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Pediatric heart failure (HF) is an important clinical condition with high morbidity, mortality, and costs. Due to the heterogeneity in clinical presentation and etiologies, the development of therapeutic strategies is more challenging in children than adults. Most guidelines recommending drug therapy for pediatric HF are extrapolated from studies in adults. Unfortunately, even using all available treatment, progression to cardiac transplantation is common. The development of prospective clinical trials in the pediatric population has significant obstacles, including small sample sizes, slow recruitment rates, challenging endpoints, and high costs. However, progress is being made as evidenced by the recent introduction of ivabradine and of sacubitril/valsartan. In the last 5 years, new drugs have also been developed for HF with reduced ejection fraction (HFrEF) in adults. The use of well-designed prospective clinical trials will be fundamental in the evaluation of safety and efficacy of these new drugs on the pediatric population. The aim of this article is to review the clinical presentation and management of acute and chronic pediatric heart failure, focusing on systolic dysfunction in patients with biventricular circulation and a systemic left ventricle. We discuss the drugs recently approved for children and those emerging, or in use for adults with HFrEF.

Keywords: pediatric heart failure, sacubitril/valsartan, ivabradine, omecamtiv mecarbil, heart failure reduced ejection fraction (HFrEF)


INTRODUCTION AND CLASSIFICATION OF HEART FAILURE

Pediatric heart failure (HF) can be defined as a clinical syndrome resulting from ventricular dysfunction, and volume or pressure overload, alone or in combination (1, 2). The two most common pathophysiological categories resulting in end stage HF in children are cardiomyopathy and congenital heart disease (CHD), each contributing about half of the cases resulting in cardiac transplant, according to recent International Society for Heart and Lung Transplant data (3). Cardiomyopathy presents with predictable phenotypes, and dilated cardiomyopathy (DCM) or LV non-compaction cardiomyopathy (LVNC) typically manifest clinically as HF with reduced ejection fraction (HFrEF): this term implies by convention, the presence of symptomatic HF, a dilated left ventricle and an LV ejection fraction (EF) of <50%. Heart failure due to cardiomyopathy can manifest clinically at any age, including in the fetus, and in the case of DCM shows a peak incidence in the 1st year of life. Both the Pediatric Cardiomyopathy Registry in the USA and a national population survey in Australia suggested a similar population prevalence of 1.2/100,000 with a median age of presentation of 1.8 years (2, 4). The etiology of DCM is diverse, with about 1/3 of patients having an identified genetic mutation of one of a variety of sarcomeric proteins, resulting in a dilated ventricle, with eccentric hypertrophy, and poor systolic function. Over 35 such pathogenic mutations are now recognized, with inherited metabolic diseases and neuromuscular disorders also noted as etiologies (5–7). Acquired causes of DCM include acute viral myocarditis, cardiotoxicity following anthracycline exposure, nutritional (including trace element, vitamin, and iron) deficiency states, and Kawasaki disease (7).

The etiologies of congenital heart disease associated with HF in children are also well-described: there is added complexity in this situation however, since the patient may have a single or biventricular “circulation,” and the systemic ventricle may be a morphologic left or right ventricle. In general terms the “rules” of management for these situations cannot be directly extrapolated from that of a biventricular heart with a systemic left ventricle. Furthermore, in HF with a biventricular heart and a systemic left ventricle, although LV dilation is common, EF may actually be preserved: this is usually the case with left to right shunt lesions, such as a persistent patent arterial duct, a ventricular septal defect. Here, the presentation that is recognized as HF syndrome in infants and young children is commonly associated with a normal LV EF.

Additionally, there is some evidence that the genetic architecture of congenital heart disease (which is polygenic) overlaps with that of cardiomyopathy (generally considered to be monogenic) (8). Certainly there are associations with cardiomyopathy in some well-recognized genetic syndromes, 1p36- being a well-recognized example. Left ventricular non-compaction cardiomyopathy is also well-described to coexist with several congenital heart disease entities.

Although well-recognized, and an important acute and chronic disorder worldwide, the global incidence and prevalence of pediatric HF is unclear (9, 10). In most developed countries, over 70% of hemodynamically significant congenital heart disease has antenatal or postnatal diagnosis before hospital discharge, a figure greatly assisted by the universal initiation of newborn oximetry screening (11). In a systematic review, researchers described a wide range of incidence of pediatric HF varying from 0.87 (UK and Ireland) to 83.3 (Spain) per 100,000 (7). Although the number of patients with pediatric HF appears to be relatively small in comparison with adults suffering from HF in developed countries, the duration of hospitalization, mortality rates and costs are proportionally much higher (12).

Given all of this complexity, management of HF in children can be challenging, due to limited guideline availability and considerable practice variation. We will briefly review the clinical presentation and pharmacologic management of acute decompensated and chronic pediatric HF. We will emphasize recently approved therapies, and those still on the horizon for children, which are emerging or currently in use for adults with HFrEF. We will limit the scope of this review to left ventricular failure in children with biventricular physiology, and a systemic left ventricle, since there are very few studies, and no compelling evidence to support the use of chronic heart failure therapies for patients with the Fontan circulation, or with a systemic morphologic right ventricle.



ACUTE DECOMPENSATED HEART FAILURE

As noted, in the young child, feeding difficulties, growth failure, irritability, and respiratory distress are the classical presenting symptoms of HF, while in older patients fatigue and exercise intolerance are more prevalent. Acute decompensated heart failure (ADHF) is characterized by an abrupt presentation, either de novo or as a deterioration of pre-existing symptoms, commonly with no identifiable precipitating event or illness. Patients demonstrate some degree of fluid retention (congestion) which can be offset by vomiting and poor feeding in infants and young children. Most will also have poor perfusion, permitting the broad categorization of patients into a simplified matrix of congestion/no congestion and underperfusion/no underperfusion (Figure 1).
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FIGURE 1. Clinical assessment in ADHF should answer the two questions suggested by this diagram: First, does the patient present with significant congestion? Second, does the patient present with significant underperfusion? Using this construct, patients will segregate into one of four categories in accordance with clinical findings. Typically, patients move in a clockwise fashion through these categories, first becoming congested (warm and wet) and then vasoconstricted to maintain blood pressure (cold and wet). Once vasoactive support and diuresis is achieved, movement is generally counter-clockwise, from cold and wet, to warm and wet, and then warm and dry. However, some patients will remain underperfused despite restoration of normovolemia, representing the cold and dry group, for whom mechanical support may be needed [image redrawn from Kantor and Mertens (13)].


The presence of congestion and/or hypo-perfusion, and whether the left or right ventricle are both involved in the dysfunction will also influence the signs and symptoms presented by the patient with pediatric HF. Right ventricular HF will generate jugular venous distention, hepatomegaly, and occasionally peripheral edema and ascites; on the other hand, left ventricular HF presents more frequently as dyspnea reflecting elevated left atrial pressure, with effort and feeding intolerance, pallor, abdominal pain, or syncope (14).

The presence of ADHF at initial presentation remains an important risk factor for eventual death or cardiac transplantation in children, despite improved outcomes in the contemporary era (15, 16). Therefore a high priority is placed on early recognition of this syndrome (13). Accurate diagnosis depends on a careful clinical history and physical examination. A chest x-ray, electrocardiogram, selected laboratory tests including brain natriuretic peptide (BNP) or its cleavage product amino-terminal pro brain natriuretic peptide (NT-proBNP) and a transthoracic echocardiogram will add fundamental information regarding the etiology and severity of HF. A comprehensive diagnostic workup searching for underlying causes is essential in patients with cardiomyopathy (14). Imaging exams include cardiac magnetic resonance imaging, computed tomography and catheterization, are occasionally indicated for complex cases of CHD. Above all it is necessary for these patients to be treated by a center with expertise in critical care and pediatric cardiology, since this is a high risk, high mortality condition.

The immediate treatment of ADHF is simultaneously a process of reversing hemodynamic instability, and of discovering potential reversible causes as diverse as inherited tachyarrhythmia, acquired myocarditis or congenital anomalous origin of the left coronary artery from the pulmonary artery in infants. Treatment is directed at remedying any reversible cause, and addressing the primary symptomatic profile of the patient (Figure 1). The medical therapies required in the treatment of ADHF in children are listed in Table 1 and comprise diuretics, vasoactive drugs and inotropic support, with or without mechanical ventilation. Loop diuretics (furosemide, bumetanide) remain first line therapy for these patients, while inotropic agents are indicated to restore perfusion pressure, to reverse end-organ failure and enable diuresis. Milrinone, dopamine and epinephrine are the most common vasoactive drugs used in clinical practice. There are no controlled clinical trials of these agents in children, except for the PRIMACORP trial of milrinone in post-operative congenital heart disease, but the use of these medications appears to at temporarily improve cardiac output and rescue end-organ perfusion in most pediatric patients with ADHF, due to HFrEF (18, 19).


Table 1. Medical therapies commonly required in the treatment of ADHF (17).
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Having re-established adequate perfusion and diuresis, the chronic use of vasoactive drugs is only indicated as a bridge to a mechanical support device or to heart transplantation (9). In patients who are stabilized, a transition to maintenance oral HF therapy is initiated as a means of preventing recurrence of ADHF, and managing the symptoms of chronic HF is the next step.


Newer Drugs in Acute Heart Failure
 
Levosimendan

Levosimendan is licensed in over 60 countries, but not in the United States or Canada, since the FDA has not accepted that there is convincing evidence of efficacy from the published clinical trials. It is an intravenously administered vasoactive agent which increases cardiac contractility by calcium sensitization of troponin C, and reduces cardiac afterload by vasodilatation via the opening of the potassium channels on the sarcolemma of vascular smooth muscle; additionally, a cardioprotective effect has been postulated, due to the opening of mitochondrial potassium channels in cardiomyocytes by levosimendan (20–23). All these potential benefits are theoretically achieved without increasing myocardial oxygen consumption. However, there are features of this drug that are dissimilar pure calcium sensitizers, in that there is no prolongation of diastolic tension demonstrated in vitro with isolated muscle strips, perhaps due to the active metabolite of levosimendan, OR-1896, which governs many of the observed effects, and acts by inhibiting phosphodiesterase III, and reducing the breakdown of cAMP (24). Due to its mechanism of action, levosimendan has been studied to determine if it could be beneficial to patients with ADHF. However, event-driven clinical trials in adults with ADHF have been largely conducted in comparison to dobutamine, and even then, survival benefits have been unclear: the international phase III SURVIVE trial did not replicate the survival benefits suggested from earlier phase II studies, and the REVIVE trial demonstrated an increase in ventricular dysrhythmias (25, 26). The most prevalent side effect of levosimendan is hypotension, so the drug must be added cautiously to patients with low blood pressure, especially in the presence of possible hypovolemia (23). There are several smaller randomized clinical trials which have evaluated levosimendan following pediatric cardiac surgery, suggesting a benefit on hemodynamic parameters, but no effect on length of hospitalization or survival (27, 28). No randomized clinical studies have yet evaluated the efficacy of levosimendan in pediatric HFrEF, but retrospective reports describe the single or repeated infusion of levosimendan in pediatric patients with chronic severe systolic dysfunction due to DCM, and these are summarized in Table 2. Although some consider the evidence base promising, demonstrating improved cardiac output and end-organ function, the lack of control groups and small sample sizes in these studies is a limitation (35–38). A possible niche role for this agent may be in improving hemodynamic function in patients already on chronic β-blocker treatment, thereby avoiding classical inotropic agents if ADHF recurs. Levosimendan may also be helpful in patients with ADHF who are unresponsive to traditional inotropes (39). Another possible scenario for the use of levosimendan is in the palliative care of patients with end-stage HF where heart transplantation or long-term mechanical cardiac support is not achievable, given the reported benefit of reduced re-hospitalization rates in adults with advanced HF (40).


Table 2. Summary of previous published papers describing the effect of levosimendan on pediatric heart failure population.

[image: Table 2]



Serelaxin

Serelaxin is a recombinant form of a human relaxin-2 with vasodilator effect and direct effect on protection of end-organ function (41). This medication was initially investigated vs. placebo on the RELAX-AHF trial, evaluating adults hospitalized due acute heart failure and showed a lower incidence of worsening heart failure symptoms during the hospitalization and in an exploratory analysis, a reduction on mortality rates at 180-days after hospitalization (42). Following this, the RELAX-AHF-2, a placebo controlled trial designed to evaluate the impact on cardiovascular mortality in this inpatient adult population. This study enrolled more than 7,000 patients, comparing a serelaxin infusion for up to 48 h to placebo: unfortunately there was no improvement in mortality, rehospitalization for HF or renal failure incidence at 180 days, or the length of the index hospital stay (43). Meanwhile, in 2014, a phase II clinical trial was also initiated in children to evaluate the pharmacokinetics and safety of serelaxin associated with standard of care therapy in children with acute HF, named the RELAX-PEDS-PK trial. Unfortunately, the pediatric study was terminated by the sponsor after the negative results arising from RELAX-AHF-2.



Istaroxime

Istaroxime is an investigational drug initially developed in 2004, and currently in phase II clinical trials in the European Union. It is a first in class synthetic agent, modeled on the structure of digitonin, with both inotropic and lusitropic properties. The mechanism of action is via an inhibitory effect on the sarcolemmal Na+/K+ ATPase channel, and a stimulatory effect on sarcoplasmic reticulum Calcium 2+ ATPase isoform 2a (SERCA 2a). The net effect is an increase in intracytoplasmic calcium in systole, and an increase in sarcoplasmic reticulum calcium uptake in diastole. Pharmacologic behavior suggests more inotropic effect and less proarrhythmic effect than digoxin. Originally conceived of as an intravenous drug for acute heart failure syndrome, the HORIZON-HF trial demonstrated a reduction in pulmonary capillary wedge pressure, and improved diastolic function following a 6 h infusion in hospitalized HF patients (44). There is currently no data available regarding pediatric use.



Synthetic Natriuretic Peptides

Natriuretic peptides constitute an important physiologic response to volume overload and increased ventricular wall stress, and are a useful serum biomarker of the heart failure response. They have also been explored as therapeutic agents, acting by inducing vasodilation, diuresis, and natriuresis through the natriuretic peptide receptor/particulate guanylate cyclase/cyclic guanosine monophosphate pathway. Synthetic natriuretic peptide analogs are therefore currently being investigated for use in adults with ADHF. Carperitide is a recombinant atrial natriuretic peptide analog which is approved in Japan for the treatment of ADHF (45). Ularitide is a synthetically derived form of urodilatin, an endogenous peptide secreted from the distal convoluted tubule which regulates renal sodium reabsorption and water homeostasis. Early findings in phase II clinical trials ularitide in adults with ADHF suggest a significant reduction in pulmonary capillary wedge pressure (PCWP) and an improvement in dyspnea symptoms (46). In a larger study of 221 AHF patients, ularitide was found to favorably reduce PCWP and stroke volume (SV) in all the three dose groups that were studied (47). A randomized, placebo controlled, phase 3 study (TRUE-AHF) is currently underway in adults with ADHF. No data is available regarding pediatric use (48).




Chronic Heart Failure

Chronic heart failure in children is a more complex designation, since it implies the presence of structural remodeling of the heart, and may be present (according to the AHA and ACC framework illustrated in Table 3) irrespective of current symptoms. Patients with any prior symptomatic presentation of HF are deemed to have HF class C in this rubric. This does not always apply well to children for whom surgical repair of a VSD, for example, may be curative, or for those who recover from acute myocarditis with no residual disease. In this respect, “ventricular remodeling,” which we define here as the adverse structural adaptation of myocardial tissue, with associated changes in ventricular morphology. Remodeling must be present to support a diagnosis of chronic heart failure. For the purposes of this discussion, such symptoms or evidence of ventricular remodeling should be present for a duration of at least 3 months, in order to identify chronic HF, however the point at which acute HF becomes chronic HF remains arbitrary. Although the duration of HF appears to be relevant to survival in adults, this point has not yet been validated in children (50). Symptom severity is typically classified by either the Ross classification in infants and preschool children, or the NYHA classification in older children and adolescents (14).


Table 3. Classification of HF accordingly with the American heart association and American college of cardiology (49).
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Most of the recommendations for chronic pediatric HF therapy were extrapolated from adult heart failure trials (5, 9, 14). Treatment therefore includes blockade of the renin-angiotensin-converting enzyme-aldosterone system, as a cornerstone of therapy. Options available include angiotensin converting-enzyme (ACE) inhibitors, or angiotensin receptor blockers (ARBs), combined with a mineralocorticoid receptor antagonists (MRA), either spironolactone or eplerenone, as the current standard of care. The addition of a β-adrenergic receptor antagonist (β-blocker) for both asymptomatic and symptomatic patients with chronic HFrEF is also commonplace, but less well-supported in the pediatric literature. Maintenance diuretic therapy is reserved for patients with intractable volume overload related symptoms, secondary to heart failure. Digoxin is not routinely recommended, but can be useful for patients who remain symptomatic after treatment with the above-stated drugs is maximized. Unfortunately, even using all recommended medications for the condition, the outcome of chronic HF in children is frequently unsatisfactory (51). Given this reality, the potential role of non-traditional or more recently introduced drugs becomes an important consideration.


Ivabradine

Ivabradine targets the voltage-regulated inward funny current (If) in sinoatrial tissue, and slows the rate of phase-4 depolarization, reducing heart rate. Following initial approval of this drug for the management of refractory angina in adults in the European Union in 2005, the drug was studied in adult HF populations, in the SHIFT and BEAUTIFUL studies. Although the results were somewhat discrepant, a pooled analysis suggested a decreased risk in HF hospitalization and mortality in patients with HFrEF (52). This resulted in a class IIa indication for the treatment of stable symptomatic HF with LVEF of <35%, and persistent tachycardia on optimal β-blocker therapy, or in patients unable to tolerate β-blockers. The safety of ivabradine in children has been validated in a pediatric phase II/III dose finding clinical trial of children with stable HF (53). In this study, ivabradine resulted in a reduction in heart rate, an increase in EF, and a trend toward improved quality of life. There were no significant differences in NT-pro BNP levels between ivabradine and placebo treatment groups noted. Subsequent published experience using ivabradine in pediatric HF remains limited. A retrospective analysis of a small cohort of Duchenne muscular dystrophy patients with reduced LVEF treated with β-blockers with or without ivabradine suggested an improved LVEF and improved freedom from major adverse cardiac events, using ivabradine in a heart rate reduction strategy (54). Of interest, a recent population-based cohort study of young adult males indicates that heart rate elevation in younger ages is associated with incremental risk of later development of HF in adults (55). Meanwhile, a retrospective analysis of children with dilated cardiomyopathy from the Pediatric Cardiomyopathy Registry found that elevated heart rate was independently associated with death or transplantation, after correcting for age, ventricular function, and cardiac medication use (56). There are a number of reports describing the efficacy of ivabradine in terminating or at least ameliorating inappropriate tachycardia due to atrial automatic tachycardias in children, with durable reduction in heart rate and reversal of heart failure symptoms (57). The United States FDA recently granted approval for the use of ivabradine in children, with a labeled indication for children with symptomatic heart failure >6 months of age.



Sacubitril-Valsartan

Sacubitril-Valsartan is a first in class drug, which combines a neprilysin inhibitor, and an angiotensin II receptor antagonist. Neprilysin, the target of sacubitril, is a widely expressed enzyme whose main cardiovascular system effect is to break down natriuretic peptides. With the inhibition of neprilysin, circulating natriuretic peptide levels rise, most notably B-type natriuretic peptide (BNP). The hemodynamic effects of this increase in BNP include vasodilation and diuresis. Neprilysin inhibition also activates the RAAS pathway, and thus the combination of neprilysin with a classical RAAS antagonist is a logical choice of a combination-agent. Initial attempts to develop such a drug combined an ACE inhibitor with sacubitril: this combination drug, omapatrilat, resulted in an excessive amount of angioedema, and was abandoned (58). However, combining the angiotensin receptor blocker (ARB) valsartan with sacubitril has been found to result in significant benefit in the treatment of HFrEF, without an increased risk of angioedema (59).

In the landmark PARADIGM-HF Trial, the angiotensin receptor-neprilysin inhibitor sacubitril/valsartan was shown to be superior to enalapril in reducing the primary endpoint of death or heart failure hospitalizations in adults with HFrEF (60). This was the largest prospective randomized trial of a drug in heart failure ever performed at that time, with over 8,000 participants from over 1,000 sites. There was a highly significant 18% relative risk reduction for death from cardiovascular causes or hospitalization for heart failure, by sacubitril/valsartan compared with enalapril. Sacubitril/valsartan was however associated with a higher incidence of hypotension, although there was a lower incidence of elevated creatinine or serum potassium when compared with enalapril. Subsequent post-hoc analyses of the PARADIGM-HF trial have shown that sacubitril/valsartan is superior to enalapril in reducing sudden cardiac death in adults, and has comparable efficacy and safety profiles across all doses of drug, with similar effects in black adults compared with other races (61–63). Sacubitril/valsartan has also been shown to improve quality of life, reduce pulmonary artery pressure, and reduce the biomarker N-terminal proBNP to a greater extent than enalapril in adults HFrEF and ADHF (64–66). Hence, this drug which was also the first class of drug ever developed solely for the treatment of chronic HFrEF has attained a guideline endorsed Class 1 indication for the treatment of HFrEF (67).

Based on the success of the PARADIGM-HF trial, a comparison trial of sacubitril/valsartan vs. enalapril in pediatric patients with a systemic left ventricle with HFrEF and Class C heart failure was proposed. The resultant PANORAMA-HF trial utilized both a unique study design and a unique endpoint for this type of drug trial (68). The study used a two-part platform sequential design, with the first part being a pharmacokinetic/pharmacodynamic (PK/PD) study performed sequentially in three different age groups, starting with the oldest children (6–18 years old), then the next youngest age group (1–6 years old), and finally the youngest (1 month to 1 year). Once the PK/PD data was obtained and analyzed in each age group and the target dose for part 2 of the study confirmed, then the 2nd part of the study sequence was opened for enrollment of patients in that age group: a double-blind, randomized head-to-head trial comparing sacubitril/valsartan, and enalapril. In working with the US FDA, it was decided to accept a global rank endpoint that had been used previously in acute heart failure studies in adults (69).

In the middle of this trial (October 2019), the FDA approved the use of sacubritil/valsartan for pediatric patients with symptomatic heart failure with systemic left ventricular systolic dysfunction, 1 year of age and older. This was based upon the analysis of 110 subjects in the PANORAMA-HF trial, where they analyzed NT-proBNP levels at baseline and 12 weeks into the study. Based on this data, the FDA was able to show comparable reductions in NT-proBNP between enalapril and sacubitril/valsartan. These changes paralleled what was seen in the PARADIGM-HF trial and therefore was felt to be adequate data to infer that sacubritil/valsartan could be approved for use in children ≥1 year. At the time of writing, the PANORAMA-HF trial has completed enrollment and is now waiting for all subjects to complete the 52 weeks of therapy before performing data analysis. Dosing recommendations in younger children are currently pending.





NEWER DRUGS IN CHRONIC HEART FAILURE


Omecamtiv Mecarbil

The discovery of the first small molecule activator of cardiac myosin, omecamtiv mecarbil, was reported by Morgan et al. in 2010 and has since progressed through to phase III clinical trials in adults with HFrEF (70, 71). This agent is a first-in-class drug, with demonstrated selective ability to increase cardiac myosin ATPase activity. Mechanistically, it binds to the base of the lever-arm of the myosin protein and permits the easier release of ADP-P from the myosin-actin-ADP complex, permitting more myosin heads to be employed in contraction. As a consequence, it increases the contractile force and the duration of systole, with no increase in myocardial oxygen consumption (72).

Evidence of the clinical efficacy of omecamtiv mecarbil is pending, with data already reported from phase I and II studies, and with two phase III studies (GALACTIC HF studying outcomes in HFrEF, and METEORIC-HF studying the impact on exercise capacity, reporting later in 2021). In GALACTIC HF, 8,256 adult inpatients and outpatients with symptomatic chronic HF and an EF of 35% or less were recruited to receive omecamtiv mecarbil or placebo, in addition to standard heart-failure therapy. The primary outcome was a composite of a first heart-failure event (hospitalization or urgent visit for heart failure) or death from cardiovascular causes. This outcome measure was met, with a small reduction in relative risk of 2% (hazard ratio 0.92), and a 10% reduction in NT proBNP levels in the treatment group. The major impact appeared to be in a reduction of HF events rather than in mortality (73). The effect of omecamtiv mecarbil was more pronounced (with a risk reduction of 17%) in patients with a EF of <22%, which suggests a greater therapeutic benefit in the patients with more severe contractile impairment, consistent with the mechanism of action of the drug (74, 75). Some concern has been expressed in that a small elevation of troponin levels was observed in omecamtiv mecarbil treated patients, as was reported in two previous phase II studies (ATOMIC-HF and COSMIC-HF) (75, 76). No data is currently available for children.



Vericiguat

The cyclic GMP (cGMP) pathway has been implicated as an important regulator of endothelial function in both primary and secondary pulmonary hypertension, and is relevant to myocardial and vascular smooth muscle dysfunction in HF states as well. Vericiguat is a new oral soluble guanylate cyclase stimulator, now approved for the treatment of patients with HFrEF. Its mechanism of action involves the enhancement of the cGMP pathway stimulation and directly increasing endogenous nitric oxide by stabilizing the nitric oxide binding to its site. In the recently reported VICTORIA trial, adult patients with chronic symptomatic HFrEF and an EF of <45% were monitored for a composite endpoint of cardiovascular death or first HF hospitalization (77). The trial demonstrated a reduction in risk of cardiovascular death, all cause death, and HF hospitalization. No data is currently available for children.



Sodium–Glucose Co-transporter 2 Inhibitors

Dapagliflozin and Empagliflozin are drugs approved for the management of type II diabetes, targeting the sodium-glucose co-transporter (SGLT-2) in the proximal tubule of the kidney. Recent trials in adults have demonstrated a beneficial effect of SGLT-2 inhibition on survival in adult patients with HFrEF with or without type II diabetes mellitus. In DAPA-HF, outpatients with EF <40% and NYHA Class II-IV symptoms showed a 30% reduction in the occurrence of first HF admission and an 18% reduction in cardiovascular death on a 10 mg daily dose of dapagliflozin (78). This result was largely replicated in the EMPEROR-reduced trial using empagliflozin, lending credibility to this previously unsuspected benefit in non-diabetic patients with HFrEF. It showed a reduction in cardiovascular death of 19.4% in the treatment group vs. 24.7% in the placebo group (hazard ratio 0.75) (66). There was also reduction in HF hospitalization. The precise mechanism of SGLT-2 inhibition in achieving this effect is uncertain. Recent experimental work suggests an antiapoptotic effect mediated via sarcolemmal sodium-hydrogen co-transporter blockade (79). However, other proposed benefits of the drug are numerous, including diuresis and natriuresis, reduced LV filling pressures and ventricular afterload, improved vascular function, improved myocardial efficiency by permitting ketone-based myocardial metabolism, and reduced oxidative stress and inflammatory cytokine production all proposed (80). No clinical trial or efficacy data is yet available in children.




CURRENT PRACTICE: WHICH DRUG FOR WHICH PATIENT?

Given a wider variety of current or potential therapies for both acute and chronic HF, pediatric cardiologists and intensive care specialists find themselves in a period of transition, with limited guidance as to the applicability of specific drug therapies for children, and with more drugs introduced, or likely to be introduced soon. As we have suggested, the optimal approach to acute decompensated heart failure is to recruit systolic function and adequate blood pressure to achieve decongestion (diuresis) and reduce lactate production at first. Thereafter we recommend graduated withdrawal of pure inotropic support (epinephrine or dopamine) first, followed by reduction in dosage of inotropic vasodilators (such as milrinone) over 48–72 h, coupled with the introduction of sacubitril/valsartan or an ACE inhibitor as maintenance therapy. As a general guide, the authors still endorse a phased approach of introducing a combination of oral maintenance therapy drugs following de-escalation of vasoactive drugs in patients with ADHF. The logical approach remains to initiate RAAS pathway inhibition first, as well as an MRA drug. There is now evidence that direct introduction of sacubitril/valsartan is tolerated well in this setting, and so this may become the preferred option (66). This can be followed by a β-blocker being commenced prior to hospital discharge. Target dosing of RAAS inhibitors can be achieved within 7 days in most patients, but β-blockade typically takes longer (81). Additional treatments such as ivabradine will be indicated on some patients who are unable to attain a satisfactory reduction in heart rate on the above approach. The indications for an SGLT2 inhibitor are uncertain at this time, but since the drug has already been adopted in adults with HFrEF, it is not unreasonable to use this in older adolescent patients with HFrEF due to DCM, who have persistent symptoms or progressive remodeling. The myocyte pathway of action of traditional and newly proposed therapies is indicated in Figure 2, and an intuitive approach to selecting drug therapy for specific patient groups is provided in Figure 3. This approach considers the severity indicators of symptoms of HF, and evidence of LV remodeling as key indicators, since they are strongly associated with risk of death or transplantation in HFrEF in several studies in children (82).
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FIGURE 2. Cardiomyocyte pathway of action of the newer drugs currently used or proposed in heart failure. NP, neprilysin; sGC, soluble guanylate cyclase; cGMP, cyclic guanylate monophosphate; SGLT-2, Sodium glucose co-transporter- 2; P, phosphorylation modification; ROS, reactive oxygen species; PPAR-α, peroxisome proliferator activated receptor alpha; NO, nitric oxide; NFκB, Nuclear factor kappa B transcription factor; cGMP, cyclic guanylate monophosphate; PLN, phospholamban; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+-ATPase; ATP, Adenosine triphosphate; cAMP, cyclic adenosine monophosphate; VEGF, Vascular endothelial growth factor; ET, endothelin receptors; TGF, Transforming growth factor. PKG, protein kinase G; TnI, troponin I; TnC, troponin C; TnT, troponin T; Tm, Tropomyosin.
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FIGURE 3. Which Drug for Which Patient: a simplified intuitive guide to the assignment of medical treatment in chronic HF. Remodeling severity is portrayed on the horizontal axis, with increasingly severe symptoms on the vertical axis. Note that progressive symptoms in the absence of LV dilation implies restrictive diastolic function (a form of HFpEF), which may be refractory to management and also require assessment for cardiac transplant and/or ICD. When symptoms are severe and remodeling is advanced (lower right cell) we revert to acute decompensated heart failure management. All patients require an expert assessment and a tailored approach to management depending on the etiology of HF, the severity of decline in EF and degree of LV remodeling (LV dilation). 1Indications exist in adults, and use in children is FDA approved, although the outcome of a clinical trial in children is still awaited. 2Indication is based on a phase II clinical trial in children, with FDA approval given for children over 6 m age. 3Class IIa indication in adults with HFrEF. ACE, angiotensin-converting enzyme inhibitor; ARNI, angiotensin receptor blocker/neprilysin inhibitor; BB, beta blocker; HFpEF, heart failure with preserved EF; MRA, mineralocorticoid receptor antagonist; SGLT-2, sodium glucose co-transporter protein 2.




SERUM BIOMARKERS AS A GUIDE TO MANAGEMENT OF PEDIATRIC HF

Serum biomarkers have acquired an important role in heart failure management. From initially being purely a diagnostic tool, they have since been used to monitor treatment response, and have also become an acknowledged surrogate endpoint in Pediatric and Adult HF clinical trials. BNP is the best studied of these, and yet for adults with HFrEF the data is conflicting. Biomarker-directed care, while demonstrated to be helpful in smaller trials has however not been validated in a large-scale randomized trial in adults, or in any meta-analysis of smaller studies (83, 84). In the pediatric population, the use of BNP and or NT proBNP has been recommended to stratify the severity, and to monitor the progression of HF. To date there is some evidence in children that BNP or NT-proBNP can act as surrogate markers of the likelihood of admission to hospital, as well, the necessity of mechanical circulatory support, or heart transplant after admission with ADHF (85–88). Recently, a multi-biomarker approach to risk stratification in heart failure has become popular. This is exemplified by point-assessments of risk for death or adverse outcome in adults with non-ischemic cardiomyopathy using assessment tools like the MAGGIC scale, and others (89). In children the Pediatric Cardiomyopathy registry has published preliminary results suggesting added value in incorporating a panel of serum biomarkers in the initial risk assessment of children presenting with heart failure (90).



CONCLUSIONS

The most recent published guidelines from the United States and Canada give recommendations for the management of HF in children provide recommendations for the management of acute HF including diuretics for fluid overload, judicious use of inotropes for hemodynamic instability, and ACE inhibitors, (ARBs if intolerant to ACE inhibitors), β-blockers, and MRAs for chronic HF. However, new guidance is required for the indications and timing of ivabradine and sacubritil/valsartan, and potentially for the future adoption of the other drugs indicated here, into the management of pediatric HF.

Until very recently, medications made available for the treatment of HF have traditionally been developed and tested in adults with HFrEF, and gone on to be used in children, with or without clear experimental evidence of efficacy. The American Academy of Pediatrics has stated that “It is morally imperative to formally study drugs in children so that they can enjoy appropriate access to new and existing therapeutic agents” (91). Although pediatricians are in agreement with this, there are many barriers to performing rigorous drug trials in children. These barriers include patient recruitment challenges, a need for innovative study design, regulatory and financial barriers. Since the 1997 U.S. Food and Drug Administration Modernization Act, pharmaceutical companies have been motivated to perform drug trials in children in order to obtain 6 months of patent exclusivity for performing these trials in children. In the European Union, a Pediatric Investigation Plan is a requirement for new drug licensing. These measures have provided significant incentive to proceed with drug trials in children, however challenges still remain. The ability to conduct successful trials in children with HF has been demonstrated, and should be encouraged by regulators and pharmaceutical developers alike.



AUTHOR CONTRIBUTIONS

All authors contributed to the conceptual design, data review, writing, and review of this manuscript.



REFERENCES

 1. Hsu DT, Pearson GD. Heart failure in children: part I: history, etiology, and pathophysiology. Circul Heart Failure. (2009) 2:63–70. doi: 10.1161/CIRCHEARTFAILURE.108.820217

 2. Lipshultz SE, Sleeper LA, Towbin JA, Lowe AM, Orav EJ, Cox GF, et al. The incidence of pediatric cardiomyopathy in two regions of the United States. N Engl J Med. (2003) 348:1647–55. doi: 10.1056/NEJMoa021715

 3. Rossano JW, Singh TP, Cherikh WS, Chambers DC, Harhay MO, Hayes D Jr, et al. The International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation: twenty-second pediatric heart transplantation report - (2019) Focus theme: donor and recipient size match. J Heart Lung Transplant. (2019) 38:1028–41. doi: 10.1016/j.healun.2019.08.002

 4. Nugent AW, Daubeney PE, Chondros P, Carlin JB, Cheung M, Wilkinson LC, et al. The epidemiology of childhood cardiomyopathy in Australia. N Engl J Med. (2003) 348:1639–46. doi: 10.1056/NEJMoa021737

 5. Hsu DT, Pearson GD. Heart failure in children: part II: diagnosis, treatment, and future directions. Circul Heart Failure. (2009) 2:490–8. doi: 10.1161/CIRCHEARTFAILURE.109.856229

 6. Cox GF, Sleeper LA, Lowe AM, Towbin JA, Colan SD, Orav EJ, et al. Factors associated with establishing a causal diagnosis for children with cardiomyopathy. Pediatrics. (2006) 118:1519–31. doi: 10.1542/peds.2006-0163

 7. Shaddy RE, George AT, Jaecklin T, Lochlainn EN, Thakur L, Agrawal R, et al. Systematic literature review on the incidence and prevalence of heart failure in children and adolescents. Pediatr Cardiol. (2018) 39:415–36. doi: 10.1007/s00246-017-1787-2

 8. Pierpont ME, Brueckner M, Chung WK, Garg V, Lacro RV, McGuire AL, et al. Genetic basis for congenital heart disease: revisited: a scientific statement from the American Heart Association. Circulation. (2018) 138:e653–711. doi: 10.1161/CIR.0000000000000606

 9. Kirk R, Dipchand AI, Rosenthal DN, Addonizio L, Burch M, Chrisant M, et al. The International Society for Heart and Lung Transplantation Guidelines for the management of pediatric heart failure: executive summary. J Heart Lung Transplant. (2014) 33:888–909. doi: 10.1016/j.healun.2014.06.002

 10. Das BB. Current state of pediatric heart failure. Children. (2018) 5:70088. doi: 10.3390/children5070088

 11. Wren C, Reinhardt Z, Khawaja K. Twenty-year trends in diagnosis of life-threatening neonatal cardiovascular malformations. Archiv Dis Childh Fetal Neonatal Ed. (2008) 93:F33–5. doi: 10.1136/adc.2007.119032

 12. Wittlieb-Weber CA, Lin KY, Zaoutis TE, O'Connor MJ, Gerald K, Paridon SM, et al. Pediatric versus adult cardiomyopathy and heart failure-related hospitalizations: a value-based analysis. J Card Fail. (2015) 21:76–82. doi: 10.1016/j.cardfail.2014.10.011

 13. Kantor PF, Mertens LL. Clinical practice: heart failure in children. Part I: clinical evaluation, diagnostic testing, and initial medical management. Eur J Pediatr. (2010) 169:269–79. doi: 10.1007/s00431-009-1024-y

 14. Kantor PF, Lougheed J, Dancea A, McGillion M, Barbosa N, Chan C, et al. Presentation, diagnosis, and medical management of heart failure in children: Canadian Cardiovascular Society guidelines. Can J Cardiol. (2013) 29:1535–52. doi: 10.1016/j.cjca.2013.08.008

 15. Towbin JA, Lowe AM, Colan SD, Sleeper LA, Orav EJ, Clunie S, et al. Incidence, causes, and outcomes of dilated cardiomyopathy in children. J Am Med Assoc. (2006) 296:1867–76. doi: 10.1001/jama.296.15.1867

 16. Singh RK, Canter C, Shi L, Colan SD, Dodd DA, Everitt MD, et al. Improved transplant-free survival of children with dilated cardiomyopathy: analysis of two decades from the pediatric cardiomyopathy registry. Circulation. (2014) 130:16801. doi: 10.1161/circ.130.suppl_2.16801 

 17. Rossano JW, Cabrera AG, Jefferies JL, Naim MY, Humlicek T. Pediatric cardiac intensive care society 2014 consensus statement. Pediatr Crit Care Med. (2016) 17(3_suppl):S20–34. doi: 10.1097/PCC.0000000000000624

 18. Hoffman TM, Wernovsky G, Atz AM, Bailey JM, Akbary A, Kocsis JF, et al. Prophylactic intravenous use of milrinone after cardiac operation in pediatrics (PRIMACORP) study. Prophylactic intravenous use of milrinone after cardiac operation in pediatrics. Am Heart J. (2002) 143:15–21. doi: 10.1067/mhj.2002.120305

 19. Moffett BS, Price JF. National prescribing trends for heart failure medications in children. Congenit Heart Dis. (2015) 10:78–85. doi: 10.1111/chd.12183

 20. Haikala H, Linden IB. Mechanisms of action of calcium-sensitizing drugs. J Cardiovasc Pharmacol. (1995) 26(Suppl.1):S10–9. doi: 10.1097/00005344-199506261-00003

 21. Erdei N, Papp Z, Pollesello P, Edes I, Bagi Z. The levosimendan metabolite OR-1896 elicits vasodilation by activating the K(ATP) and BK(Ca) channels in rat isolated arterioles. Br J Pharmacol. (2006) 148:696–702. doi: 10.1038/sj.bjp.0706781

 22. Maytin M, Colucci WS. Cardioprotection: a new paradigm in the management of acute heart failure syndromes. Am J Cardiol. (2005) 96:26g−31g. doi: 10.1016/j.amjcard.2005.07.018

 23. Nieminen MS, Fruhwald S, Heunks LM, Suominen PK, Gordon AC, Kivikko M, et al. Levosimendan: current data, clinical use and future development. Heart Lung Vessels. (2013) 5:227–45.

 24. Ørstavik Ø, Manfra O, Andressen KW, Andersen G, Skomedal T, Osnes JB, et al. The inotropic effect of the active metabolite of levosimendan, OR-1896, is mediated through inhibition of PDE3 in rat ventricular myocardium. PLoS ONE. (2015) 10:e0115547. doi: 10.1371/journal.pone.0115547

 25. Nieminen MS, Buerke M, Cohen-Solál A, Costa S, Édes I, Erlikh A, et al. The role of levosimendan in acute heart failure complicating acute coronary syndrome: a review and expert consensus opinion. Int J Cardiol. (2016) 218:150–7. doi: 10.1016/j.ijcard.2016.05.009

 26. Packer M, Colucci W, Fisher L, Massie BM, Teerlink JR, Young J, et al. Effect of levosimendan on the short-term clinical course of patients with acutely decompensated heart failure. JACC Heart Failure. (2013) 1:103–11. doi: 10.1016/j.jchf.2012.12.004

 27. Silvetti S, Silvani P, Azzolini ML, Dossi R, Landoni G, Zangrillo A, et al. systematic review on levosimendan in paediatric patients. Curr Vasc Pharmacol. (2015) 13:128–33. doi: 10.2174/1570161112666141127163536

 28. Wang H, Luo Q, Li Y, Zhang L, Wu X, Yan F. Effect of prophylactic levosimendan on all-cause mortality in pediatric patients undergoing cardiac surgery-an updated systematic review and meta-analysis. Front Pediatr. (2020) 8:456. doi: 10.3389/fped.2020.00456

 29. Namachivayam P, Crossland DS, Butt WW, Shekerdemian LS. Early experience with Levosimendan in children with ventricular dysfunction. Pediatr Crit Care Med. (2006) 7:445–8. doi: 10.1097/01.PCC.0000235251.14491.75

 30. Ryerson LM, Alexander PM, Butt WW, Shann FA, Penny DJ, Shekerdemian LS. Rotating inotrope therapy in a pediatric population with decompensated heart failure. Pediatr Crit Care Med. (2011) 12:57–60. doi: 10.1097/PCC.0b013e3181e2a437

 31. Prijić S, Rakić S, Nikolić L, Jovicić B, Stajević M, Vukomanović V, et al. [Levosimendan treatment of severe acute congestive heart failure refractory to dobutamine/milrinone in children]. Vojnosanit Pregl. (2011) 68:979–84. doi: 10.2298/vsp1111979p

 32. Bravo MC, López P, Cabañas F, Pérez-Rodríguez J, Pérez-Fernández E, Quero J, et al. Acute effects of levosimendan on cerebral and systemic perfusion and oxygenation in newborns: an observational study. Neonatology. (2011) 99:217–23. doi: 10.1159/000314955

 33. Suominen PK. Single-center experience with levosimendan in children undergoing cardiac surgery and in children with decompensated heart failure. BMC Anesthesiol. (2011) 11:18. doi: 10.1186/1471-2253-11-18

 34. Apostolopoulou SC, Vagenakis GA, Tsoutsinos A, Kakava F, Rammos S. Ambulatory intravenous inotropic support and or levosimendan in pediatric and congenital heart failure: safety, survival, improvement, or transplantation. Pediatr Cardiol. (2018) 39:1315–22. doi: 10.1007/s00246-018-1897-5

 35. Ricci Z, Garisto C, Favia I, Vitale V, Di Chiara L, Cogo PE. Levosimendan infusion in newborns after corrective surgery for congenital heart disease: randomized controlled trial. Intensive Care Med. (2012) 38:1198–204. doi: 10.1007/s00134-012-2564-6

 36. Séguéla PE, Mauriat P, Mouton JB, Tafer N, Assy J, Poncelet G, et al. Single-centred experience with levosimendan in paediatric decompensated dilated cardiomyopathy. Arch Cardiovasc Dis. (2015) 108:347–55. doi: 10.1016/j.acvd.2015.01.012

 37. Suominen P, Mattila N, Nyblom O, Rautiainen P, Turanlahti M, Rahkonen O. The hemodynamic effects and safety of repetitive levosimendan infusions on children with dilated cardiomyopathy. World J Pediatr Congenit Heart Surg. (2017) 8:25–31. doi: 10.1177/2150135116674466

 38. Cholley B, Levy B, Fellahi JL, Longrois D, Amour J, Ouattara A, et al. Levosimendan in the light of the results of the recent randomized controlled trials: an expert opinion paper. Crit Care. (2019) 23:385. doi: 10.1186/s13054-019-2674-4

 39. Fruhwald S, Pollesello P, Fruhwald F. Advanced heart failure: an appraisal of the potential of levosimendan in this end-stage scenario and some related ethical considerations. Expert Rev Cardiovasc Ther. (2016) 14:1335–47. doi: 10.1080/14779072.2016.1247694

 40. Nieminen MS, Fonseca C, Brito D, Wikström G. The potential of the inodilator levosimendan in maintaining quality of life in advanced heart failure. Eur Heart J Suppl. (2017) 19(Suppl.C):C15–21. doi: 10.1093/eurheartj/sux003

 41. Metra M, Cotter G, Davison BA, Felker GM, Filippatos G, Greenberg BH, et al. Effect of serelaxin on cardiac, renal, and hepatic biomarkers in the Relaxin in Acute Heart Failure (RELAX-AHF) development program: correlation with outcomes. J Am Coll Cardiol. (2013) 61:196–206. doi: 10.1016/j.jacc.2012.11.005

 42. Teerlink JR, Cotter G, Davison BA, Felker GM, Filippatos G, Greenberg BH, et al. Serelaxin, recombinant human relaxin-2, for treatment of acute heart failure (RELAX-AHF): a randomised, placebo-controlled trial. Lancet. (2013) 381:29–39. doi: 10.1016/S0140-6736(12)61855-8

 43. Metra M, Teerlink JR, Cotter G, Davison BA, Felker GM, Filippatos G, et al. Effects of serelaxin in patients with acute heart failure. N Engl J Med. (2019) 381:716–26. doi: 10.1056/NEJMoa1801291

 44. Shah SJ, Blair JE, Filippatos GS, Macarie C, Ruzyllo W, Korewicki J, et al. Effects of istaroxime on diastolic stiffness in acute heart failure syndromes: results from the Hemodynamic, Echocardiographic, and Neurohormonal Effects of Istaroxime, a Novel Intravenous Inotropic and Lusitropic Agent: a Randomized Controlled Trial in Patients Hospitalized with Heart Failure (HORIZON-HF) trial. Am Heart J. (2009) 157:1035–41. doi: 10.1016/j.ahj.2009.03.007

 45. Nomura F, Kurobe N, Mori Y, Hikita A, Kawai M, Suwa M, et al. Multicenter prospective investigation on efficacy and safety of carperitide as a first-line drug for acute heart failure syndrome with preserved blood pressure: COMPASS: Carperitide Effects Observed Through Monitoring Dyspnea in Acute Decompensated Heart Failure Study. Circ J. (2008) 72:1777–86. doi: 10.1253/circj.CJ-07-0760

 46. Anker SD, Ponikowski P, Mitrovic V, Peacock WF, Filippatos G. Ularitide for the treatment of acute decompensated heart failure: from preclinical to clinical studies. Eur Heart J. (2015) 36:715–23. doi: 10.1093/eurheartj/ehu484

 47. Mitrovic V, Seferovic PM, Simeunovic D, Ristic AD, Miric M, Moiseyev VS, et al. Haemodynamic and clinical effects of ularitide in decompensated heart failure. Eur Heart J. (2006) 27:2823–32. doi: 10.1093/eurheartj/ehl337

 48. Packer M, Holcomb R, Abraham WT, Anker S, Dickstein K, Filippatos G, et al. Rationale for and design of the TRUE-AHF trial: the effects of ularitide on the short-term clinical course and long-term mortality of patients with acute heart failure. Eur J Heart Fail. (2017) 19:673–81. doi: 10.1002/ejhf.698

 49. Hunt SA, Baker DW, Chin MH, Cinquegrani MP, Feldman AM, Francis GS, et al. ACC/AHA guidelines for the evaluation and management of chronic heart failure in the adult: executive summary. A report of the American college of cardiology/American heart association task force on practice guidelines (committee to revise the 1995 guidelines for the evaluation and management of heart failure). J Am Coll Cardiol. (2001) 38:2101–13. doi: 10.1016/s0735-1097(01)01683-7

 50. Loyaga-Rendon RY, Acharya D, Pamboukian SV, Tallaj JA, Cantor R, Starling RC, et al. Duration of heart failure is an important predictor of outcomes after mechanical circulatory support. Circul Heart Failure. (2015) 8:953–9. doi: 10.1161/CIRCHEARTFAILURE.115.002321

 51. Rossano JW, Shaddy RE. Heart failure in children: etiology and treatment. J Pediatr. (2014) 165:228–33. doi: 10.1016/j.jpeds.2014.04.055

 52. Fox K, Komajda M, Ford I, Robertson M, Böhm M, Borer JS, et al. Effect of ivabradine in patients with left-ventricular systolic dysfunction: a pooled analysis of individual patient data from the BEAUTIFUL and SHIFT trials. Eur Heart J. (2013) 34:2263–70. doi: 10.1093/eurheartj/eht101

 53. Bonnet D, Berger F, Jokinen E, Kantor PF, Daubeney PEF. Ivabradine in children with dilated cardiomyopathy and symptomatic chronic heart failure. J Am Coll Cardiol. (2017) 70:1262–72. doi: 10.1016/j.jacc.2017.07.725

 54. Adorisio R, Calvieri C, Cantarutti N, D'Amico A, Catteruccia M, Bertini E, et al. Heart rate reduction strategy using ivabradine in end-stage Duchenne cardiomyopathy. Int J Cardiol. (2019) 280:99–103. doi: 10.1016/j.ijcard.2019.01.052

 55. CONSENSUS Trial Study Group. Effects of enalapril on mortality in severe congestive heart failure. Results of the Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS). N Engl J Med. (1987) 316:1429–35. doi: 10.1056/NEJM198706043162301

 56. Rossano J, Kantor P, Shaddy R, Shi L, Wilkinson J, Jefferies J, et al. Increased heart rate is independently associated with worse survival in pediatric patients with dilated cardiomyopathy: a multicenter study from the pediatric cardiomyopathy registry. Eur Heart J. (2017) 38:210. doi: 10.1093/eurheartj/ehx502.965 

 57. Bohora S, Lokhandwala Y, Parekh P, Vasavda A. Reversal of tachycardiomyopathy due to left atrial tachycardia by ivabradine. J Cardiovasc Electrophysiol. (2011) 22:340–2. doi: 10.1111/j.1540-8167.2010.01860.x

 58. Packer M, Califf RM, Konstam MA, Krum H, McMurray JJ, Rouleau JL, et al. Comparison of omapatrilat and enalapril in patients with chronic heart failure: the Omapatrilat Versus Enalapril Randomized Trial of Utility in Reducing Events (OVERTURE). Circulation. (2002) 106:920–6. doi: 10.1161/01.CIR.0000029801.86489.50

 59. Dani SS, Ganatra S, Vaduganathan M. Angioedema with sacubitril/valsartan: trial-level meta-analysis of over 14,000 patients and real-world evidence to date. Int J Cardiol. (2021) 323:188–91. doi: 10.1016/j.ijcard.2020.08.067

 60. Packer M, McMurray JJ, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, et al. Angiotensin receptor neprilysin inhibition compared with enalapril on the risk of clinical progression in surviving patients with heart failure. Circulation. (2015) 131:54–61. doi: 10.1161/CIRCULATIONAHA.114.013748

 61. Rohde LE, Chatterjee NA, Vaduganathan M, Claggett B, Packer M, Desai AS, et al. Sacubitril/valsartan and sudden cardiac death according to implantable cardioverter-defibrillator use and heart failure cause: a PARADIGM-HF analysis. JACC Heart Failure. (2020) 8:844–55. doi: 10.1016/j.jchf.2020.06.015

 62. Berg DD, Braunwald E, DeVore AD, Lala A, Pinney SP, Duffy CI, et al. Efficacy and safety of sacubitril/valsartan by dose level achieved in the PIONEER-HF trial. JACC Heart Failure. (2020) 8:834–43. doi: 10.1016/j.jchf.2020.06.008

 63. Berardi C, Braunwald E, Morrow DA, Mulder HS, Duffy CI, O'Brien TX, et al. Angiotensin-neprilysin inhibition in black Americans: data from the PIONEER-HF trial. JACC Heart Failure. (2020) 8:859–66. doi: 10.1016/j.jchf.2020.06.019

 64. Piña IL, Camacho A, Ibrahim NE, Felker GM, Butler J, Maisel AS, et al. Improvement of health status following initiation of sacubitril/valsartan in heart failure and reduced ejection fraction. JACC Heart Failure. (2021) 9:42–51. doi: 10.1016/j.jchf.2020.09.012

 65. Zern EK, Cheng S, Wolfson AM, Hamilton MA, Zile MR, Solomon SD, et al. Angiotensin receptor-neprilysin inhibitor therapy reverses pulmonary hypertension in end-stage heart failure patients awaiting transplantation. Circulation Heart Failure. (2020) 13:e006696. doi: 10.1161/CIRCHEARTFAILURE.119.006696

 66. Morrow DA, Velazquez EJ, DeVore AD, Desai AS, Duffy CI, Ambrosy AP, et al. Clinical outcomes in patients with acute decompensated heart failure randomly assigned to sacubitril/valsartan or enalapril in the PIONEER-HF trial. Circulation. (2019) 139:2285–8. doi: 10.1161/CIRCULATIONAHA.118.039331

 67. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Colvin MM, et al. 2017 ACC/AHA/HFSA focused update of the 2013 ACCF/AHA guideline for the management of heart failure: a report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines and the Heart Failure Society of America. Circulation. (2017) 136:e137–61. doi: 10.1161/CIR.0000000000000509

 68. Shaddy R, Canter C, Halnon N, Kochilas L, Rossano J, Bonnet D, et al. Design for the sacubitril/valsartan (LCZ696) compared with enalapril study of pediatric patients with heart failure due to systemic left ventricle systolic dysfunction (PANORAMA-HF study). Am Heart J. (2017) 193:23–34. doi: 10.1016/j.ahj.2017.07.006

 69. Felker GM, Maisel AS. A global rank end point for clinical trials in acute heart failure. Circulation Heart Failure. (2010) 3:643–6. doi: 10.1161/CIRCHEARTFAILURE.109.926030

 70. Morgan BP, Muci A, Lu PP, Qian X, Tochimoto T, Smith WW, et al. Discovery of omecamtiv mecarbil the first, selective, small molecule activator of cardiac Myosin. ACS Med Chem Lett. (2010) 1:472–7. doi: 10.1021/ml100138q

 71. Teerlink JR, Diaz R, Felker GM, McMurray JJV, Metra M, Solomon SD, et al. Omecamtiv mecarbil in chronic heart failure with reduced ejection fraction: rationale and design of GALACTIC-HF. JACC Heart Failure. (2020) 8:329–40. doi: 10.1016/j.jchf.2019.12.001

 72. Psotka MA, Gottlieb SS, Francis GS, Allen LA, Teerlink JR, Adams KF Jr, et al. Cardiac calcitropes, myotropes, and mitotropes: JACC review topic of the week. J Am Coll Cardiol. (2019) 73:2345–53. doi: 10.1016/j.jacc.2019.02.051

 73. Teerlink JR, Diaz R, Felker GM, McMurray JJV, Metra M, Solomon SD, et al. Cardiac myosin activation with omecamtiv mecarbil in systolic heart failure. N Engl J Med. (2021) 384:105–16. doi: 10.1056/NEJMoa2025797

 74. Teerlink JR, Diaz R, Felker GM, McMurray JJV, Metra M, Solomon SD, et al. Effect of ejection fraction on clinical outcomes in patients treated with omecamtiv mecarbil in GALACTIC-HF. J Am Coll Cardiol. (2021) 4:65. doi: 10.1016/j.jacc.2021.04.065

 75. Teerlink JR, Felker GM, McMurray JJ, Solomon SD, Adams KF Jr, Cleland JG, 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) 388:2895–903. doi: 10.1016/S0140-6736(16)32049-9

 76. Teerlink JR, Felker GM, McMurray JJV, Ponikowski P, Metra M, Filippatos GS, et al. Acute treatment with omecamtiv mecarbil to increase contractility in acute heart failure: the ATOMIC-AHF study. J Am Coll Cardiol. (2016) 67:1444–55. doi: 10.1016/j.jacc.2016.01.031

 77. Armstrong PW, Roessig L, Patel MJ, Anstrom KJ, Butler J, Voors AA, et al. A multicenter, randomized, double-blind, placebo-controlled trial of the efficacy and safety of the oral soluble guanylate cyclase stimulator: the VICTORIA trial. JACC Heart Failure. (2018) 6:96–104. doi: 10.1016/j.jchf.2017.08.013

 78. McMurray JJV, Solomon SD, Inzucchi SE, Køber L, Kosiborod MN, Martinez FA, et al. Dapagliflozin in patients with heart failure and reduced ejection fraction. N Engl J Med. (2019) 381:1995–2008. doi: 10.1056/NEJMoa1911303

 79. Iborra-Egea O, Santiago-Vacas E, Yurista SR, Lupón J, Packer M, Heymans S, et al. Unraveling the molecular mechanism of action of empagliflozin in heart failure with reduced ejection fraction with or without diabetes. JACC Basic Transl Sci. (2019) 4:831–40. doi: 10.1016/j.jacbts.2019.07.010

 80. Januzzi JL Jr, Ibrahim NE. Understanding the mechanistic benefit of heart failure drugs matters. J Am Coll Cardiol. (2020) 76:2752–4. doi: 10.1016/j.jacc.2020.10.026

 81. Roche SL, Timberlake K, Manlhiot C, Balasingam M, Wilson J, George K, et al. Angiotensin-converting enzyme inhibitor initiation and dose uptitration in children with cardiovascular disease: a retrospective review of standard clinical practice and a prospective randomized clinical trial. J Am Heart Assoc. (2016) 5:3230. doi: 10.1161/JAHA.116.003230

 82. van der Meulen M, den Boer S, du Marchie Sarvaas GJ, Blom N, Ten Harkel ADJ, Breur H, et al. Predicting outcome in children with dilated cardiomyopathy: the use of repeated measurements of risk factors for outcome. ESC Heart Failure. (2021) 8:1472–81. doi: 10.1002/ehf2.13233

 83. Savarese G, Musella F, D'Amore C, Vassallo E, Losco T, Gambardella F, et al. Changes of natriuretic peptides predict hospital admissions in patients with chronic heart failure: a meta-analysis. JACC Heart Failure. (2014) 2:148–58. doi: 10.1016/j.jchf.2013.11.007

 84. Felker GM, Anstrom KJ, Adams KF, Ezekowitz JA, Fiuzat M, Houston-Miller N, et al. Effect of natriuretic peptide-guided therapy on hospitalization or cardiovascular mortality in high-risk patients with heart failure and reduced ejection fraction: a randomized clinical trial. J Am Med Assoc. (2017) 318:713–20. doi: 10.1001/jama.2017.10565

 85. Price JF, Thomas AK, Grenier M, Eidem BW, O'Brian Smith E, Denfield SW, et al. B-type natriuretic peptide predicts adverse cardiovascular events in pediatric outpatients with chronic left ventricular systolic dysfunction. Circulation. (2006) 114:1063–9. doi: 10.1161/CIRCULATIONAHA.105.608869

 86. Wong DT, George K, Wilson J, Manlhiot C, McCrindle BW, Adeli K, et al. Effectiveness of serial increases in amino-terminal pro-B-type natriuretic peptide levels to indicate the need for mechanical circulatory support in children with acute decompensated heart failure. Am J Cardiol. (2011) 107:573–8. doi: 10.1016/j.amjcard.2010.10.015

 87. Auerbach SR, Richmond ME, Lamour JM, Blume ED, Addonizio LJ, Shaddy RE, et al. BNP levels predict outcome in pediatric heart failure patients: post-hoc analysis of the Pediatric Carvedilol Trial. Circulation Heart Failure. (2010) 3:606–11. doi: 10.1161/CIRCHEARTFAILURE.109.906875

 88. Medar SS, Hsu DT, Ushay HM, Lamour JM, Cohen HW, Killinger JS. Serial measurement of amino-terminal pro-B-type natriuretic peptide predicts adverse cardiovascular outcome in children with primary myocardial dysfunction and acute decompensated heart failure. Pediatr Crit Care Med. (2015) 16:529–34. doi: 10.1097/PCC.0000000000000408

 89. Sartipy U, Dahlström U, Edner M, Lund LH. Predicting survival in heart failure: validation of the MAGGIC heart failure risk score in 51,043 patients from the Swedish heart failure registry. Eur J Heart Fail. (2014) 16:173–9. doi: 10.1111/ejhf.32

 90. Everitt MD, Wilkinson JD, Shi L, Towbin JA, Colan SD, Kantor PF, et al. Cardiac biomarkers in pediatric cardiomyopathy: study design and recruitment results from the pediatric cardiomyopathy registry. Prog Pediatr Cardiol. (2019) 53:1–10. doi: 10.1016/j.ppedcard.2019.02.004

 91. Shaddy RE, Denne SC. Clinical report–guidelines for the ethical conduct of studies to evaluate drugs in pediatric populations. Pediatrics. (2010) 125:850–60. doi: 10.1542/peds.2010-0082

Conflict of Interest: RES is a consultant for Novartis, Bayer, and Bristol Myers Squibb. PFK is a consultant for Novartis.

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

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

Copyright © 2021 Loss, Shaddy and Kantor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-09-681224-t002.jpg
Author, year and study
design

Namachivayam, 2006 (2)
Case series

Ryerson, 2011 (30)
Case Series

Prijé, 2011 (31)
Case series

Bravo, 2011 (32)
Prospective, case series

Suominen, 2011 (33)
Single center,
Retrospective descriptive
data and survey data

Apostolopoulou, 2018 (34)
Retrospective,
single center.

Study population

End stage or acute HF

Severe decompensated HF,
chronically dependent of IV
vasoactive drugs

Severe decompensated HF with
congenital or acquired heart
disease chronically dependent of
IV vasoactive drugs

Infants with CHD with low
cardiac output syndrome
refractory to conventional
treatment

3 groups:

Cardiac surgery group (pre- peri
or postoperative)

Gardiac failure group (ADHF)
Dilated cardiomyopathy group
(acute or chronic HF)

End-stage pediatric HF or CHD
refractory to treatment, functional
class i or IV, chronically
dependent of IV vasoactive and
inotropic support.

Sample size

15 patients

9 patients

3 patients

5 patients (7 doses
of levosimendan)

293 patients (484
infusions)

27 patients

Intervention and control
group

Single or repeated doses of
levosimendan
No control group.

Levosimendan rotation with
dobutamine anc/or milrinone
No control group.

Levosimendan initiation and
stop the previous vasoactive
regimen

No control group.

Levosimendan (2 patients with
repeated dosages)

Levosimendan (single or
repeated infusions)
No control group.

Long-term continuous
intravenous ambulatory
inotropic support (milfinone and
dobutamine) and/or periodic
levosimendan infusions as
bridging to recovery, bridge to
therapy or destination

No control group.

Main results

Reduction on the dosage of dobutamine
atday 5.

Improvement of LV EF in the acute HF
group.

1 patient had ventricular tachycardia.

4 patients died during the

ICU hospitalization.

Helped to the discharge of ICU and wean
of invasive mechanical ventilation.

2 deaths in hospital

No improvement on LV ejection fraction

Clinical and echocardiography
improvement with the improved EF and
stroke volume.

Reduction in heart rate in al the treated
patients

Normalization of lactate

Redution on lactate and heart rate
Improved the cerebral intravascular
oxygenation (NIR-SRS parameters)

Descriptive data on use of levosimendan
regarding gender distribution, median age,
duration of infusion and interval between
repeated dosages.

For the efficacy and adverse events
analysis, the results were based on the
survey information.

For 88.99% of the respondents
levosimendan was considered as safe and
efficacious

The physicians were able to recall as
adverse events: hypotension (62.1%),
tachycardia (27.8%) occurred in the
beginning of the infusion or no adverse
events (27.8%).

Ambulatory inotropy - median time
duration 1.0 (0.3-3.7) years

Bridge to recovery: 6 patients with
myocardts, 4 with ambulatory inotropic +
levosimendan and 2 with repeated
infusions of levosimendan. All recovered.
Bridge to heart transplant: 6 patients, 4
received ambulatory inotropic +
levosimendan and 2 with repeated
infusions of levosimendan. 3 deaths.
Mainstain therapy: 15 patients, 1 received
2 VAD, 6 received ambulatory inotropic +
levosimendan and 4 with repeated
infusions of levosimendan. 4 deaths,
median follow-up 2.1 (0.3-21.3) years.
Adverse events: 4 central line infection or
4 central line dislodgements.





OPS/images/fped-09-681224-t003.jpg
Heart failure stage

Stage A

Stage B

Stage G

Stage D

AHA/ACC description

Patients without identified structural or functional cardiac abnormality or ventricular function abnormality but at high risk of developing HF
because of the presence of a condition strongly associated with the development of HF.

Examples: anthracycline expostre, known pathogenic sarcomeric gene mutation including dystrophinopathies.

Patients with structural heart disease or ventricular function abnormality that is strongly associated with the development of HF but without HF
signs or symptoms, past or present

Examples: asymptomatic patient with CHD status post-surgical correction with residual lesion, isolated left ventricle non-compaction.

Patients with current or prior symptoms of HF associated with underlying structural heart disease, or ventricular function abnormality.
Examples: acute myocardiis., dilated cardiomyopathy, mitral or aortic regurgitation.

Patients with advanced structural heart disease and refractory symptoms of HF requiring specialized interventions.

Example: Inotropic dependency patient in end stage of diated cardiomyopathy.





OPS/images/fped-09-681224-g003.gif
C—

‘Worsening EF and increasing.
Remodeling.

None. wia | Modersteor
Progressive

None | eOburion | aAcHaRD | o ACEARB/MDE
rdregiar | scomnan | & WA

friiiont

orieempiie

ey

jreeing

Increasing. g

Symptom | wia | ehvesioc | sAc/mAN
[ b

Severity oDuamcor
srmptom
Moderateor [« s

ot






OPS/images/fped-09-681224-t001.jpg
Currently used drugs for pediatric acute decompensated heart failure

Diuretic Furosernide
Bumetanide
Clorothiazide
Vasoactiveand  Miinone
Inotropic Dopamine
Dobutamine
Epinephrine
Vasodiator Nitroprussite

05-2 mg/kg G6-12 h
0.1-0.4 mg/kg/h continuous infusion
0.015-0.1 mg/kg/dose every 6-24 h

4-10 mg/kg/d diviced every 12-24h
(maximum 20 mg/kg/d or 500mg)

0.25-1 pg/kg/min
3-5 pg/kg/min
2.5-10 pg/kg/min
0.01-0.1 pg/kg/min

0.3-4 ug/kg/min; maximum: 6
g/kg/min for neonates, 12 pg/kg/min
for children





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Recent and Upcoming Drug Therapies for Pediatric Heart Failure



		Introduction and Classification of Heart Failure



		Acute Decompensated Heart Failure



		Newer Drugs in Acute Heart Failure



		Levosimendan



		Serelaxin



		Istaroxime



		Synthetic Natriuretic Peptides









		Chronic Heart Failure



		Ivabradine



		Sacubitril-Valsartan













		Newer Drugs in Chronic Heart Failure



		Omecamtiv Mecarbil



		Vericiguat



		Sodium–Glucose Co-transporter 2 Inhibitors







		Current Practice: Which Drug for Which Patient?



		Serum Biomarkers as a Guide to Management of Pediatric HF



		Conclusions



		Author Contributions



		References

















OPS/images/cover.jpg
’ frontiers
in Pediatrics

Recent and Upcoming Drug
Therapies for Pediatric Heart Failure





OPS/images/fped-09-681224-g001.gif
I thers congastient

No Yes
No
s there low
perfusion?
Yes
ot andwet
RS






OPS/images/fped-09-681224-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





