, they may suggest other subspecialty referrals based on medical history (14).

As mentioned previously, transition programs built as part of these comprehensive ACHD programs are crucial. While well-structured transition from pediatric care to ACHD care has been identified as a critical need in caring for congenital heart patients, the inability to appropriately transition patients can lead to harm such as inappropriate medical interventions or inappropriate care with consequently resultant heightened financial and emotional distress (15).

Individuals with severe congenital heart disease exhibit a higher likelihood of transitioning to adult congenital heart disease care compared to those with non-severe conditions. And even amongst those with severe disease, transfer rates to ACHD care have been reported be just below 20% (5).

Ideally, a transition program consists of a healthcare team including nurses, social workers, care coordinators and both pediatric and adult physician champions (7).

The transition process should begin early and at multiple visits so that appropriate anticipatory guidance can be provided in regard to possible future procedures and reproductive health for teenagers and adults. Additionally, appropriate counseling for behavioral health, exercise, and career choices should also be discussed. This also helps educate so that both family and the patient recognize the lifelong needs of ACHD patients, hence the need to maintain contact with the healthcare system.

Additionally, ACHD care also necessarily incorporates traditional adult cardiovascular care. Congenital heart survivorship is now the norm, and as such ACHD patients are also at risk for traditional cardiovascular events. Furthermore, the high prevalence of lipid disorders in patients with ACHD “as high as 69%” strongly supports the recommendation for regular screening for cardiovascular risk factors, particularly dyslipidemia, as part of routine ACHD care (16).



ACHD surgical considerations

Surgery for ACHD presents a unique set of challenges compared to surgery for acquired heart conditions. ACHD patients often have complex and unique cardiac anatomy, therefore ACHD surgeons must have a thorough understanding of the patient's specific anatomy and be prepared to adapt surgical techniques accordingly.

Most surgeries in ACHD patients include valve repair or replacement as well septal defect repair. The European Congenital Heart Surgeons Association Database collected a total of 20,602 ACHD patients who underwent cardiac surgery, between January 1997 and December 2017. The most common procedural groups included septal defects repair (n = 5,740, 28%), right-heart lesions repair (n = 5,542, 27%) and left-heart lesions repair (n = 4,566, 22%); additionally, almost one-third of the procedures were re-operations (n = 5,509, 27%) (17).

Other studies have suggested that more than half of all operations performed on ACHD require repeat sternotomy (18). This can be explained by the evolving spectrum of ACHD patients. In its original form many ACHD patients consisted of patients requiring primary defect repair, while they now largely encompass patients who underwent primary repair as children and require treatment of residual defects or sequelae of the initial pathology or previous treatment. In fact, primary correction of the heart defect accounts for less than 25% of all operations in ACHD (18).

Assessing surgical risk in ACHD patients requires consideration of multiple factors. Foremost, some ACHD surgeries may not provide a permanent solution, particularly valvular surgery. Many patients require multiple interventions throughout their lives. ACHD physicians and surgeons must consider the long-term implications and potential for future reinterventions when planning ACHD surgery. Woman of childbearing age, as an example, may elect tissue aortic valve or Ross procedure over a mechanical valve to avoid the risks of coumadin during a future pregnancy. However, this is likely to lead to further cardiovascular procedures in such as transcatheter aortic valve replacement (TAVR), transcatheter pulmonary valve replacement (TPVR), or re-do sternotomy.

There has also been a shift in overall CHD-related mortality from childhood to adulthood. Specifically, more than half of all CHD-related mortality occurs in adulthood (19), while in-hospital mortality following congenital heart surgery in adults is also likely higher among adults (20). Up to 10% of ACHD surgical patients appear to suffer post-operative complication (18, 21). Early mortality following cardiac surgery is as high as 3.6% with single ventricle physiology with the number of sternotomies being an independent major predictor (21).

Fortunately, the majority of ACHD surgical interventions are elective and can undergo careful planning and risk assessment. Traditional calculators of surgical risk such as the European System for Cardiac Risk Evaluation (EuroScore II) exclude the ACHD population (22). ACHD risk score calculators such as the perioperative ACHD score calculator (PEACH Score) have been developed to specifically assess risk in patients undergoing ACHD surgery (23). A PEACH score of 0 predicts an in-hospital mortality of 0.2%, 1–2 predicted a mortality risk of 3.6%, and ≥3 (17.2%). Each risk factor is assigned one point: NYHA class 3 or 4, urgent surgery, active endocarditis, ≥2 prior sternotomies, Adult Congenital Heart Surgery Score >1.5, Hg <10 gm/dl or >20 gm/dl, and evidence of CKD with estimated GFR < 60 ml/min. Referenced in this algorithm is the Adult Congenital Heart Surgery Mortality Scoring system (24) which assigns cardiac risk based upon type of operation. Those scoring above 1.5 are considered some of the highest risk in the ACHD population. These include Fontan revision surgery, heart transplant, and lung transplantation. Interestingly, coronary artery bypass grafting (CABG) in the ACHD population was illustrated to be high risk. Although elective CABG is generally considered low risk in individuals who are otherwise healthy, when performed in conjunction with the complexities of previously corrected CHD, it seems to transition into a high-risk surgical procedure. Surgeons performing multiple grafts may face challenges accessing and grafting coronary arteries due to variations in heart anatomy. Additionally, those undergoing CABG often have ahead a prior sternotomy in addition to having other medical problems such as hypertension, diabetes, or kidney disease which can increase the risk of complications during surgery.

While these scoring models provide valuable guidance for predicting the risk of surgery in ACHD, they are not exhaustive. Various patient-specific factors also contribute significantly. Factors such as the presence of lung disease, obesity, pulmonary hypertension, systemic right or left ventricle, the necessity for multiple valve replacements, age, and liver disease are just a few examples of risk factors that influence the assessment of surgical risk in ACHD patients. Consequently, it is essential to take a comprehensive approach that considers the patient's unique anatomy, individual risk factors, and the potential benefits of the surgery when evaluating ACHD patients for cardiac surgery.



Interventional considerations

One of the most significant advancements in ACHD care has been the proliferation of minimally invasive procedures. These procedures often involve catheter-based interventions. They offer several benefits including reduced surgical risks, shorter hospital stays, and faster recovery times. The development of percutaneous implantable heart valves has been uniquely suited for the treatment of ACHD patients. In fact, the first TAVR ever performed was done on a patient with CHD (25). As TAVR technology initially evolved for non-congenital patients, it has also result in significant growth in the field of CHD interventions.

ACHD patients such as those with conditions like tetralogy of Fallot or pulmonary atresia, often require pulmonary valve replacement in adulthood. The emergence of TPVR has provided a viable alternative to re-do sternotomy for such patients. TPVR is primarily employed in cases involving bioprosthetic pulmonary valve dysfunction and failure of the right ventricle to pulmonary artery conduit (26).

In the United States, the two most commonly used transcatheter pulmonary valves are the Melody™ Transcatheter Pulmonary valve by Medtronic Inc (27). and the Edwards Sapien by Edwards Lifesciences (28). However, this initial transcatheter pulmonary valve technology had limitations, particularly in accommodating patients with larger, compliant, and irregularly shaped right ventricular outflow tracts (RVOT). This led to the development of both the Harmony™ (29) and the Alterra Adaptive PrestentTM (30). These innovations find applications in the management of pediatric and adult patients experiencing severe pulmonary regurgitation, as diagnosed by echocardiography and/or with a pulmonary regurgitant fraction equal to or exceeding 30% by cardiac magnetic resonance imaging. These advanced technologies are suitable for individuals who have either a native or surgically repaired right ventricular outflow tract and have clinical indications for surgical pulmonary valve replacement.

Despite these advances, nonsurgical options for patients with a severely enlarged and often native or patched RVOT remain limited. Approximately half of the patients screened are ineligible for these devices because the length of the landing zone is either too short or wide (31–33). As such, novel therapies are often needed in these cases as well as others.

The evolution of transcatheter technology, not only in valve interventions but across the entire spectrum of CHD treatment, is a natural outcome of the collaborative efforts of multidisciplinary teams. In the multidisciplinary team model, each member brings their specialized expertise to the forefront. ACHD cardiologists contribute valuable insights into medical management and diagnosis, structural interventionalists offer recommendations on cath-lab therapies, and cardiac surgeons provide their wealth of knowledge on surgical options. Additionally, interventional radiologists or vascular surgeons may provide specific instruments or techniques that can be utilized in ACHD structural intervention but are not typically considered in the realm of cardiac structural interventionalist (34). Imaging specialists also play a critical role in reviewing relevant data with the team, ensuring that the diagnostic foundation is robust, while anesthesiologists prioritize the patient's well-being throughout the entire interventional/surgical process. This heart team approach, which has recently been well-established in the realm of structural interventions (35, 36), arguably finds its origins in the field of ACHD. ACHD care has long recognized the importance of multidisciplinary teams, dating back to the inception of comprehensive ACHD center models (26).

ACHD structural intervention includes therapy far beyond just pulmonary valve replacement. Structural intervention for baffle leak closures, ASD/VSD closures, coarctation of the aorta, and patent ductus closures are common. These procedures are tailored to the individual patient's anatomy and condition, with the goal of achieving optimal outcomes while minimizing the risks associated with open-heart surgery. They represent an important advancement in the management of complex CHD in adults, improving quality of life and potentially long-term prognosis.



Pregnancy and family planning

In contemporary healthcare, most girls born with CHD will eventually reach their childbearing years (1, 37–39). However, for many women living with CHD, the prospect of pregnancy carries a degree of risk, both for the expectant mother and fetus (40–43). It becomes crucial that cardiovascular providers involved in the care of these women possess up-to-date knowledge in the management of women with CHD and pregnancy. This knowledge should encompass not only preconception counseling and diagnostic assessments to gauge maternal and fetal risk but also the ability to manage these patients effectively throughout their pregnancies. Equally important is their ability to recognize when it is prudent to refer these patients to regional centers specializing in pregnancy management for those with CHD.

There are significant changes in cardiovascular physiology that occur even in a normal pregnancy. The initial trimester is characterized by a notable reduction in peripheral vascular resistance, reaching its lowest point in the middle of the second trimester with a subsequent plateau or slight rise during the remainder of the pregnancy (44). As blood volume increases and systemic vascular resistance falls, cardiac output increases during this period. At the 24 week mark, cardiac output may potentially have increased by as much as 45% compared to baseline (45).

During these phases of pregnancy, women with CHD may face challenges in augmenting cardiac output appropriately to meet the demands of the fetus and their own bodies. They may also develop volume overload leading to heart failure (HF) exacerbations or develop arrythmias. Additionally, the completion of pregnancy does not necessarily result in the end of cardiovascular risk for the mother. The prolonged activation of the renin-angiotensin-aldosterone system and potential ventricular remodeling increases the risk of post-partum decompensation (46, 47). Additionally, the abrupt rise in vascular resistance post-delivery in the setting of increased plasma volume increases the risk of potential hemodynamic decompensation.

Not all pregnancies carry the same risk of cardiovascular compromise. Substantial work has gone into the area to determine the risk factors that place a woman at higher risk. The modified World Health Organization (WHO) classification has grouped patients into four pregnancy risk categories (Classes I-IV) based on their medical condition (48). Class I includes patients with no detectable increased risk of maternal mortality and either no or only a mild increase in morbidity, and they are not discussed further in this document. Class II comprises women who may experience a slight increase in maternal mortality or moderate morbidity with pregnancy. Class III individuals may face a significant rise in maternal mortality or severe morbidity, while those in Class IV could confront an exceptionally high risk of maternal mortality or severe morbidity, making pregnancy inadvisable. It is recommended that patients in Class IV receive counseling to avoid pregnancy, and if pregnancy is confirmed, termination should be considered.

The management of pregnancy, discussion of pregnancy contraception, and termination for pregnancies in the United States has gone and will continue to undergo extensive changes since the landmark Dobbs vs. Jackson Women's Health Organization decision (49). Following the decision, many states have swiftly moved to restrict abortion access, leading to a tumultuous legal landscape where the status of abortion rights is in constant flux (50).

Pregnancy counseling should continue to occur at nearly every visit in a woman of childbearing age. Choices in contraception both for routine and emergency contraception should be discussed and offered. For sexually active females our center's preference is consideration of long-acting reversible contraceptive (LARC) methods. LARC methods include the intrauterine device (IUD) and represent the most cost-effective reversible option to prevent unintended pregnancy (51). If oral contraception is preferred, prescriptions with no or low estrogen are preferred. The risks of hormonal preparations related to venous thrombus embolism (VTE) vary depending on the dose of estrogen, however the relative risk for thrombosis in patients who take oral contraceptive is three- to fivefold higher compared with that of nonuser (52).

Emergency contraception comes in several forms in the United States. The more well-known “Plan B” is levonorgestrel, a high dose progestin. This is particularly favorable given the lack of estrogen, does not carry the risk of thrombosis associated with estrogen containing pills, and is available over the counter. However emergency contraception pills may be less effective in overweight women. Copper-releasing IUDs, when implanted within 5 days of unprotected sex, are not only more effective than oral EC methods, but they also contribute significantly to reducing future unintended pregnancies and abortions (53).

It is also important to understand that not every pregnancy carries the same level of risk as outlined in the modified WHO consensus statement. Furthermore, the decision to move forward with pregnancy, contraception to avoid pregnancy, and decision to terminate or otherwise continue pregnancy in those with high cardiovascular risk is ultimately the choice of the patient. After providing the patient with comprehensive counseling that covers both maternal and fetal risks, if the decision to proceed with pregnancy is made, diligent monitoring and follow-up care should be conducted in collaboration with maternal fetal medicine, ACHD cardiologists, OB anesthesia, and any necessary specialists. Much like the heart team model for surgical or structural intervention, women with CHD in the setting of pregnancy often require a multi-disciplinary approach. Additionally, emotional, and psychological support is important as they may experience increase stress and anxiety during pregnancy which can also result in worsened maternal/fetal outcomes (54). Our own experience has shown that patients benefit from meeting with their ACHD physician at least each trimester and depending on the severity of their CHD benefit from imaging each trimester as part of medical management and delivery planning.

A Caesarean section (C-section) is not typically required in the delivery of patients with cardiac disease. Though, the mode of delivery should be carefully considered based on the individual patient's medical condition and the severity of the CHD. While there are situations where a C-section is medically necessary, vaginal delivery can be safe and appropriate for many women with CHD. A significant portion of the risk of maternal decompensation relates to the incidence of blood loss and volume shifts that can occur in delivery. Blood loss during a C-section tends to be higher than during a vaginal delivery. On average, blood loss during a planned or elective C-section can range from 500 ml–1,000 ml (approximately 17–34 ounces). In emergency C-sections or C-sections with complications, blood loss can be even greater, exceeding 1,000 ml (55) and obstetrical hemorrhage contributes significantly to maternal morbidity and mortality (56).



ACHD and heart failure

ACHD patients are at an increased risk of developing HF over their lifetimes, particularly those with univentricular circulation (1). Excess mortality among adult patients with CHD due to HF, as compared with the general population is well described (57). Evidence indicates that signs of HF manifest in approximately 22% of adults who have undergone an atrial switch procedure (Senning or Mustard operation) for transposition of the great arteries (TGA), 32% of adults with congenitally corrected transposition (ccTGA), and 40% of adults who have undergone Fontan completion (58).

As such the diagnosis and treatment of HF is paramount in decreasing mortality and morbidity. As a first step, it is important to recognize that the initial congenital heart surgeries or palliative shunts may play a role in the development of HF in adulthood. As an example, surgical repair of tetralogy of Fallot often results in hemodynamically significant pulmonary regurgitation. This has been associated with right ventricular (RV) dilatation, biventricular dysfunction and arrhythmias (59). Patients with D-TGA s/p atrial switch have a systemic RV which places level of stress on the systemic ventricle for which it was not designed. And those with Fontan circulations have both the challenges of a univentricular system and the concomitant high rates of liver disease resulting in a myriad of complications. Given the varying nature of the disease processes dependent on the initial diagnosis and surgical palliations a one size fits all approach of traditional adult HF treatment of goal directed medical therapy is not possible or perhaps even reasonable.

In the initial evaluation of ACHD patients with HF one of the first keys to successful evaluation and treatment is addressing the need for potential transcatheter, surgical, or electrophysiologic intervention. In patients with RV dysfunction with large atrial septal defects, for example, should then undergo careful evaluation of closure of the defect. The diagnosis and treatment of a significant hemodynamic lesion is paramount in the treatment of HF in the ACHD population (58).When evaluating ACHD patients with suspected HF, in addition to assessment of a treatable hemodynamically significant structural abnormality, initial laboratory workup should be pursued. Notably, evaluation for iron deficiency should also be completed. Iron deficiency is present in approximately 50% of patients with symptomatic HF and is independently associated with worse functional capacity, lower quality of life and increased mortality (60). Additionally, iron deficiency anemia is common in ACHD patients and is associated with a 3-fold increased risk of death (61).

Individuals with impaired function of the systemic left ventricle often receive treatment in accordance with HF guidelines (62),which comprises a combination of ACE inhibitors or angiotensin II receptor blockers (ARBs), beta-blockers, mineralocorticoid receptor antagonists, SGLT-2 inhibitors, and, in some cases, sacubitril/valsartan as a replacement for ACE inhibitors or ARBs. While the precise effect of such therapeutic regimen is not well validated among patients with ACHD, it is conceivable that some benefit might be obtain due to shared pathophysiological pathways (63).

In individuals presenting with a systemic morphologic RV, the likelihood of HF progression over time is estimated to be present in 65% of these patients by the age of 45 years of age (64–66). Our institution adopts a cautious approach when considering the administration of conventional left HF medications to this specific patient group. However, it is worth noting that a combination of diuretics and SGLT-2 inhibitors can offer symptomatic relief. The utilization of beta blockers and ACE inhibitors is prevalent in this patient cohort, although there is limited available data supporting their effectiveness.

In patients with a functionally univentricular heart who have undergone palliation with a Fontan circulation, the presence of HF symptoms combined with impaired ventricular function necessitates treatment and symptom alleviation. Our approach remains consistent, regardless of whether the patient has a systemic morphologic left or right ventricle. The most significant benefits have been observed when targeting specific therapies to reduce pulmonary vascular resistance, such as phosphodiesterase inhibitors, or when lowering afterload with beta-blockers (58, 67). Diuretics are only recommended if there is evidence of fluid overload.

Additionally, it is important to recognize that Fontan associated HF is a distinct circulatory derangement with hemodynamic features that can mimic portal hypertension, but with the additional complication of limited ability to augment cardiac output (68). Protein losing enteropathy (PLE) may also develop. PLE is a condition where proteins leak into the intestines and are not properly absorbed. Fontan patients may develop PLE, which can lead to symptoms like diarrhea, edema, malnutrition, and further complications. Fontan-associated HF is a complex condition, and patients may experience a combination of these manifestations or additional complications. Early detection and intervention are crucial in the management of Fontan-associated HF to improve outcomes and quality of life for patients.

Finally, the criteria for selecting suitable ACHD patients for implantable cardioverter-defibrillator implantation as primary prevention for sudden cardiac death lacks precise definition, primarily because of limited data from randomized clinical trials. Consequently, current guidelines heavily depend on non-randomized studies and expert opinions to formulate their recommendations. Though certainly ACHD patients who survive sudden cardiac death or those with sustained ventricular arrythmia without an easily identifiable correctable cause would be considered as a strong indication for secondary prevention ICD placement.

In patients with normally related biventricular anatomy and a systemic left ventricle, the data for ICD implantation is much clearer given the large amount of data from adult cardiovascular trials. According to the PACES/HRS expert consensus statement, adults with congenital heart disease (CHD) and biventricular physiology, alongside a systemic left ventricular ejection fraction of ≤35% and New York Heart Association (NYHA) class II or class III symptoms, are indicated for an implantable cardioverter-defibrillator (ICD) (class I, Level of Evidence B, Table 1) (69). This recommendation is derived from the ACC/AHA guidelines regarding ICD usage in non-ischemic cardiomyopathy patients and should not be extended to individuals with single-ventricle physiology or systemic right ventricle (26).


TABLE 1 Recommendation for permanent pacing in adults with CHD as per PACES/HRS consensus (69).
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In patients with a systemic right ventricle or single ventricle physiology, the PACES/HRS guidelines offer a class 2b recommendation with a level of evidence based upon registry or observational studies, and certainly should not be considered standard of care. In adults with a single or systemic right ventricular ejection fraction <35%, considering an implantable cardioverter-defibrillator (ICD) may be deemed reasonable. This suggestion gains further support when additional risk factors, such as non-sustained ventricular arrhythmias, unexplained syncope, New York Heart Association (NYHA) function class II or class III symptoms, or a QRS duration ≥140 ms, are present. Though in our practice we do not offer routine ICD placement for patients with depressed single ventricle function or depressed systemic right ventricular function (69).



Transplant

Due to the high incidence of HF among patients with ACHD, transplant may need to be considered as a therapeutic option. Unfortunately, ACHD patients being considered for transplant have numerous barriers. As a result, amongst all adult patients receiving cardiac transplantation only 3% are those identified as having CHD (70).

ACHD patients are at considerable disadvantage compared to patients with acquired cardiac defects when it comes to transplant listing (2). Patients with ACHD often require listing for heart transplant through “exception status” in the United Network for Organ Sharing (UNOS), particularly those with significantly deteriorating clinical status that have cardiovascular anatomy that is not suited for mechanical support (71–74). The current UNOS listing algorithm is designed to favor patients with traditional adult cardiomyopathy and is disadvantageous to CHD patients. Individuals with ACHD may face greater limitations when considering cardiac transplantation due to elevated antibody levels due to prior blood transfusions, which can restrict the availability of suitable donors or render transplantation unfeasible.

Moreover, due to the specific anatomy of these patients and the presence of multiple prior sternotomies, left assisted ventricular devices are rarely an option. Even when they could potentially be implanted with benefit, it should be carefully evaluated if adding an additional sternotomy surgery to the patient would be wise prior to heart transplantation.

Surgical risk for heart transplant is also increased in these patients. ACHD patients have higher than average peri-operative complication risk and mortality compared to traditional adult HF patients (75). Despite this, ACHD patients have similar, if not better long terms survival after transplant compared with patients with acquired cardiac defects (76, 77).



Conclusions

The ACHD patient population grows every year and has surpassed the pediatric CHD population. They present unique challenges that demand specialized care and a multidisciplinary approach. The success of cardiac surgeries and catheter interventions in ACHD patients underscores the importance of tailored strategies and the expertise of a skilled healthcare team. Furthermore, the management of HF in ACHD individuals requires vigilant monitoring, early intervention, and a deep understanding of their specific cardiac anatomy. Cardiac transplantation, while a potential lifesaving option, is often hindered by the current UNOS listing algorithm, limited donor availability and antibody sensitization in ACHD patients. In light of these complexities, ongoing research, advancements in medical technology, and collaborative efforts among healthcare professionals remain crucial in improving the outcomes and quality of life for ACHD patients navigating these challenging medical scenarios.

Pregnancy can be a complex journey for women with CHD. A multidisciplinary approach involving cardiologists, obstetricians, and often maternal-fetal medicine specialists, is essential to assess the risks and tailor a personalized care plan. They also have specific considerations that should be addressed as related to options for birth control which require familiarity by the ACHD cardiologists in conjunction with their obstetric colleagues.
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Traditional transvenous pacemakers consist of a pacemaker generator usually positioned surgically in the upper left chest on the pectoral muscle fascia and one or more leads positioned through the veins to the right atrium and across the tricuspid valve to the right ventricular apex. While these devices reduce symptoms and improve survival among patients with symptomatic bradycardia, they are associated with an increased risk of infection, venous occlusion, heart failure, and tricuspid valve regurgitation. Although new pacemaker designs minimize these risks, none of the current-generation pacemaker designs effectively eliminate all of them. A personalized approach to selecting the appropriate pacemaker for each patient is needed to optimize outcomes.
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Background

Symptomatic bradycardia can manifest with symptoms of fatigue, shortness of breath, angina, exercise intolerance, pre-syncope, or syncope. Bradycardia can result from disease in the sinus node, called sinus node dysfunction (SND), or from atrioventricular block (AVB). In a pooled analysis of 20,572 patients, whose cases were followed up for 17 years, 291 incident cases of SND occurred, yielding an incidence of 0.8 cases per 1,000 person-years (1). In a large cohort of healthy adults, the prevalence of AVB was 0.1% in people aged <55 years and 0.6% in people aged ≥65 years (2). The pharmacological treatment options for treating SND or AVB are extremely limited, and the most effective treatment strategy includes the implantation of a permanent pacemaker (3). The treatment of SND with permanent pacemaker implantation is associated with improvement in symptoms and a reduction in hospitalizations associated with symptoms of symptomatic bradycardia, such as fatigue, syncope, or exercise intolerance. The treatment of AVB with the implantation of a permanent pacemaker additionally reduces all-cause mortality (3).

The first battery-powered pacemaker surgery was performed in 1958 on a child with AVB after cardiac surgery (4). The device was external and connected to a lead surgically attached to the ventricular epicardium. Subsequently, advancements allowed for the attachment of the lead to the epicardium using a percutaneously inserted needle, avoiding the need for open-heart surgery. However, the pacemaker lead frequently became infected, highlighting the need for a fully implantable pacemaker. The first fully implantable pacemaker surgery was performed on 8 October 1958 at Karolinska Hospital in Stockholm, Sweden (5). Unfortunately, the lead fractured within the first few hours post-implantation, requiring a second surgery for replacement the following morning. Lead infection and failure continue to represent two of the most frequently encountered complications of permanent pacemakers today (6).


Problems with transvenous pacemakers

Today, several major problems continue to occur with a relatively high frequency in patients with transvenous permanent pacemakers:


	1.Pacemaker leads are subjected to repetitive stress as a result of cardiac, shoulder, and chest motions. After many years, this stress may result in lead failure. In one retrospective study, lead failure occurred in 540/9,782 leads (5.5%) after a mean follow-up of 3.6 ± 2.9 years (7). The risk of lead failure is associated with a variety of factors, including lead design, location of implantation, patient age, and activity level. Lead failure may result in the sudden loss of sensing or pacing and recurrent syncope or death in a pacemaker-dependent patient.

	2.Pacemaker leads are routinely placed through a transvenous approach into the heart circulation, making them a source of bloodstream infection, including infective endocarditis. Infection affects 1.2%–2.2% of patients with a traditional transvenous pacemaker (6). Bacteremia leads to the formation of biofilms on infected leads that are resistant to antibiotic treatment alone, necessitating the removal of the entire pacemaker system (8). Lead removal is primarily done through percutaneous extraction, which is a technically challenging procedure associated with significant life-threatening risks (8).

	3.Transvenous permanent pacemakers require the surgical formation of a subcutaneous pacemaker pocket, which can confer risks of pocket infection, or pocket hematoma at the site. During surgery, skin flora or bacteria can be introduced into the pocket, which can result in device infection (6, 9). This risk substantially increases with the subsequent generator changes of the pacemaker when the battery is depleted (10).

	4.Pacemaker leads are routinely placed in the right ventricle (RV) via the tricuspid valve. Crossing the tricuspid valve can result in valve damage or the development of moderate to severe tricuspid regurgitation. The frequency of significant tricuspid regurgitation after transvenous pacemaker implantation is 10%–20%, ultimately resulting in heart failure symptoms in 50% of those with severe tricuspid regurgitation (11). This can occur as a result of either pinning the valve leaflets against the septum (Figure 1) or accidental puncture of the valve leaflets (Figure 2).

	5.Pacing the RV may result in abnormal ventricular electrical activation that leads to left ventricular dyssynchrony, pacing-induced cardiomyopathy (PICM), and subsequent heart failure. Approximately 10% of patients undergoing pacemaker implantation develop PICM with symptomatic heart failure within 2 years of implantation (12). A low RV pacing burden at 20% has been shown to increase the risk of heart failure, mortality, and hospitalization compared to normal conduction. Guidelines recommend the use of pacing algorithms that minimize ventricular pacing and are primarily used in patients with SND, but their applicability is limited in patients with AVB (13).

	6.Transvenous pacing leads may cause occlusion of the axillary, innominate, or superior vena cava resulting in superior vena cava syndrome, swelling of the ipsilateral arm, and patient discomfort. Venous stenosis or occlusion is observed in 20%–60% of patients with transvenous devices and is associated with the number of leads, number of lead implant procedures performed, and total lead diameter (14).

	7.Device migration and chronic patient discomfort affect the device performance and quality of life after transvenous pacemaker placement. In some cases, device migration or chronic pain may necessitate repeated procedures to revise the pacing system. In one study of 16,517 patients undergoing cardiac electronic implantable device procedures at the Mayo Clinic, 20.8% of patients required opioid pain medications after the procedure, while 1.5% required new chronic opioid use due to chronic discomfort (15). Device or lead migration occurs most commonly in children, obese patients, patients who are very physically active, and those with “Twiddler’s syndrome.”
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FIGURE 1
Echocardiogram images demonstrating pinning of the septal leaflet of the tricuspid valve to the septum by a pacemaker lead resulting in severe tricuspid regurgitation. (A) Valve open in diastole. (B) Valve closed in systole.
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FIGURE 2
The septal leaflet was punctured by a transvenous pacing lead. This resulted in severe tricuspid regurgitation and heart failure. Surgical repair of the tricuspid valve and repositioning of the lead resulted in a reduction in tricuspid regurgitation and an improvement in heart failure symptoms. (Thanks to Abbas Emaminia, MD, and Eric Sarin, MD, for the photo).


Recent pacemaker research has focused on reducing the frequency of these problems through the development of leadless and conduction system pacing via His bundle or left bundle branch area pacemakers (LBBAP). This review focuses on the advantages and disadvantages of these solutions and the future of cardiac pacemakers.




Leadless pacemakers: eliminate the lead, eliminate the problems?

The basic design of transvenous cardiac pacing devices remained unchanged from the mid-1960s until the early 2010s (16). Clinicians and scientists focused on reducing pacemaker-related infectious complications through improvements in surgical techniques, perioperative antibiotic selection, and incorporation of antimicrobial-coated envelopes around the device (17), while improvement in lead design helped reduce lead failures. Despite improvements in design and implantation techniques, lead fracture and device-related infections remained as the frequent causes of pacemaker-related complications. To address this, leadless pacemakers were developed and first became commercially available in 2016. Leadless pacemakers are completely self-contained implantable devices capable of pacing, sensing, and communicating wirelessly. They are implanted via the femoral or internal jugular vein using a catheter delivery system and deployed in the RV septum or apex.

By eliminating the pacemaker lead and pocket, the leadless pacemaker implantation procedure is simplified and the frequency of long-term complications is reduced by almost 50% compared to transvenous pacemakers (18). Lead fracture and venous occlusion are completely eliminated, the risk of damage or impairment of the tricuspid valve is minimized, and no cases of leadless pacemaker-associated infection have been reported in clinical trials enrolling more than 3,000 patients (19). More than 150,000 leadless pacemakers have been implanted worldwide, with only four reported cases of device infection requiring removal (20). Initially, leadless pacemakers were single-chamber devices capable of pacing and sensing the RV. Subsequent improvements led to the ability to sense atrial activity and provide reasonable tracking with AV synchrony in patients with AVB. In July 2023, the FDA approved the first dual-chamber leadless devices, which consist of two devices, one implanted in the right atrium and one in the RV, making leadless pacing a treatment option for a wide range of indications, including those with SND (21).


Problems with leadless pacemakers


	1.Unfortunately, current-generation leadless pacemakers cannot pace the left ventricle or conduction system. As a result, patients remain at risk for PICM. Ventricular dyssynchrony has been shown to cause a 10% reduction in the LV ejection fraction (EF) in the first 7 days of pacing and results in heart failure in 10% of patients (12). It is unclear whether PICM and heart failure occur at the same frequency in patients with leadless vs. transvenous devices. One single-center study showed that the frequency may be lower in patients with leadless pacemakers, while others showed a similar incidence of PICM after leadless and traditional transvenous RV pacemakers (22, 23). Finally, the position of the leadless pacemaker within the RV may predict the incidence of PICM after implantation. In a retrospective study of 358 patients, PICM occurred in 4% of patients with a high or mid-RV septal position and in 16.5% of patients with an apical septal location (24).

	2.Leadless pacemaker generators may be more difficult to remove and replace than traditional pacemaker generators. The current battery longevity estimates for single-chamber leadless pacemakers that are commercially available in the USA and Europe range from 5 to 20 years depending on percentage pacing, capture thresholds, and single or dual design. Younger patients who require extended pacemaker performance may need multiple reimplants as devices reach the end of service. It remains unclear whether removing the original implant at the end of service improves or worsens patient outcomes.

	3.Ventricular leadless pacemakers that do not track the atrium (VVI or VDD with inadequate atrial sensing) may cause pacemaker syndrome. Pacemaker syndrome occurs in up to 20% of patients in sinus rhythm who are paced in VVI mode and is characterized by lightheadedness, shortness of breath, fatigue, and heart failure symptoms (25). Pacemaker syndrome is best treated with the restoration of atrioventricular synchrony through device reprogramming or implantation of a dual-chamber device.






Conduction system pacemakers: preventing and treating pacemaker-induced and left bundle branch block-mediated cardiomyopathies

While leadless pacing has addressed the long-standing problems of lead fracture, venous occlusion, and device infection, conduction system pacing addresses the problems of dyssynchrony and PICM. Conduction system pacing is performed by pacing either the His bundle or the left bundle branch. Due to superior short- and long-term performance, left bundle branch area pacing (LBBAP) now comprises >90% of implanted conduction system pacemakers. LBBAP can be performed by accessing the left ventricular conduction system by implanting the pacemaker lead from the RV through the interventricular septum. In contrast to RV pacing, PICM has not been reported after successful LBBAP implantation. The implantation time and complication frequency are similar to RV lead placement (26) after sufficient experience. The most frequent complications are lead dislodgement and perforation of the ventricular septum into the LV (26). In addition to its usefulness in the setting of AV block, LBBAP may also be a suitable alternative to biventricular pacing (BIVp) for patients with underlying dyssynchrony occurring in the setting of a wide intrinsic QRS, particularly from left bundle branch block (27). The implantation success defined using ECG criteria to verify left bundle branch capture is 92% for patients without heart failure and 82% for patients with heart failure (26). LBBAP for delivery of cardiac resynchronization therapy (CRT) may reduce lead burden and potentially reduce lead-related complications, including venous stenosis and infection, compared to BIVp as resynchronization can be performed via one rather than two ventricular leads.

A recent prospective study comparing LBBAP and BIVp as an initial strategy in those referred for CRT demonstrated lower rates of the composite endpoint of heart failure hospitalization and mortality for patients treated with LBBAP compared to those treated with BIVp (28). A large prospective randomized controlled trial comparing LBBAP and BiVp for treatment of HF in the setting of LBBB or high expected pacing burden is currently enrolling (NCT05650658).

Because LBBAP is relatively new, limited data are available regarding the long-term durability or ease of extraction of leads placed in the left bundle area. A series of case reports, consisting of <10 patients who underwent extraction of both lumenless and stylet-driven leads, show that the majority of leads can be successfully removed using manual traction and counterclockwise rotation of the lead. One report using mechanical extraction tools demonstrated that the distal lead helix was retained in the septum after extraction, but this did not result in an adverse patient outcome (29).



A difficult decision: transvenous RV pacing, transvenous left bundle branch area pacing, or RV leadless pacing?

In an ideal world, a pacing system could mitigate the challenges associated with transvenous leads and allow for conduction system pacing. A leadless LBBAP system could provide ventricular stimulation with a lower risk of lead fracture, infection, damage to the tricuspid valve, and PICM compared to current-generation devices. Such devices are currently in development, but the design of these systems has been proven as complex. For the time being, implanters must make a decision: choose a transvenous RV pacemaker that may cause PICM, tricuspid valve damage, vascular occlusion, and infection, choose an LBBAP pacemaker that may reduce the risk of PICM but retains the risks of lead- and pocket-related complications, or choose a leadless pacemaker without lead- and pocket-related complications that retains the risk of PICM and may increase the risk of pacemaker syndrome. The decision must be personalized to the individual needs of the patient being treated. Figure 3 presents the clinical characteristics that should be considered when choosing between leadless RV pacemakers and transvenous LBBAP pacemakers in patients with an EF of >35%.
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FIGURE 3
Key considerations for the pacemaker selection in patients with ejection fraction >35%. Patients with an ejection fraction of 36%–50% and a high expected pacing burden or left bundle branch block with heart failure symptoms may also qualify for biventricular pacing.


Patients who have an indication for an implantable cardioverter–defibrillator in addition to the need for pacing currently require a transvenous device with an RV lead location. Many of these patients have a depressed EF and require a left ventricular or LBBAP lead and a biventricular defibrillator generator to reduce the probability of PICM. Ongoing studies are investigating the safety of defibrillator leads capable of pacing the left bundle area and a system employing a leadless pacemaker and a subcutaneous defibrillator that are capable of communication (30). Future studies are needed to determine if these systems can reduce the probability of device-related adverse events in patients who have indications for both defibrillator and pacing therapy.

The 2023 HRS/APHRS/LAHRS Guideline on Cardiac Physiologic Pacing for the Avoidance and Mitigation of Heart Failure suggests a Class 2b indication for conduction system pacing for patients with a left ventricular EF of >50% who are expected to require >20%–40% ventricular pacing and a Class 2a indication for conduction system pacing or BIVp in patients with an EF of 35%–50% who are expected to have >20%–40% ventricular pacing (31). We currently have no prospective data comparing the outcomes for transvenous RV pacing and LBBAP in patients with an EF of >50% and an expected ventricular pacing burden of <20%, and there are no guideline recommendations for the use of LBBAP in this patient group. However, it may be difficult to accurately predict which patients will require >20% ventricular pacing at the time of device implantation when the decision between devices needs to be made. Patients with complete or high-grade AV block may be expected to have a ventricular pacing burden of >20%, but 10%–20% of patients with a SND indication for pacemaker implantation may end up requiring >20% ventricular pacing at 3- and 6-year follow-up. Moreover, the positive and negative predictive values of the operator opinion for accurately predicting ventricular pacing burden are lower in patients with SND (87% and 88%, respectively) compared to those with AV block (92% and 100%, respectively) (32).

Patients with preexisting LV dysfunction or with characteristics associated with a high probability of developing PICM, including those expected to have a high burden of ventricular pacing, prior MI, renal insufficiency not requiring dialysis, or male sex (12), may benefit from preferential implantation of a transvenous LBBAP over transvenous or leadless RV pacemakers. The 2021 EHRA/HRS/LAHRS/APHRS position paper on the use of leadless pacemakers highlights that patients with two or more risk factors for infection (e.g., prior device infection, chronic immunosuppressive therapy, ongoing bloodstream infection or fever, poorly controlled diabetes mellitus, chronic indwelling catheter or port, and ongoing or expected hemodialysis) may benefit from a leadless pacemaker (33). It is important to highlight that the 4%–16% incidence of PICM observed among patients with leadless pacemakers (22–24) exceeds the reported risk of device-related infection (1%–2%) and other lead-related complications (2.8%) in patients with LBBAP (26). Therefore, in our practice, patients without contraindications to a transvenous system, who are expected to require a high burden of ventricular pacing, preferentially receive LBBAP over leadless pacemakers to reduce overall pacemaker-related complication rates. Further prospective trials investigating the relative risks of transvenous LBBAP and leadless RV pacemakers in this population are needed.

Cases 1 and 2 below highlight the potential advantages of each of these pacing therapies in appropriately selected patients. Shared decision-making between physicians and patients should be used to help determine optimal device selection.


Case 1

A 72-year-old woman with a history of hypertension, diabetes, and coronary artery disease with prior percutaneous coronary intervention to the left anterior descending artery presented with fatigue and intermittent lightheadedness. She had no history of syncope. Her vital signs were unremarkable. Laboratory evaluation, including metabolic profile, thyroid testing, and blood counts, was also unremarkable. The echocardiogram showed an EF of 60%–65%, mild mitral regurgitation, and mild concentric left ventricular hypertrophy. The ECG results showed sinus rhythm with right bundle branch block (Figure 4A). She was monitored on telemetry and was noted to have paroxysmal 2:1 AV block with ventricular rates of 30–35 bpm (Figure 4B) associated with pre-syncope. She underwent a transvenous dual-chamber LBBAP implant for symptomatic bradycardia. The patient presented 2 weeks later for a routine office visit and was noted to have erythema around the incision site with a small superficial dehiscence noted on the medial edge of the incision. She had no fever. Her laboratory evaluation was notable for a normal white blood cell count, and the blood cultures remained negative. She was prescribed 7 days of cephalexin 500 mg QID. Unfortunately, she presented again 10 days later with wound dehiscence and purulent drainage. She was admitted for pacemaker explant. The leads were easily removed using manual traction without the need for extraction tools. The pocket cultures grew Staphylococcus epidermidis. The blood cultures and lead tip cultures remained negative. She was treated with daptomycin for 2 weeks. After careful consideration of the risks and benefits of reimplanting an LBBAP from the right chest or a leadless AV pacemaker, she underwent implantation of a leadless AV pacemaker, as shown in the chest x-ray taken the following morning (Figure 5).
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FIGURE 4
(A) 12-lead ECG demonstrates sinus rhythm with RBBB without AV block. (B) 12-lead ECG demonstrates sinus rhythm with a 2:1 atrioventricular block with RBBB and prolonged AV conduction.
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FIGURE 5
Chest x-ray demonstrating a Medtronic Micra leadless pacemaker implant (red arrow).


A pacemaker-related infection is associated with high morbidity and mortality and contributes to high healthcare-associated costs and utilization. Infections may be limited to the pacemaker pocket site or may become systemic as a result of bacterial seeding of the hardware or intravascular spread from an infected pocket. In systemic infections, mortality may be as high as 25%, and incremental healthcare costs can exceed $16,000/case in the USA (34, 35).

In the pivotal trial and post-approval studies of over 3,000 Medtronic Micra leadless pacemaker implants, no device-related infections were reported (36, 37). In the investigational device exemption study, among 720 leadless implants, 16 patients developed bacteremia or endocarditis. The most common organism was Staphylococcus aureus. All patients responded to appropriate antibiotic therapy, and none required extraction (37).

The most significant advantage of the leadless pacemaker compared to transvenous LBBAP is the absence of a subcutaneous pocket and transvenous leads, which significantly reduces the hardware burden and eliminates any direct communication with the skin. The rate of infection in transvenous implants may be as high as 2.3% (38, 39), with 60% presenting with pocket infection and 40% with bacteremia (39). Endothelialization and encapsulation of the leadless pacemaker within the RV may contribute to a lower risk of infections.

In this case, we elected to reduce the risk of recurrent pacemaker-related infection as much as possible while accepting the risk of PICM by choosing to implant a leadless pacemaker. This difficult decision was made using a shared decision-making process that involved the patient and her family in a thorough discussion.



Case 2

A 68-year-old man with a history of hypertension presented with two recent episodes of syncope. He denied any recent travel or tick exposure. His vital signs were notable for a heart rate of 35 bpm and a blood pressure of 164/88. His laboratory evaluation, including metabolic profile, blood counts, troponin, and thyroid levels, was unremarkable. The 12-lead electrocardiogram revealed sinus rhythm with a third-degree AVB and escape rhythm with a ventricular rate of 30 bpm. The echocardiogram revealed an EF of 50% with trace tricuspid regurgitation. A temporary transvenous pacemaker was placed urgently via the right internal jugular vein, and an LBBAP was implanted the following day. The chest x-ray (Figures 6A,B) and echocardiogram (Figure 6C) results demonstrated a Medtronic 3830 lead with a fixed helix implanted through the RV endocardium to the LV endocardium in the mid-interventricular septum, capturing the left bundle branch of the conduction system. A post-implant ECG demonstrated atrial and ventricular paced rhythm. The ventricular paced morphology was consistent with the left bundle branch capture, as demonstrated by a prominent terminal r′ in lead V1 (Figure 7) and a V6 R wave peak time of 68 ms and as measured from the pacing stimulus to the peak of the R wave in lead V6. The paced QRS duration was 112 ms.
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FIGURE 6
Medtronic 3830 lead with a fixed helix implanted through the RV endocardium to the LV endocardium in the mid-interventricular septum capturing the left bundle branch of the conduction system. (A) PA chest x-ray, (B) lateral chest x-ray, and (C) four-chamber transthoracic echocardiogram view of the left bundle branch pacing lead.
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FIGURE 7
12-lead ECGs demonstrating RV apical pacing vs. LBBAP.


Current guideline recommendations support CRT with BIVp in patients with symptomatic heart failure, a left ventricular EF of ≤35%, and an anticipated ventricular pacing burden of >20% or a preexisting conduction block with a QRS duration >120 ms. Conduction system pacing using His or LBBAP approaches received a Class 2a indication for patients with an EF of 36%–50% and an expectation of a high ventricular pacing burden (31) However, as many as 30% of patients do not respond to CRT delivered by BIVp. LBBAP has been shown to reduce mortality, heart failure hospitalization, and the need for an upgrade to BIVp as compared to RV pacing (40–42).

In this case, we elected to reduce the risk of PICM as much as possible, while accepting the potential for lead-related complications. This decision was made after considering the expected high burden of ventricular pacing and the baseline mildly depressed EF. The patient had none of the high-risk characteristics associated with infection.




Conclusion

Leadless and LBBAP implantations address the most common problems encountered after traditional transvenous RV pacemaker implantation. Accurately predicting the risks for PICM, infection, lead failure, and venous occlusion and personalizing the decision between leadless and LBBAP while using a shared decision-making process will provide optimal patient outcomes while reducing healthcare costs and procedure-related complications.
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Inova Schar Heart and Vascular has an unwavering commitment to delivering excellent cardiovascular care and has integrated principles of a learning health care system to develop our system of continuous process improvement and innovation. A learning health system integrates its internal experiences with external research to enhance patient outcomes, support the discovery of new treatments and care pathways, and deliver safer, more efficient, and more personalized care. Leveraging learning across health systems maximizes the impact, allowing cardiovascular teams to gain insights into the effectiveness of different treatment strategies. In this Frontiers in Cardiovascular Medicine compendium of articles, the team at Inova describe the spectrum of research and educational activities that have contributed to our progress as a learning cardiovascular health system and support our journey to deliver excellent cardiovascular care.
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Inova Schar Heart and Vascular has an unwavering commitment to delivering excellent cardiovascular care and has integrated principles of a learning health care system to develop our system of continuous process improvement and innovation.

A learning health system integrates its internal experiences with external research to enhance patient outcomes, support the discovery of new treatments and care pathways, and deliver safer, more efficient, and more personalized care (1). The National Academy of Medicine has extensively studied learning health systems and identified several key benefits, including enabling the collection and utilization of data on a large scale to analyze trends and patterns in cardiovascular diseases. This learning can lead to the identification of specific risk factors, early detection of disease or patterns of deterioration of clinical conditions, and ultimately the development of preventative or mitigating strategies.

Leveraging learning across health systems maximizes the impact, allowing cardiovascular teams to gain insights into the effectiveness of different treatment strategies. The collaborative sharing of best practices, evidence-based guidelines, and research findings through presentations and publications fosters continued innovation and adoption of new technologies, ultimately improving the quality of care provided to patients (1–3) (Figure 1).
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FIGURE 1
Inova schar heart and vascular integrated learning health care system. Illustrated by Devon Stuart (2024).


A culture of research and education within a learning health system environment supports a drive to excellence summarized in this Frontiers in Cardiovascular Medicine compendium of articles. Our team members describe the spectrum of research and educational activities that have contributed to our progress as a learning cardiovascular health system and support our journey to deliver excellent care. A few examples of learning health system projects that have been implemented at Inova Schar Heart and Vascular include:


	•The Inova Cardiogenic Shock Program, developed to address the high mortality seen in patients in Northern Virginia presenting with cardiogenic shock (CS) due to heart attack and heart failure, has used the data collected in the Inova Shock Registry to identify key opportunities for care transformation and developed processes to optimize care delivery, reduce variation, and improve outcomes. Hospitals within and outside the health system adopted our standardized clinical care pathways for identification and management of CS and as patients with CS were cared for and data was added to the registry, the team was able to identify additional important factors, such as unique shock etiologies and disparities in care, associated with higher mortality (4, 5). This focus has resulted in improved survival for many patients with CS and our experience developing and sustaining a protocol-based approach to CS care is discussed by Mehta, Sinha, et al. in this special compendium of articles (6).

	•Similarly, protocols developed to streamline the management of aortic emergencies (ruptured aneurysms and dissections) brought together key stakeholders across the health system, including patient transport, emergency services, the operating room, the catheterization lab, nursing, residents, and multidisciplinary attending staff and resulted in standardized care, improved efficiency and importantly, saved lives in this high-risk population. The process and outcomes are regularly evaluated and discussed at scheduled debriefing sessions to encourage ongoing process improvement.

	•Another example of learning arising from registry participation is in our vascular surgery program, which utilized important benchmarking information from the Vascular Quality Initiative (VQI) registry to improve carotid endarterectomy outcomes by reducing operator variation, particularly among those with low volumes (7).

	•Inova Schar Heart and Vascular was also a founding member and leader in the Virginia Cardiac Services Quality Initiative, a consortium of 18 Virginia Hospitals and 14 cardiac surgical practices and cardiology specialties formed with the goal of improving the outcomes and value of cardiac procedures in the state of Virginia through sharing and reviewing data to learn and implement best practices. One of the important initiatives that came from this was development of new protocols which allowed the Inova team to reduce the blood transfusion needs of patients undergoing bypass surgery without compromising clinical outcomes (8).

	•Training programs enhance lifelong learning and the development of our cardiovascular fellowship program facilitated expanding knowledge in both learners and providers and led to improved clinical outcomes in the Cardiac Intensive Care unit. Our cardiology fellows are integral members of the multidisciplinary CV teams and have led and participated in many of the contributions included in this publication (6, 9–11).

	•Engaging all clinicians is an essential step as a learning health care system focused on delivering excellent cardiovascular care, and Advanced Practice Providers (APPs) lead several of our key initiatives, including an outpatient urgent heart failure clinic (UHFC) (12). The UHFC provides IV diuretics and is a critical part of a successful system of care for the ambulatory management of decompensated heart failure, described in this collection (13).

	•Equipping clinicians for leadership roles through the development and implementation of an integrated leadership training academy for physicians and APPs has been another key initiative that yielded increased engagement and effectiveness needed in a learning health system and led to greater leadership responsibility (14).

	•The “Heart Failure Collaboratory” is a public-private partnership developed between Inova Schar Heart and Vascular and the U.S. Food and Drug Administration (FDA) and brings stakeholders together to rethink both the development and implementation of clinical research for patients with heart failure, including strategies to encourage increased utilization of guideline based medical therapy (11). Inova aspires to be a leader in this by developing electronic health record-based strategies to engage clinicians to utilize guideline-based treatment for their patients with heart failure, via strategic prompts aimed at increasing appropriate medication prescription and referral for advanced heart failure, structural heart and electrophysiology care (15).



FDA Commissioner Dr. Robert Califf has highlighted the significance of learning health systems and in his writings, he emphasizes the need to bridge the gap between clinical research and practice. By integrating research into routine clinical care, cardiovascular health systems can generate real-world evidence, which can be used to inform treatment decisions and improve patient outcomes (15).

In summary, learning health system principles promote the integration of research, practice, and data analysis and elevate clinical care and outcomes. (Figure 1) This integration can lead to the discovery of new treatments and protocols, provide more personalized care, and facilitate excellent cardiovascular care and patient outcomes.

The main concepts of the Integrated Learning Health Care System at Inova Schar Heart and Vascular, with integration of research, registries and guidelines to inform, develop and implement strategies to deliver excellent cardiovascular care and outcomes.
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Cardiovascular disease (CVD), including atherosclerosis, valvular etiologies, or myocardial disorders, is typically asymptomatic for several years, representing an occult phase of illness. Readily available preventive treatments to reduce cholesterol and blood pressure, among other risk factors, have the potential to reduce and delay incident myocardial infarction (MI), heart failure, and cardiovascular (CV) deaths. Measurement of circulating levels of cardiac troponin T (cTnT) and troponin I (cTnI) released from cardiomyocytes, as a result of injury, has been the biochemical standard for the diagnosis of MI for more than 20 years. The recent adoption of high-sensitivity (hs) assays, which are capable of measuring cTnT and I levels in more than 50% of the general population, has revealed a clear association between progressively higher biomarker levels and future CV events. In cross-sectional imaging studies, cTn levels measured by hs assays have also demonstrated correlations between elevated biomarker levels and occult CVD such as coronary artery disease and myocardial fibrosis. In this review, we provide evidence to consider measuring hs-cTnT and hs-cTnI to screen for patient CV risk and provide an example of a scenario in which such screening may improve outcomes through decision support for aggressive management of blood pressure.
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1 Introduction

Screening allows clinicians to detect disease in a preclinical phase, offering an opportunity to interrupt the natural progression to symptoms, morbidity, and, ultimately, premature mortality. Critical to the success of a screening program is not only the early detection of disease but also the demonstration of a resulting intervention that can delay or prevent further development of the disease process.

For cardiovascular disease (CVD), substantial effort has been expended to develop primary prevention algorithms to delay and prevent atherosclerotic CVD (ASCVD). ASCVD adverse outcomes are typically classified as coronary heart disease deaths, non-fatal MIs, and non-fatal and fatal strokes (1). The development and application of the 10-year pooled cohort risk calculator has been codified into the American Heart Association/American College of Cardiology (AHA/ACC) 2018 guidelines (1).

Substantial resources have been devoted to screening for early ASCVD and modifying ASCVD risk factors such as hyperlipidemia, but less attention has been directed toward the prevention of heart failure (HF). Annually in the United States, HF is associated with approximately 1,000,000 new diagnoses, 1.3 million hospitalizations, nearly 100,000 deaths, and expenses estimated at over $30 billion, making it one of the most costly medical conditions in the country (2). HF symptoms are often considered the result of multiple heterogeneous disorders, and unlike ASCVD, challenges have existed to classify a preclinical phase of the disease. These barriers have rendered it difficult to develop screening strategies.

The introduction of high-sensitivity cardiac troponin (hs-cTn) assays has revolutionized the clinical utility of cTns, moving beyond their traditional role as a dichotomous marker for acute myocardial infarction (MI). hs-cTn assays allow for the detection of very low concentrations of cardiac troponins, even in patients without overt MI. This capability has expanded their use to quantify cardiac myocyte injury and myocardial stress, providing more nuanced insights into cardiovascular risk. More recently, detectable levels of hs-cTnT or hs-cTnI have been observed in asymptomatic individuals and in patients with stable coronary artery disease (CAD), which is supposed to reflect ongoing subclinical myocardial damage.

In 2021, a universal definition for HF was developed that redefined stage B, the preclinical phase of the disease (3). The diagnosis of stage B HF relies on imaging evidence of cardiac pathology or notable elevation of circulating cardiac-specific biomarkers of cardiac stress and/or myocyte injury [natriuretic peptides (NPs) or cTnT or cTnI] (3). Measurement of these cardiac-specific biomarkers may offer a pragmatic component of early identification of individuals at higher cardiovascular risk during the preclinical phase of HF.

Progressively higher levels of both NPs and cTns are strongly associated with incident symptomatic HF, typically requiring hospitalization within the ensuing 5–10 years across multiple longitudinal cohorts of community-dwelling individuals without HF symptoms or known CVD (4, 5). While measurement of either NPs or cTns (measured with an hs assay) appears to be associated with a similar prospective risk of incident HF, the cost of measuring hs-cTns is less than a third of the cost of measuring NPs ($12.47 vs. $39.26 US dollars, Centers for Medicare and Medicaid services reimbursement Q3, 2024). Thus, measurement of cTns may represent a more attractive candidate for implementation in a large-scale, community-based screening program (6).

While there may be significant public health policy interest in defining preclinical disease using hs-cTn assays, widespread adoption of a clinical screening program will become possible only if a cost-effective and safe intervention is readily available.



2 The making of a screening biomarker

The process of evaluating a new biomarker typically consists of two critical steps: (1) analytical validation and (2) qualification (7). These steps are specific to each condition of use for the biomarker. Analytical validation refers to the assessment of available evidence on the analytical performance of an assay, while biomarker qualification represents the evidence-based process of linking a biomarker with one or more clinical endpoints (7). The analytical validation of hs-cTn assays has been previously described, as the biomarker is already in clinical use for diagnostic purposes. In the following sections, we will detail the existing evidence of observational data linking cTn with several clinical endpoints outside the diagnosis of MI. We will also review retrospective and post-hoc analyses of clinical trials that illustrate the effects of interventions on both the biomarker and clinical outcomes.


2.1 Emerging role of a single cardiac troponin measure in screening and risk stratification

Driven by the analytical progress of hs-cTn assays that were originally designed for achieving superior early detection of MI compared to prior less-sensitive versions of the assays, there was recognition that circulating cTns levels are also measurable in the majority of community-dwelling adults. Notably, it has been demonstrated that elevated cTns levels below the diagnostic threshold of MI are associated with an increased number of CV events. As a result, there is growing interest in repurposing hs-cTn measurement for incident CVD and HF risk screening in the general population. Multiple studies have highlighted that individuals from ambulatory populations with elevated levels of cTns die early from CV and experience more adverse CVD outcomes, including HF, when compared with those with lower levels while adjusting for conventional CV risk factors. These findings have been further underscored by meta-analyses, collectively emphasizing the predictive efficacy of baseline hs-cTn measurements for long-term CV prognoses in ambulatory adults (Figure 1) (5, 8–11).
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FIGURE 1
A potential screening strategy is identification of ambulatory individuals with stage A or B heart failure (risk factors or asymptomatic structural findings such as left ventricular hypertrophy) with early stages of hypertension; when these individuals are identified with elevated hs-cTnI or T levels and treated to low systolic blood pressure targets, they may experience a lower incidence of symptomatic heart failure and other adverse cardiovascular events in the next 5–10 years. This scenario requires prospective validation.


The strategy of incorporating hs-cTn assays into CV risk stratification to guide therapeutic decision-making has been tested retrospectively in existing community cohorts with well-defined centrally adjudicated outcomes. In an analysis inclusive of three United States-based cohorts (Atherosclerosis Risk in Communities Study, Dallas Heart Study, and Multiethnic Study of Atherosclerosis), Pandey et al. examined individuals without known CVD, including coronary heart disease, stroke, and HF, who were also not on antihypertensive medication at the time of enrollment (12). The investigators found that the incorporation of cardiac biomarkers [hs-cTnT or amino terminal B-type natriuretic peptide (NT-proBNP)] in risk assessment algorithms enhanced the risk stratification of patients, identifying individuals who could potentially benefit from antihypertensive treatment. This was particularly true for participants with elevated blood pressure (BP) in addition to those with low-risk stage 1 hypertension who are not typically recommended antihypertensive medications by current guidelines. As shown in Figure 2, including hs-cTnT levels stratified both categories of patients, resulting in large differences in the number needed to treat for either a composite CV outcome or incident HF. These findings suggest that a knowledge of hs-cTn levels could potentially prompt early initiation of pharmacologic BP treatment, thereby reducing incident symptomatic CV events for these frequently encountered ambulatory patients. Furthermore, the fact that the associated risk linked to elevated hs-cTnT levels is potentially modifiable through pharmaceutical intervention lends clinical significance to these findings. Similar findings were noted for NT-proBNP measurements (13).
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FIGURE 2
The 10-year number needed to treat to prevent an incident composite CV event, or HF (right), across 2017 ACC/AHA BP guideline–recommended treatment groups stratified by hs-cTnT [Adapted from Pandey et al. (12)]. The dotted red line represents the 10-year NNT to prevent an incident composite CV event (left) and HF (right) for the group with stage 2 HTN (BP≥160/100 mmHg). Definitions: Elevated BP, 120–129/<80 mm Hg; stage 1 HTN, 130–139/80 to 89 mm Hg; stage 1 high-risk HTN was defined by the presence of any of the following: PCE-estimated 10-year ASCVD risk ≥10%, diabetes mellitus, estimated GFR <60 ml/min/1.73 m2, or age ≥65 years with systolic BP ≥130 mmHg; in the absence of all of these risk factors, individuals with stage 1 HTN were classified as low risk. An hs-cTnT≥6 ng/L is considered elevated. NNT, number needed to treat; CV, cardiovascular; HF, heart failure; BP, blood pressure; HTN, hypertension; hs-cTnT, high-sensitivity cardiac troponin T; ASCVD, atherosclerotic cardiovascular disease; GFR, glomerular filtration rate; PCE, pooled cohort equation. Adapted with permission from “Prevalence of elevated hs-cTnT or NT-proBNP across 2017 ACC/AHA BP guideline recommended treatment groups” by Berry et al. (13). The Creative Commons license does not apply to this content. Use of the material in any format is prohibited without written permission from the publisher, Wolters Kluwer Health, Inc. Please contact permissions@lww.com for further information.


While many studies have investigated the role of mild hs-cTn elevations in the general population, similar efforts have been made in higher-risk ambulatory populations with known ASCVD. Marston et al. explored the potential benefit of incorporating hs-cTnI levels for risk evaluation within the framework of the 2018 AHA/ACC cholesterol management guidelines (14). In their exploratory analysis of patients with prior MI from the Patients With Prior MI (PEGASUS-TIMI 54) trial, participants were classified as either “very high-risk” or “lower-risk” ASCVD based on the 2018 AHA/ACC cholesterol management guidelines. Incorporating a baseline hs-cTnI level (measured with the Abbott Architect hs-cTnI assay) further stratified risk within these categories. For example, patients classified as “very high-risk” overall had a 3-year event rate (CV death, MI, and stroke) of 8.8% compared with 5.0% for the lower-risk patients. However, when clinically determined “very high-risk” patients were further assessed based on hs-cTnI levels, those with hs-cTnI<2 ng/L had an event rate of only 2.7%, while those with hs-cTnI>6 ng/L had a more than fivefold higher event rate of 14.3%. Overall, approximately 12% of the participants in the study would have their risk reclassified with the addition of the hs-cTnI assay, potentially affecting their secondary prevention treatments and long-term disease outcomes (14).

These findings indicate that using hs-cTn levels for risk stratification and blood pressure management is promising, both for the general population and for secondary prevention in individuals with known ASCVD. While this offers an opportunity for personalized medicine, validation with prospective clinical trials is needed.

Risk factors such as cholesterol levels and blood pressure are compelling biomarkers because they are well-established components of the causal pathways underlying symptomatic CVD and death. It is less likely that ongoing myocyte cell death reflected by circulating hs-cTns levels is directly involved in the causal pathway for CVD. Instead, it appears to be a subclinical organ-specific consequence but remains an important marker of disease.



2.2 Correlation of hs-cTn with cardiac imaging

An important question is how well early biochemical elevations of myocyte injury reflected by hs-cTns levels correspond with early indicators of myocyte damage as detected through cardiac imaging techniques. This association was estimated in the MESA (Multi-Ethnic Study of Atherosclerosis) cohort in which baseline elevations in hs-cTnT assays among individuals without overt CVD were associated with the presence of replacement fibrosis, which was evidenced by late gadolinium enhancement (LGE) in cardiac magnetic resonance (CMR). Interestingly, there was no association of the biomarker level with an ischemic pattern seen with MI, suggesting a non-ischemic etiology for measurable circulating hs-cTnT levels in these CVD-free individuals. These elevations also correlated with an increased likelihood of longitudinal changes in the left ventricle (LV) remodeling represented by an increase in LV mass and end-diastolic volume as assessed by CMR. Notably, however, there was no correlation with hs-cTnT level in the MESA with a subsequent reduction in systolic function, as reflected by left ventricular ejection fraction (LVEF) (15). Increased interstitial fibrosis was also associated with increased hs-cTnT levels in the same cohort (16). These associations are of interest when planning future studies for evaluating the performance of hs-cTns as a screening test in the general population. However, hs-cTns levels are not static and frequently change over time. Consequently, they can reflect the progression of subclinical disease and potentially the efficacy of therapies designed to prevent symptomatic CVD and death. In the following section, we explore the current evidence regarding longitudinal change in hs-cTn levels, which can enhance both screening and measurement of treatment efficacy.



2.3 Longitudinal measures of cardiac troponin for screening, prognosis, and assessing treatment efficacy

The measurement of longitudinal changes in hs-cTn levels in asymptomatic individuals both with and without known CVD is intriguing because rising levels intuitively suggest the acceleration of subclinical disease. Indeed, there have been consistent findings across multiple general population cohorts involving people without known CVD that demonstrate that a 25%–50% increase in hs-cTns levels over the course of 1–6 years is associated with a poor prognosis. These rising hs-cTn levels correlate with a higher risk of incident ASCVD, HF, and CV death (17–19). This longitudinal finding can also be noted in patients with known CVD. In the Bypass Angioplasty Revascularization Investigation in Type 2 Diabetes trial (BARI-2D), an increase of ≥25% over 1 year was associated with an increased risk of CV death, MI, stroke, or HF compared with those with a <25% rise (20).

In the Long-Term Intervention with Pravastatin in Ischemic Disease (LIPID) study, increases in hs-cTnI levels over the first year were predictors of CV death, MI, and all-cause death. This provided independent prognostic information in patients with stable CAD beyond what a single baseline measurement alone could offer, suggesting that serial monitoring of cardiac troponin levels can reflect dynamic changes in cardiovascular risk (21). However, while pravastatin treatment resulted in a slightly greater reduction in hs-cTnI levels than placebo, this change in level did not account for any of the effects of pravastatin in reducing the number of CV events. There is little evidence that longitudinal changes in hs-cTn levels in ambulatory adults are the result of ischemic events or “silent MIs”; therefore, it is perhaps not surprising that hs-cTn change did not account for the efficacy of pravastatin as the biomarker is not likely to act as an intermediary between treatment and clinical outcomes. Therefore, as of now, hs-cTn does not have a role in measuring the efficacy of drug therapy to reduce coronary heart disease events.

Lastly, interpretation of longitudinal changes as a result of preventive treatments remains a work in progress. For example, while examining the effects of intensive blood pressure control on hs-cTnT levels in the Systolic Blood Pressure Intervention Trial (SPRINT), investigators found that although increased hs-cTnT levels correlated with higher risks for incident HF and death, intensive systolic BP lowering led to an unexpected rise in hs-cTnT levels. This finding was primarily attributed to a simultaneous decline in the estimated glomerular filtration rate and prompts further questions about the interchangeability of hs-cTnT and I for screening in this population (13).



2.4 Are hs-cTnT and hs-cTnI interchangeable?

Hs-cTnT and I are generally thought to be interchangeable with respect to the diagnosis of MI, with a high correlation between their respective levels (22). However, in ambulatory adults, the correlation between the two biomarkers is only moderate (23, 24). Multiple factors, including biologic and analytical differences in a chronic setting, may influence the presence of this moderate correlation. From a biologic standpoint, it is interesting to note that hs-cTnT has also been found to be elevated in patients with neuromuscular diseases and skeletal muscle disorders, whereas hs-cTnI is not elevated in these individuals (25, 26). With respect to an analytical difference, while there is only one commercial hs-cTnT assay, there are multiple hs-cTnI assays available for clinical use (27). Each hs-cTnI assay targets different epitopes and thus may have different affinities to the epitopes and susceptibilities to endogenous cTn antibodies that may influence these assays (28). How these differences may influence the prediction of future CVD events based on low-level elevations is uncertain. Some studies have suggested that cTnT and I are not interchangeable for risk prediction, particularly with respect to non-fatal ASCVD events. Welsh et al. demonstrated in a Scottish community-based cohort of over 19,500 individuals that hs-cTnI and hs-cTnT showed similarity for incident CVD death and HF prediction, but only cTnI predicted incident MI (24). However, coronary imaging studies have demonstrated an association between hs-cTnT and extent and the “vulnerability” of coronary plaque (29, 30). Two meta-analyses have addressed separate CVD endpoints for hs-cTnI and hs-cTnT in ambulatory populations (8, 31). Both noted that despite the high heterogeneity between individual studies, both cTnT and I levels were predictive for all of the CVD endpoints.




3 Future directions and ongoing discussions

The current improved analytical hs-cTn assays detect cTnT and cTnI levels in most asymptomatic adults, seemingly reflecting ongoing baseline myocyte cell death. The addition of these inexpensive, ubiquitously available clinical blood tests that measure myocyte injury is potentially promising to augment the screening of hypertensive patients such that additional patients can be identified for antihypertensive treatment targeting the lower thresholds reported in the SPRINT. Ensuing treatment initiatives may substantially reduce the risk of new-onset HF and other CV events in the general population of the United States. Screening based on the data presented above from the three United States-based cohorts is intriguing, but several questions remain from that exploratory analysis. It is crucial to recognize that we still need to confirm the cost-effectiveness and precision of this method in prospective studies designed with this intent. Equally significant is the challenge of determining optimal management strategies for individuals identified as higher risk through positive screening results. Tailoring interventions based on biomarker results demands thoughtfulness to avoid unnecessary medical interventions or overlooking individuals who might benefit from proactive care. Moreover, the overarching question is whether subjecting a higher-risk group identified by hs-cTn levels to more aggressive management and intensified monitoring would translate to tangible long-term improvements in their clinical outcomes. Conversely, we must consider whether detection of subclinical disease with hs-cTn may simply result in early detection, subject a patient to the side effects of treatment, but ultimately not extend longevity beyond what would have occurred without screening. There is a compelling case for a pragmatic, randomized clinical trial to implement antihypertensive treatments in the early stages of hypertension in patients with higher hs-cTn levels. While early identification of risk is essential, understanding whether intensified interventions truly alter the trajectory of the disease remains a critical piece of the puzzle.
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risk factor studies analyzed
Hypertensive disorders of | Behrens et al. (28) Retrospective cohort | 102 million - HTN within first year postpartum:
‘pregnancy (HDPs) - Ages 20-29 [HR 116 (104-12.8)]
- Ages 40-49 [HR 245 (21.8-27.6)]
Grandi et al. (29) Retrospective cohort | 146,748 -CVD [HR 22 (17-27)]
- HIN [HR 5.6 (5.1-63)]
Theilen et al. (30) Retrospective cohort | 57,384 Recurrent HDP:

- All-cause mortality [HR 2.04 (1.76-2.36)]
- T2DM [HR 4.33 (221-847)]

- IHD [HR 330 (2.02-5.40)]

- Stroke [HR 5.10 (2.62-9.92)]

Riise et al. (31) Prospective cohort | 20,075 ~CVD [HR 15 (12-18)]
Honigberg et al. (32) Prospective cohort | 220,024 - CAD [HR 1.8 (13-2.6)]

- HF [HR 1.7 (1.04-26)]

- AS [HR 2.9 (15-54)]

- MR [HR 50 (15-17.1)]
Gestational hypertension | Heida et al. (33) Meta-analysis 5 studies - Overall CVD [RR 1.89 (1.31-2.72)]
-~ IHD [RR 1.44 (1.30-1.60)]

- Stroke [RR 1.41 (1.20-165)]

Grandi et al. (34) Meta-analysis 9 studies - CVD [OR 167 (1.28-2.19)]

- Stroke [OR 183 (1.79-4.22)]
Haug et al. (35) Prospective cohort | 23,885 - CVD, ages 40-70 [HR 157 (132-1.87)]
Canoy et al. (36) Prospective cohort | 1.1 million All women with hypertensive pregnancies:

- CHD [RR 129 (127-131)]

- Ischemic stroke [RR 1.29 (1.23-1.35)]

- Hemorrhagic stroke [RR 1.14 (1.07-1.21)] Women with
hypertensive pregnancy, not taking HTN treatment at bascline:
- CHD [RR 1.17 (1.14-1.19)]

- Ischemic stroke [RR 1.18 (1.11-1.25)]

- Hemorrhagic stroke [RR 1.09 (1.02-1.18)]

Riise et al. (37) Prospective cohort | 617,589 - CVD [HR 138 (1.7-2.0)]

Stuart et al. (38) Prospective cohort | 58,671 - HIN [HR 2.8 (26-30)]

~T2DM [HR 17 (14-19)]

- HLD [HR 14 (1.3-15)]

Preeclampsia Wau et al. (39) Meta-analysis >6.4 million/22 studies | - HF [RR 4.19 (2.09-8.38)]

- CHD [RR 2.50 (1.43-4.37)]

- CV Death [RR 221 (1.83-2.66)]

- Stroke [RR 181 (129-2.55)]

Heida et al. (33) Meta-analysis 12 studies - CVD RR 2.15 (1.76-261)

- Stroke [RR 153 (121-192)]

Brown et al. (40) Meta-analysis 43 studies - HTN [RR 3.13 (2.51-3.89)]

- CVD [OR 2.28 (1.87-2.78)]

- Stroke [OR 176 (1.43-2.21)]

Grandi et al. (34) Meta-analysis 16 studies - Moderate preeclampsia: CVD [OR 2.24 (1.72-2.93)]
- Severe preeclampsia: CVD (OR 2.74 [2.48-3.04]

- CVD mortality [OR 1.73 (1.46-2.06)]

- Stroke [OR 295 (1.10-7.90)]

- THD [OR 1.73 (1.46-2.06)]

Bellamy et al. (41) Meta-analysis 3,488,160/25 studies | - HTN [RR 370 (2.70-5.05)]

- THD [RR 2.16 (1.86-2.52)]

- Stroke [RR 1.81 (1.45-2.27)]

Brouwers et al. (42) Meta-analysis 22 studies Recurrent preeclampsia:

- HTN [RR 23 (19-2
- THD [RR 2.4 (22-2.7)]
- HF [RR 29 (23-3.7)]

-cvD ization [RR 16 (1.3-19)]
Riise et al. (43) Prospective cohort | 506,350 MACE [HR 2.1 (1.73-265)]
Stuart et al. (38) Prospective cohort | 58,671 HIN [HR 22 (2.1-23)]

- T2DM [HR 1.8 (1.6-1.9)]

- HLD [HR 13 (1.3-1.4)]

Wu et al. (44) Retrospective cohort | >44 million - Stroke [OR 7.83 (6.25-9.80)]

- MI [OR 520 (3.11-8.69)]

- Peripartum cardiomyopathy [OR 437 (3.64-5.26)]

Gestational diabetes mellitus | Bellamy et al. (45) Meta-analysis 675,455/20 studies - T2DM [RR 743 (479-1151)]
(GDM) Vounzoulaki et al. (46) Meta-analysis 133 million/20 studies | - T2DM [RR 9.51 (7.14-12.67)]
Kramer et al. (47) Meta-analysis 539 million/9 studies | - Overall future CV events [RR 1.98 (1.57-2.5)]

- Future CV events restricted to women with GDM who did not
develop T2DM [RR 1.56 (1.04-2.32)]

- Future CV eventsin first. 231(157-3.39)]
Grandi et al. (34) Meta-analysis 8 studies - CVD [OR 1.68 (1.11-2.52)]
Heida et al. (48) Prospective cohort | 22,265 - T2DM [HR 3.68 (2.77-4.90)]
Kaul et al. (49) Retrospective cohort | 240,083 GDM only:

- T2DM [HR 20.3 (18.1-22.6)]

- HTN [HR 2.0 (18-22)]

- CVD [HR 1.4 (1.0-1.9)] GDM and overweight:
- T2DM [HR 40.1 (34.4-466)]

- HIN [HR 3.7 (3.2-4.3)]

- CVD [HR 2.1 (11-35)]

Carr et al. (50) Cross-sectional 995 Women with family history of T2DM:
- HTN [OR 188 (1.34-2.64)]

- HLD [OR 176 (1.28-2.44)]

Preterm delivery (PTD) | Wu et al. (51) Meta-analysis >5.8 million/21 studies | - CVD [RR 1.43 (1.18-1.72)]

- CV mortality [RR 1.78 (1.42-2.21)]
- CAD [RR 1.49 (138-160)]

- Stroke [RR 1.65 (1.51-1.79)]

Grandi et al. (34) Meta-analysis 14 studies - CVD [OR 1.6 (14-19)]
Tanz et al. (52) Prospective cohort | 70,182 - CVD [HR 142 (1.16-1.72)]
Tanz et al. (53) Prospective cohort | 57,904 - HIN [HR 111 (106-1.17)]

- T2DM [HR 1.17 (1.03-133)]
- HLD [HR 1.07 (1.03-111)]

Parikh et al. (54) Retrospective cohort | 15,896 - HTN [OR 157 (1.04-237)]
Placental abruption/ Grandi et al. (34) Meta-analysis 28.99 million/7 studies | - CVD [OR 18 (1.4-2.3)]
placental syndromes Ray et al. (55) Retrospective cohort | 1.03 million - CVD [HR 20 (17-22)]
Pregnancy loss Oliver-Williams (56) Meta-analysis 649,965/10 studies | Miscarriage:

- CHD [OR 145 (1.18-1.78)]

- Stroke [OR 111 (0.72-1.69)] Recurrent miscarriage:
- CHD [OR 1.9 (1.13-3.50)]

Hall et al. (57) Prospective cohort | 79,121 - CVD [HR 1.11 (1.06-1.16)]

Ranthe et al. (58) Prospective cohort | 1.03 million - MI [RR 113 (1.03-1.24)]

- Ischemic stroke [RR 1.16 (1.07-1.25)]

- HTN [RR 120 (1.05-138)]

Smith et al. (59) Retrospective cohort | 129,20 - 1-2 loss, THD [HR 1.48 (1.09-2.02)]

- >1 loss, THD [HR 152 (1.13-2.06)]

- >3 loss, THD [HR 2.35 (0.87-6.36)]

Wagner et al. (60) Retrospective cohort | 60,105 -2 +loss, IHD [HR 174 (1.22-2.52)]
-3 +loss, IHD [HR 3.18 (1.49-6.80)]
Stillbirth Grandi et al. (34) Meta-analysis 8 studies -CVD [OR 15 (1.1-2.1)]
Peters et al. (61) Prospective cohort | >500,000 - CVD [HR L14 (1.02-128)]
Ranthe et al. (58) Prospective cohort | 1.03 million - MI [RR 2.69 (2.06-3.50)]

- Ischemic stroke [RR 1.74 (1.32-2.28)]
- HTN [RR 242 (1.59-3.69)]

Small for gestational age Heida et al. (33) Meta-analysis 9 studies - Overall CVD [RR 1.66, (1.26-2.18)]
(SGA) - IHD [RR 168, (131-2.14)]
- Stroke [RR 1.62, (1.51-1.74)]
Ngo et al. (62) Retrospective cohort | 812,732 - Moderate SGA, CVD [HR 136 (1.23-1.49)]
- Severe SGA, CVD [HR 1.6 (1.47-1.87)]
Bonamy et al. (23) Retrospective cohort | 923,686 - Moderate SGA, CVD [HR 139 (1.22-1.58)]
- Severe SGA, CVD [HR 2.57 (1.97-334)]
Large for gestational age | Morken et al. (63) Prospective cohort | 711,726 - CV mortality [HR 3.0 (20-46)]
(LGA)
Premature menarche Charalampopoulos et al. (64) | Meta-analysis 9 studies - All-cause mortality [HR 1.23 (1.10-1.38)]
Lee et al. (65) Prospective cohort | 648 - MACE [RR 453 (213-9.63)]
Canoy et al. (66) Prospective cohort | 1.2 million - CHD [RR 1.27 (1.22-1.31)]
Ley et al. (67) Prospective cohort | 73,814 - CVD [RR 1.22 (1.09-1.36)]
Lakshman et al. (68) Prospective cohort | 15,807 - HIN [HR 113 (102-1.24)]
- CVD [HR 117 (1.07-1.27)]
- CHD [HR 1.23 (1.06-1.43)]
- CVD mortality [HR 1.28 (1.02-1.62)]
Peters and Woodward (61) | Prospective cohort | >500,000 - CVD [HR 110 (1.01-130)]
Polycystic ovarian syndrome | Amiri et al. (69) Meta-analysis 30 studies ‘Women of reproductive age:
(PCOS) - HTN [RR 170 (1.43-207)]
Okoth et al. (70) Meta-analysis 32 studies - Overall CVD [OR 130 (1.09-1.56)]
- CHD [OR 140 (1.13-1.84)]
- Stroke [OR 136 (1.09-1.70)]
Zhang et al. (71) Meta-analysis 166,682/10 studies - Overall CVD [OR 166 (1.32-2.08)]
- MI [OR 2.57 (1.37-4.82)]
- IHD [OR 2.77 (2.12-3.61)]—Stroke [OR 1.96 (1.56-247)]
Premature menopause Muka et al. (72) Meta-analysis 310,329/32 studies - Overall CHD [RR 1.50 (1.28-176)]
- Fatal CHD [RR L11 (1.03-1.20)]
Ley et al. (67) Prospective cohort | 73,814 - CVD [RR 1.32 (1.16-1.51)]
Honigberg et al. (73) Prospective cohort | 144,260 - Premature natural menopausal, CVD [HR 136 (1.19-1.56)]
- Premature surgical menopause, CVD [HR 1.87 (1.36-2.58)]
Premature ovarian failure | Roeters et al. (74) Meta-analysis 190,588/10 studies - CVD [HR 161 (1.22-212)]
(POF) - IHD [HR 1.69 (1.29-2.21)]
Infertility Parikh et al. (75) Prospective cohort | 863,324 - CVD [HR 119 (1.02-139)]
Magnus et al. (76) Prospective cohort | 64,064 - CVD [HR 114 (1.08-120)]
Farland et al. (77) Prospective cohort | 103,729 - Overall CHD [HR 113 (1.01-126)]
- Infertility <25 years: CHD [HR 1.26 (1.09-1.46)]
- Infertility 26-30 years: CHD [HR 108 (0.93-125)]
- Infertility >30 years: CHD [HR 091 (0.70-1.19)]
- Infertility due to ovulatory disorder: CHD [HR 1.28 (1.05-1.55)]
- Infertility due iosis: CHD [HR 1.42 (1.09-1.85)]
Invitro fertilization (IVE) | Dayan et al. (78) Meta-analysis 1.44 million/6 studies | - CVD [HR 091 (0.67-1.25)]
- T2DM [HR 0.93 (0.87-1.00)]
Udell et al. (79) Prospective cohort | 119 million - CVD [HR 0.5 (0.41-0.74)]
Systemic erythematous Li etal. (80) Meta-analysis 9 studies - All genders: CVD [RR 3.39 (215-5.35)]
lupus (SLE) - Women: CVD [RR 3.27 (201-530)]
- Men: CVD [RR 3.16 (2.02-4.94)]
Manzi et al. (81) Retrospective cohort | 2,706 - Women age 35-44, MI [RR 52.43 (21.6-98.5)]
Rheumatoid arthritis (RA) | Avifia Zubieta et al. (82) | Meta-analysis 111,758/24 studies - CV death [RR 150 (139-1.61)]
Depression Rosengren et al. (83) Case-control 24,767 - MI [AR 9% (7-10)]
HTN, hypertension; CAD, coronary artery disease; HF, heart failure; AS, aortic stenosis; MR, mitral ion; CVD, disease; CV, cardi T2DM,
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NAME: DOB: DATE:
MEDICAL HISTORY: please fill out the following table.
Have you been diagnosed with any of the following conditions? YES NO
Depression
History of other mental health dition (please name):
Rheumatoid arthritis
Systemic lupus erythematosus
History of other autoimmune condition (please name):
GYNECOLOGICAL HISTORY: please circle and fill out answers to the following questions.
®  Age at first period:
e Have you ever been diagnosed with PCOS? YES NO
o Have you experienced infertility? YES NO
o Have you ever undergone in vitro fertilization (IVF)?  YES NO
e Have you undergone menopause? YES NO
o Age of menopause:
o How long has it been since you underwent menopause? Please circle
<12 months 12-36 months 36-72 months >72 months
o Please circle the type of menopause you experienced. NATURAL  SURGICAL N/A
o Have you ever experienced hot flashes or night sweats? YES NO

o What age did your symptoms begin?:
e Have you ever used hormone replacement therapy (HRT)?

How long did your symptoms last?:

YES

NO

OBSTETRICAL HISTORY: please answer the following questions if you have been pregnant before.

e How many times have you been pregnant?

Did you experience any of the following conditions in pregnancy?

YES

NO

Number of pregnancies affected

Gestational hypertension

Gestational diabetes mellitus

Placental abruption

Preeclampsia or eclampsia

Preterm delivery

Small for gestational age infant

Large for gestational age infant

Pregnancy loss or stillbirth
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GUSTO-1 Trial (64) 5037 Thrombolytic All cause 30-day mortality | Stroke, death or stroke, and Major bleeding,
26 therapy death or nonfatal, disabling | cardiogenic shock,
stroke. reinfarction,
Arrythmia, Heart
failure
SENIOR-PAMI (95) 2005 483 Mean STEMI | PCI vs thrombolytic | Death or disabling stroke at 30 | Death, disabling stroke, or - - N
78 therapy days reinfarction at 30 days
(range
70-101)
Outcomes of Coronary | 2007 | 70-79 Years | 74%3; | Multivessel | CABG outcomes in | Hospital mortality, major | Individual elements of primary - Noted that burden of N
Artery Bypass Graft (852, 28.6%); 80 | 833 CAD different age groups | postoperative complications composite outcomes comorbidity in elderly
Surgery (CABG) in Years (282, 9.4%) (perioperative myocardial patient group
Octogenarians (96) infarction, respiratory failure, may negate any benefit
renal failure, decp sternal on long-term survival
wound infection, bleeding gained by
requiring reoperation, improvements in early
unplanned reoperation, stroke, outcome.
and gastrointestinal
complications), length of
hospital stay, and late survival
PLATO trial (97) 2009 | 18,624. Only 62 ACS Ticagrelor vs. Time to the first occurrence of | Composite of death from any Minor bleeding, - N
15.5% patients Clopidogrel composite of death from cause dyspnea,
were =/> 75 vascular causes, myocardial bradyarrhythmia, any
infarction, or stroke other clinical adverse
event, and results of
laboratory safety tests
TRIANA (98) elderly 2011 266 81 STEMI Primary PCI vs Composite of all-cause Death, re-infarction, or - - N
Fibrinolysis mortality, re-infarction, or disabling stroke at 1 year
disabling stroke at 30 days
Italian ELDERLY ACS | 2012 313 82 NSTEMI | Early aggressive vs Composite of all-cause - - - N
study (99) conservative strategy | mortality, nonfatal myocardial
infarction (M), disabling
stroke, and repeat hospital stay
for cardiovascular causes or
severe bleeding within 12
months
XIMA (100) 2014 800 836+ | Stable angina, | DES vs BMS I-year composite of death, - - - N
32(80- | Unstable myocardial infarction,
101) angina, cerebrovascular accident,
NSTEMI target vessel revascularization,
or major hemorrhage.
LEADERS FREE (101) 2015 2432 757+ Clinical | Efficacy of polymer- | Composite of cardiac death, Bleeding, target-vessel - 64% patients enrolled N
94 | indication for | free drug-coated | myocardial infarction, or stent | revascularization, and indexes had higher risk of
pCI coronary stents in thrombosis of technical procedural success. bleeding by virtue of
patients at high age
bleeding risk
MOSCA (102) 2016 106 83+6 | NSTEMI Invasive vs Composite of all-cause All-cause mortality, the - Noted that although | Comorbidity
conservative strategy mortality, recurrent composite of mortality or benefits were favorable burden
myocardial infarction (new | ischemic events (reinfarction or in short-term, long-
episode of chest pain post-discharge term outcomes were
with troponin elevation after | revascularization), and bleeding insignificant and hence
admission, during either the episodes may not be beneficial
index hospital stays or a new in elderly population.
readmission) and readmission
for cardiac cause (post
discharge revascularization or
acute heart failure)
After Eighty Study (103) | 2016 457 847 | NSTEMI, Tnvasive vs Composite of myocardial Death from any cause Minor and major | A change of positive | Depression was
(80-94) | Unstable | conservative strategy | infarction, need for urgent bleeding effect of invasive | considered as risk
angina revascularization, stroke, and treatment occurs in | factor. Noted
death—the first occurring both magnitude and higher co-
event. presumably in morbidity burden
direction with in patients in
increasing age comparison to
previous RCTs
done on younger
population
SENIOR (104) 2018 1,200 814 | Stable angina, | Drug-eluting vs Composite of all-cause | Bleeding complications; definite | Bleeding risk with | Noted that indices of N
(sD silent bare-metal stents mortality, myocardial or probable stent thrombosis; | duration of DAPT | fraility were not taken
43) | ischemia, or | with short duration | infarction, ischemia-driven all revascularizations; all into account
anacute | of dual ant- platelet | target lesion revascularization, |  components of the primary
coronary therapy or stroke endpoint; and cardiovascular
syndrome death, at 30 days, 180 days, 365
days, and 2 years
Elderly ACS21rial (105) | 2018 1443 80 (77- ACS Antiplatelet therapy | Composite of all-cause Global occurrence of Average daily bleeding N
84) ‘mortality, MI, disabling stroke, | cardiovascular death, MI, and | rates and Average
and rehospitalization for stroke; all-cause mortality, | ischemic daily rates
cardiovascular causes or | cardiovascular mortality at 1 | over 1 year (Time
bleeding within 1 year | year, and Ml at 1 year; type 2 or | course of ischemic
3 bleeding within 12 months; events)
any stroke within 12 months;
and total number of days spent
in hospital within 12 months
after index admission.
AFIRE (106) 2019 2215 743+ | ACS+Atial | Anticoagulation | Composite of stroke, systemic | Individual components of the - - N
83 fibrillation | monotherapy vs embolism, myocardial | primary end point; net adverse
combination therapy | infarction, unstable angina | clinical events; bleeding events
requiring revascularization, or
death from any cause.
IMPROVE-IT secondary | 2019 2798 85 ACS Lipid lowering Composite of CVD death, | Composite endpoint of death | Post hoc safety events - N
analysis (107) strategy major adverse cardiac event due to all causes, major | included cataracts and
(nonfatal MI, unstable angina | coronary events, and non-fatal | adverse neurocognitive
leading to hospitalization, stroke, revascularization events.
coronary revascularization
after day 30), or nonfatal
stroke.
CRUSADE registry (108) | 2019 6,893 75 (70~ ACS Beta-blocker use>3 | Cardiovascular composite of | Hospitalization for heart failure - - N
81) years all-cause death, hospitalization | over the subsequent 5 years
for recurrent MI,
hospitalization for ischemic
stroke at 3 years.
POPular AGE (109) 2020 1011 73-81 STEMI Optimal platelet PLATO major or minor Individual - - N
inhibition bleeding, net clinical benefit of | components from net clinical
all cause death, MI, stroke and benefit outcome, and
PLATO major or minor | cardiovascular death, definite
bleeding stent thrombosis,
urgent revascularization,
unstable angina, and transient
ischemic attack.
SWEDEHEART registry | 2020 14,005 854 ACS Ticagrelor vs | Ischemic outcome (death, MI, - - - N
(110) (£4.1) Clopidogrel o stroke), and bleeding
RINCAL (111) 2021 250 852(80 | NSTEMI Invasive vs All-cause mortality and non- | Time to death or non-fatal - Exemplifies the N
to 95) conservative strategy | fatal myocardial reinfarction at | reinfarction, unplanned difficulty of recruiting
one year post randomization | revascularization, permanent elderly to strategy-
stroke, major bleeding during based investigations,
hospital admission and at one especially when the
year, deterioration in renal baseline risk of the
function during hospital patient cohort is
admission, angina burden at inherently high
three months and one year and
stent thrombosis at one year.
ICON-1 (112) 2022 267 812+ | NSTEMI Outcomes after Composite of all-cause | Individual elements of primary - One of the only Y
41 invasive strategy in | mortality, MI, stroke, repeat composite outcomes clinical trials that take
frail vs non-frail | unplanned revascularization, into account one of the
and significant bleeding most important
geriatric syndromes

ACS, Acute Coronary Syndrome; AFIRE, antithrombotic therapy for atrial fibrillation with stable coronary disease study; BMS, bare metal stent; CABG, coronary artery bypass graft surgery; CAD, coronary artery disease; CRUSADE, comparative
effectiveness of f-blocker use beyond 3 years after myocardial infarction and long-term outcomes among elderly patients registry; CVD, cardiovascular diseases; DAPT, dual anti-platelet therapy; DES, drug eluting stent; Elderly ACS Study.
comparison of reduced-dose prasugrel and standard-dose clopidogrel in elderly patients with acute coronary syndromes undergoing early percutaneous revascularization; GUSTO-! Trial, global utilization of streptokinase and TPA for
occluded coronary arteries trial; ICON-I, study to improve cardiovascular outcomes in high-risk older patients with acute coronary syndrome; IMPROVE-IT, ezetimibe added to statin therapy after acute coronary syndromes study;
ltalian ELDERLY ACS Study, early aggressive versus initially conservative treatment in elderly patients with non-ST-segment elevation acute coronary syndrome; LEADERS FREE, prospective randomized comparison of the BioFreedom
biolimus A9 drug-coated stent versus the gazelle bare-metal stent in patients at high bleeding risk trial; MOSCA, invasive and conservative strategies in elderly patients with non-STEMI; MOSCA-Frail, invasive and conservative
strategies in elderly frail patients with non-STEMI; MI, myocardial infarction; NSTEMI, non- ST-elevation myocardial infarction; PCI, percutaneous coronary intervention; PLATO Study, platelet inhibition and patient outcomes study;
PoPular Age, clopidogrel versus ticagrelor or prasugrel in patients aged 70 years or older with non-ST-elevation acute coronary syndrome trial; RINCAL, revascularisation or medical therapy in elderly patients with acute anginal
syndromes trial; SD, standard deviation; SENIOR, drug-eluting stents in elderly patients with coronary artery disease study; SENIOR-PAMI, senior primary angioplasty in myocardial infarction study; STEMI, ST-elevation myocardial
infarction; SWEDEHEART, Swedish Web-system for enhancement and development of evidence-based care in heart disease evaluated according to recommended therapies registry; TRIANA elderly, TRatamiento del Infarto Agudo de
miocandio eN Ancianas study (primary angioplasty v fibrinolysis in very okd patients with acube rmvocandial infarction): XIMA, Xierice or vision stents for the maragement of angina in the eldesty study.
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'WHOQOL OLD (130~
132)

Domains and description
1t covers six facets: sensory abilities; autonomy; past,
present, and future activities; social participation; death
and dying and intimacy.

Specifically designed for older adults.
Covers unique aspects of aging, such as
autonomy and social participation.

Longer than EQ 5D and SF 36.
Needs to be administered along with
‘WHOQOL 100 or WHOQOL BREF.

ASCOT (Adult Social
Care Outcomes Toolkit)
(133)

Has domains which assess individuals’ control over
their daily life, personal care, eating habits, living
conditions, safety, social situation, leisure time, self-
care and health awareness

Assesses access to social services, and social
care-related quality of life.

Does not take into consideration
disease:-specific measures

ICECAP-O (ICE pop
CAPability measure for
Older people) (134)

Five conceptual attributes are assessed: attachment,
role in society, enjoyment, security, and control

Focuses on individuals’ own perceptions of
their capabilities, rather than providing some
notion of an objective assessment of capability
(135)

May be more responsive to mental

health-related changes than physical
health due to the domains assessed.
(136)

EQ-5D, euro-quality of life 5 dimension instrument; SF-36, short form health survey; WHOQOL 100, World Health Organization quality of life 100 questions; WHOQOL
BREF, World Health Organization quality of life brief version: WHOQOL OLD, World Health Organization quality of life for older adults.
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PFO Closure Devices: past, present, and future

Amplatzer PFO Occluder Gore Cardioform
Septal Occluder

StarFlex

Pre-approval

Current use

©2023 Devon Medical Art LLC





OPS/images/fcvm-10-1276370/fcvm-10-1276370-g001.jpg
A patient-centered approach to management of SIHD

“No medicine that worsens my
peptic ulcer"

“No surgery if it limits
function”

“Another heart medicine won't
enhance my life"

“Chest pain relief over any
other risk at my age"

Physician priorities

@ Disease-free survival © Mortality
@ Symptom relief © Myocardial Infarction
© Functional independence - © Rehospitalization
Additional o
@ Mental, cognitive, and social Risk Factors  Recurrent revascularization
impact © Pathologic aging © Stroke

" Heart failure
© Debility

© Health-related quality of life

© Geriatric syndromes

© Competing risks

Mind © Insufficient evidence
Mobility
M o Comprehensie G
ey Discussion ;
[Mlatters most to me Decide

Shared
decision-making in
older adults with
SIHD
Balancing traditional
outcomes with older
adult's priorities while
integrating nuances of
pathological aging

Patient
priorities

Physician
priorities

©2023 Devon Medical Art LLC
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Improved
delivery of novel
therapies

Collaboration among
stakeholders to
overcome challenges
in evidence
generation

Facilitate
implementation
of clinical trials

Empowering
HF clinicar;g Strategies for diverse
i""esﬁgatms and representative
patient recruitment
Pharmaceutical
Companies

and Sponsors

Novel methog
| s of
evnderjce 8eneration and
Patient recruitment

Health Systems

iz : HF Clinicians
Clinical Investigators
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Classification

Angiographic appearance
Multiple lumens visible, with an intervening flap, due to
contrast traversing both false and true lumens

Abrupt luminal narrowing without flap, due to intramural
‘hematoma. Stenosis terminates in normal artery.

Abrupt luminal narrowing without flap, due to intramural
‘hematoma. Stenosis continues to end of artery.

Gradual luminal narrowing without flap, due 1o intramural
hematoma, often indistinguishable from atherosclerosis. Usually
less than 20 mm in length.
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Advocate programs in
partnership with federal
agencies

Widely available
information of clinical trials

Under representation of minorities

Training programs, simplify
processes, advocate for
protected research time

——\/

—_—
Suboptimal patient enrollment

Lack of clinician incentives

[

Re-design clinical trials,
lean case report forms L/

Complex and expensive clinical trials [
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Not recommended
High-intensity exercise for long periods of
time
Competitive and contact sports
Activities performed to exhaustion
Sudden increases in physical activity
Exercise in extreme temperature or terrain
Valsalva maneuver

Recommended

Low resistance and high repetition weight training
Conservative approach to exercise mimicking cardiac rehabilitation thresholds

Contraception and
preconception counseling

Hormonal contraception

Preconception counseling with vascular medicine, cardio-obstetrics, and maternal fetal
medicine

Multidisciplinary management throughout pregnancy and postpartum period- maternal-
fetal medicine specialists, cardiologists specializing in SCAD, obstetric anesthesiologists

Breastfeeding

Typically permitied

Genetic testing

Not typical practice due to low yield

In cases with high pre-test possibilities via imaging

Cardiac rehabilitation

Recommended 1-2 weeks post SCAD

Cognitive behavioral therapy should be considered for patients with anxiety or depression
Participation in counseling, support groups, and patient advocacy groups if deemed
necessary

Medical therapy

Dual antiplatelet therapy
Statins

Revascularization, unless the patient
presents with high-risk features

Post event comprehensive vascular imaging

Beta blockers

Antianginal therapy

Conservative management with long term observation
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Other forms

Relevance to CAD

SF 36 (Short Form
Health Survey) (147)

Description
A 36-item, patient-reported
survey of patient health.
Measures eight health domains:
physical functioning, role
Jimitations due to physical
health, bodily pain, general
health perceptions, vitality, social
fanctioning, role limitations due
to emotional problems, and
mental health.

Widely used and
validated (145),
including in older
patients (148).
Sensitive to changes
in health status.
Includes the notion
of positive health.
Can be used in cost-
uility studies (149).

Can be time-consuming for
patients.

May be less sensitive to specific
disease-related issues as the
scoring is done in two major
groups: physical health and
mental health and the scores
cannot be combined to get one
health index.

Multiple shorter
sub-sets have been
validated with
similar efficacy: SF-
12 (150-152), SF-8,
and SE-6D.

SF-12 has been
validated in CAD
‘patients (153).

SF-36 has been validated in
‘multiple studies for CAD
patients (154, 155).

More floor effect in CVD
patients: is more sensitive in
‘milder forms of the disease
(156).

EQ -5D- 51 (EuroQol five
dimensions
questionnaire) (157)

A standardized instrument for
measuring generic health status.
Represents 5 health domains:
Pain, mood, mobility, self care
and daily activities.

Simple and quick to
complete.

Generaes a self-rated
assessment of health
status on a visual
analog scale.
Provides a single
index value, and
utility values with a
higher range.
Suitable for cost-
effectiveness studies,
and costutility

Limited sensitivity to small
changes in health status.
Higher ceiling effects.

EQ-5D-31 is shorter
version

Validated for reliability in
CAD. Most commonly used
preference-based measure in
CAD studies (155, 158).

A higher ceiling effect in
CVD patients is noted (156,
159, 160).

analysis.
SIP (Sickness Impact | Is a descriptive analysis with 3 | Can be done both by | Complex, tedious. Shorter version: SIP | Although generic, has been
Profile) (161) major groups and 12 categories. | healthcare worker, 68 used in CAD patients,

‘The major domains assessed are
physical dimension, psychosocial
dimension and independent
categories such as sleep, eating
work.

‘patients themselves
as well as patient
proxy

although not extensively
(162).

HUL-II (Health Utilities
Index—IIT) (144)

Eight components are assessed:
vision, hearing, speech,
ambulation, dexterity, emotion,
cognition, pain

Can be both self-
administered and
conducted via
interviews.

Provides a single
index value.

Can be used for cost-
utility, health-utility
measures.

Does not include any geriatric
syndrome.

More focused on functional
status.

Older versions
include HUT 1, HUI
2

Validated in CAD patients

QWB (Quality of Well
Being Scale)-Self
administered (163)

Includes five sections: presence/
absence of chronic disease which
include acute physical symptoms
as well as mental health
symptoms and behaviors;
‘mobility; physical activity and
social activity

Responsive to change
resulting from
treatment
interventions

Lengthy and time consuming to
complete, about 10-15 min.

The QWB can be used to
measure health.-related
quality of life in CAD
patients, including the
impact of physical and social
activities (146, 164).

NHP (Nottingham
Health Profile)

Comprised of two parts- the first
part asks yes/no questions on six
scales: mobility, pain, energy,
sleep, emotional reactions, and
social isolation; second part
assesses the effects of each on
domains of daily living

Simple and quick.

Has not yet been validated
specifically in elderly patients.
Does not provide a
comprehensive health
assessment.

Higher floor and ceiling effects
(165).

May be inconsistent in
grading symptoms of angina
and the health burden of
severe symptoms (145, 166).

COOP/WONCA charts
(The Dartmouth COOP
Functional Health
Assessment Charts/
'WONCA) (167)

Set of visual charts that assess the
following domains: physical
fitness, feelings, daily activities,
social activities, changes in
health, overall health, and pain.

Validated in elderly
population (168).
Simple to use and low
burden on
respondents.

Visual format can be
helpful for those with
literacy barriers.

Less comprehensive than other
tools. May have limited
sensitivity to small changes

Have not been extensively
tested in CAD patients.
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Permanent pacing s recommended for adults with CHD and i de dysfunction, including sinus bradycardia or chronotropic
incompetence that s intrinsic or secondary to required drug therapy (Level of evidence: C). Devices that minimize ventricular pacing are preferred (Level of
evidence: B).

Permanent pacing is recommended in adults with CHD and symptomatic bradycardia in conjunction with any degree of AV block or with ventricular
arrhythmias presumed to be due to AV block (Level of evidence: B).

Permanent pacing is recommended in adults with congenital complete AV block and a wide QRS escape rhythm, complex ventricular ectopy, or ventricular
dysfunction (Level of evidence: B).

Permanent pacing is recommended for adults with CHD and postoperative high-grade second- or third-degree AV block that s not expected to resolve
(Level of evidence: C)

Permanent pacing is reasonable for adults with CHD and impaired ics, as assessed by invasive means, due to sinus bradycardia or
loss of AV synchrony (Level of evidence: C).

Permanent pacing is reasonable for adults with CHD and sinus or junctional bradycardia for the prevention of recurrent IART (Level of evidence: C).
Devices with atrial antitachycardia pacing properties are preferred in this subpopulation of patients (Level of evidence: B).

Permanent pacing is reasonable in adults with congenital complete AV block and an average daytime resting heart rate <50 bpm (Level of evidence: B).
Permanent pacing is reasonable for adults with complex CHD and an k heart rate (sinus or junctional) <40 bpm or ventricular p: >3 s (Level
of evidence: C). A device with antitachycardia pacing properties may be considered if the underlying anatomic substrate carries a high likelihood of
developing IART (Level of evidence:B)

Class 1T

Permanent pacing may be reasonable in adults with CHD of moderate complexity and an awake resting heart rate (sinus or junctional) <40 bpm or
ventricular pauses >3 s (Level of evidence: C). A device with antitachycardia pacing properties may be considered if the underlying anats

a high likelihood of developing IART (Level of evidence: B).

Permanent pacing may be considered in adults with CHD, a history of transient postoperative complete AV block, and residual bifascicular block (Level of
evidence: C).

Pacing s not indicated in asymptomatic adults with CHD and bifascicular block with or without first-degree AV block in the absence of a history of transient
complete AV block (Level of evidence: C).

Endocardial leads are generally avoided in adults with CHD and intracardiac shunts. Risk assessment regarding hemodynamic circumstances, concomitant
anticoagulation, shunt closure prior to endocardial lead placement, or ive apps for lead hould be indivi (Level of evidence: B).
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Characteristic

No history of hypertension

Points

RoPE
score

No history of diabetes

No history of stroke of TIA

Nonsmoker

Cortical infarct on imaging

“Total score (sum of individual points)

Maximum score (a patient <30 year with no hypertension,
no diabetes, no history of stroke or TIA, nonsmoker, and
cortical infarct)

Minimum score (a patient 270 year with hypertension,
diabetes, prior stroke, current smoker and no cortical
infarct)

ROPE, risk of paradoxical embolism.
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Studies Study design Number of Interventions Outcomes Predictors for mortality
patients

Inova Heart and Vascular | Prospective single center | Total =204 | AMI-CSand | a. Rapid CS recognition PCT: 40% . 30-day survival (p<0.01): | IHVI risk score:

Institute Cardiogenic (pre- and post- AMICS=81 | HE-CS b, Early MCS RHC: 82% 47% (pre-CS team) to 7% | 1.
Shock Initiative (11) intervention) HF-CS=122 . RHC thresholds after 24h: lactate <3, | MCS use 6% at 2 years. 2
Compared Shock team CPO >0.6W, PAPi >1.0 3. Dialysis
vs. historical control 4. 236 h of vasopressor use At 24 h:
5. Lactate 23.0 mg/dl
6. CPO<06W
7. PAPi <10 Score (30-day mortality)
Low: 0-1 (0%), Moderate: 2-4 (18%) High:
5+ (82%)
University of Utah Cardiac | Prospective single center | Total = 244 AMI-CS, STEMI Non-STEMI MCS use: 50% (all shock | a. Increased in-hespital survival | AMI-CS, lactate level, and acute kidney
Recovery shock team (13) | (pre- and post- AMI-CS=160 | HF-CS a. LVEDP a. Urgent RHC team patients) (61% vs.48% p 0.04) injury were independent risk factors of 30-
intervention) Non-AMI b. LHC +/- PCI | b. tMCS consideration | - IABP: 30% b. Decreased 30-day all-cause | day mortality at the time of MCS initiation
Compared shock team | CS=84 o tMCS ¢ +-LHC - Impella: 33% mortality (HR 061, 95%
vs. historical control consideration - VA-ECMO: 9% CI: 0.41-0.93)
group d. Urgent RHC - Combination: 28% | ¢ Shock to support time and

mean duration of MCS was
not significant

University of Ottawa Heart | Retrospective single- | Total = 100 AMI-CS, HF- | a. CS identification and confirmation PCL: 9% a. In-hospital survival 69% | -
Institute code shock team | center (pre- and post- | AMI-CS=13 | CS b. Resuscitation and medical optimization | CABG: 1% vs. 61% (p=NS)
(14) intervention) Non-AMI ¢ tMCS evaluation and initiation MCS: 45% (vs. 28% b, 30-day survival 72% vs.
Compared shock team | CS =87 d. OHT, LVAD evaluation control) 69% (p=NS)
vs. historical controls PAC monitoring: 62% | . Increased cumulative
survival (HR =0.53, 95%
CI: 0.28-099, p=0.03)
National Cardiogenic Prospective multicenter | Total = 171 AMI-CS only | a. Early identification of CS RHC PCI: 100% a. Survival to discharge 72% | Predictors of increased in-hospital
Shock Initiative (12) study AMI-CS =171 hemodynamics MCS: 9% b, Maintained CPO >0.6 W | mortality
Single arm without Non-AMI b. MCS use pre PCI - 74% pre-PCI in 62% 1. Age270
controls CS were not c. Shock to support time <90 mins - 7% during PCI <. Door to support time: 85+ | 2. Creatinine >2
included d. Ensure TIMI 3 flow - 19% post-PCI 61 min 3. Lactate 24
e. Complete revascularization RHC: 90% 4. CPO <06
£ CPO>06W
g PAPi >0.9
Critical Care Cardiology | Prospective multicenter | Total = 1242 | AMICS, a. Rapid identification of CS etiology (AMI | Centers with Shock team | Center with shock teams (vs. | Presence of shock team was independently
Trials Network (98) study - Shock team: | HE-CS. vs. non-AMI) and phenotype (LV, RV, | (vs. without) MCS use: | without) associated with lower CICU mortality
Compared CICUs with 44% BiV) - Overall: 35% (vs. 43%) | . CICU mortality 23% (vs.
vs. without shock teams | - No shock b tMCS use (type of and total number) | - Within first 24 h: 60% | 29%, p=0.016)
team: 56% ¢ PACuse (vs. 52%) b, Advanced MCS use 53%
AMI-CS =27% d. SOFA score, lactate, and creatinine on | - TABP 58% (vs. 72%) (vs. 43%, p = 0.005)
Non-AMI CS CICU admission - Impella 28% (vs.16%) | c. New RRT 11% (vs.19%,
=73% - VA-ECMO 9% (vs. Pp<0.001)
11%)

- PACuse:60% (vs. 49%)

AMI-CS, acute myocardial infarction complicated by cardiogenic shock; CICU, cardiac intensive care unit; CPO, cardiac power output; CS, cardiogenic shock: DM, diabetes mellitus; HF-CS, heart failure complicated by cardiogenic shock;
HR, hazard ratio; IABP, intra-aortic balloon pump; LVEDP, left ventricular end-diastolic pressure; LHC, left heart catheterization; LVAD, left ventricular assist device; MCS, mechanical circulatory support; NS, nonsignificant; OHT, orthotopic
heart transplantation; PAC, pulmonary artery catheter; PCI, percutaneous coronary intervention; PAPi, pulmonary arterial pulsatility index; pVAD, percutaneous ventricular assist device; RHC, right heart catheterization; RRT, renal
et s STEA L Brds b iyncardal it SA-ECM0 e csaseial St chnmareht rsriliane GaGERETan N Sae.
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REVERSE
(NCT03431467)

Number of
patients

Study type

Multicenter RCT

Intervention

Impella-CP LV Vent + VA-
ECMO

Control

VA-ECMO

Primary outcome

30-day survival free from MCS, OHT, or
inotropic therapy

DanGer Shock
(NCT01633502)

Multicenter RCT

Impella CP + Inotropes

Conventional
circulatory support

All-cause mortality

Altshock-2
(NCT04369573)

Multicenter RCT

Early IABP (within 6 h)

SoC (vasopressors/
Inotropes)

60-day survival or successful bridge to durable
LVAD or OHT

JENAMACS
(NCT04451798)

Single center prospective
study

Impella CP

‘Acute hemodynamic effects measured by PAC
and luation of BiV function

UNLOAD-AMI
(NCT04562272)

Single center RCT

Impella CP for 36-48 h + SoC
after PCI

SoC

Difference in LVESV, extent of post-infarct scar

SMART-RESCUE I
(NCT04143893)

Multicenter prospective
observational study

MCS + medical management

Optimal medical
‘management

All-cause mortality at 3 months

RECOVER IV
(NCT05506449)

Multicenter RCT

Impella CP prior to PCT in
STEMI + PAC

Medical
+IABP

30-day all-cause mortality

ALLOASSIST
(NCT03528291)

Prospective multicenter
observational study

Transient circulatory support
(VA-ECMO, Impella)

SoC

In-hospital mortality from inclusion day to
6 months

UNLOAD-ECMO
(NCT05577195)

Multicenter RCT

Impella + VA-ECMO

VA-ECMO

Time to death from any cause within 30 days

LVESV, left ventricle end-systolic volume: RCT, randomized clinical trial, SoC, standard of care: other as described in preceding figures and tables.
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Strategy Advantage Disadvantage
1. Augment Inotropes « Increases LV contractility « Increase myocardial oxygen demand
+ Enhance AV opening + Increase arrhythmogenic events
+ May decrease afterload « Increases LV work
2. Reducing ECMO flow « Reduces LV loading « Decreases cardiopulmonary support
« Increases AV opening
3. IABP + Increases coronary blood flow « No direct LV unloading
« Decreases afterload «  Survival benefits questionable
+ Can be placed at bedside « Risk of thrombosis, access site bleeding, atheroemboli
+ Relatively inexpensive + Contraindicated in Al
+ Can be used if LV thrombus + |« Renal failure/mesenteric ischemia due to malposition
4. Impella (Impella CP, 2.5, 5.5) + LV decompression « Hemolysis
+ Provides antegrade flow + Vascular/limb injury
+ Expensive
e if LV thrombus +/moderate to severe A/PAD
5. Surgical (Trans-apical, trans-pulmonary, Transseptal) |+ Reliable and strong unloading « Invasive
+ Increased complications risk
« Limited to post-cardiotomy shock

Al, aortic insufficiency: AV, aortic valve: LV, left ventricle: PAD,

T I T—
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Risk scores | Year Variables

CardShock (19) | 2015 |« Age >75 + Confusion at
+ ACS etiology presentation
+ Prior MIor CABG |+ LVEF <40%
+ Lactate level
IABPSHOCK I | 2017 |+ Age>73 + Creatinine >1.5 mg/dl
173) «  Prior stroke « Lactate >5 mmol/L
+ Gluos>191mgidl |+ TIMI flow <3
IHVI (11) 2019 |+ Age 271 + Lactate >3 mg/dl
« Diabetes + CPO<06W
« Dialysis + PAPi <10
+ Vasopressor use
(2 36h)
CLIP (180) 2021 |+ Cystatin C + Interleukin-6
. Lactate + Neterminal-pro-B-type
natriuretic peptide
SCAI (37) 2022 | Multiple clinical and lab parameters that risk stratify
into 5 stages A to E, with cardiac arrest and arrhythmia
modifier

ACS, acute coronary syndrome; CABG, coronary artery bypass grafting; CPO,
cardiac power output; LVEF, left ventricular ejection fraction; MI, myocarda
infarction; PAPi, pulmonary artery pulsatily index; TIMI, thrombolysis ir
I T e ey
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% Inova-

CS Management Goals

« Serial reassessment (< q 6hr) of
hemodynamics & end-organ perfusion
* Lactate
© Renal, hepatic function
* Continuous hemodynamics
* CPO & PAPI
« Optimize Preload, Afterload and
Contractility
* Volume or diuresis
* Vasodilators or Vasopressors
 Inotropes
* Timely, tailored treatment escalation
for Worsening Shock:
Rising Lactate
Increasing pressor requirement
Worsening end-organ function
CPO <0.6 and/or PAPi < 1
* RA>15 and/or PCWP > 15
« Assess for LV and RV recovery
* Wean PMCS, vasopressors and
inotropes.

oo

CS Hemodynamic Profile

Lv- RV- Bi-V.
RA <15 >15 >15
pcwp | > 15 <15 >15

CPO <0.6 <0.6 <0.6
PAPI >1.0 < 1.0 < 1.0

CPO = MAP x CO/451
PAPi = (SPAP-dPAP)/RA

AMlI-Cardiogenic Shock Management

Call 703-776-8000 to activate Cardiogenic Shock Team

« Shock severity (SCAl stage)
« Shock profile (LV, RV or Bi-V)

* Revascularization status (mode and completeness)
« Presence of mechanical complications (eg, VSD, MR)

Treatment Considerations for AMI-CS

« Presence of hypoxia
« Presence of arrhythmias

+ Contraindications to PMCS
« Use of IV antiplatelet agent

I

¥ ¥ ¥ 3
SCAIB CS SCAICCS SCAID CS SCAI E CS
Beginning Classic Deteriorating Extremis

Lactate <2 mmol/L Lactate > 2 mmol/L Lactate > 4 mmol/L Lactate > 8 mmol/L

Minor renal & hepatic | | Alteration of renal & Worsening renal & Severe acidosis & end-

dysfunction hepatic function hepatic function organ failure
+/- + + +
SBP < 90 mmHg SBP <90 mmHg Escalating pressors. Refractory
OR OR OR
Current Treatment: Current Treatment: Current Treatment: Current Treatment:
No drugs or devices. 1 drug OR device 2 drugs OR devices >3 drugs OR devices
I I
) 3 { 1
RV-dominant
or|
1ABP 1ABP Pro-Tek Duo Impella 5.5 VA-ECMO VA-ECMO

(and/or trial of or +/- or +/- +/-

vasopressors) | | ImpellaCP || ImpellacP | | VAECMO W vent Wvent

+/-
LV vent
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CS Management Goals

* Serial reassessment (s q 6hr) of
hemodynamics & end-organ perfusion
* lactate
* Renal, hepatic function
* Continuous hemodynamics

HF-Cardiogenic Shock Management

Call 703-776-8000 to activate Cardiogenic Shock Team

Treatment Considerations for Heart Failure-CS
« Shock severity (SCAl stage)
« Shock profile (LV, RV or Bi-V)
« Anticipated exit strategy (BTT or BTR)
« Presence of hypoxia

« Presence of arrhythmias

« Anticipated duration of support
« Ability to ambulate

« Contraindications to PMCS.

* CPO & PAPI T
« Optimize Preload, Afterload and
¥ ¥ ¥ 3}
Contractility y-
* Volume or diuresis SCAIB CS SCAICCS SCAID CS SCAIE CS
g :f:;"z"')’e‘:" Sr¥escpressors Beginning Classic Deteriorating Extremis
« Timely, tailored treatment escalation
for Worsening Shock: Lactate < 2 mmol/L Lactate > 2 mmol/L Lactate > 4 mmol/L Lactate > 8 mmol/L
o Rising Lactate Minor renal & hepatic | | Major renal & hepatic Worsening renal & | | Severe acidosis & end-
* Increasing pressor fi f organ failure
* Worsening end-organ function +/- + + +
* CPO <0.6 and/or PAPi < 1
* RA>15and/or PCWP > 15 SBP <90 mmHg SBP < 90 mmHg. Escalating pressors. Refractory
« Assess for LV and RV recovery - s e
® Wean PMCS, vasopressors and
otape Current Treatment: Current Treatment: Current Treatment: Current Treatment:
No drugs or devices 1 drug OR device 2 drugs OR devices >3 drugs OR devices
I it
€S Hemodynamic Profile { 3 i 3
- RV- | BV W-dominant;| |RV-dom
or
Impella 5.5
RA <15 >15 >15 1ABP Pro-Tek Duo or VA-ECMO VA-ECMO
PcwP [ > 15 <15 | >15 (and/or trial of or +/- Trans-apical +/- -
cpo [ <06 | <06 [ <06 ‘;::':m: Impellas.5 | | Impellas.5 Ym:'wm LV veat WV vent
papi | >10 [ <10 [<10 iond temporary
WAD

CPO = MAP x CO/451
PAPi = (SPAP-GPAP)/RA

Sevestteg 352
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Patient Selection b
Electrical or hemodynamic

instability

Ventricular dysfunction -
Complex coronary anatomy

Bridge to recovery or advanced
therapies
Goals of care and health values

Right
Patient Mechanical Circulatory Support
l  Institutional and/or operator
expertise

 Best practices for vascular access
 Neurologic injury if cardiac arrest
Right or stroke

Place ~ Relative or absolute

4 contraindications to device
 Ambulatory configuration

Systems of Care
Multidisciplinary shock teams
Regionalized shock networks
24/7 CICU dedicated staffing
LVAD and transplant capabilities
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Level lll care

* Worsening Heart Failure

* Initiation of Inotropes/
Vasodilators

* Early hemodynamics

IABP
Impella 5.5
Transapical

Protek-Duo

Impella 5.5%

Impella-RP

or

Trans-septal

temporary
LVAD

VA-ECMO
+/-
LV venting

VA-ECMO
+/-
LV venting

©2023 Devon Medical Art LLC

® CS diagnosis and stratification
® No contraindications to escalation of

® Adequate resource (MCS, staff, bed)
availability
© Hemodynamically stable for transfer

Hemometabolic

sca Lactate

C
D y
E

4

Level Il

* Cath lab activation
© Revascularization
* Early hemodynamics

Congestive Profile

AMI-CS

| 4

Left
ventricular
IABP or
Impella CP
Impella 5.5
VA-ECMO
+f-

LV venting

Biventricular Rigl
ventricular
Protek-Duo
and Protek-Duo or

Tandem Heart| | Impella-RP
BiPella

VA-ECMO VA-ECMO
- /-
LV venting | | LV venting
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Discover the latest
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Device
Manufacturer

Proglide

Angio-Seal
Terumo

StarClose
Abbott

Mynx
Cordis

ExoSeal
Cordis

Morris Innovative

Teleflex

Mechanism

Collagen and suture

Clip (nitinol)

Hydrogel Plug
(PEG)

Plug (Polyglycolic
acid)

Bioabsorbable extracellular
‘matrix ribbon

Collagen-based for large
bore access

Sheath size

6 Fr-8 Fr

5Fr-6 Fr

5Fr-7 Fr

5Fr-7 Fr

5 Fr-8 Fr

14 Fr and 18 Fr

Re-access within 90
days

In close proximity
(1.em higher)

Unknown

Yes

Unknown

2 cm above the previous
access

Unknown

Placement
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Mechanical circulatory
support

Intra-aortic balloon pump
Impella LV support (25,
55)

Cannula size

7 Fr-8 Fr Arterial
13 Fr-21 Fr Arterial

Impella RP

22 Fr Venous

‘TandemHeart
VA-ECMO

12 Fr-19 Fr Arterial; 21 Fr Venous
14 Fr-19 Fr Arterial; 17-21 Fr Venous

TAVR

Sapien 3 (Edwards Lifesciences)

14 Fr Arterial (20, 23, 26 mm); 16 Fr Arterial
(29 mm)

Evolut R (Medtronic)

16 Fr Arterial (23, 26, 29, 34 mm)

Navitor (St. Jude Medical)

14 Fr, 15 Fr Arterial (23, 25, 27, 29 mm)

ACURATE neo2™(Boston
scientific)

14 Fr Arterial (23, 25, 27 mm)

TEER

MitraClip (Abbott)

| 24 Fr Venous

Triclip tricuspid valve repair
(Abbott)

25 Fr Venous

Percutaneous LAAO

‘Watchman (Boston scientific)

| 14 Fr Venous

Amplatzer amulet (Abbott)

| 1214 Fr Venous

Interatrial shunts

Amplatzer talisman occluder
(Abbott)
CARDIOFORM (Gore)

8 Fr-9 Fr Venous

10 Fr Venous.

Figulla Flex II (Occlutech

7 Fr-11 Fr Venous

NobleStitch (HeartStitch)

14 Fr Venous

CeraFlex occluder (Lifetech
Scientific)

9 Fr-14 Fr Venous

NitiOcclud (PFM Medical)

9 Fr-10 Fr Venous

Ultrasept (Cardia Inc.)

10 Fr-11 Fr Venous

TAVR, aortic valve
repair: VA-ECMO, ial

TEER, edge-to-edge

membrane
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GRACE ( )

GUSTO ()

REPLACE-2 ()

)

Major:
- Requiring a
transfusion of >2
units PRBCs
Resulting in a
decrease in

hematocrit > 10%.

- Occurring
intracerebrally

- Resulting in stoke
or death

Severe:
Intracerebral hemorthage, leading
to hemodynamic instability,
requiring treatment Moderate:
Requiring blood transfusion, but
not associated with hemodynamic
instability.

Mild: Bleeding that does not meet

above criteria

TIMI ()
Non-CABG Related Bleeding
Major

Any intracranial bleeding (excluding microhemorrhages <10 mm
evident only on gradient-echo MRY), clinically overt signs of hemorrhage
associated with a drop in hemoglobin of >5 g/dl, or fatal bleeding
(bleeding that results in death within 7 days).
Minor: bleeding with Hgb drop between 3 and 5 g/dl. Requiring Medical
Attention:
Any overt sign of hemorrhage that meets one of the following criteria
and does not meet criteria for a major or minor bleeding event, as
defined above
Requiring intervention (medical practitioner-guided medical or surgical
treatment to stop or treat bleeding, including temporarily or
permanently discontinuing or changing the dose of a medication or
study drug).
Leading to or prolonging hospitalization.
Prompting evaluation (leading to an unscheduled visit to a healthcare
professional and diagnostic testing; either laboratory or imaging.
Minimal: Any overt bleeding event that does not meet the criteria.

Major: Intracranial, intraocular, or
retroperitoneal. Blood loss with Hgb drop
of at least 3 g/dL. Transfusion >2 units of
PRBC.

Minor:

- Bleeding not meeting major criteria.

Type 1: bleeding tha is not actionable and doesn’t
require urgent studies, hospitalization, or treatment.
Type 2: overt, actionable sign of hemorrhage, with at
least one of the following: requiring neurosurgical, or
medical intervention hospitalization, or increased level
of care.

‘Type 3a: overt bleeding plus a hemoglobin drop of 3
5 g/dl, any transfusion with overt bleeding.

Type 3b: overt bleeding with a hemoglobin drop of
5 g/dl, Cardiac tamponade, Bleeding requiring surgical
intervention, Bleeding requiring vasoactive agents.
‘Type 3c: intracranial hemorrhage.

‘Type 4: CABG-related bleeding.

Type 5a: probable fatal bleeding.

“Type 5b: definite fatal bleeding

BARC, bleeding academic research consortium; GRACE, global registry of acute coronary events; GUSTO, global use of strategies to open occluded arteries; Hgb, hemoglobin; PRBC, packed red blood cell; REPLACE-2, randomized
staliiion i BCE inbio S S5 suchiced chricsl svsats: TIML theores i myccnbal infamtion
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RIVAL ()

RIFLE-STEACS ( )

RIVAL-STEMI ( )

MATRIX ()

SAFARI-PCI ()

Study Multicenter, 32 countries. Multicenter, European, 1:1 | Multicenter, 32 countries, | Multicenter, European centers; | Multicenter, 5 PCI
Design | 11 randomization; izati 1:1 randomized, open Open Label | centers in Canada.
Open label Open label. label. Randomized, open
4 high volume radial centers label
Population | 7,021 patients with ACS 1,001 patients with STEMI | 1,958 patients with STEMI | 8,404 patients with ACS 2,292 STEMI patients
Study arms | Radial vs. Femoral Radial vs. Femoral Radial vs. Femoral Radial vs. Femoral Radial vs. Femoral
Outcomes | - Composite of death, MI, stroke, or | - Composite of CV death, Composite of death, 30-day all-cause

bleeding: 3.7% vs. 4%. P=0.50

- Vascular complications including
pseudoaneurysm, hematoma,
fistula, ischemic limb: 1.4% vs.
3.7%. P <0.0001

recurrent MI, CVA, TLR or
bleeding: 13.6% Vs 21%;
p=0003

MI, CVA or bleeding:
3.1% vs. 5.2%.
P=0026

Vascular
complications: 1.3% vs.
3.4%. P=0002

Co-primary composite
endpoints of

1. Death, MI or stroke: 8.8%
TRA vs. 10.3% TEA;
p=00307.

1. Death, M, stroke, or BARC
non-CABG major bleeding:
9.8% TRA vs. 11.7% TFA;
p=00092.

ACS, acute coronary syndrome; BARC, bleeding academic research consortium; CABG, coronary artery bypass graft surgery; CVA, cerebrovascular access; MATRIX,

minimizing adverse haemorrhagic events by transradial access site and systemic implementation of AngioX; MI, myocardial infarction; RIFLE-STEACS, Radial versus
femoral randormized investigation in ST-segment elevation acute coronary syndrome; RIVAL, radial versus femoral access for coronary angiography and intervention in

patients with acute coronary ssyndromes; SAFARI STEMI, safety and efficacy of femoral access vs radial access in ST-elevation myocardial infarction; STEMI, ST-
sl TRl siscEion: TER: tusfemel acesse TR ekl arial s TR, Tt lssior aosenlaretio
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Contemporary Arterial Access and Closure in the Cardiac Catheterization Laboratory

Chronic Coronary
Artery Disease Syndromes

Acute Coronary Large Bore Access

Qus guidance
(2 Hydrophilic or sheathless
technology (5, 6 or 7 Fr)

Alternative access
© Intrathoracic

(1 “safe” femoral access
(2) Micropuncture, US and

fluoroscopic guidance * Transaortic
(3 Consider biradial access (@) Pre-closure with 1 or 2 * Transapical
for CTO intervention Perclose ProGlide™ sutures © Extrathoracic
(4 Consider distal transradial (@) Consider runoff * Transaxillary
access for ergonomic purposes angiography and distal * Transsubclavian
4 perfusion catheter if limb * Transcarotid 2
perfusion is impaired © Transcaval

< © Multimod:
© Multidisciplinary consultation
© General anesthesia or deep sedation

(@ “safe” femoral access |

. Large Bore Closure 3 7
| and i of Perclose
| (3 Consider ulnar or " ProGlide™ sutures
brachial access | (2 Hybrid Closure with
Angio-seal™/Perclose
(3 Manta®
(4 Balloon tamponade
via contralateral femoral
access or radial access )
Patent h Itimodality p
Vascular Closure Device or surgical closure

or Manual Compression

©2023 Devon Medical Art LLC
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ESC position statement on myocarditis ( ) ESC Cardio-Oncology Proposed definitions for
qguidelines () and IC-OS myocarditis in the setting of

statement ( ) cancer therapeutics ( )
Clinical and Clinical criteria Pathohistological criteria + Clinical syndrome of myocarditis
diagnostic testing |+ ACSlike + Multifocal inflammatory cell

Diagnostic testing Clinical criteria

criteria « New or worsening HF infilrates with cardiomyocyte 0ss |, £ (evidence of myo-pericarditis)
« Chronic HF on biopsy/autopsy + Elevated biomarker of cardiac
+ Cardiogenic shock/Ventricular arthythmia Clinical criteria Major criterion myonecrosis (cTn)
Diagnostic testing + Diagnostic CMR (meeting + Echocardiogram (new RWMA)
+ ECG/Holter/stress test with new abnormalities modified Lake Louise criteria (15) | « CMR (meeting both (diagnostic) or

New LV or RV structural or functional abnormality (echo/
angiography/CMR)

Myocardiocytolysis markers (elevated cTnl or cTnT)
Diagnostic CMR (edema and injury meeting Lake Louise
criteria (15)

some (suggestive) modified Lake Louise
criteria (15)
+ Tissue pathology confirming myocarditis

Minor criteria
Clinical syndrome®

Ventricular arrhythmia and/or
new conduction system disease
Decline in cardiac function, with
or without RWMA

Other irAEs (particularly myosits,
myopathy, myasthenia gravis)
Suggestive CMR (meeting some
but not all of the modified Lake
Louise criteria (15)

Toestablish a | Clinically suspected itis: 21 dlinical ion + 21 diagnosis or Clinical | Definitive myocarditis any of the following)
diagnosis diagnostic criteria from different categories, in the absence of: (1) | diagnosis (any of the following): 1. Tissue pathology
CAD; (2) pre-existing CVD or extracardiac causes that could + ¢Tn elevation with 1 major 2. Diagnostic CMR + syndrome + 1 (ECG
explain the syndrome. If patient is asymplomatic > 2 diagnostic | criterion or cTn)
criteria should be met. « cTn elevation with 2 minor 3. Echo RWMA + All (syndrome, <Tn,
criteria after exclusion of ACS and ECG, exclusion of other diagnoses)
otfier canses Probable myocarditis
Modifiers + Severlly (severe and non-severe) | . Diggnostic CMR (no syndrome, ECG,
+ Smoldering (without clinical bidamaiken)
symptoms) + Suggestive CMR + syndrome, ECG, or
+ Steroid-refractory biosiarker
* Recovery (recovering and + Echo RWMA + syndrome + biomarker
recovered) or ECG

+ Syndrome + PET scan evidence and no
alternative diagnosis

Possible myocarditis

+ Suggestive CMR with no syndrome, ECG
or biomarker

+ Echo RWMA + syndrome or ECG only

+ Biomarker + syndrome or ECG +no
alternative diagnosis

ESC, European Society of Cardiology: IC-OS, Iternational Cardio-Oncology Society: ACS, acute coronary syndrore; H, hear alure; acute CAD, coronaryarery discase
CVD, cardiovascular disease; cTn, cardiac troponin; LV, left ventricle; RV, right ventricle; RWMA, regional wall moti irAEs, i :
ECG, electrocardiogram; CMR, cardiac magnetic resonance; PET, positron emission tomography.

"Cliical syndrome includes any of the following: atigue, muscle weakness, myalgias, chest pain, diplopia, posi, shoriress of breath, orthopnea, lower extrernity ederma,
ot ketinns: e shock.
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Study design

Surveillance (S)/
Diagnosis (D)/
Prognosis (P)

Total n

Endpoint(s) and
definition of
endpoint(s)

Myocarditis n®

MACE n

Tn assay

cTn threshold(s) and performance

Other notable
biomarker findings

Coustal et al. | Retrospective Myocarditis (13, 14) 157 deaths from Site-specific ULNs Tn elevations 42-fold local
@) cross-sectional myocarditis, ULN reported in the most severe cases, versus
study 8 from cancer 3.6-fold in less severe (p = 0.001). Most severe
(=11) vs. less severe (n = 18): 49-fold local
ULN: sensitivity = 90.9%, specificity = 66.7%.
Lehmann Prospective SD P 147: 60 Myocarditis 147 24 hs-cTnT (Roche) | hs-cTnT was >URL in 23/23 patients, cTnI>URL | AUC = 0.70 for CK for
etal (25) | cohort study cases87 | MACE: Sudden cardiac hs-cTal in 17/19 and CK>URL in 16/22 within 72 h of || MACE No assay/threshold
cases from | death, HF, ventricular (Siemens) hs- first MACE Peak cTnT:URL day 1-3: AUC = details available for
registry | arrhythmia, pacemaker CTnl (Abbott) | 0.84 for MACE. cTnT:URL > 32x was reported | validation cohort.
implantation, respiratory <Tnl (Roche) as most predictive of MACE (11.1 [95% CI, 3.2
failure <Tnl (Siemens) | 38.0].
Furnkawa | Prospective s 126 Myocarditis (12)° 13, 4 with moderate- | NR Hs-cTnl hs-cTnl > 262 ng/L and more than double the | All 4 patients with
etal (28) | observational severe features. (Abbott) baseline. hs-cTnl > 262 ng/L in 18 patients of | moderate to severe
study whom 13 had myocarditis as defined. No other | myocarditis had elevated
thresholds reported. CK preceding ¢TnI>
262ng/L.
Tamura et al. | Retrospective D 129 Myocarditis (12)° 6 1 death 1 hs-cTnl (Abbott) | hs-cTnl > 26.8 ng/L If the baseline hs-cTnl was
ey cohort study cardiogenic >URL, twice the baseline level. 5/6 with
shock ‘myocarditis had elevated hs-cTnI at diagnosis.
No other thresholds reported.
Vasbinder | Observational | D 2,636 Myocardits (14) 57:27 from study | 1,212 deaths hs-cTnT (Roche) | hs-cTnT > 19 ng/L. 100% of myocarditis patients | Each doubling in CK from
etal (29) | cohort study population, 30 from had hs-cTnT elevation at diagnosis. Median hs- | baseline increased risk in
an independent CTnT level at the time of diagnosis was 393 ng/L | incident myocarditis with
myocarditis cohort (IQR: 110-1,323) HR: 1.83: 95% CI: 159~
2.10; P=0.007
‘Waliany et al. | Prospective S 214 Myocarditis (14) 3 1 death and 1 hs-cTnl 55 ng/L PPV 12.5% 1,000 ng/L PPV 75%
(0) cohort study ischemic CVA | (Siemens) 2,000ng/L. PPV 100% (For myocarditis)
Awadalla | Retrospective case | D 193 Myocarditis (12, 18) 101 51 NR Site-specific ULNs® NT-proBNP elevated in
etal (19) | control study MACE=CV death, Assay type/thresholds NR ¢Tn levels in 88% of cases, median 589
(international cardiac arrest, cardiogenic ‘myocarditis: elevated in 98/101 Median value of | [IQR 208, 2,413] pg/ml. vs.
registry) shock, hemodynamically 0.85 ng/dl (=8.5 ng/L) [IQR 0.17, 23] ¢Tn in 59 | 560 [IQR 243, 2,093] pg/ml
significant complete heart controls <0.01 ng/dl (p<0.001) (= 0.1 ng/l) in controls (p =007)
block.
Petricciuolo | Prospective NA 30 CV death/stroke/TIA/PE | NR 7 (2 CV deaths, 2 | hs-cTnT (Roche) | Baseline ¢TnT > 14 ng/l AUC =091 for the
etal (31) | observational New-onset HF CVA/TIA, 3 HF) primary endpoint AUC =08 for CV death
study 100% sensitivity, 73% specificity for primary
endpoint 100% sensitivity for CV death, 59%
specificity.
Escudier Retrospective NA 30 Arthythmia/conduction | NR 30 Cardiotoxicity | NR Site-specific ULNs Assay type/thresholds NR | BNP elevated in 14/14
etal (32) | cohort study disorder, sudden cardiac as defined 8 CV Tn measured in 26/30 patients (87%); elevation | patients in whom data was
death, PE, HF. deaths reported in 46% available.

S, surveillance; D, diagnosis: P, prognosis; NR, not reported; MACE, major adverse cardiac events; Tn, troponin; cTn, cardiac troponin; hs-cTnT and hs-cTnl, high sensitivity cardiac troponin T and I; HF, heart failure; BNP, B-type natriuretic
peptide; NTproBNP, N-terminal B-type natriuretic peptide; ULN, upper limit of normal; URL, upper reference limit; PPV, positive predictive value; IQR, interquartite ratio; HR, hazard ratio; Cl, confidence intervals; CV, cardiovascular: CK,
creatine kinase; CVA, cerebrovascular accident; TIA, transient ischemiic attack; PE, pulmonary embolism; AUC, area under the curve.
*Having at least a histological examination of cardiac biopsy specimens or cMRI consistent with myocarditis and presentation not explained by other conditions.

“Elevated hs-cTnl +(1) 1 clinical presentation; (2} if asymptomatic, but >1 diagnostic criteria, including ECG/Holter/stress test features, functional and structural abnormalities on cardiac imaging/CMR
“Diagnosed as a pathological finding based on lymphocytic infiltration in the myocardium with myocyte oss.

9For descriptive purposes, ULN and URL are used it

Btk inviang clilfier v s~

fic practice.
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Biomarker

Description

Advantages

Disadvantages

Endomyocardial biopsy
(EMB)

Via neck or groin access, a bioptome is used to
obtain right ventricular endomyocardial samples

Established grading systems for
ACR and AMR

Hospital-based procedure, frequency limited by
invasiveness and potential complications,
variability of grading across pathologists

Gene expression profiling
(GEP)

Transcription evaluation of 11 reporter genes and 9
genes, giving rejection score of 0-40

Can provide reassurance against
ACR

Not validated for AMR, cost: ~$3,000

Donor-derived cell free DNA
(dd-cfDNA)

Evaluation of donor and recipient single-nucleotide
polymorphisms (SNPs) to calculate the % dd-cDNA
as the ratio of donor:donor + recipient SNPs.

Higher PPV than GEP, emerging
data showing differentiation
between ACR and AMR

Cost: ~$3,000

Donor-specific antibodies
(DSAs)

Multiplex bead assays used to evaluate presence of
antibodies to donor HLA antigens

Significant association with AMR

Requires serial evaluation to analyze DSA
persistence, variability in techniques and
reporting across laboratories

Soluble protein biomarkers
(troponins and natriuretic
peptides)

Assays evaluating circulating, soluble proteins

Readily available in most clinical
Settings, can signal myocardial
injury

Not a sensitive or specific predictor of rejection

microRNA Clinical Rejection
Scoring

ACR and AMR scores derived from sequencing of
~22 base pair non-coding RNA molecules that
regulate gene transcription

Ability 1o identify and distinguish
between ACR and AMR

Remains a pre-clinical assay

Cardiac magnetic resonance
(CMR) imaging

T1, T2, and ECV CMR sequences to evaluate tissue
injury, fibrosis and edema

Provides global myocardial tissue
characterization

Limited availability and high cost

Echocardiography

Cardiac ultrasound with traditional 2D as well as
(strain) imaging

Can evaluate allograft dysfunction
related to rejection

Unable to provide ACR or AMR diagnosis

ACR. acifte cellilar ralection: AMR. ahtibody-mecdisted relection: PPV, pasitive pradcive valiie: HUA. humen [suiocyte antigen: ECV, exdia-callular volirne:
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Description

Outcome

Derivation and validation of clinically
available (Allosure™) assay with 405 SNPs

dd-cfDNA threshold of 0.2% with 12% PPV and 97% NPV to
detect ACR> 2R or pAMR > 1

94 SNP dd-cfDNA assay (no longer
dlinically available)

dd-cfDNA threshold of 0.3% with 85% PPV and 82% NPV to
detect ACR2 IR or pAMR > 1

Whole genome, shotgun sequencing (>1

| million SNPs)

Clinically available (Prospera™) dd-
fDNA assay with evaluation of >13,000
SNPs

dd-cfDNA threshold of 0.25% with 20% PPV and 99% NPV;
distinct prediction of ACR and AMR

dd-cfDNA threshold of 0.15% with 25% PPV and 97% NPV to
detect ACR2 2R or pPAMR > 1

Pre-selected evaluation of 14 miR
transcripts by RT-PCR, from both EMB
and serum samples

Four miRs were differentially expressed in tissue and serum
and validated in ACR and AMR as compared to controls

Pre-selected miRs evaluated by RT-PCR
evaluation in serum

‘Two miRs were associated with ACR, after controlling for
immunosuppressive drug levels, kidney function, and C-
reactive protein

Pre-selected evaluation of differential miR
expression in ACR by RT-PCR

miR-181a-5p was differentially expressed in ACR > 2R with
rise and fall patter associated with development/treatment of
rejection

Publication Study | Patient population &
name study design

dd-cfDNA

Khushetal (9) | D-OAR | 740 recipients 215 y,
multicenter, prospective

Richmond etal. | DTRT 101 children, 73 aduls,
multicenter, prospective
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MicroRNA
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etal. (53) Prospective Cohort study
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