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Abstract: Advanced heart failure (AHF) represents the terminal stage of heart failure
(HF), characterized by persistent symptoms and functional limitations despite optimal
guideline-directed medical therapy (GDMT). This review explores the clinical definition,
pathophysiology, and therapeutic approaches for AHF. Characterized by severe symp-
toms, New York Heart Association (NYHA) class III-1V, significant cardiac dysfunction,
and frequent hospitalizations, AHF presents substantial challenges in prognosis and man-
agement. Pathophysiological mechanisms include neurohormonal activation, ventricular
remodeling, and systemic inflammation, leading to reduced cardiac output and organ dys-
function. Therapeutic strategies for AHF involve a multidisciplinary approach, including
pharmacological treatments, device-based interventions like ventricular assisted devices,
and advanced options such as heart transplantation. Despite progress, AHF management
faces limitations, including disparities in access to care and the need for personalized
approaches. Novel therapies, artificial intelligence, and remote monitoring technologies
offer future opportunities to improve outcomes. Palliative care, which focuses on symptom
relief and quality of life, remains crucial for patients ineligible for invasive interventions.
Early identification and timely intervention are pivotal for enhancing survival and func-
tional outcomes in this vulnerable population. This review underscores the necessity of
integrating innovative technologies, personalized medicine, and robust palliative strategies
into AHF management to address its high morbidity and mortality.

Keywords: advanced heart failure; guideline-directed therapy; therapeutic strategy; palliative
care; devices; cardiopulmonary exercise testing

1. Definition of Advanced Heart Failure
1.1. Clinical Criteria

Advanced heart failure (AHF) is the stage of heart failure (HF) in which patients
continue to have symptoms and functional impairment even after receiving guideline-
directed medical therapy (GDMT) [1]. Based on specific clinical criteria, the comprehension
of AHF aims to identify patients who may benefit from advanced treatment options such
as heart transplantation (HT), device implantation, or palliative care (e.g., inotropes) [2,3].
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In order for AHF to be defined, the Heart Failure Society of America Guidelines
Committee declares that all of the following criteria must be met even with the most
effective treatment according to guidelines: severe and persistent HF symptoms (New
York Heart Association, NYHA class III or IV), severe cardiac dysfunction, as indicated
by left ventricular ejection fraction (LVEF) < 30%, and hospitalizations or unscheduled
visits for HF episodes during the previous 12 months [4]. This classification highlights the
significance of identifying patients who may need advanced treatments and are resistant to
conventional alternatives to therapy.

Additionally, prompt referral to AHF-specialized facilities is essential for enhancing
patient outcomes since it facilitates early therapies that can have a major impact on AHF
patients’ survival [5,6].

1.1.1. NYHA Class III-IV Symptoms

The clinical course of patients with HF is unpredictable in the vast majority of cases,
as there are many factors that can influence the clinical presentation, such as different
responses to treatment or different underlying conditions, both of cardiac and extracardiac
origin [6]. The NYHA functional classification is a widely used clinical tool for the stratifi-
cation of HF severity (Figure 1). Patients with symptoms of severe functional impairment
(NYHA class III or IV), who experience symptoms of severe HF, like severe fatigue, dys-
pnea, or other manifestations even at minimal activity or at rest, often with dependence
on intravenous inotropic drugs or repeated hospitalizations, have been classified as AHF
patients [7,8]. A percentage of approximately 20-30% of HF patients progress to AHF, a
condition characterized by significant limitations in exercise capacity and quality of life [9].
Moreover, AHF stage indicates the presence of severe systolic or diastolic dysfunction, often
associated with reduced cardiac output and elevated filling pressures and reduced car-
diac output, as compensatory mechanisms (e.g., neurohormonal activation) fail to sustain
adequate tissue perfusion and oxygenation. Finally, AHF patients experience a one-year
mortality rate exceeding 30%, despite receiving GDMT [10]. This high mortality rate un-
derscores the critical need for effective management strategies and timely intervention to
improve patient outcomes in this vulnerable population.

(
At risk for HE but no

symptoms or structural heart
disease.

NYHA I
Slight limitation of physical activity;
comfortable at rest but ordinary activity
causes symptoms.

NYHA [l
Marked limitation of physical activity;
comfortable at rest but less than ordinary
activity causes symptoms.

ACC/AHA classification
uoneayissep YHAN

NYHA IV
Symptoms of HF at rest; any physical activity
increases discomfort.

Figure 1. Schematic presentation of HF progression. This figure illustrates diagrammatically the
transition of HF from Stage A to Stage D, as classified by the ACC/AHA. Each stage is associated with
specific clinical characteristics and symptoms. The NYHA functional classification is also depicted,
indicating the patient’s functional capacity at each stage. HF: heart failure, ACC/AHA: American
College of Cardiology/American Heart Association, NYHA: New York Heart Association.
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1.1.2. Dependence on Intravenous Inotropic Support or Recurrent Hospitalizations

Patients with AHF may remain dependent on intravenous inotropic drugs (e.g., dobu-
tamine, milrinone) for life or require frequent hospitalizations for acute episodes of instabil-
ity to preserve their hemodynamic stability.

Inotropic agents are used in patients with low-output HF to help maintain cardiac
output and prevent end-organ hypoperfusion. Approximately 5-10% of these patients are
dependent on them, reflecting an end-stage disease [11]. However, their use is not without
health risks; long-term inotropic treatment is associated with arrhythmias, ischemia, and a
significant increase in mortality, with a hazard ratio (HR) exceeding 2. Most HF-related
hospitalizations and deaths occur in the subgroup of patients with AHF [12]. Recurrent
hospitalizations represent a main feature of AHF. In turn, each recurrent hospitalization pre-
dicts treatment failure, disease progression, and worse survival, with the risk of mortality
increasing by 20-30% after each event of HF decompensation [10].

The Acute Decompensated Heart Failure National Registry Longitudinal Module
(ADHERE LM) revealed that, during a mean follow-up of 364 days, 59% of AHF patients
were admitted to the hospital. Among them, 37% were hospitalized one time, 23% two
times, 14% three times, 9% four times, and 18% > five times [12,13]. Moreover, the
Epidémiologie de I'Insuffisance Cardiaque Avancée en Lorraine (EPICAL) study, conducted
on 2577 patients with AHF with a mean follow-up of 18 months, revealed that patients
were hospitalized an average of 2.05 times per year, spending a total of 27.6 days per year
in the hospital [12,14].

1.1.3. Refractory Symptoms Despite Optimal GDMT

Patients with AHF experience symptoms that are resistant to GDMT due to pro-
gressive malfunctioning mechanisms. Recent guidelines from the European Society of
Cardiology (ESC) and the American Heart Association (AHA) emphasize the importance
of diagnosing AHF using specific criteria. GDMT includes medications such as angiotensin
receptor—neprilysin inhibitors (ARNIs), beta-blockers (e.g., carvedilol and bisoprolol), min-
eralocorticoid receptor antagonists (MRAs), ACE inhibitors (ACEis), and SGLI2 inhibitors
(SGLT2is). However, refractory HF is characterized by persistent symptoms, including fluid
overload, fatigue, and dyspnea, despite optimal medical therapy. The hemodynamic profile
of patients with AHF usually reveals low cardiac index (<2.2 111 L/min/ mz) and high
pulmonary capillary wedge pressure (>18 mmHg), reflecting significant hemodynamic
impairment. As the disease progresses, structural and functional deterioration, including
extensive fibrosis, myocyte death, and chronic inflammation, further exacerbate cardiac
dysfunction. The prognosis for patients with refractory symptoms remains poor, with a
one-year survival rate of approximately 50%, underscoring the urgent need for advanced
therapeutic strategies and timely interventions to improve outcomes.

1.2. Epidemiology

Although evidence-based therapies have led to improved outcomes for patients with
chronic HF, challenges remain [5]. In recent years, the incidence of AHF has been increasing,
largely due to the prolongation of life expectancy. However, unlike chronic HF, determin-
ing the prevalence of AHF remains an epidemiological challenge, as it is influenced by
its relatively lower occurrence and the continuous evolution of treatment options. The
prevalence of AHF appears to increase with age, primarily affecting older adults (over
65 years), where it reaches up to 10% [10]. Additionally, AHF is more commonly observed
in males, likely due to a higher predisposition to ischemic heart disease (Tables 1 and 2).
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Table 1. Epidemiological characteristics of AHF.

Parameter Value/Percentage
Percentage of AHF among patients with HF 5-10% [10,15]
Annual mortality rate 20-50% [16]
o . s
Hospitalizations 80% of AHF patients are hospitalized
per year [16]
Incidence in patients > 65 years old 10% [10]
Diabetes mellitus 40% [16]
Chronic kidney disease 30-50% [16]

Table 2. Gender and racial disparities in AHF.

Parameter Male Female African American Caucasian
Prevalence Higher Lower Double Lower [15]
Comorbidities  Ischemic HF  Hypertension Hypertension Diabetes [15,16]
Mortality rate ~ 40-50% 30—40% Higher Lower [16]

In terms of incidence, AHF represents approximately 5-10% of all HF cases worldwide.
Within the general population, its estimated incidence is around 23 cases per 1000 individu-
als per year [15].

The annual mortality for AHF can reach 20-50%, despite modern therapeutic inter-
ventions [16].

Common comorbidities that worsen prognosis include diabetes mellitus (40%), chronic
kidney disease (30-50%), hypertension (60-70%), and arrhythmias such as atrial fibrillation
(AF) [16]. Women with AHF tend to be older and exhibit higher rates of hypertension and
diastolic HF compared to their male counterparts [15].

Regarding racial disparities, African Americans are approximately twice as likely to
develop HF compared to Caucasians, primarily due to a higher incidence of hyperten-
sion and obesity [15]. Hispanic patients often have less access to specialized treatments,
contributing to increased mortality rates in this group [16]. In developed countries, the
incidence of AHF is rising due to an aging population and improved survival following
acute cardiac events, while in developing countries, AHF is more commonly associated
with rheumatic heart disease and delayed diagnosis. As a consequence, AHF significantly
increases healthcare costs due to frequent hospitalizations and expensive treatments such
as implantable defibrillators and cardiac support devices [17]. The quality of life for these
patients is often poor, with substantial limitations in daily activities.

A 2023 study showed that the mortality rates for HF were lower in patients
aged 65-74 years and women compared to younger patients and men, respectively.
Mortality was higher in patients from rural areas and those taking beta-blockers and
ACEis/angiotensin receptor blockers/ARNIs. Hospitalization risk was lower in patients
aged 65-74 years and 75 years and older compared to patients under the age of 65 years.
Hospitalization risk did not differ by gender or rurality. Hospitalization risk was higher
in Black patients compared to White patients, while Asian patients were at lower risk.
Adjusted all-cause hospitalization risk was modestly but significantly higher for all co-
morbidities evaluated except for dementia and cerebrovascular disease. Patients aged
65-74 years and women were at lower risk for HF hospitalization compared to younger
patients and men, respectively [3].

1.3. Pathophysiology

The pathophysiology of AHF is complex and multifactorial (Table 3). AHF is charac-
terized by mechanisms of progressive dysfunction that include neurohormonal activation
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and ventricular remodeling, changes that can explain why AHF is resistant to traditional
treatment options. These are dynamic changes, which affect both the structure and the
function of the cardiac muscle.

On the one hand, neurohormonal activation includes the enhancement of the renin—
angiotensin—aldosterone axis (RAAS) and sympathetic nervous system (SNS) activity. The
first one leads to vasoconstriction, fluid retention, increased afterload, and, thus, the
deterioration of hemodynamic function. Moreover, increased aldosterone levels promote
fibrosis of the myocardium and worsen diastolic function. Chronic SNS hyperactivity
increases afterload and decreases cardiac output via $-adrenergic downregulation [18,19].

On the other hand, drastic left ventricular LV remodeling includes hypertrophy, dilata-
tion and reduction in contractility in response to chronic pressure and volume overload, and
increased end-systolic volume. The end-systolic and end-diastolic size of the left ventricle
increases, leading to a further decrease in cardiac output. Impaired LV relaxation leads to
increased end-diastolic pressures and pulmonary congestion. Chronic pressure and volume
overload cause myocardial fibrosis and hypertrophy, which reduce elasticity and increase
intracardiac pressure. With regard to imaging features, mid-ventricular obstruction can be
seen in AHF patients, which is an ominous sign of increased mortality risk [18-22].

Moreover, inflammation and oxidative stress also play a pivotal role in the devel-
opment of AHF. Increased levels of pro-inflammatory cytokines, such as tumor necrosis
factor (TNF-«) and interleukin 6 (IL-6), promote cardiac dysfunction through the inhibition
of contractility and activation of apoptosis. Oxidative stress damages mitochondria and
reduces energy production, deteriorating myocardial cell function [18,20,23].

Factors that can lead to AHF include ischemic heart disease, hypertension, and others.
Ischemic heart disease remains the leading cause of heart failure. Chronic myocardial
ischemia and acute myocardial infarctions lead to the loss of functional myocardium.
Chronic hypertension increases afterload, causing LV hypertrophy and, eventually, dys-
function. Valvular diseases can also trigger AHF. Significant stenosis or regurgitation of the
mitral and aortic valves causes volume or pressure overload, leading to AHF. Finally, the
dysregulation of comorbidities such as renal failure, arrhythmias, or infections can destabi-
lize cardiac function. Additionally, poor adherence to medications or dietary restrictions
can exacerbate congestion, further compromising cardiovascular stability [18,20,24]. All
the above-mentioned pathophysiological changes can lead to hemodynamic instability
and multisystem involvement. Indeed, AHF affects renal function, causes pulmonary
hypertension, and increases the likelihood of thromboembolic events.

Table 3. Pathophysiological mechanisms underlying AHF.

Mechanism Description

Neurohormonal activation Activation of RAAS, SNS [18,19]

Cardiac remodeling Systolic/diastolic dysfunction and fibrosis [18,21]
Inflammation Elevation of IL-6 and TNF« levels [18,23]
Oxidative stress Mitochondrial dysfunction [20,23]

2. Transitioning to Advanced Heart Failure

The transition from stable chronic heart failure to AHF (Stage D) is characterized by
a clinical deterioration of the patient’s symptoms that persist despite the optimization of
GDMT (Figure 2) [25].
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Figure 2. Flowchart for identifying transition to AHFE. This flowchart outlines the clinical decision-

making process for identifying patients transitioning to AHF. It begins with an initial assessment
of risk factors and symptoms, followed by the classification of heart failure stages according to the
ACC/AHA Guidelines. The flowchart incorporates the NYHA functional classification to evaluate
patients’ functional capacity. Key monitoring and intervention strategies are highlighted to facilitate
timely recognition (assessment of risk factors includes obesity, diabetes, and hypertension, and evalu-
ation of symptoms includes dyspnea and fatigue) of AHF, ensuring that appropriate management
and treatment options (e.g., LVAD, HT) are considered for patients exhibiting severe symptoms. HF:
heart failure, ACC/AHA: American College of Cardiology/American Heart Association, NYHA:
New York Heart Association, HT: heart transplantation, LVAD: left ventricular assist device.

At this phase, recurrent hospitalizations occur and a need for positive inotropic agents
emerges because of persisting symptoms such as congestion, worsening end-organ func-
tion, ventricular arrhythmias, and hypoperfusion [26]. These patients are unable to tolerate
optimal medical therapy and are classified under NYHA functional classes III or IV (AHA
Stage D). They exhibit significantly reduced exercise capacity (peak oxygen consumption
VO, < 14 mL/kg/min) and experience severe symptoms, including dyspnea, fatigue, and
volume overload. Pulmonary congestion and peripheral edema persist despite high-dose
oral diuretics (>160 mg furosemide per day), indicating refractory fluid retention [27].
Weight loss may also be present due to impaired functional and metabolic status, leading
to cachexia. Mechanical circulatory support and cardiac transplantation become necessary
at this point; otherwise, the median survival is less than 2 years [27]. In many cases, hy-
potension leads to the intolerance of neurohormonal therapies like angiotensin-converting
enzyme (ACE) inhibitors or beta-blockers, further indicating poor prognosis. Worsening
chronic HF is often underappreciated when it does not lead to hospitalization, as hospital-
ization alone cannot fully capture the pathophysiology of the disease [27]. HF progresses
both in outpatient settings and during hospital admissions, making it essential to evaluate
worsening HF independently of hospitalization status due to its inherently poor prognosis.
The importance lies in the prompt identification of the transition to AHF, which will allow
for early patient referral to specialized centers that can provide advanced treatments [28].
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Early identification of the transition to AHF is crucial for improving patient manage-
ment and outcomes [29]. By utilizing risk scores, biomarkers, and non-invasive diagnostic
tools, experts can evaluate disease progression more efficiently and accurately identify
high-risk individuals so that they can intervene in a timely manner to prevent further dete-
rioration. For instance, the  NEED HELP acronym can be used as an evidence-based guide
for clinicians in order to suspect the transition to Stage D HF and perhaps seek assistance
from specialized HF centers [30]. It stands for inotropic support, NYHA IV functional class,
end-organ dysfunction (e.g., liver, kidney), ejection fraction < 20%, defibrillator shocks
indicating malignant ventricular arrhythmias, hospitalizations (>1 within the last year),
edema (or escalating diuretics), low systolic blood pressure (<90 mmHg), and prognostic
medication (inability to up-titrate GDMT). It includes the core clinical characteristics that
increase all-cause mortality in patients with AHF and should be a useful tool for a timely
referral. High levels of biomarkers like B-type natriuretic peptide (BNP) or N-terminal pro-
B-type natriuretic peptide (NT-proBNP) further signal AHF in the absence of non-cardiac
causes. However, while BNP is widely used as a biomarker in HF, its predictive value for
worsening outcomes was minor in comparison to other clinical factors (age, NYHA class,
ejection fraction, etc.) [30]. This suggests that clinical parameters can provide more relevant
information for risk stratification in this setting than BNP levels alone. Hyponatremia (sHR
=2.18, p < 0.001), a 6 min walk test distance of less than 300 m, and serum sodium levels
below 134 mEq/L serve as important warning indicators. The annual progression rates
were significantly higher among Black patients compared to White patients (6.3% vs. 2.7%;
p < 0.001) in individuals with nonischemic versus ischemic heart failure (6.1% vs. 2.9%;
p < 0.001), and in those with NYHA functional class III to IV symptoms compared to class I
to I (7.5% vs. 1.9%; p < 0.001). However, no significant difference in progression rates was
observed between men and women (4.7% vs. 4.2%; p = 0.53) [25].

Approximately 4.5% of patients with Stage C HF progress to end-stage HF each year,
highlighting the need for non-invasive assessments like cardiopulmonary exercise testing
(CPET). CPET offers a highly accurate evaluation of exercise capacity, providing valuable
insight into overall cardiac function [31]. CPET yields several significant parameters
which can be used for risk assessment in AHF. Peak VO, is the most objective measure
of functional capacity in HF patients, with lower values indicating a poorer prognosis.
A peak VO, < 12 mL/kg/min (or <50% of predicted VO,) has been approved as an
eligibility criterion for cardiac transplantation. Peak VO, < 10 mL/kg/min, ventilatory
efficiency (VE/VCO,) slope > 36, and VO, anaerobic threshold < 11 mL/kg/min suggest
poor prognosis and are even associated with >20% mortality within 1 year [32]. De Groote
et al. conducted a population-based study aiming to highlight the prognostic value of VO,
and BNP levels in patients with congestive HF [33]. Multivariate analysis showed that the
percentage achieved of predicted peak oxygen uptake (%VO;) had the highest prognostic
value for both cardiac survival (RR =2.84, p < 0.0001) and cardiac event-free survival (RR
=2.99, p <0.0001). A %VO, cutoff of 50% could significantly risk stratifying HF patients.
In the HF-ACTION trial, a 6% improvement in peak VO, (approximately 1 mL/kg/min)
was associated with a 5% reduction in the risk of death or hospitalization [34]. In 1991,
Mancini et al. conducted the first study evaluating the prognostic value of peak VO, and
the VE/VCO; slope. Their findings supported the use of peak VO, for risk stratification,
though the Weber classification system (A, B, C, D) was not originally proposed by them [35].
To accurately assess risk, physicians must determine whether the patient has exerted
maximum effort during testing. This is typically indicated by a Respiratory Exchange
Ratio (RER) > 1 to 1.1, along with a heart rate exceeding 85% of the predicted value
(though p-blocker use may limit this measure). The Weber classification categorizes patients
based on peak VO,: Class A (>20 mL/kg/min), Class B (16-20 mL/kg/min), Class C
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(10-16 mL/kg/min), and Class D (<10 mL/kg/min). These classes correspond to 3-year
survival rates without the need for transplantation or mechanical circulatory support
(MCS) at 97%, 93%, 83%, and 64%, respectively [36]. Nadruz et al. analyzed the results
of cardiopulmonary exercise testing (CPET) in a cohort of 969 patients, categorizing them
based on their ejection fraction into three groups: (1) preserved ejection fraction (EF > 50%),
(2) mid-range ejection fraction (EF 40-49%), and (3) reduced ejection fraction (EF < 40%) [37].
This study showed statistically significant variations among these categories. Peak VO, was
found to be lower in HFrEF (14.3 & 5.2 mL/kg/min) compared to HF with a mildly reduced
ejection fraction (HFmrEF) (17.1 + 7.1 mL/kg/min) and HF with preserved ejection fraction
(HFpEF) (17.4 £ 7.8 mL/kg/min). VE/VCO; slope was higher in HF with reduced ejection
fraction (HFrEF) (34.5 £ 9.2) than in HFmrEF (29.5 £ 6.3) and HFpEF (30.3 &+ 6.7). In
addition, HFrEF patients had a lower peak heart rate, as well as lower systolic and diastolic
blood pressure, compared to the other two groups. Analysis revealed that both peak VO,
and VE/VCO2 slope independently predicted deaths, left ventricular assist device (LVAD)
implantation, and heart transplantation [37].

However, complications arise due to the varying classification criteria used in each
study. Ho et al. focused on patients with symptomatic HFpEF (NYHA II-IV) and examined
their clinical characteristics and CPET results [38]. They utilized the classification sys-
tems from the ESC, ACC/AHA, and HFSA to categorize the patients. This study revealed
significant heterogeneity in both the clinical outcomes and CPET findings across these
classifications [38]. Ho et al. used the ESC, American College of Cardiology/American
Heart Association (ACC/AHA), and Heart Failure Society of America (HFSA) classifica-
tions among their patients with symptomatic HFpEF (NYHA II-IV) and found significant
heterogeneity in both the clinical outcomes and CPET findings. This heterogeneity was
attributed to the variety of comorbidities often present in HFpEF patients, such as diabetes,
obesity, atrial fibrillation, and hypertension, which complicate their management and risk
stratification. To address this complexity, right heart catheterization (RHC) plays a critical
role in risk stratification for AHF patients, providing essential hemodynamic measure-
ments that help to assess prognosis and predict outcomes [39]. A study conducted on
657 heart transplant recipients in Italy (2000-2018) identified a Pulmonary Artery Pulsatility
Index (PAPI) value of <1.68 (low PAPI) as a predictor of post-transplant complications,
including renal replacement therapy and primary graft dysfunction [40]. Analysis from the
Evaluation Study of Congestive Heart Failure and Pulmonary Catheterization Effective-
ness (ESCAPE) trial revealed that an elevated right atrial pressure to pulmonary capillary
wedge pressure (RAP/PCWP) ratio was linked to adverse clinical outcomes in LVAD and
transplant patients [41]. Pulmonary hypertension (PH) is a common finding among pa-
tients with AHF during RHC, and clinicians should differentiate it into three main groups:
(1) isolated pre-capillary PH (PCWP < 15 mmHg, mPAP > 20 mmHg, pulmonary vascular
resistance (PVR) > 3 Wood units (WUs)), (2) combined pre-/post-capillary PH (PCWP >
15 mmHg, mean pulmonary arterial pressure (mPAP) > 20 mmHg, PVR > 2 WUs), and
(3) isolated post-capillary PH (PCWP > 15 mmHg, mPAP > 20 mmHg, PVR <2 WUs) [42].
This distinction is important because treatments designed for WHO group 1 pulmonary
hypertension (PH) have been linked to worse outcomes in patients with AHF who have
WHO group 2 PH. Cyrille-Superville et al. studied 846 HF patients from the PRognos-
tic Evaluation During Invasive CaTheterization for Heart Failure (PREDICT-HF) registry
who were invasively evaluated by RHC [43]. This study aimed to estimate survival to
orthotopic heart transplant (OHT), durable LV assist device (LVAD), or death within six
months as the primary endpoint. Twenty-one percent of all patients reached the primary
endpoint, with Aortic Pulsatility Index (API) (OR 0.94; 95% CI: 0.91-0.96, p < 0.001) and
Cardiac Power Output (CPO) (OR 0.76; 95% CI: 0.71-0.83, p < 0.001) showing strong as-
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sociations with increased mortality rates. When used together, these measures provided
additional prognostic value [43]. In addition to these markers, the Seattle Heart Failure
Model (SHEM) is a validated tool that helps predict survival and inform treatment decisions
for physicians [44]. It was derived from a cohort of 1125 HF patients using a multivariate
Cox model and has been prospectively validated in five additional cohorts comprising
9942 patients and 17,307 person-years of follow-up. An overall receiver operating char-
acteristic (ROC) area under the curve (AUC) of 0.729 further indicates its reliability and
predictive strength. The SHFM also offers individualization options, as clinicians can
modify medication parameters while using it so that they can optimize patient care [44].
Unlike other HF models, SHFM does not require invasive measures like peak VO,, which
has been shown to contribute little predictive value. It outperformed other models, such
as the Acute Decompensated Heart Failure National Registry (ADHERE) and the Heart
Failure Survival Score (HFSS), particularly in patients on 3-blockers. In addition to SHFM,
the Interagency Registry for Mechanically Assisted Circulatory Support INTERMACS)
classification provides seven profiles to assess patients’ severity of heart failure: Profile 7
(Advanced NYHA Class IIl), Profile 6 (Exertion Limited), Profile 5 (Exertion Intolerant),
Profile 4 (Resting Symptoms), Profile 3 (Stable, Inotrope Dependent), Profile 2 (Progressive
Decline), and Profile 1 (Cardiogenic Shock) [45]. Samman-Tahhan et al. studied 969 patients
with HE 423 (43.7%) of whom were classified as stable Stage C patients because they were
not matching any INTERMACS profile criteria [45]. The remaining patients were classified
as follows: 348 (35.9%) in INTERMACS Profile 7, 146 (15.1%) in Profile 6, and 52 (5.4%) in
Profiles 4 to 5. A comparison of the 3-year mortality rates revealed that mortality increased
as the INTERMACS profiles were worsening. The 3-year mortality rate for stable Stage
C (AHA) was 10%, while it was 21.8% (HR = 2.45, p < 0.001), 26% (HR = 3.93, p < 0.001),
and 43.8% (HR = 6.35, p < 0.001) for patients in INTERMACS Profiles 7, 6, and 4 to 5,
respectively. Similarly, the composite endpoint of death, LVAD, or heart transplantation
had increasing rates from 11.3% in stable Stage C to 24.5% (HR = 2.49, p < 0.001), 31.6%
(HR =4.03, p < 0.001), and 51.3% (HR = 6.69, p < 0.001) in the INTERMACS 7, 6, and 4 to
5 groups, respectively. The hazard ratios for both mortality and the composite endpoint
also increased, suggesting a higher risk of adverse outcomes. In general, patients with
worse INTERMACS profiles had significantly higher mortality and event rates [45]. The
INTERMACS profiles provided better prognostic differentiation than the NYHA functional
class for both mortality and the composite endpoint.

Diastolic dysfunction leads to inadequate filling and elevated filling pressures. This
dysfunction can progress to diastolic HF, characterized by symptoms such as shortness of
breath, fatigue, and fluid retention, despite a preserved EF. Infiltrative cardiomyopathies,
such as amyloidosis and sarcoidosis, are notable causes of diastolic dysfunction. These
conditions involve the deposition of abnormal substances within the myocardial tissue,
resulting in increased stiffness and impaired ventricular compliance [46]. Consequently,
the ventricles struggle to fill properly during diastole, leading to elevated intracardiac
pressures and heart failure symptoms.

Accurate diagnosis of diastolic dysfunction, particularly in the context of infiltrative
diseases, is crucial for effective management. Traditionally, LVEDP measurement via car-
diac catheterization has been the gold standard for assessing diastolic function. However,
this invasive procedure carries certain risks. Recent studies have explored the utility of
non-invasive biomarkers in predicting elevated LVEDP. For instance, research has demon-
strated that biomarkers such as NT-proBNP and soluble ST2 (sST2) correlate with LVEDP,
suggesting their potential role in diagnosing diastolic dysfunction [47]. Incorporating these
biomarkers with echocardiographic parameters may enhance the accuracy of non-invasive
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assessments, facilitating the earlier detection and management of diastolic dysfunction in
patients with infiltrative cardiomyopathies.

Etiological treatment in infiltrative diseases that can lead to advanced HF is critical for
improving cardiac function and overall prognosis. Infiltrative cardiomyopathies, such as
sarcoidosis, Fabry disease, and amyloidosis, cause progressive myocardial damage due to
abnormal substance deposition, leading to diastolic dysfunction and, eventually, advanced
HF [48,49]. Identifying and addressing the underlying cause are essential to slowing down
disease progression and optimizing patient outcomes.

For cardiac sarcoidosis, immunosuppressive therapy, particularly corticosteroids, re-
mains the mainstay of treatment [50]. High-dose prednisone is often initiated to reduce gran-
ulomatous inflammation and prevent conduction abnormalities and ventricular arrhyth-
mias. In cases where steroids are insufficient or poorly tolerated, steroid-sparing agents
like methotrexate, azathioprine, or mycophenolate mofetil are used [51]. Advanced cases
with refractory ventricular arrhythmias or conduction disease may require implantable
cardioverter-defibrillators (ICDs) or even mechanical circulatory support in end-stage HF.

In Fabry disease, enzyme replacement therapy (ERT) with recombinant x-galactosidase
A (agalsidase alfa or beta) is the cornerstone of treatment, aiming to reduce glycosphin-
golipid accumulation and slow down disease progression [52]. More recently, chaperone
therapy (migalastat) has been approved for patients with amenable mutations, offering
an oral alternative to ERT [53]. In patients with significant left ventricular hypertrophy,
additional HF therapies such as renin—angiotensin-aldosterone system inhibitors and
beta-blockers may be used, although caution is needed due to conduction system disease.

For cardiac amyloidosis, treatment depends on the amyloid subtype. In light-chain
(AL) amyloidosis, chemotherapy with agents such as bortezomib, cyclophosphamide, and
dexamethasone is essential to reducing amyloid production [54]. In transthyretin (ATTR)
amyloidosis, tafamidis is now the first-line therapy, stabilizing transthyretin to prevent
further fibril deposition [55]. Other emerging agents, such as patisiran and inotersen (gene
silencing therapies), target transthyretin synthesis and are promising for hereditary ATTR
amyloidosis. Supportive therapy, including diuretics and anticoagulation, is essential in
managing symptoms, though traditional HF medications such as beta-blockers and ACE
inhibitors may be poorly tolerated in these patients.

Overall, the etiological treatment of infiltrative cardiomyopathies requires a disease-
specific approach, often involving targeted therapies, immunosuppression, or enzyme
replacement, alongside conventional HF management strategies. Early recognition and
intervention are crucial in preventing irreversible cardiac damage and progression to
advanced HF.

3. Therapeutic Approaches in Advanced Heart Failure

AHEF represents the end-stage of a progressive disease, whereby conventional therapies
become inadequate to sustain quality of life or survival. The management of this condition
requires a multidisciplinary approach, combining pharmacological interventions, device-
based therapies, mechanical circulatory support, and, in some cases, heart transplantation.
For patients who are ineligible for invasive procedures, palliative care plays a crucial role
in symptom alleviation and quality of life enhancement.

3.1. Pharmacological Therapies

Intravenous inotropic agents, such as dobutamine and milrinone, are commonly
initiated in the acute setting for hemodynamic stabilization and to improve end-organ
perfusion [56]. These agents work by enhancing myocardial contractility and reducing
systemic vascular resistance, thereby improving tissue perfusion. However, prolonged
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use of inotropes is associated with adverse effects, including arrhythmias, increased mor-
tality, and dependence [57]. Therefore, they are generally reserved for bridging patients
to definitive therapies, such as transplantation or mechanical circulatory support, or for
palliative symptom management in end-stage disease. The decision to arrange for chronic
continuous infusions after hospital discharge should be guided by the need for symptom
relief and patient preferences [56]. The majority of patients on home inotropic infusions die
by 6 months, and almost all are dead by 1 year, most often due to terminal hemodynamic
decompensation [56]. Two big randomized controlled trials, the Randomized Evaluation
of Mechanical Assistance for the Treatment of Congestive Heart Failure (REMATCH) [58]
and Investigation of Nontransplant-Eligible Patients Who Are Inotrope-Dependent (IN-
TrEPID) [59] trial, have shown superiority of mechanical circulatory support over inotropic
therapy in patients with Stage D HF who require lifelong therapy.

Symptom management in AHF often involves addressing fluid retention, dyspnea,
and fatigue. Diuretics remain the cornerstone for managing volume overload, but care-
ful monitoring is necessary to prevent electrolyte imbalances and renal dysfunction [60].
Vasodilators, such as nitrates and hydralazine, are used to reduce afterload and improve
cardiac performance, especially in patients with HFpEF [61,62]. Beta-blockers and RAAS
inhibitors, though foundational in earlier stages, may require dose adjustments or discon-
tinuation in advanced disease due to hemodynamic intolerance [4,63].

3.2. Device-Based Interventions

Secondary mitral regurgitation (SMR) is a common complication in AHF, contributing
to worsening symptoms and progression of the disease [64]. The MitraClip device offers a
minimally invasive solution to reduce SMR by clipping the mitral valve leaflets together,
thereby improving valve coaptation [64]. Clinical trials, such as the Cardiovascular Out-
comes Assessment of the MitraClip Percutaneous Therapy for Heart Failure Patients with
Functional Mitral Regurgitation (COAPT) study [65], have demonstrated that transcatheter
mitral valve repair leads to significant reductions in hospitalizations and lower all-cause
mortality within 24 months of follow-up among patients with heart failure and moderate-
to-severe or severe SMR who remained symptomatic despite the use of maximal doses of
guideline-directed medical therapy. However, patient selection remains critical, as those
with severe LV dysfunction may derive less benefit.

Implantable cardioverter-defibrillators (ICDs) play a crucial role in preventing sudden
cardiac death in patients with AHF and reduced ejection fraction [60,66,67]. These devices
deliver shocks or pacing to terminate life-threatening ventricular arrhythmias. Cardiac
resynchronization therapy (CRT), often combined with ICDs, involves biventricular pacing
to improve ventricular synchrony and cardiac output [68]. CRT is particularly beneficial
in patients with left bundle branch block and significant QRS prolongation, leading to
improved survival, reduced hospitalizations, and enhanced functional capacity [69,70].

Cardiac contractility modulation (CCM) is an innovative device-based therapy de-
signed to enhance the strength of ventricular contractions in patients with heart failure,
particularly those with reduced ejection fraction who are not candidates for cardiac resyn-
chronization therapy. The CCM device delivers biphasic electrical signals to the ventricular
myocardium during the absolute refractory period, a phase in which the heart muscle is un-
responsive to new stimuli [71]. This non-excitatory stimulation does not initiate additional
heartbeats but modulates myocardial contractility, leading to improved cardiac output.

Clinical studies have demonstrated that CCM therapy can lead to significant improve-
ments in patients’ quality of life, functional status, and exercise capacity. Specifically,
patients receiving CCM have shown enhancements in left ventricular ejection fraction, peak
oxygen uptake, and reductions in heart failure-related hospitalizations [72]. At the cellular
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level, CCM promotes favorable remodeling by restoring calcium handling, improving
metabolic efficiency, and reversing maladaptive gene expression associated with heart
failure. These molecular changes contribute to the overall therapeutic benefits observed in
patients undergoing CCM therapy [72].

The implantation of the CCM device involves a procedure similar to that of a pace-
maker, where leads are placed in the right ventricular septum to deliver therapeutic signals.
As of 2016, experienced centers have reported successful implantation practices, highlight-
ing the safety and efficacy of the procedure. As the adoption of CCM therapy expands,
ongoing research continues to explore its potential applications, including its role in pa-
tients with HFpEF, aiming to broaden the scope of individuals who may benefit from this
therapy [73].

3.3. AF Ablation and Pacing Strategies in HF

Ablation and pacing strategy is a therapeutic approach for managing patients with AF
and HF, particularly when conventional treatments are ineffective. This method involves
performing atrioventricular node ablation (AVNA) to prevent irregular and rapid electri-
cal impulses from reaching the ventricles, followed by the implantation of a permanent
pacemaker to maintain a regular heart rhythm. Recent studies have explored the efficacy of
conduction system pacing (CSP), such as left bundle branch pacing (LBBP), in conjunction
with AVNA. The PACE-FIB trial, for instance, is a multicenter, prospective study compar-
ing LBBP combined with AVNA to optimal pharmacological rate control in patients with
HFpEF or HFmrEF and permanent AF. The primary outcome focuses on a composite of
all-cause mortality, HF hospitalization, and worsening HF over 36 months [74].

Comparative analyses have also been conducted between different pacing modalities
post-AVNA. A study by Ivanovski et al. evaluated clinical outcomes in HF patients with re-
fractory AF who underwent either biventricular (BiV) pacing or CSP following AVNA. The
findings indicated that CSP modalities, including His-bundle pacing (HBP) and LBBP, were
associated with superior symptomatic and echocardiographic improvements compared to
BiV pacing [75]. Notably, patients receiving CSP demonstrated significant enhancements in
left ventricular ejection fraction and NYHA functional class. These results suggest that CSP,
particularly LBBP due to its stable pacing parameters, may offer a more effective pacing
strategy in the ablate and pace approach for this patient population [75].

3.4. Mechanical Circulatory Support

LVADs have revolutionized the management of AHF by providing mechanical support
to maintain systemic perfusion. These devices are used either as a bridge-to-transplant
(BTT) or as destination therapy (DT) for patients ineligible for transplantation [76]. Candi-
dates for LVAD therapy typically have end-stage HF refractory to medical and device-based
therapies, with persistent symptoms and evidence of end-organ dysfunction. Comprehen-
sive assessment, including psychosocial evaluation, is essential to ensure adherence to the
complex care regimen required for LVAD maintenance.

LVADs improve survival, functional status, and quality of life [77]. Studies report
1-year survival rates exceeding 80% with LVAD therapy, which are comparable to heart
transplantation outcomes [78]. Quality of life improvements include enhanced exercise
capacity and reduced hospitalizations [77]. However, they are not without complications.
Common issues include device-related thromboembolic events, gastrointestinal bleeding,
infections, and right HF [79]. Advances in technology, such as smaller, more durable devices
with improved hemocompatibility, continue to expand the indications for LVAD use.
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3.5. Heart Transplantation

Heart transplantation remains the gold standard therapeutic approach for patients
with AHEF, offering the potential for prolonged survival and restored quality of life. Trans-
plant eligibility is determined by factors such as irreversible end-stage HF, absence of
significant comorbidities, and adherence to medical management. Absolute contraindica-
tions include active malignancy, systemic infection, and severe PH [80,81]. Advances in
immunosuppression and post-transplant care have significantly improved outcomes, with
median survival exceeding 12 years in adult recipients [82,83]. Long-term complications,
such as chronic allograft vasculopathy and malignancies related to immunosuppression,
require ongoing surveillance and management [84].

3.6. Palliative Care

Palliative care strategies include optimizing medical therapy, providing psychosocial
support, and facilitating hospice care when appropriate [85].

Palliative care interventions focus on alleviating symptoms such as dyspnea, pain,
and fatigue while maintaining dignity and quality of life [86]. Advanced care planning,
including discussions about goals of care and preferences for end-of-life treatment, is
integral to this approach. Multidisciplinary teams, involving cardiologists, palliative
care specialists, social workers, and chaplains, ensure comprehensive care tailored to the
patient’s needs and values.

For patients who are ineligible for transplantation or LVADs, palliative care strategies
include optimizing medical therapy, psychosocial support, and facilitating hospice care
when appropriate [85,87]. The focus shifts from prolonging life to enhancing the quality of
remaining life, addressing both physical and emotional suffering.

4. Future Perspectives
4.1. Novel Pharmacological and Device Therapies

Advances in the management of AHF are being actively explored through ongoing
clinical trials regarding novel pharmacological and device-based therapies. A significant
focus lies in novel pharmacological agents targeting unique pathways of myocardial in-
jury, inflammation, and fibrosis. Agents like omecamtiv mecarbil, a myosin activator,
are being studied to further refine outcomes in AHF populations [88]. Specifically, the
Acute Treatment with Omecamtiv Mecarbil to Increase Contractility in Acute Heart Failure
(ATOMIC-HF) trial is a phase IIb clinical study that follows a double-blind, randomized,
and placebo-controlled design with sequential cohorts. Its objective is to assess the effec-
tiveness of an intravenous formulation of omecamtiv mecarbil in a population of around
600 patients who have been hospitalized due to acute decompensated HFE. The trial is
structured into three consecutive groups, each receiving progressively higher doses of the
treatment [89]. The primary endpoint of this study was the effect on dyspnea within 48 h
of intravenous mecamtiv mecarbil administration, while the secondary and exploratory
objectives were focused on assessing safety, tolerability, pharmacokinetics, and echocardio-
graphic markers. Upon trial completion, the results indicated that intravenous omecamtiv
mecarbil did not lead to a notable improvement in dyspnea symptoms among patients
hospitalized with acute decompensated HF. The Chronic Oral Study of Myosin Activation
to Increase Contractility in Heart Failure (COSMIC-HF) trial is a phase II, multicenter, ran-
domized, double-blind, placebo-controlled study aiming to thoroughly evaluate the effects
of an orally administered, modified, sustained-release formulation of omecamtiv mecarbil
in patients suffering from HF with LV systolic dysfunction [90]. The primary endpoint was
to evaluate the peak plasma concentration of omecamtiv mecarbil. Secondary endpoints
included assessing changes from the baseline in key clinical parameters at week 20, such as
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systolic ejection time, stroke volume, LV end-systolic and end-diastolic diameters, heart
rate, and NT-proBNP levels. Additionally, the safety and tolerability of omecamtiv mecarbil
were evaluated by monitoring the incidence of adverse events from the baseline to week
24. The trial showed that the use of omecamtiv mecarbil was associated with significant
improvements in cardiac function and a reduction in ventricular dimensions, without
superiority in adverse and clinical events compared to placebo. The Lowering Adverse
Cardiac Outcomes Through Improving Contractility in Heart Failure (GALACTIC-HF) trial,
a phase III, double-blind, placebo-controlled, randomized trial, primarily assessed time to
cardiovascular (CV) or first HF event after the administration of omecamtiv mecarbil, while
the secondary outcomes included the duration until CV death, patient-reported health
status evaluated through the Kansas City Cardiomyopathy Questionnaire, time until the
first hospitalization due to HF, and overall survival time measured by time to all-cause
death [91]. The authors found that omecamtiv mecarbil successfully achieved the primary
composite efficacy endpoint, resulting in a statistically significant reduction in CV mortality
or HF-related events. Additionally, patients receiving omecamtiv mecarbil experienced
fewer symptoms and lower NT-proBNP levels compared to those on placebo. Finally, the
last trial on omecamtiv mecarbil was a double-blind, placebo-controlled, randomized trial,
the Multicenter Exercise Tolerance Evaluation of Omecamtiv Mecarbil Related to Increased
Contractility in Heart Failure (METEORIC-HF), evaluating changes in peak oxygen con-
sumption during cardiopulmonary exercise testing, along with variations in peak exercise
capacity, ventilatory efficiency, and average daily activity levels in patients with HFrEF [92].
Interestingly, omecamtiv mecarbil failed to show statistically significant alterations in peak
VO,, maximal exercise workload, and ventilatory efficiency compared to the placebo group.

Novel SGLT2 inhibitors including dapagliflozin, empagliflozin, and sotagliflozin have
been widely studied in both HFpEF and HFrEF. Characteristically, the Dapagliflozin in
Patients with Heart Failure and Reduced Ejection Fraction (DAPA-HF) [93] and the Em-
pagliflozin Outcome Trial in Patients with Chronic Heart Failure with Reduced Ejection
Fraction (EMPEROR-Reduced) [94] trials showed significant reductions in the primary
composite outcome and total HF hospitalizations in HFrEF patients after therapy with da-
pagliflozin and empagliflozin, respectively. In HFpEF patients, the Empagliflozin in Heart
Failure with a Preserved Ejection Fraction (EMPEROR-Preserved) trial [95] demonstrated a
significant reduction in the primary composite outcome and in total HF hospitalizations
in the empagliflozin group compared to the controls, while in the Dapagliflozin Eval-
uation to Improve the Lives of Patients with Preserved Ejection Fraction Heart Failure
(DELIVER) [96] trial, a significant reduction in the primary composite outcome and in
worsening HF events in the dapagliflozin group was observed. However, there were more
randomized trials in worsening HEF, such as the Effect of Sotagliflozin on Cardiovascular
Events in Patients with Type 2 Diabetes Post Worsening Heart Failure (SOLOIST-WHEF) [97]
and the Empagliflozin in Patients Hospitalized for Acute Heart Failure who have been
Stabilized (EMPULSE) trials [98]. The first trial demonstrated a statistically significant
reduction in primary endpoint events following sotagliflozin administration in patients
hospitalized for worsening HF. The second trial found that empagliflozin was superior in
53.9% of paired comparisons for the composite outcome, which included time to all-cause
death, number of HF exacerbations, time to first exacerbation, and a >5-point improvement
in KCCQ-TSS after 90 days of treatment. In contrast, placebo was superior in 39.7% of
comparisons, while 6.4% resulted in ties. Concurrently, device-based interventions, such
as transcatheter mitral and tricuspid valve therapies, are being investigated to optimize
cardiac function and reduce symptoms in patients’ refractory to medical therapy. Two
recent randomized controlled trials compared MitraClip to medical therapy in patients
with secondary MR due to left ventricular (LV) dysfunction. Specifically, the COAPT trial
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compared MitraClip therapy versus GDMT in 614 patients with severe secondary MR and
LV dysfunction, showing a reduced hospitalization rate due to HF after 24 months (35.8%)
compared to the medical therapy group (67.9%) and lower all-cause mortality compared to
medical therapy alone (29.1% vs. 46.1%) [65]. On the contrary, the Multicenter Investiga-
tion of Transcatheter Mitral Valve Repair-France (MITRA-FR) trial showed no difference
between both groups regarding mortality rate (24.3% in the MitraClip group vs. 22.4%
in the medical group) and hospitalizations due to HF worsening (48.7% in the MitraClip
group vs. 47.4% in the medical group) in 304 symptomatic patients with SMR and LV
dysfunction [99]. Newer promising transcatheter mitral valve replacement prostheses in-
clude Tendyne (Abbott Vascular, Abbott Park, IL, USA), Intrepid (Medtronic, Minneapolis,
MN, USA), Tiara (Neovasc Inc., Richmond, BC, Canada), CardiaQ (Edwards Lifesciences
Corp., Irvine, CA, USA), Caisson (LivaNova PLC, London, UK), Cardiovalve (Cardiovalve,
Yehuda, Israel), M3/Sapien (Edwards Lifesciences Corp., Irvine, CA, USA), and Highlife
(Highlife SAS, Paris, France) [100].

Given the high mortality of tricuspid valve (TV) surgery, multiple transcatheter thera-
pies for tricuspid intervention are being investigated, including edge-to-edge repair, TV
replacement, tricuspid annuloplasty, and palliative tricuspid therapy. Edge-to-edge tri-
cuspid valve repair includes the TriClip device with the ongoing Trial to Understand the
Impact of the MitraClip Intervention in Subjects with Tricuspid Regurgitation TRILUMI-
NATE Pivotal trial [101] and PASCAL transcatheter valve repair system with the CLASP TR
early feasibility study [102]. Tricuspid valve replacement includes the EVOQUE tricuspid
valve replacement system with the ongoing Trial of the Intecardia Endospacer System for
Tricuspid Regurgitation (TRISCEND II) pivotal trial defij [103], the GATE system [104], the
INTREPID system with the ongoing Transcathether Tricuspid Valve Replacement (TTVR)
early feasibility study [105], and the LuX-Valve [106]. Tricuspid annuloplasty includes the
TriCinch™ (4Tech Cardio Ltd., Galway, Ireland) with the Percutaneous Treatment of Tricus-
pid Valve Regurgitation With the TriCinch™ System (PREVENT) trial [107], the Trialign™
device (Mitralign, Inc., Boston, MA, USA) with the ongoing Safety and Performance of
the Trialign Percutaneous Tricuspid Valve Annuloplasty System for Symptomatic Chronic
Functional Tricuspid Regurgitation (SCOUT II) trial [108], and the pledget-assisted suture
tricuspid annuloplasty (PASTA) technique [109].

The development of next-generation LVADs is another critical area of exploration.
Efforts to miniaturize devices, improve hemocompatibility, and extend battery life aim to
reduce complications like pump thrombosis and infection. Fully implantable LVADs, which
eliminate the need for percutaneous driveline connections, are undergoing evaluation to
enhance patient mobility and quality of life [110,111]. Moreover, new sensors integrated
into LVAD systems are being tested to enable the real-time monitoring of hemodynamic pa-
rameters, potentially allowing for the earlier detection of device-related complications [111].
A notable example is the PReduction pump (Pumpinheart Limited, Dublin, Ireland), a
long-lasting partial support device implanted through a transcatheter method across the
mitral valve, serving as a diastolic assist system [112]. The need for durable mechanical
circulatory support (MCS) devices designed for smaller patients, such as children with
AHF and women, remains a major clinical challenge. A key example is Abbott, Inc., which
is creating the HeartMate 3 Mini, a more compact version of the HeartMate 3 [111].

4.2. Al and Machine Learning in HF Management

Innovative technologies are a crucial component in the treatment and management of
AHEF. Artificial intelligence (AI) and machine learning (ML) are revolutionizing HF man-
agement by enabling predictive modeling, early detection, and personalized therapeutic
strategies. Advanced algorithms are being developed to analyze complex datasets, includ-
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ing electronic health records, imaging, and biomarker profiles, to predict decompensation
events and guide interventions [113,114]. Al-driven decision support tools are also being
integrated into clinical workflows to enhance diagnostic accuracy and optimize treatment
plans for patients with AHF.

4.3. Advances in Remote Monitoring and Wearable Devices

Remote monitoring technologies, including wearable devices, are gaining traction for
their ability to continuously track vital signs and physiological parameters. Innovations
such as implantable hemodynamic monitors and smart patches equipped with biosensors
are being developed to provide actionable insights in real time [115,116]. These technolo-
gies not only facilitate early intervention in response to signs of worsening HF but also
empower patients to actively engage in their own care. Future iterations of wearable
devices are expected to incorporate Al capabilities for enhanced data interpretation and
individualized feedback.

4.4. Personalized Medicine

Personalized medicine is emerging as a cornerstone of AHF management. Genomic
research has identified numerous genetic variants associated with HF susceptibility and pro-
gression, paving the way for genotype-based therapeutic strategies [117-119]. Biomarkers
such as NT-proBNP, galectin-3, and soluble ST2 are being further investigated to strat-
ify risk and tailor treatment in AHF populations [120,121]. Additionally, individualized
approaches, including pharmacogenomics and tailored device programming, are being
explored to maximize therapeutic efficacy while minimizing adverse effects. Precision
phenotyping using multimodal data integration is anticipated to further refine these indi-
vidualized strategies [122].

4.5. Preventive Strategies

The prevention of AHF decompensation is increasingly focused on the integration of
multidisciplinary care models. These programs bring together cardiologists, HF specialists,
nurses, and allied health professionals to provide holistic, patient-centered care. Enhanced
outpatient HF programs emphasizing education, dietary counseling, and symptom moni-
toring are showing promise in reducing hospital readmissions and improving quality of
life [123]. Future preventive strategies are likely to incorporate digital health tools and
telemedicine to extend the reach and efficiency of these interventions.

5. Limitations in Advanced Heart Failure

Although there are promising future perspectives in the field of AHF, significant
limitations remain due to gaps in the literature. Identifying patients at risk of transitioning
to AHF remains a significant challenge. Current diagnostic tools, including imaging and
biomarkers, may lack the sensitivity to detect subclinical disease progression [124]. The
heterogeneity of HF presentations further complicates timely recognition, delaying the
initiation of appropriate interventions.

Access to advanced therapies such as LVADs, heart transplantation, and novel phar-
macological agents is often limited by resource constraints, geographic disparities, and
financial barriers [125]. These limitations disproportionately affect underserved popu-
lations, exacerbating healthcare inequities and contributing to suboptimal outcomes in
AHF management.

Despite the promise of Al, remote monitoring, and wearable devices, their integration
into routine clinical practice is still limited. Challenges include technological complexity,
data management issues, and the need for clinician training. Furthermore, regulatory and
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reimbursement frameworks have yet to fully adapt to the rapid pace of innovation, slowing
down the widespread adoption of these tools [126,127].

Moreover, while personalized medicine holds great potential, its application is hin-
dered by the lack of standardization in genetic testing and biomarker validation. Moreover,
integrating genomic and phenotypic data into clinical workflows requires sophisticated in-
frastructure and expertise, which are not universally available [128]. Ethical considerations
related to genetic data privacy and patient consent also pose challenges.

Finally, the successful implementation of preventive strategies relies on multidisci-
plinary collaboration and patient adherence. However, systemic barriers such as workforce
shortages, fragmented care delivery, and patient-level factors like health literacy and socioe-
conomic status can limit the effectiveness of these programs [129]. Sustaining long-term
engagement in preventive initiatives remains an ongoing challenge.

6. Conclusions

In conclusion, the transition to AHF marks a pivotal phase in the continuum of CV
disease, necessitating early identification and proactive management to improve patient
outcomes. Timely recognition of clinical and hemodynamic indicators of disease progres-
sion enables the initiation of advanced therapies, including pharmacological optimization,
device-based interventions, and candidacy for transplant or mechanical circulatory support.
Collaborative, multidisciplinary care plays a crucial role in tailoring treatment strategies
to individual patient needs, emphasizing both symptom relief and quality of life. By in-
tegrating innovative technologies, personalized medicine, and robust palliative care, the
approach to managing AHF continues to evolve, offering hope for prolonged survival and
improved prognosis in this challenging patient population.

Author Contributions: Conceptualization, I.P. and A.B.; writing—original draft preparation, N.-L.T,,
AP. and C.K,; writing—review and editing, A.X., PK., LP. and A.B.; supervision, A.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Garascia, A.; Palazzini, M.; Tedeschi, A.; Sacco, A.; Oliva, F.; Gentile, P. Advanced heart failure: From definitions to therapeutic
options. Eur. Heart |. Suppl. 2023, 25 (Suppl. C), C283-C291. [CrossRef] [PubMed]

2. Chun, K.-H;; Kang, S.-M. Advanced heart failure: A contemporary approach. Korean . Intern. Med. 2023, 38, 471-483. [CrossRef]

3 Farooqui, N.; Killian, J.M.; Smith, J.; Redfield, M.M.; Dunlay, S.M. Advanced Heart Failure Characteristics and Outcomes in
Women and Men. |. Am. Heart Assoc. 2024, 13, e033374. [CrossRef] [PubMed]

4. Fang, ].C; Ewald, G.A; Allen, L.A,; Butler, J.; Westlake Canary, C.A.; Colvin-Adams, M.; Dickinson, M.G.; Levy, P.,; Stough,
W.G.; Sweitzer, N.K,; et al. Advanced (stage D) heart failure: A statement from the Heart Failure Society of America Guidelines
Committee. J. Card. Fail. 2015, 21, 519-534. [CrossRef]

5. Crespo-Leiro, M.G.; Metra, M.; Lund, L.H.; Milicic, D.; Costanzo, M.R;; Filippatos, G.; Gustafsson, E; Tsui, S.; Barge-Caballero, E.;
De Jonge, N.; et al. Advanced heart failure: A position statement of the Heart Failure Association of the European Society of
Cardiology. Eur. |. Heart Fail. 2018, 20, 1505-1535. [CrossRef]

6.  Crespo-Leiro, M.G.; Barge-Caballero, E. Advanced Heart Failure: Definition, Epidemiology, and Clinical Course. Heart Fail. Clin.
2021, 17, 533-545. [CrossRef]

7. Bjork, J.B.; Alton, K.K.; Georgiopoulou, V.V.; Butler, J.; Kalogeropoulos, A.P. Defining Advanced Heart Failure: A Systematic

Review of Criteria Used in Clinical Trials. . Card. Fail. 2016, 22, 569-577. [CrossRef] [PubMed]


https://doi.org/10.1093/eurheartjsupp/suad028
https://www.ncbi.nlm.nih.gov/pubmed/37125285
https://doi.org/10.3904/kjim.2023.159
https://doi.org/10.1161/JAHA.123.033374
https://www.ncbi.nlm.nih.gov/pubmed/38904243
https://doi.org/10.1016/j.cardfail.2015.04.013
https://doi.org/10.1002/ejhf.1236
https://doi.org/10.1016/j.hfc.2021.06.002
https://doi.org/10.1016/j.cardfail.2016.03.003
https://www.ncbi.nlm.nih.gov/pubmed/26975942

J. Cardiovasc. Dev. Dis. 2025, 12, 104 18 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chaudhry, S.P.; Stewart, G.C. Advanced Heart Failure: Prevalence, Natural History, and Prognosis. Heart Fail. Clin. 2016, 12,
323-333. [CrossRef]

McMurray, J.J.; Adamopoulos, S.; Anker, S.D.; Auricchio, A.; Bohm, M.; Dickstein, K.; Falk, V.; Filippatos, G.; Fonseca, C.;
Gomez-Sanchez, M.A ; et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012: The Task
Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed
in collaboration with the Heart Failure Association (HFA) of the ESC. Eur. Heart . 2012, 33, 1787-1847.

Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, ].G.E; Coats, A.].S.; Falk, V.; Gonzalez-Juanatey, ].R.; Harjola, V.P;
Jankowska, E.A; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for
the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart ]. 2016, 37, 2129-2200.

Beghini, A.; Sammartino, A.M.; Papp, Z.; von Haehling, S.; Biegus, J.; Ponikowski, P.; Adamo, M.; Falco, L.; Lombardi, C.M.;
Pagnesi, M.; et al. 2024 update in heart failure. ESC Heart Fail. 2024, 12, 8-42. [CrossRef]

AbouEzzeddine, O.F.; Redfield, M.M. Who has advanced heart failure?: Definition and epidemiology. Congest. Heart Fail. 2011,
17,160-168. [CrossRef]

Costanzo, M.R.; Mills, R.M.; Wynne, J. Characteristics of “Stage D" heart failure: Insights from the Acute Decompensated Heart
Failure National Registry Longitudinal Module (ADHERE LM). Am. Heart J. 2008, 155, 339-347. [CrossRef] [PubMed]

Zannad, F,; Briancon, S.; Juilliere, Y.; Mertes, P.-M.; Villemot, ].-P,; Alla, F; Virion, ].-M. Incidence, clinical and etiologic features,
and outcomes of advanced chronic heart failure: The EPICAL Study. J. Am. Coll. Cardiol. 1999, 33, 734-742. [CrossRef] [PubMed]
Writing Committee Members; Yancy, C.W.; Jessup, M.; Bozkurt, B.; Butler, J.; Casey, D.E., Jr.; Drazner, M.H.; Fonarow, G.C.; Geraci,
S.A.; Horwich, T; et al. 2013 ACCF/AHA guideline for the management of heart failure: A report of the American College
of Cardiology Foundation/American Heart Association Task Force on practice guidelines. Circulation 2013, 128, e240-e327.
[CrossRef] [PubMed]

Khan, M.S.; Samman Tahhan, A.; Vaduganathan, M.; Greene, S.J.; Alrohaibani, A.; Anker, S.D.; Vardeny, O.; Fonarow, G.C.; Butler,
J. Trends in prevalence of comorbidities in heart failure clinical trials. Eur. . Heart Fail. 2020, 22, 1032-1042. [CrossRef]
McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Bohm, M.; Burri, H.; Butler, J.; Celutkiene, J.; Chioncel, O.;
et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur. Heart J. 2021, 42, 3599-3726.
Ponikowski, P.; Jankowska, E.A. Pathogenesis and clinical presentation of acute heart failure. Rev. Esp. Cardiol. 2015, 68, 331-337.
[CrossRef]

Hartupee, J.; Mann, D.L. Neurohormonal activation in heart failure with reduced ejection fraction. Nat. Rev. Cardiol. 2017, 14,
30-38. [CrossRef]

Mentz, R.J.; O’Connor, C.M. Pathophysiology and clinical evaluation of acute heart failure. Nat. Rev. Cardiol. 2015, 13, 28-35.
[CrossRef]

Palumbo, P.; Cannizzaro, E.; Palumbo, M.M.; Di Cesare, A.; Bruno, F.; Acanfora, C.; Arceri, A.; Evangelista, L.; Arrigoni, F,;
Grassi, F; et al. Heart Failure and Cardiomyopathies: CT and MR from Basics to Advanced Imaging. Diagnostics 2022, 12, 2298.
[CrossRef] [PubMed]

Njoroge, ].N.; Teerlink, J.R. Pathophysiology and Therapeutic Approaches to Acute Decompensated Heart Failure. Circ. Res. 2021,
128, 1468-1486. [CrossRef]

Falco, L.; Martucci, M.L.; Valente, F.; Verrengia, M.; Pacileo, G.; Masarone, D. Pathophysiology-Based Management of Acute
Heart Failure. Clin. Pract. 2023, 13, 206-218. [CrossRef] [PubMed]

Cotter, G.; Milo, O.; Davison, B. The pathophysiology of AHF—New insights from recent studies of novel diuretics and vascular
modulating therapies. World J. Cardiovasc. Dis. 2013, 3, 133-145. [CrossRef]

Kalogeropoulos, A.P.; Samman-Tahhan, A.; Hedley, ].S.; McCue, A.A.; Bjork, J.B.; Markham, D.W.; Bhatt, K.N.; Georgiopoulou,
V.V,; Smith, A.L.; Butler, J. Progression to Stage D Heart Failure Among Outpatients With Stage C Heart Failure and Reduced
Ejection Fraction. JACC Heart Fail. 2017, 5, 528-537. [CrossRef]

Bozkurt, B. Treatment of Advanced (Stage D) Heart Failure in the New Era. JACC Heart Fail. 2023, 11, 258-260. [CrossRef]
Greene, S.J.; Bauersachs, J.; Brugts, J.].; Ezekowitz, J.A.; Lam, C.S.P.; Lund, L.H.; Ponikowski, P.; Voors, A.A.; Zannad, F; Zieroth,
S.; et al. Worsening Heart Failure: Nomenclature, Epidemiology, and Future Directions: JACC Review Topic of the Week. J. Am.
Coll. Cardiol. 2023, 81, 413-424. [CrossRef]

Greene, S.J.; Fonarow, G.C.; Butler, J. Risk Profiles in Heart Failure: Baseline, Residual, Worsening, and Advanced Heart Failure
Risk. Circ. Heart Fail. 2020, 13, e007132. [CrossRef]

Allen, L.A.; Gheorghiade, M.; Reid, K.J.; Dunlay, S.M.; Chan, P.S.; Hauptman, PJ.; Zannad, F; Konstam, M.A.; Spertus, J.A.
Identifying patients hospitalized with heart failure at risk for unfavorable future quality of life. Circ. Cardiovasc. Qual. Outcomes
2011, 4, 389-398. [CrossRef]

Baumwol, J. “I Need Help”—A mnemonic to aid timely referral in advanced heart failure. J. Heart Lung Transplant. 2017, 36,
593-594. [CrossRef]


https://doi.org/10.1016/j.hfc.2016.03.001
https://doi.org/10.1002/ehf2.14857
https://doi.org/10.1111/j.1751-7133.2011.00246.x
https://doi.org/10.1016/j.ahj.2007.10.020
https://www.ncbi.nlm.nih.gov/pubmed/18215606
https://doi.org/10.1016/S0735-1097(98)00634-2
https://www.ncbi.nlm.nih.gov/pubmed/10080475
https://doi.org/10.1161/CIR.0b013e31829e8776
https://www.ncbi.nlm.nih.gov/pubmed/23741058
https://doi.org/10.1002/ejhf.1818
https://doi.org/10.1016/j.recesp.2015.01.003
https://doi.org/10.1038/nrcardio.2016.163
https://doi.org/10.1038/nrcardio.2015.134
https://doi.org/10.3390/diagnostics12102298
https://www.ncbi.nlm.nih.gov/pubmed/36291987
https://doi.org/10.1161/CIRCRESAHA.121.318186
https://doi.org/10.3390/clinpract13010019
https://www.ncbi.nlm.nih.gov/pubmed/36826161
https://doi.org/10.4236/wjcd.2013.31A020
https://doi.org/10.1016/j.jchf.2017.02.020
https://doi.org/10.1016/j.jchf.2023.01.001
https://doi.org/10.1016/j.jacc.2022.11.023
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007132
https://doi.org/10.1161/CIRCOUTCOMES.110.958009
https://doi.org/10.1016/j.healun.2017.02.010

J. Cardiovasc. Dev. Dis. 2025, 12, 104 19 of 23

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

Agdamag, A.C.; Van Iterson, E.H.; Tang, W.H.W.,; Finet, ].E. Prognostic Role of Metabolic Exercise Testing in Heart Failure. J. Clin.
Med. 2023, 12, 4438. [CrossRef]

Malhotra, R.; Bakken, K.; D’elia, E.; Lewis, G.D. Cardiopulmonary Exercise Testing in Heart Failure. JACC Heart Fail. 2016, 4,
607-616. [CrossRef] [PubMed]

de Groote, P; Dagorn, J.; Soudan, B.; Lamblin, N.; McFadden, E.; Bauters, C. B-type natriuretic peptide and peak exercise oxygen
consumption provide independent information for risk stratification in patients with stable congestive heart failure. . Am. Coll.
Cardiol. 2004, 43, 1584—-1589. [CrossRef]

O’Connor, C.M.; Whellan, D.J.; Lee, K.L.; Keteyian, S.J.; Cooper, L.S.; Ellis, S.J.; Leifer, E.S.; Kraus, W.E.; Kitzman, D.W.; Blumenthal,
J.A.; et al. Efficacy and safety of exercise training in patients with chronic heart failure: HF-ACTION randomized controlled trial.
JAMA 2009, 301, 1439-1450. [CrossRef]

Mancini, D.M.; Eisen, H.; Kussmaul, W.; Mull, R.; Edmunds, L.H.; Wilson, J.R. Value of peak exercise oxygen consumption for
optimal timing of cardiac transplantation in ambulatory patients with heart failure. Circulation 1991, 83, 778-786. [CrossRef]
Smith, E.J.; Gartman, E.J. The Clinical Utility of Cardiopulmonary Exercise Testing. Rhode Isl. Med. |. 2021, 104, 14-19.

Nadruz, W.; West, E.; Sengelov, M.; Santos, M.; Groarke, ].D.; Forman, D.E.; Claggett, B.; Skali, H.; Shah, A.M. Prognostic Value of
Cardiopulmonary Exercise Testing in Heart Failure With Reduced, Midrange, and Preserved Ejection Fraction. . Am. Heart Assoc.
2017, 6, €006000. [CrossRef]

Ho, J.E.; Zern, E.K.; Wooster, L.; Bailey, C.S.; Cunningham, T.; Eisman, A.S.; Hardin, KM.; Zampierollo, G.A.; Jarolim, P,;
Pappagianopoulos, P.P; et al. Differential Clinical Profiles, Exercise Responses, and Outcomes Associated With Existing HFpEF
Definitions. Circulation 2019, 140, 353-365. [CrossRef] [PubMed]

Craig, M.; Pereira, N.L. Right heart catheterization and risk stratification in advanced heart failure. Curr. Heart Fail. Rep. 2006, 3,
143-152. [CrossRef]

Bellettini, M.; Frea, S.; Pidello, S.; Boffini, M.; Boretto, P.; Gallone, G.; Bongiovanni, F.; Masetti, M.; Sabatino, M.; Raineri, C.;
et al. Pretransplant Right Ventricular Dysfunction Is Associated With Increased Mortality After Heart Transplantation: A Hard
Inheritance to Overcome. J. Card. Fail. 2021, 28, 259-269. [CrossRef]

Drazner, M.H.; Velez-Martinez, M.; Ayers, C.R.; Reimold, S.C.; Thibodeau, ]J.T.; Mishkin, ].D.; Mammen, P.P.; Markham, D.W.;
Patel, C.B. Relationship of right- to left-sided ventricular filling pressures in advanced heart failure: Insights from the ESCAPE
trial. Circ. Heart Fail. 2013, 6, 264-270. [CrossRef] [PubMed]

Kovacs, G.; Bartolome, S.; Denton, C.P.,; Gatzoulis, M.A.; Gu, S.; Khanna, D.; Badesch, D.; Montani, D. Definition, classification
and diagnosis of pulmonary hypertension. Eur. Respir. ]. 2024, 64, 2401324. [CrossRef]

Cyrille-Superville, N.; Rao, S.D.; Feliberti, ].P,; Patel, P.A.; Swayampakala, K; Sinha, S.S.; Jeng, E.I; Goswami, R.M.; Snipelisky,
D.F; Carroll, A.M.; et al. PREDICT HF: Risk stratification in advanced heart failure using novel hemodynamic parameters. Clin.
Cardiol. 2024, 47, €24277. [CrossRef] [PubMed]

Levy, W.C.; Mozaffarian, D.; Linker, D.T.; Sutradhar, S.C.; Anker, S.D.; Cropp, A.B.; Anand, I.; Maggioni, A.; Burton, P,; Sullivan,
M.D.; et al. The Seattle Heart Failure Model: Prediction of survival in heart failure. Circulation 2006, 113, 1424-1433. [CrossRef]
[PubMed]

Samman-Tahhan, A.; Hedley, J.S.; McCue, A.A.; Bjork, ].B.; Georgiopoulou, V.V.; Morris, A.A.; Butler, ].; Kalogeropoulos, A.P.
INTERMACS Profiles and Outcomes Among Non-Inotrope-Dependent Outpatients With Heart Failure and Reduced Ejection
Fraction. JACC Heart Fail. 2018, 6, 743-753. [CrossRef]

Kottam, A.; Hanneman, K.; Schenone, A.; Daubert, M.A.; Sidhu, G.D.; Gropler, R.J.; Garcia, M.]J.; American Heart Association
Council on Cardiovascular Radiology and Intervention. State-of-the-Art Imaging of Infiltrative Cardiomyopathies: A Scientific
Statement From the American Heart Association. Circ. Cardiovasc. Imaging 2023, 16, e000081. [CrossRef]

Calburean, P-A.; Lupu, S.; Hutanu, A.; Oprica, M.; Opris, D.R; Stan, A.; Scurtu, A.-C.; Anitei, D.; Harpa, M.; Brinzaniuc, K,; et al.
Natriuretic peptides and soluble ST2 improves echocardiographic diagnosis of elevated left ventricular filling pressures. Sci. Rep.
2024, 14, 22171. [CrossRef]

Bejar, D.; Colombo, P.C.; Latif, F; Yuzefpolskaya, M. Infiltrative Cardiomyopathies. Clin. Med. Insights Cardiol. 2015, 9 (Suppl. S2),
29-38. [CrossRef]

Ruberg, EL.; Grogan, M.; Hanna, M.; Kelly, ] W.; Maurer, M.S. Transthyretin Amyloid Cardiomyopathy: JACC State-of-the-Art
Review. J. Am. Coll. Cardiol. 2019, 73, 2872-2891. [CrossRef]

Hulten, E.; Aslam, S.; Osborne, M.; Abbasi, S.; Bittencourt, M.S.; Blankstein, R. Cardiac sarcoidosis—State of the art review.
Cardiovasc. Diagn. Ther. 2016, 6, 50-63.

Kouranos, V.; Sharma, R. Cardiac sarcoidosis: State-of-the-art review. Heart 2021, 107, 1591-1599. [CrossRef]

Azevedo, O.; Gago, M.F,; Miltenberger-Miltenyi, G.; Sousa, N.; Cunha, D. Fabry Disease Therapy: State-of-the-Art and Current
Challenges. Int. ]. Mol. Sci. 2020, 22, 206. [CrossRef]

McCafferty, E.H.; Scott, L.]. Migalastat: A Review in Fabry Disease. Drugs 2019, 79, 543-554; Erratum in Drugs 2019, 79, 1363.
[CrossRef] [PubMed]


https://doi.org/10.3390/jcm12134438
https://doi.org/10.1016/j.jchf.2016.03.022
https://www.ncbi.nlm.nih.gov/pubmed/27289406
https://doi.org/10.1016/j.jacc.2003.11.059
https://doi.org/10.1001/jama.2009.454
https://doi.org/10.1161/01.CIR.83.3.778
https://doi.org/10.1161/JAHA.117.006000
https://doi.org/10.1161/CIRCULATIONAHA.118.039136
https://www.ncbi.nlm.nih.gov/pubmed/31132875
https://doi.org/10.1007/s11897-006-0014-x
https://doi.org/10.1016/j.cardfail.2021.08.018
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000204
https://www.ncbi.nlm.nih.gov/pubmed/23392790
https://doi.org/10.1183/13993003.01324-2024
https://doi.org/10.1002/clc.24277
https://www.ncbi.nlm.nih.gov/pubmed/38838029
https://doi.org/10.1161/CIRCULATIONAHA.105.584102
https://www.ncbi.nlm.nih.gov/pubmed/16534009
https://doi.org/10.1016/j.jchf.2018.03.018
https://doi.org/10.1161/HCI.0000000000000081
https://doi.org/10.1038/s41598-024-73349-0
https://doi.org/10.4137/CMC.S19706
https://doi.org/10.1016/j.jacc.2019.04.003
https://doi.org/10.1136/heartjnl-2019-316442
https://doi.org/10.3390/ijms22010206
https://doi.org/10.1007/s40265-019-01090-4
https://www.ncbi.nlm.nih.gov/pubmed/30875019

J. Cardiovasc. Dev. Dis. 2025, 12, 104 20 of 23

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Sabinot, A.; Ghetti, G.; Pradelli, L.; Bellucci, S.; Lausi, A.; Palladini, G. State-of-the-art review on AL amyloidosis in Western
Countries: Epidemiology, health economics, risk assessment and therapeutic management of a rare disease. Blood Rev. 2023, 59,
101040. [CrossRef] [PubMed]

Bukhari, S. Cardiac amyloidosis: State-of-the-art review. J. Geriatr. Cardiol. 2023, 20, 361-375. [CrossRef]

Allen, L.A_; Stevenson, L.W.; Grady, K.L.; Goldstein, N.E.; Matlock, D.D.; Arnold, R.M.; Cook, N.R.; Felker, G.M.; Francis, G.S.;
Hauptman, PJ.; et al. Decision making in advanced heart failure: A scientific statement from the American Heart Association.
Circulation 2012, 125, 1928-1952. [CrossRef] [PubMed]

Bistola, V.; Arfaras-Melainis, A.; Polyzogopoulou, E.; Ikonomidis, I.; Parissis, J. Inotropes in Acute Heart Failure: From Guidelines
to Practical Use: Therapeutic Options and Clinical Practice. Card. Fail. Rev. 2019, 5, 133-139. [CrossRef]

Rose, E.A.; Gelijns, A.C.; Moskowitz, A.J.; Heitjan, D.E,; Stevenson, L.W.; Dembitsky, W.; Long, ] W.; Ascheim, D.D.; Tierney,
A.R;; Levitan, R.G.; et al. Long-term use of a left ventricular assist device for end-stage heart failure. N. Engl. |. Med. 2001, 345,
1435-1443. [CrossRef]

Rogers, ].G.; Butler, J.; Lansman, S.L.; Gass, A.; Portner, PM.; Pasque, M.K.; Pierson, R.N., 3rd; INTrEPID Investigators. Chronic
mechanical circulatory support for inotrope-dependent heart failure patients who are not transplant candidates: Results of the
INTrEPID Trial. J. Am. Coll. Cardiol. 2007, 50, 741-747. [CrossRef]

Heidenreich, P.A.; Bozkurt, B.; Aguilar, D.; Allen, L.A.; Byun, J.J.; Colvin, M.M.; Deswal, A.; Drazner, M.H.; Dunlay, S.M.;
Evers, L.R.; et al. 2022 AHA/ACC/HFSA Guideline for the Management of Heart Failure: A Report of the American College of
Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 2022, 145, e895—-e1032.
Al-Mohammad, A. Hydralazine and nitrates in the treatment of heart failure with reduced ejection fraction. ESC Heart Fail. 2019,
6, 878-883. [CrossRef] [PubMed]

Hsiao, S.; Hsiao, C.; Shiau, J.; Chiou, K. Hydralazine combined with conventional therapy improved outcomes in severe systolic
dysfunction and mitral regurgitation. ESC Heart Fail. 2023, 11, 198-208. [CrossRef]

Sapna, F.; Raveena, F.; Chandio, M.; Bai, K.; Sayyar, M.; Varrassi, G.; Khatri, M.; Kumar, S.; Mohamad, T. Advancements in Heart
Failure Management: A Comprehensive Narrative Review of Emerging Therapies. Cureus 2023, 15, e46486. [CrossRef] [PubMed]
Coats, AJ.S.; Anker, S.D.; Baumbach, A.; Alfieri, O.; von Bardeleben, R.S.; Bauersachs, J.; Bax, J.J.; Boveda, S.; Celutkiene, I,
Cleland, J.G.; et al. The management of secondary mitral regurgitation in patients with heart failure: A joint position statement
from the Heart Failure Association (HFA), European Association of Cardiovascular Imaging (EACVI), European Heart Rhythm
Association (EHRA), and European Association of Percutaneous Cardiovascular Interventions (EAPCI) of the ESC. Eur. Heart J.
2021, 42, 1254-1269.

Stone, G.W,; Lindenfeld, J.; Abraham, W.T; Kar, S.; Lim, D.S.; Mishell, ].M.; Whisenant, B.; Grayburn, P.A.; Rinaldi, M.; Kapadia,
S.R,; et al. Transcatheter Mitral-Valve Repair in Patients with Heart Failure. N. Engl. J. Med. 2018, 379, 2307-2318. [CrossRef]
[PubMed]

Sharma, A.; Al-Khatib, S.M.; Ezekowitz, ].A.; Cooper, L.B.; Fordyce, C.B.; Felker, G.M.; Bardy, G.H.; Poole, J.E.; Bigger, ].T.; Buxton,
A.E,; et al. Implantable cardioverter-defibrillators in heart failure patients with reduced ejection fraction and diabetes. Eur. .
Heart Fail. 2018, 20, 1031-1038. [CrossRef]

Barakat, A.F.,; Mahmoud, A.N.; Elgendy, LY. Primary prevention implantable cardioverter defibrillator in patients with reduced
ejection fraction: For ischemic or non-ischemic cardiomyopathy or both? J. Thorac. Dis. 2017, 9, 2749-2751. [CrossRef]

Jaffe, L.M.; Morin, D.P. Cardiac resynchronization therapy: History, present status, and future directions. Ochsner. |. 2014, 14,
596-607.

Kong, N.W.; Upadhyay, G.A. Cardiac resynchronization considerations in left bundle branch block. Front. Physiol. 2022, 13, 962042.
[CrossRef]

Fumagalli, S.; Pieragnoli, P; Ricciardi, G.; Mascia, G.; Mascia, E; Michelotti, F.; Mascioli, G.; Beltrami, M.; Padeletti, M.; Nesti, M.;
et al. Cardiac resynchronization therapy improves functional status and cognition. Int. J. Cardiol. 2016, 219, 212-217. [CrossRef]
Pipilas, D.C.; Hanley, A ; Singh, J.P.; Mela, T. Cardiac Contractility Modulation for Heart Failure: Current and Future Directions. J.
Soc. Cardiovasc. Angiogr. Interv. 2023, 2 Part B, 101176. [CrossRef]

Masarone, D.; Kittleson, M.M.; D’onofrio, A.; Falco, L.; Fumarulo, I.; Massetti, M.; Crea, F.; Aspromonte, N.; Pacileo, G. Basic
science of cardiac contractility modulation therapy: Molecular and electrophysiological mechanisms. Heart Rhythm 2023, 21,
82-88. [CrossRef]

Kuschyk, J.; Kloppe, A.; Schmidt-Schweda, S.; Bonnemeier, H.; Rousso, B.; Roger, S. Cardiac Contractility Modulation: A Technical
Guide for Device Implantation. Rev. Cardiovasc. Med. 2017, 18, 1-13. [CrossRef] [PubMed]

Rodriguez Muifioz, D.; Crespo-Leiro, M.G.; Ferndndez Lozano, I.; Zamorano Gémez, J.L.; Peinado Peinado, R.; Manzano Espinosa,
L.; de Juan Baguds4, J.; Marco Del Castillo, A.; Arribas Ynsaurriaga, F.; Salguero Bodes, R. Conduction system pacing and
atrioventricular node ablation in heart failure: The PACE-FIB study design. ESC Heart Fail. 2023, 10, 3700-3709. [CrossRef]
Ivanovski, M.; Mrak, M.; Meznar, A.Z.; Zizek, D. Biventricular versus Conduction System Pacing after Atrioventricular Node
Ablation in Heart Failure Patients with Atrial Fibrillation. . Cardiovasc. Dev. Dis. 2022, 9, 209. [CrossRef]


https://doi.org/10.1016/j.blre.2023.101040
https://www.ncbi.nlm.nih.gov/pubmed/36697295
https://doi.org/10.26599/1671-5411.2023.05.006
https://doi.org/10.1161/CIR.0b013e31824f2173
https://www.ncbi.nlm.nih.gov/pubmed/22392529
https://doi.org/10.15420/cfr.2019.11.2
https://doi.org/10.1056/NEJMoa012175
https://doi.org/10.1016/j.jacc.2007.03.063
https://doi.org/10.1002/ehf2.12459
https://www.ncbi.nlm.nih.gov/pubmed/31119890
https://doi.org/10.1002/ehf2.14564
https://doi.org/10.7759/cureus.46486
https://www.ncbi.nlm.nih.gov/pubmed/37927716
https://doi.org/10.1056/NEJMoa1806640
https://www.ncbi.nlm.nih.gov/pubmed/30280640
https://doi.org/10.1002/ejhf.1192
https://doi.org/10.21037/jtd.2017.08.97
https://doi.org/10.3389/fphys.2022.962042
https://doi.org/10.1016/j.ijcard.2016.06.001
https://doi.org/10.1016/j.jscai.2023.101176
https://doi.org/10.1016/j.hrthm.2023.09.021
https://doi.org/10.3909/ricm0825
https://www.ncbi.nlm.nih.gov/pubmed/28509888
https://doi.org/10.1002/ehf2.14488
https://doi.org/10.3390/jcdd9070209

J. Cardiovasc. Dev. Dis. 2025, 12, 104 21 of 23

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Rali, A.S.; Inampudi, C.; Zalawadiya, S.; Shah, A.; Teuteberg, ].].; Stewart, G.C.; Cantor, R.S.; Deng, L.; Jacobs, J.P,; Kirklin, ].K,;
et al. Changing Strategy Between Bridge to Transplant and Destination LVAD Therapy After the First 3 Months: Analysis of the
STS-INTERMACS Database. . Card. Fail. 2023, 30, 552-561. [CrossRef] [PubMed]

Allen, ].G.; Weiss, E.S.; Schaffer, ].M.; Patel, N.D.; Ullrich, S.L.; Russell, S.D.; Shah, A.S.; Conte, J.V. Quality of life and functional
status in patients surviving 12 months after left ventricular assist device implantation. J. Heart Lung Transplant. 2010, 29, 278-285.
[CrossRef] [PubMed]

Raju, S.; Maclver, ].; Foroutan, F,; Alba, C.; Billia, F.; Rao, V. Long-term use of left ventricular assist devices: A report on clinical
outcomes. Can. J. Surg. 2017, 60, 236-246. [CrossRef]

Kilic, A.; Acker, M.A.; Atluri, P. Dealing with surgical left ventricular assist device complications. . Thorac. Dis. 2015, 7, 2158-2164.
Westerdahl, D.E.; Kobashigawa, ].A. Heart Transplantation for Advanced Heart Failure. Cardiac Intensive Care 2019, 504-524.e2.
Weill, D. Lung transplantation: Indications and contraindications. J. Thorac. Dis. 2018, 10, 4574-4587. [CrossRef] [PubMed]
Barghash, M.H.; Pinney, S.P. Heart Retransplantation: Candidacy, Outcomes, and Management. Curr. Transplant. Rep. 2019, 7,
12-17. [CrossRef]

Nelson, J.; Alvey, N.; Bowman, L.; Schulte, J.; Segovia, M.C.; McDermott, J.; Te, H.S.; Kapila, N.; Levine, D.J.; Gottlieb, R.L.;
et al. Consensus recommendations for use of maintenance immunosuppression in solid organ transplantation: Endorsed by the
American College of Clinical Pharmacy, American Society of Transplantation, and the International Society for Heart and Lung
Transplantation. Pharmacotherapy 2022, 42, 599-633. [CrossRef]

Shah, M.R.; Starling, R.C.; Schwartz Longacre, L.; Mehra, M.R.; Working Group Participants. Heart transplantation research in
the next decade—A goal to achieving evidence-based outcomes: National Heart, Lung, And Blood Institute Working Group. .
Am. Coll. Cardiol. 2012, 59, 1263-1269. [CrossRef] [PubMed]

Meyers, D.E.; Goodlin, S.J. End-of-Life Decisions and Palliative Care in Advanced Heart Failure. Can. J. Cardiol. 2016, 32,
1148-1156. [CrossRef]

Ogundunmade, B.G.; John, D.O.; Chigbo, N.N. Ensuring quality of life in palliative care physiotherapy in developing countries.
Front. Rehabil. Sci. 2024, 5, 1331885. [CrossRef]

Lee, J.-H.; Hwang, K.-K. End-of-Life Care for End-stage Heart Failure Patients. Korean Circ. J. 2022, 52, 659-679. [CrossRef]
Zhou, S.; Liu, Y,; Huang, X.; Wu, C.; P6rszédsz, R. Omecamtiv Mecarbil in the treatment of heart failure: The past, the present, and
the future. Front. Cardiovasc. Med. 2024, 11, 1337154. [CrossRef] [PubMed]

Teerlink, J.R.; Felker, G.M.; McMurray, J.J.V.; Ponikowski, P.; Metra, M.; Filippatos, G.S.; Ezekowitz, ].A.; Dickstein, K.; Cleland,
J.G.E; Kim, ].B.; et al. Acute Treatment With Omecamtiv Mecarbil to Increase Contractility in Acute Heart Failure: The ATOMIC-
AHEF Study. J. Am. Coll. Cardiol. 2016, 67, 1444-1455. [CrossRef]

Teerlink, J.R.; Felker, G.M.; McMurray, J.J.; Solomon, S.D.; Adams, K.E, Jr.; Cleland, J.G.; Ezekowitz, ].A.; Goudev, A.; Macdonald,
P; Metra, M.; et al. Chronic Oral Study of Myosin Activation to Increase Contractility in Heart Failure (COSMIC-HF): A phase 2,
pharmacokinetic, randomised, placebo-controlled trial. Lancet 2016, 388, 2895-2903. [CrossRef]

Teerlink, J.R.; Diaz, R.; Felker, G.M.; McMurray, J.].V.; Metra, M.; Solomon, S.D.; Adams, K.F,; Anand, I.; Arias-Mendoza, A.;
Biering-Serensen, T.; et al. Cardiac Myosin Activation with Omecamtiv Mecarbil in Systolic Heart Failure. N. Engl. |. Med. 2021,
384,105-116. [CrossRef]

Lewis, G.D.; Voors, A.A.; Cohen-Solal, A.; Metra, M.; Whellan, D.]J.; Ezekowitz, ].A.; Bohm, M.; Teerlink, J.R.; Docherty, K.E,;
Lopes, R.D.; et al. Effect of Omecamtiv Mecarbil on Exercise Capacity in Chronic Heart Failure With Reduced Ejection Fraction:
The METEORIC-HF Randomized Clinical Trial. JAMA 2022, 328, 259-269. [CrossRef] [PubMed]

McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Keber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P; Sabatine, M.S.; Anand,
LS.; Bélohlavek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. . Med. 2019, 381,
1995-2008. [CrossRef] [PubMed]

Petrie, M.C.; Verma, S.; Docherty, K.F.; Inzucchi, S.E.; Anand, I.; Belohlavek, J.; Bohm, M.; Chiang, C.-E.; Chopra, V.K.; de Boer,
R.A; et al. Effect of Dapagliflozin on Worsening Heart Failure and Cardiovascular Death in Patients with Heart Failure with and
Without Diabetes. JAMA 2020, 323, 1353-1368. [CrossRef]

Anker, S.D.; Butler, J.; Filippatos, G.; Ferreira, J.P.; Bocchi, E.; Bohm, M.; Brunner-La Rocca, H.-P.; Choi, D.-J.; Chopra, V,;
Chuquiure-Valenzuela, E.; et al. Empagliflozin in Heart Failure with a Preserved Ejection Fraction. N. Engl. ]. Med. 2021, 385,
1451-1461. [CrossRef] [PubMed]

Solomon, S.D.; Vaduganathan, M.; Claggett, B.L.; de Boer, R.A.; DeMets, D.; Hernandez, A.F.; Inzucchi, S.E.; Kosiborod, M.N.;
Lam, C.S.P; Martinez, F; et al. Baseline Characteristics of Patients with HF With Mildly Reduced and Preserved Ejection Fraction:
DELIVER Trial. JACC Heart Fail. 2022, 10, 184-197. [CrossRef]

Bhatt, D.L.; Szarek, M,; Steg, P.G.; Cannon, C.P,; Leiter, L.A.; McGuire, D.K; Lewis, ].B.; Riddle, M.C.; Voors, A.A.; Metra, M.; et al.
Sotagliflozin in Patients with Diabetes and Recent Worsening Heart Failure. N. Engl. J. Med. 2021, 384, 117-128. [CrossRef]


https://doi.org/10.1016/j.cardfail.2023.09.011
https://www.ncbi.nlm.nih.gov/pubmed/37898382
https://doi.org/10.1016/j.healun.2009.07.017
https://www.ncbi.nlm.nih.gov/pubmed/19837607
https://doi.org/10.1503/cjs.010016
https://doi.org/10.21037/jtd.2018.06.141
https://www.ncbi.nlm.nih.gov/pubmed/30174910
https://doi.org/10.1007/s40472-019-00257-y
https://doi.org/10.1002/phar.2716
https://doi.org/10.1016/j.jacc.2011.11.050
https://www.ncbi.nlm.nih.gov/pubmed/22464255
https://doi.org/10.1016/j.cjca.2016.04.015
https://doi.org/10.3389/fresc.2024.1331885
https://doi.org/10.4070/kcj.2022.0211
https://doi.org/10.3389/fcvm.2024.1337154
https://www.ncbi.nlm.nih.gov/pubmed/38566963
https://doi.org/10.1016/j.jacc.2016.01.031
https://doi.org/10.1016/S0140-6736(16)32049-9
https://doi.org/10.1056/NEJMoa2025797
https://doi.org/10.1001/jama.2022.11016
https://www.ncbi.nlm.nih.gov/pubmed/35852527
https://doi.org/10.1056/NEJMoa1911303
https://www.ncbi.nlm.nih.gov/pubmed/31535829
https://doi.org/10.1001/jama.2020.1906
https://doi.org/10.1056/NEJMoa2107038
https://www.ncbi.nlm.nih.gov/pubmed/34449189
https://doi.org/10.1016/j.jchf.2021.11.006
https://doi.org/10.1056/NEJMoa2030183

J. Cardiovasc. Dev. Dis. 2025, 12, 104 22 of 23

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Voors, A.A.; Angermann, C.E.; Teerlink, J.R.; Collins, S.P.; Kosiborod, M.; Biegus, J.; Ferreira, J.P.; Nassif, M.E.; Psotka, M.A.;
Tromp, J.; et al. The SGLT2 inhibitor empagliflozin in patients hospitalized for acute heart failure: A multinational randomized
trial. Nat. Med. 2022, 28, 568-574. [CrossRef]

Obadia, J.E; Messika-Zeitoun, D.; Leurent, G.; Iung, B.; Bonnet, G.; Piriou, N.; Lefevre, T.; Piot, C.; Rouleau, F; Carrié, D.; et al.
Percutaneous Repair or Medical Treatment for Secondary Mitral Regurgitation. N. Engl. ]. Med. 2018, 379, 2297-2306. [CrossRef]
Saia, F; Loforte, A.; Pacini, D. Innovative transcatheter procedures for the treatment of heart failure. Cardiovasc. Diagn. Ther. 2021,
11, 292-300. [CrossRef]

Schuler, A.; Nyman, C.; Wollborn, J.; Sheu, R. Illuminating the Significance of the Clinical Trial to Evaluate Cardiovascular
Outcomes In Patients Treated With the Tricuspid Valve Repair System Pivotal Study. ]. Cardiothorac. Vasc. Anesth. 2023, 37,
2173-2175. [CrossRef] [PubMed]

Kodali, S.; Hahn, R.T.; Eleid, M.E; Kipperman, R.; Smith, R.; Lim, D.S.; Gray, W.A.; Narang, A.; Pislaru, S.V.; Koulogiannis, K;
et al. Feasibility Study of the Transcatheter Valve Repair System for Severe Tricuspid Regurgitation. J. Am. Coll. Cardiol. 2021, 77,
345-356. [CrossRef]

ClinicalTrials.gov. Edwards EVOQUE Transcatheter Tricuspid Valve Replacement: Pivotal Clinical Investigation of Safety and
Clinical Efficacy Using a Novel Device. ClinicalTrials.gov Identifier: NCT04482062. Available online: https:/ /clinicaltrials.gov/
ct2/show /NCT04482062 (accessed on 27 January 2022).

Navia, J.L.; Kapadia, S.; Elgharably, H.; Harb, S.C.; Krishnaswamy, A.; Unai, S.; Mick, S.; Rodriguez, L.; Hammer, D.; Gillinov,
AM,; et al. First-in-Human Implantations of the NaviGate Bioprosthesis in a Severely Dilated Tricuspid Annulus and in a Failed
Tricuspid Annuloplasty Ring. Circ. Cardiovasc. Interv. 2017, 10, e005840. [CrossRef] [PubMed]

ClinicalTrials.gov. The Early Feasibility Study of the Transcatheter Tricuspid Valve Replacement System Transfemoral System.
ClinicalTrials.gov Identifier: NCT04433065. Available online: https://clinicaltrials.gov/ct2/show /NCT04433065 (accessed on 27
January 2022).

Lu,FEL;Ma, Y, An, Z; Cai, C.L,; Li, B.L.; Song, Z.G.; Han, L.; Wang, |.; Qiao, F; Xu, Z.Y. First-in-Man Experience of Transcatheter
Tricuspid Valve Replacement with LuX-Valve in High-Risk Tricuspid Regurgitation Patients. JACC Cardiovasc. Interv. 2020, 13,
1614-1616. [CrossRef]

Nietlispach, F. Tricinch for TR: Technique and outcomes. Presented at the Transcatheter Valve Therapies, Chicago, IL, USA, 14-17
June 2017.

ClinicalTrials.gov. Safety and Performance of the Trialign Percutaneous Tricuspid Valve Annuloplasty System (PTVAS) for
Symptomatic Chronic Functional Tricuspid Regurgitation. ClinicalTrials.gov Identifier: NCT03225612. Available online: https:
/ /clinicaltrials.gov/ct2 /show /NCT03225612 (accessed on 27 January 2022).

Greenbaum, A. Transcatheter tricuspid valve repair: Available techniques and patient candidates criteria. Presented at the
Cardiovascular Research Technologies, Washington, DC, USA, 3-6 March 2018.

Al Hazzouri, A.; Attieh, P.; Sleiman, C.; Hamdan, R.; Ghadieh, H.E.; Harbieh, B. Left Ventricular Assist Device in Advanced
Refractory Heart Failure: A Comprehensive Review of Patient Selection, Surgical Approaches, Complications and Future
Perspectives. Diagnostics 2024, 14, 2480. [CrossRef]

Dual, S.A.; Cowger, J.; Roche, E.; Nayak, A. The Future of Durable Mechanical Circulatory Support: Emerging Technological
Innovations and Considerations to Enable Evolution of the Field. ]. Card. Fail. 2024, 30, 596-609. [CrossRef] [PubMed]
Pumpinheart. Available online: https://pumpinheart.com/ (accessed on 21 December 2023).

Alowais, S.A.; Alghamdi, S.S.; Alsuhebany, N.; Alqahtani, T.; Alshaya, A.IL,; Almohareb, S.N.; Aldairem, A.; Alrashed, M.; Bin
Saleh, K.; Badreldin, H.A ; et al. Revolutionizing healthcare: The role of artificial intelligence in clinical practice. BMC Med. Educ.
2023, 23, 689. [CrossRef]

Taherdoost, H.; Ghofrani, A. Al's role in revolutionizing personalized medicine by reshaping pharmacogenomics and drug
therapy. Intell. Pharm. 2024, 2, 643-650. [CrossRef]

Bhaltadak, V.; Ghewade, B.; Yelne, S. A Comprehensive Review on Advancements in Wearable Technologies: Revolutionizing
Cardiovascular Medicine. Cureus 2024, 16, €61312. [CrossRef]

Yogev, D.; Goldberg, T.; Arami, A.; Tejman-Yarden, S.; Winkler, T.E.; Maoz, B.M. Current state of the art and future directions for
implantable sensors in medical technology: Clinical needs and engineering challenges. APL Bioeng. 2023, 7, 031506. [CrossRef]
Lee, D.S.M.; Cardone, KM.; Zhang, D.Y.; Tsao, N.L.; Abramowitz, S.; Sharma, P.; DePaolo, ].S.; Conery, M.; Aragam, K.G;
Biddinger, K.; et al. Common- and rare-variant genetic architecture of heart failure across the allele frequency spectrum. medRxiv
[Preprint] 2024. [CrossRef]

Patel, K.K.; Venkatesan, C.; Abdelhalim, H.; Zeeshan, S.; Arima, Y.; Linna-Kuosmanen, S.; Ahmed, Z. Genomic approaches
to identify and investigate genes associated with atrial fibrillation and heart failure susceptibility. Hum. Genom. 2023, 17, 47.
[CrossRef] [PubMed]

Palmieri, G.; D’ambrosio, M.E,; Correale, M.; Brunetti, N.D.; Santacroce, R.; Iacoviello, M.; Margaglione, M. The Role of Genetics
in the Management of Heart Failure Patients. Int. J. Mol. Sci. 2023, 24, 15221. [CrossRef]


https://doi.org/10.1038/s41591-021-01659-1
https://doi.org/10.1056/NEJMoa1805374
https://doi.org/10.21037/cdt-20-335
https://doi.org/10.1053/j.jvca.2023.07.029
https://www.ncbi.nlm.nih.gov/pubmed/37599138
https://doi.org/10.1016/j.jacc.2020.11.047
https://clinicaltrials.gov/ct2/show/NCT04482062
https://clinicaltrials.gov/ct2/show/NCT04482062
https://doi.org/10.1161/CIRCINTERVENTIONS.117.005840
https://www.ncbi.nlm.nih.gov/pubmed/29246915
https://clinicaltrials.gov/ct2/show/NCT04433065
https://doi.org/10.1016/j.jcin.2020.03.026
https://clinicaltrials.gov/ct2/show/NCT03225612
https://clinicaltrials.gov/ct2/show/NCT03225612
https://doi.org/10.3390/diagnostics14222480
https://doi.org/10.1016/j.cardfail.2024.01.011
https://www.ncbi.nlm.nih.gov/pubmed/38431185
https://pumpinheart.com/
https://doi.org/10.1186/s12909-023-04698-z
https://doi.org/10.1016/j.ipha.2024.08.005
https://doi.org/10.7759/cureus.61312
https://doi.org/10.1063/5.0152290
https://doi.org/10.1161/circ.148.suppl_1.15706
https://doi.org/10.1186/s40246-023-00498-0
https://www.ncbi.nlm.nih.gov/pubmed/37270590
https://doi.org/10.3390/ijms242015221

J. Cardiovasc. Dev. Dis. 2025, 12, 104 23 of 23

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Castiglione, V.; Aimo, A.; Vergaro, G.; Saccaro, L.; Passino, C.; Emdin, M. Biomarkers for the diagnosis and management of heart
failure. Heart Fail. Rev. 2022, 27, 625-643. [CrossRef] [PubMed]

Shah, N.N.; Ayyadurai, P.; Saad, M.; Kosmas, C.E.; Dogar, M.U.; Patel, U.; Vittorio, T.J. Galactin-3 and soluble ST2 as comple-
mentary tools to cardiac MRI for sudden cardiac death risk stratification in heart failure: A review. JRSM Cardiovasc. Dis. 2020,
9, 2048004020957840. [CrossRef]

Boehm, K.M.; Khosravi, P.; Vanguri, R.; Gao, J.; Shah, S.P. Harnessing multimodal data integration to advance precision oncology.
Nat. Rev. Cancer 2021, 22, 114-126. [CrossRef]

Sokos, G.; Kido, K.; Panjrath, G.; Benton, E.; Page, R., 2nd; Patel, J.; Smith, P.J.; Korous, S.; Guglin, M. Multidisciplinary Care in
Heart Failure Services. J. Card. Fail. 2023, 29, 943-958. [CrossRef]

Shrivastava, A.; Haase, T.; Zeller, T.; Schulte, C. Biomarkers for Heart Failure Prognosis: Proteins, Genetic Scores and Non-coding
RNAs. Front. Cardiovasc. Med. 2020, 7, 601364. [CrossRef]

Mazimba, S. Toward equitable utilization of durable left ventricular assist device therapy in advanced heart failure—Raising the
veil of health disparities. ]. Card. Surg. 2022, 37, 3595-3597. [CrossRef]

Shajari, S.; Kuruvinashetti, K.; Komeili, A.; Sundararaj, U. The Emergence of Al-Based Wearable Sensors for Digital Health
Technology: A Review. Sensors 2023, 23, 9498. [CrossRef]

Marvasti, T.B.; Gao, Y.; Murray, K.R.; Hershman, S.; McIntosh, C.; Moayedi, Y. Unlocking Tomorrow’s Health Care: Expanding
the Clinical Scope of Wearables by Applying Artificial Intelligence. Can. J. Cardiol. 2024, 40, 1934-1945. [CrossRef] [PubMed]
Abul-Husn, N.S.; Kenny, E.E. Personalized Medicine and the Power of Electronic Health Records. Cell 2019, 177, 58—69. [CrossRef]
[PubMed]

Endalamaw, A.; Khatri, R.B,; Erku, D.; Zewdie, A.; Wolka, E.; Nigatu, F.; Assefa, Y. Barriers and strategies for primary health care
workforce development: Synthesis of evidence. BMC Prim. Care 2024, 25, 99. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10741-021-10105-w
https://www.ncbi.nlm.nih.gov/pubmed/33852110
https://doi.org/10.1177/2048004020957840
https://doi.org/10.1038/s41568-021-00408-3
https://doi.org/10.1016/j.cardfail.2023.02.011
https://doi.org/10.3389/fcvm.2020.601364
https://doi.org/10.1111/jocs.16933
https://doi.org/10.3390/s23239498
https://doi.org/10.1016/j.cjca.2024.07.009
https://www.ncbi.nlm.nih.gov/pubmed/39025363
https://doi.org/10.1016/j.cell.2019.02.039
https://www.ncbi.nlm.nih.gov/pubmed/30901549
https://doi.org/10.1186/s12875-024-02336-1
https://www.ncbi.nlm.nih.gov/pubmed/38539068

	Definition of Advanced Heart Failure 
	Clinical Criteria 
	NYHA Class III-IV Symptoms 
	Dependence on Intravenous Inotropic Support or Recurrent Hospitalizations 
	Refractory Symptoms Despite Optimal GDMT 

	Epidemiology 
	Pathophysiology 

	Transitioning to Advanced Heart Failure 
	Therapeutic Approaches in Advanced Heart Failure 
	Pharmacological Therapies 
	Device-Based Interventions 
	AF Ablation and Pacing Strategies in HF 
	Mechanical Circulatory Support 
	Heart Transplantation 
	Palliative Care 

	Future Perspectives 
	Novel Pharmacological and Device Therapies 
	AI and Machine Learning in HF Management 
	Advances in Remote Monitoring and Wearable Devices 
	Personalized Medicine 
	Preventive Strategies 

	Limitations in Advanced Heart Failure 
	Conclusions 
	References

