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Abstract: This review discusses the potential drug and device therapies for pediatric heart failure
(HF) due to reduced systolic function. It is important to realize that most drugs that are used
in pediatric HF are extrapolated from adult cardiology practices or consensus guidelines based
on expert opinion rather than on evidence from controlled clinical trials. It is difficult to conclude
whether the drugs that are well established in adult HF trials are also beneficial for children because of
tremendous heterogeneity in the mechanism of HF in children and variations in the pharmacokinetics
and pharmacodynamics of drugs from birth to adolescence. The lessons learned from adult trials
can guide pediatric cardiologists to design clinical trials of the newer drugs that are in the pipeline
to study their efficacy and safety in children with HF. This paper’s focus is that the reader should
specifically think through the pathophysiological mechanism of HF and the mode of action of drugs
for the selection of appropriate pharmacotherapy. We review the drug and device trials in adults
with HF to highlight the knowledge gap that exists in the pediatric HF population.

Keywords: acute heart failure syndrome; pediatric heart failure; pharmacotherapy for heart failure;
device therapy for chronic heart failure

1. Introduction

A working definition of heart failure (HF) in children is “a progressive clinical and
pathophysiological syndrome caused by cardiovascular and noncardiovascular abnormali-
ties that results in characteristic signs and symptoms including edema, respiratory distress,
growth failure, and exercise intolerance and accompanied by circulatory, neurohormonal,
and molecular derangements” [1]. In adults, HF can occur with preserved ejection fraction
(HFpEF) or with reduced ejection fraction (HFrEF). This review addresses only HF due
to reduced systolic function, which is conventionally reported by left ventricular (LV)
ejection fraction in percentage. Current pharmacological therapies for HF in children is
extrapolated from adult cardiology practices rather than evidence from controlled clinical
trials. However, there are significant barriers to applying adult data to children because of
tremendous heterogeneity in the mechanism of HF and variations in the pharmacokinetics
and pharmacodynamics of drugs from birth to adolescence. Simultaneously, there are
significant challenges in performing well-designed drug trials in children with HF because
of difficulty achieving sufficient enrolment and heterogeneity in HF causes.

This review discusses the current and future pharmacological therapies in children
with acute and chronic HF, the mechanism of action of drugs, and the need for future
clinical trials in children for the safety and efficacy of newer drugs that are used in adults.
Furthermore, we discuss the device therapies in adult HF and highlight the potential of
these devices for pediatric HF, as we learn from adult trials.
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2. Acute Heart Failure Syndrome

Acute HF syndrome (AHFS) is described as a structural or functional alteration in
the heart that occurs rapidly, followed by congestion, malperfusion, hypotension, and
end-organ dysfunction resulting in a need for hospitalization and urgent therapy [2].
The goals of acute HF management in children are to improve hemodynamics and pre-
vent progression (Figure 1). Current management includes stabilization with intravenous
inotropes/vasopressors, diuretics, mechanical ventilation, treatment of arrhythmia, pro-
gression to mechanical circulatory support, and heart transplantation if needed [3].
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Figure 1. Approaches to acute HF in infants and children. (MCS: mechanical circulatory support; HF: heart failure; CHD:
congenital heart disease; H/O: history of; PGE1: prostaglandin 1; ACEi: angiotensin-converting enzyme inhibitor).

2.1. Diuretics

The management of AHFS relies on an accurate assessment of the patient’s congestion
and adequacy of systemic perfusion [4]. Adequate diuresis is most commonly achieved by
loop diuretics (furosemide and bumetanide) intravenously as the first therapy line. They
act by inhibiting the sodium-potassium-chloride co-transporter on the ascending limb of
the loop of Henle. This results in decreased reabsorption of sodium, potassium, chloride,
and water. In cases where loop diuretics are not adequate alone, thiazide (chlorothiazide
and metolazone) diuretics (which inhibit the sodium-chloride co-transporter in the distal
convoluted tubule and act synergistically with loop diuretics to amplify sodium and water
loss) are recommended as per the consensus statements for the treatment of pediatric HF
by the International Society for Heart and Lung Transplantation (ISHLT) [5]. One of the
neurohumoral responses in AHFS is excess vasopressin release from the hypothalamus,
which may cause hyponatremia. In this circumstance, vasopressin receptor (V2) antagonists
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(tolvaptan and conivaptan) can be used to enhance free-water excretion and correct hy-
ponatremia. The EVEREST study in adults with HF demonstrated that tolvaptan improves
edema, body weight, dyspnea, and sodium level, but there are no survival benefits [6].
Tolvaptan has been shown in small series to increase urine output and improve serum
sodium concentration in children with HF [7,8].

2.2. Vasoactive Drugs

Vasoactive drugs are used as a rescue therapy in AHFS to improve systemic perfu-
sion and prevent end-organ dysfunction. These drugs improve myocardial contractility
and when combined with appropriate blood pressure control, they may increase cardiac
output. However, the use of vasoactive drugs in children with AHFS is mainly used as
a bridge to transplant or mechanical circulatory support and is not recommended for
maintenance therapy or recovery of heart muscle function [5]. The conventional vasoactive
drugs used are dopamine, milrinone, and epinephrine. Dopamine and epinephrine are
sympathomimetic agents and target myocardial β-adrenergic receptors. The cyclic adeno-
sine monophosphate (cAMP) pathway is activated, enhancing calcium release from the
sarcoplasmic reticulum, which binds to troponin-C augmenting myocardial contractility
enhancing actin-myosin interaction. However, the drawback is that β1-stimulation also in-
creases heart rate and myocardial oxygen consumption. Milrinone is a phosphodiesterase-3
inhibitor (PDEI) and is the most commonly used vasoactive agent in children to increase
contractility and afterload reduction through vasodilation. Because calcium reuptake is
also cAMP-dependent, PDEI also enhances diastolic myocardial relaxation, resulting in
decreased filling pressure. Because milrinone can cause hypotension, a combination of low
dose epinephrine or dopamine and milrinone can be used to balance blood pressure and
cardiac contractility [9].

2.3. Levosimendan

Levosimendan can be an alternative to milrinone for AHFS. It is not available in the
US but is widely used in Europe. It is a calcium-sensitizing agent that binds to troponin-C,
enhancing its sensitivity to intracellular calcium, and has positive inotropic action. It also
opens up the adenosine triphosphate (ATP)-dependent potassium channels leading to
smooth muscle relaxation, vasodilation, and decreased systemic vascular resistance. The
hemodynamic effects of levosimendan include increased cardiac output and decreased
filling pressure. It causes an increase in contractility without an increase in myocardial
oxygen demand and has lusitropic action on the myocardium. Initial studies of levosi-
mendan in adults (LIDO [10], RUSSLAN [11], and CASINO [12]) have suggested that this
drug might improve the prognosis of patients with AHFS. Two subsequent large trials
(SURVIVE [13] and REVIVE [14]) showed that levosimendan improves the symptoms of
HF but does not improve survival. The data in adults led to the trial of levosimendan in
children. Pediatric patients who received levosimendan can be divided into two groups:
the first group who received levosimendan as prophylaxis for low cardiac output in the
post-operative period [15,16] for whom there was no significant benefit of the drug; and
the second group with end-stage HF and inotrope dependency who received this drug
and showed improved status in terms of inotropes requirement and hospital length of
stay [17,18]. The duration of levosimendan therapy is only 24 h. Levosimendan’ s role in
children is still unconfirmed, but it appears to be effective in AHFS but play no role as a
prophylaxis to prevent HF.

2.4. Nesiritide

Nesiritide, a recombinant human B-type natriuretic peptide (BNP), is identical to the
endogenously produced BNP. It increases intracellular cyclic GMP (cGMP), resulting in
vasodilation and a decrease in afterload. It inhibits neurohormonal activation, produces
diuresis, natriuresis, and increases cardiac output [19]. The efficacy and safety of nesiritide
in acute HF management have been demonstrated in adults [20]. There are small studies
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in children that have shown the usefulness of nesiritide in AHFS [21–23]. The ISHLT
pediatric HF consensus guidelines have recommended that nesiritide be considered as
adjunctive therapy in critically ill children with biventricular dysfunction suffering from
edema and oliguria despite standard HF management [5]. Nesiritide has been discontinued
in the US market since 2018 after the ASCEND-HF trial showed no impact on recovery
or HF hospitalizations, 74% increased risk of 30-day mortality, and 54% increased risk of
worsening renal function [24].

3. Chronic Heart Failure Syndrome

After presenting with AHFS, when the hemodynamics stabilize and end-organ func-
tions recover, the child is often left with the lingering diagnosis of chronic HF syndrome
(CHFS), with or without a genetically based or syndrome/systemic disease-based diagno-
sis. Several regulatory neurohumoral and counter-regulatory pathways are involved in the
pathogenesis of CHFS (Figure 2).
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Figure 2. Pathophysiology of chronic HF. (LV: left ventricle; AT1: angiotensin 1; NP: natriuretic peptide; ANP: atrial
natriuretic peptide; BNP: B-type natriuretic peptide).

The goal of the clinical management of CHFS in children is to permit recovery, main-
tain stability, prevent progression, and provide a reasonable milieu to allow somatic growth
and optimal development into adult life. Typically, a multi-drug approach is required, with
either sequential combination therapy or upfront combination of angiotensin-converting
enzyme inhibitors (ACEi), β-blockers, diuretics, and aldosterone antagonists. Herein we
review the current and future landscape of drug therapies for chronic HF in adults with
evidence for randomized clinical trials to highlight the knowledge gap in pediatric HF.
Contrary to adults, the clinical trials to verify the safety and efficacy of drugs used in CHFS
in children are limited (Table 1).
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Table 1. Limited clinical trials in children.

Title Journal/Year (Reference) Key Findings

Carvedilol for children and adolescents with
HF. A randomized control trial JAMA, 2007 [25]

N = 161; no significant difference between
treatment vs. placebo group in the primary

endpoint (clinical improvement) or secondary
endpoint (ventricular function or serum BNP).

Safety of enalapril in infants with single
ventricle (SV) physiology, multicenter

randomized trial
Circulation, 2010 [26]

N = 230; no improvement in somatic growth,
ventricular function, or heart failure severity.
Routine use of enalapril not recommended in

SV patients.

Ivabradine in children with DCM and
symptomatic chronic HF trial: a randomized,
double-blind, placebo-controlled trial with

12-months follow-up

JACC, 2017 [27]

N = 116; primary endpoint reached by 51 of 73
children taking Ivabradine (70%); Ivabradine

safely reduced the resting heart rate of children
with chronic HF and dilated cardiomyopathy;

improvement in ejection fraction, functional class,
and NT-pro BNP was noted.

3.1. ACE Inhibitors and Aldosterone Antagonists

Renin-angiotensin-aldosterone system (RAAS) pathway activation is a central physi-
ologic response to decreased renal perfusion and is characteristic of CHFS with reduced
systolic function. Renin stimulates the conversion of hepatic angiotensinogen to angiotensin
I, which is acted upon by the angiotensin-converting enzyme (ACE), predominantly in the
lungs, to form angiotensin II, a potent vasoconstrictor that causes chronic deleterious effects
in HF. These include the vasoconstriction of renal afferent arterioles and the release of
aldosterone, which causes an increase in sodium reabsorption. When the RAAS activation
is undeterred, vasoconstriction (increased afterload) leads to cardiomyocyte hypertrophy
and apoptosis [28]. Furthermore, RAAS has a significant profibrotic effect on cardiac tissue
by stimulating metalloproteinase and promoting endothelial dysfunction.

Clinical trials of adult patients with HF with reduced systolic function (CONSENSUS
in 1987 [29] and SOLVD-treatment trial in 1991 [30]) demonstrated that enalapril improved
survival, stabilized LV size, and reduced the progression of HF symptoms and hospital-
izations in both asymptomatic and symptomatic patients with HF and reduced systolic
function. The most extensive prospective study in children with single ventricle physiology
with the right ventricle (RV) as systemic ventricle and preserved ejection fraction was
conducted by Hsu et al. [26]. This study did not prove a clinical benefit of ACEi treatment;
however, these data cannot be transferred to children with cardiomyopathy and other
etiologies like cardiomyopathies with reduced systolic function. A retrospective study in
2010 detected a positive benefit of ACEi in children with dilated cardiomyopathy compared
to no treatment; however, treatment with digoxin/diuretic revealed comparable results [31].
Despite the lack of prospective, randomized, blinded, placebo-controlled trials in children
with dilated cardiomyopathy, treating children with CHFS with ACEi is widely accepted
and recommended by ISHLT to manage HF [5]. Pitt and colleagues demonstrated the
independent efficacy of spironolactone as an additive to patients’ survival benefit on ACEi
therapy in the RALES trial [32]. The use of an aldosterone antagonist such as spironolactone
or eplerenone is also recommended in addition to ACEi (level of evidence B) in children [5].
The risk of hyperkalemia in patients treated with both ACEi and aldosterone antagonists
can be safely managed with anticipatory monitoring. In boys with dilated cardiomyopathy
due to Duchenne muscular dystrophy, eplerenone reduced LV dilation progression and
dysfunction compared to the placebo [33].

3.2. Angiotensin Receptor Blockers

The effect of angiotensin receptor blockers (ARBs) in HF is similar to that of ACEi. For
patients intolerant of ACEi (due to idiosyncratic side effects, angioedema, or bradykinin-
system-related cough), an angiotensin receptor blocker (ARB) such as valsartan, losartan,
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or candesartan is often well-tolerated and effective [34]. Because ARBs do not block the
degradation of kinins, angioedema and persistent cough are uncommon. Nevertheless,
ARB has not replaced ACEi as it has not proven superior in preventing adverse events in
adults [35]. Because ACEi incompletely inhibits angiotensin, combinations of ARB and
ACEi have also been evaluated. In the Valsartan Heart Failure Trial, a combination of
valsartan and ACEi decreased hospitalization risk in adults but increased mortality when
such a combination was used in conjunction with beta-blockers [36]. Because combinations
of ACEi and ARB have a higher likelihood of renal side effects, such combinations are not
used in children.

3.3. β-Adrenergic Receptor Blockers

In response to HF, the body compensates by activating the sympathetic nervous sys-
tem, increasing circulating catecholamines [28]. The physiologic effects of catecholamines
are mediated by the activation of α- and β-adrenergic receptors. The activation of β1receptors,
which are found primarily within the myocardium, results in acutely increased heart rate,
cardiac contractility, and more rapid atrioventricular conduction. The activation of β2
receptors, which are present in the heart but more prominently located in bronchial and
peripheral vascular smooth muscle, results in vasodilation and bronchodilation. However,
chronically increased sympathetic activation is detrimental to the failing heart, resulting in
excessive myocardial oxygen consumption, leading to myocardial fibrosis and apoptosis.
The β-adrenergic receptor blockade aims to antagonize the deleterious effects of chronic
sympathetic myocardial activation and reverse LV remodeling.

Numerous randomized controlled trials in adults have validated the beneficial effects
of the β-adrenergic blockade in reducing symptoms, hospitalizations, and mortality related
to chronic HF [37–39]. β-adrenergic blockers that are approved for adult use are bisoprolol,
metoprolol, and carvedilol. The first and only randomized, controlled study in pediatric
HF that addressed carvedilol for HF management [25] failed to show the benefit of the
treatment, unlike the adult studies. Despite the negative outcomes, that study highlighted
several issues faced in pediatric cardiac research, including the underpowered study, the
difficulties in interpreting results from a heterogeneous population, and the importance of
designing an appropriate endpoint. Several retrospective studies showed that carvedilol
improved the ejection fraction and improved the children’s HF clinical status [40–42]. The
ISHLT guidelines recommend that it is “reasonable to consider initiation of β-blockade in
children with LV systolic dysfunction” [5].

3.4. Angiotensin Receptor-Neprilysin Inhibitor

At the cellular level, the compensatory gain in cardiac excitation-contraction coupling
mediated by sympathetic stimulation ultimately becomes unsuccessful, as the sustained
leak of calcium from the sarcoplasmic reticulum leads to the depletion of intracellular
calcium and ultimately impairs contractility [43]. Several peptides such as natriuretic
peptides, bradykinin, or adrenomedullin decreased the harmful effects of RAAS and acti-
vated the sympathetic nervous system. Natriuretic peptides are coupled to and activate
guanyl cyclase A, which increases the intracellular concentrations of the second messenger,
cGMP. The latter, in turn, activates protein kinase C, leading to vasorelaxation, natriuresis,
and diuresis. Atrial natriuretic peptide and BNP also inhibit renin secretion and aldos-
terone production and attenuate cardiac and vascular remodeling, apoptosis, ventricular
hypertrophy, and fibrosis [44]. Typically, these compensatory actions are insufficient to
prevent or stop HF development because the enzyme neprilysin readily destroys natriuretic
peptides. Neprilysin levels are increased in chronic HF, and, thus, the clearance of these
neuropeptides is accelerated [45]. Inhibition of neprilysin enhances the effects of endoge-
nous natriuretic peptides, which exerts vasodilation, anti-hypertrophic/anti-fibrotic action,
mitigating the detrimental effects of angiotensin, endothelin, and aldosterone. Concomi-
tant inhibition of angiotensin synthesis action is significant because neprilysin inhibition
alone is accompanied by activation of the RAAS, possibly because angiotensin itself may



Children 2021, 8, 322 7 of 16

be a substrate for neprilysin [46]. Although ACEi may attenuate angiotensin’s actions,
simultaneous ACE and neprilysin blockade can lead to severe angioedema. This has been
shown by the Omapatrilat versus Enalapril Randomized Trial of Utility in Reducing Events
trial [47]. The preferred approach to modulate the neuroendocrine system’s balance is by
combining a neprilysin inhibitor while simultaneously blocking the effects of angiotensin
action by an ARB. The combination of valsartan (an ARB) and sacubitril (neprilysin in-
hibitor) is more effective than the ACEi or ARB alone because of the incremental benefits
of neprilysin inhibition in HF in reducing the risks of both sudden cardiac death and death
from worsening HF [48]. Neprilysin inhibition may have additional benefits, including
improved hemodynamics, reduced ventricular wall stress, myocardial fibrosis, ventric-
ular hypertrophy, and attenuation of progressive ventricular remodeling [49]. Further,
neprilysin inhibition of sympathetic drive or potentiation of vagotropic effects in HF is
well documented, although it is just coming to prominence as an effective therapy.

Based on the PARADIGM-HF trial’s success, the pediatric HF community has con-
ducted a PANORAMA-HF study trial comparing sacubitril/valsartan to enalapril in chil-
dren with Class C HF whose systemic ventricle is a LV with an ejection fraction <40% [50].
This study has now completed enrolment in three age strata (6 years to 18 years; 1 year to 6
years; and 1 month to 1 year). Surprisingly, during the ongoing enrolment in PANORAMA-
HF, in October 2019, the FDA approved the use of sacubitril/valsartan for use in children
older than 1 year of age with symptomatic HF with reduced systolic function. The ex-
planation given was that “the approval was based on an analysis at 12 weeks from the
52-week PANORAMA-HF trial which demonstrated reductions in the cardiac biomarker
N-terminal proBNP (NT-proBNP) in pediatric patients 1 to <18 years with HF due to
systemic LV systolic dysfunction with sacubitril/valsartan. Because sacubitril/valsartan
improved outcomes and reduced NT-proBNP in adult patients in PARADIGM-HF, this
effect on NT-proBNP was considered a reasonable basis to infer improved cardiovascular
outcomes in pediatric patients. The reductions from baseline in NT-proBNP for sacubi-
tril/valsartan (44%), and the active comparator enalapril (33%), were similar to or greater
than those observed in adults, but importantly, the difference between treatment groups
was not statistically significant. Safety and tolerability of sacubitril/valsartan in pediatric
patients were consistent with that observed in adult patients.” The effect of inhibition of
neprilysin on the level of NT-proBNP is minimal as it is cleared from the circulation mainly
by neuropeptide receptors [51], making this a valuable biomarker to measure and track, as
a decrease in NT-proBNP may then be attributable to improved HF and not a drug effect.

For adults, valsartan/sacubitril is available in three dosage strengths: 24/26 mg,
49/51 mg, and 97/103 mg. These doses are 50 mg, 100 mg, and 200 mg in the clinical
trial [48]. The target maintenance dose of valsartan/sacubitril is 97/103 mg twice daily as
tolerated in adult patients. In pediatric patients, the target maintenance dose is dependent
on body weight. In children <40 kg, the starting dose should be 1.6 mg/kg of the combined
amount of both valsartan and sacubitril. The dose is titrated every two weeks upward
from 2.3 mg/kg up to a max dose of 3.1 mg/kg based on tolerance. An oral solution can
also be compounded for use in children. In most HF drugs, the dose is based upon body
weight in the pediatric population. (Table 2).
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Table 2. Summary of commonly used pediatric HF drugs and doses.

Standard Pediatric Doses

Diuretics

1. Furosemide 1 mg/kg dose BID up to max 6 mg/kg/day

2. Chlorothiazide 10 mg/kg dose BID up to max 2 gm/day

3. Metolazone 0.1 mg/kg dose BID up to max 20 mg/day

Digoxin 3 to 5 mcg/kg dose BID

Angiotensin-converting enzyme inhibitors

1. Captopril 0.1 mg/kg dose TID up to max 2 mg/kg/dose

2. Enalapril 0.1 mg/kg dose BID up to max 0.5 mg/kg/day

Beta-blockers

1. Metoprolol 0.1 mg/kg dose BID up to max 1 mg/kg dose

2. Carvedilol 0.025 mg/kg/dose BID up to max 0.5 mg/kg/dose BID

Aldosterone antagonist

Spironolactone 1 mg/kg dose BID up to max 200 mg/day

(BID = twice daily, TID = three times daily, max = maximum, mg/kg = milligram per kilogram).

3.5. Ivabradine

Ivabradine, an If current inhibitor in the sinoatrial node, acts by reducing heart rate
and helped reduce HF hospitalization and death from HF in adults in the SHIFT and
BEAUTIFUL trials [52]. The safety of ivabradine has been validated in a pediatric phase
II/III dose-finding clinical trial of children with stable HF [27]. In this study, ivabradine
resulted in a reduction in heart rate, an increase in systolic function, and a trend towards
improved quality of life. There was no significant difference in NT-pro BNP levels between
ivabradine and placebo in this study. Based on adult studies, further control of heart rate
in children with HF with or without β-blocker may improve the outcome.

3.6. Omecamtiv Mecarbil

Omecamtiv mecarbil is a new class of myotropes that binds selectively to the cardiac
myosin protein base and permits ADP-P release from the myosin-actin-ATP complex, thus
increasing the number of myosin heads that can bind to the actin filament and facilitate
cardiac sarcomere contractility. As a result, there is increased systole duration but no
increase in myocyte calcium, and no increase in myocardial oxygen consumption, unlike
the vasoactive agents [53]. The GALACTIC-HF trial has shown a lower incidence of a
composite HF event or death from cardiovascular causes than those who received a placebo
in adults with HF with reduced systolic function [54]. At present, there are no data available
regarding the efficacy of this drug in children, but as in other drugs, omecamtiv mecarbil
may be an effective alternative to improve outcomes in pediatric systolic HF in the future.

3.7. Sodium-Glucose co-Transporter 2 (SGLT-2) Inhibitors

The DAPA-HF trial [55] and the EMPEROR-Reduced trial [56] have shown that SGLT-
2 inhibitors (dapagliflozin and empagliflozin) reduced the risk of worsening HF events in
adults with reduced EF, irrespective of the presence of diabetes at baseline. The precise
mechanism of SGLT-2 inhibition in achieving its effect remains uncertain, although a
modest reduction in central venous pressure has been demonstrated [57,58]. No data are
available in children, but this class of drugs appears to be helpful in adult clinical trials.
This drug may be helpful in the future, especially in children and young adults with HF
who are also obese and have metabolic syndrome.
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3.8. Vericiguat

The cGMP pathway has been implicated as an essential regulator of endothelial func-
tion in both primary and secondary pulmonary hypertension and is relevant to myocardial
and vascular smooth muscle dysfunction in HF states as well [59]. Vericiguat is a cGMP
pathway stimulator, acting directly on intracellular soluble guanylyl cyclase to increase
cGMP production, independent of endogenous nitric oxide production (typically depressed
in HF). In the VICTORIA trial, adult patients with chronic symptomatic HF and an ejection
fraction of <45% had a reduced risk of cardiovascular death, all-cause death, and HF
hospitalization [60]. No data are currently available for children, but it seems promising,
especially in bi-ventricular HF and HF associated with congenital heart disease.

3.9. Digoxin

Digoxin is a cardiac glycoside and was the cornerstone of HF therapy for decades
until a paradigm shift in HF pathophysiology led to a shift from inotropic therapy to
neurohormonal modulation. Digoxin binds to the sarcolemmal Na+-K+ ATPase pump,
thereby preventing Na+ removal from the myocytes in the exchange of K+. As a result,
more intracellular Na+ available for calcium influx through the Na+-Ca++ exchanger. Cal-
cium is transported into the sarcoplasmic reticulum and helps a more muscular mechanical
contraction. Furthermore, evidence from experimental studies suggests that digoxin binds
directly to ryanodine receptor-2 [61]. Digoxin also exhibits negative chronotropic action by
increasing cardiac vagal tone and improves symptomatic HF in children. Recently, the use
of digoxin in HF has declined because of potential adverse effects such as polymorphic
ventricular tachycardia despite earlier randomized clinical trial data showing significant
improvement in ejection fraction and exercise capacity in studies such as PROVED [62],
RADIANCE [63], and DIMIT [64]. After digoxin’s success in earlier trials that included
only a small number of patients, the Digitalis Investigation Group (DIG) randomized,
double-blind, placebo-controlled trial, including 5800 patients, concluded that there was
no difference in all-cause mortality with the addition of digoxin to ACEi and diuretics [65].
Because of the uncertain benefits of digoxin and severe pro-arrhythmic action, the use of
digoxin declined recently both in adults and children with HF. Subsequently, in a retro-
spective analysis of the Valsartan in HF Trial (Val-HeFT), digoxin treatment was associated
with a higher risk of all-cause mortality and HF-related hospitalization. Recently, another
adult HF trial studied the effect of digoxin in all-cause mortality and HF hospitalization
in 2891 patients with newly diagnosed systolic HF and reported adding digoxin to ACEi
β-blockers had a higher incidence of death in the digoxin group [66].

The use of digoxin in pediatric HF patients is largely empirically based but, in general,
has been replaced by newer HF therapies for better neurohormonal modulation. However, a
Pediatric Heart Network study recently showed that digoxin decreased interstage mortality
significantly in infants with single ventricle physiology [67]. Digoxin is also helpful in
HF with atrial arrhythmia and the control of heart rate. Therefore, in our view, digoxin
should not be discarded from the HF armamentarium. Digoxin probably still plays a
role in patients with severe HF who cannot tolerate ACEi or β-blockers due to lower
blood pressure/renal dysfunction. Digoxin has a role specifically to reduce symptoms
and hospitalization in children with CHD and HF. It is essential to closely monitor the
creatinine and potassium levels to minimize the risk of digoxin toxicity.

4. Clinical Trials: What’s on the Horizon?

A few other drugs are under trial for AHFS in adults, including istaroxime (Horizon-
HF trial [68], serelaxin (RELAX-AHF-2 trial) [69], and ularitide (TRUE-AHF trial) [70], and
outcome results are pending. There is no experience of these drugs in pediatric HF. In the
future, there are opportunities to explore the role of renin inhibitors, calcineurin, and the
role of calcium modulation in the myocytes and their roles in myocardial function and HF
remain to be explored. Although our understanding of HF’s etiology and pathophysiology
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in children has improved, the efficacy and safety of newer pharmacological therapies
remain uncertain.

5. Innovative Therapies for Acute and Chronic HF

Chronic HF is a progressive disease, meaning it continues and worsens. Despite the
recent success of drug therapy and the PANORAMA-trial in children to access valsar-
tan/sacubitril for chronic HF with reduced systolic function in children, there remains
residual risks of mitral regurgitation, fluid overload due to resistance to standard diuretics,
autonomic dysregulation, etc. In adults, the most innovative device therapies are driven
by industry as the FDA has expedited access to innovative devices for the diagnosis and
treatment of serious illnesses, such as HF. The Centers for Medicare and Medicaid Services
increased hospital reimbursement for these technologies to increase access to breakthrough
technologies [71]. A judicious balance between extrapolation from adult device therapy
guidelines and child-specific data development will be a wise approach to optimize pedi-
atric HF management. This approach has been helpful as reflected by the increasing role of
ventricular assist devices (VAD) in managing end-stage HF in children.

5.1. Left Ventricular Assist Devices

Mechanical circulatory support with left ventricular assist devices (LVADs) are in-
creasingly used to manage HF in infants and children as a bridge to transplantation or
destination therapy in selected patient cohorts [28]. In children, Berlin Heart EXCOR®

(Berlin Heart GmbH, Berlin, Germany) and HVAD® (HeartWare Inc., Framingham, MA,
USA) are used with increased survival benefits and successfully bridged to heart transplan-
tation [72,73]. Recently, the FDA approved HeartMate 3® (Abbott, IL, USA) for children
>19 kg based on the consortium data [74]. Although VAD support and durability in pedi-
atric patients are getting better, a high rate of serious adverse events persists, including
infection, bleeding, sensitization, device malfunction, and neurologic injury in children [75].
There are upcoming devices that are fully intracorporeal without an external driveline and
may alleviate some of these complications in the future.

5.2. Regenerative Strategies

The potential for cardiac regeneration in children may be greater than in adults. It
has been shown that there is myocyte regeneration after unloading of the dilated LV by
mechanical circulatory support in pediatric dilated cardiomyopathy patients with end-stage
HF [76]. The regenerative strategy is the basis of reversible pulmonary artery band (PAB) in
infants and young children with dilated cardiomyopathy [77,78]. Application of a reversible
PAB for 2–3 months can increase the contractility of LV by ventricle–ventricle interaction as
both RV and LV share a common septum. However, a randomized, prospective, clinical
trial is warranted to study the role of reversible PAB in pediatric DCM patients to diminish
the need for mechanical circulatory support and cardiac transplantation.

There has been a rapid proliferation of clinical studies using stem cells in adults with
HF [79], yet little convincing evidence of clinically significant improvement. Unlike adult
trials, there are no controlled studies in children with HF. Future clinical trials in children
should be based on lessons learned from adult trials, as both efficacy and safety are needed.

5.3. Devices to Treat Mitral Regurgitation

The prognosis in HF patients who develop secondary mitral regurgitation (MR) due
to dilatation of LV leading to annular dilatation of mitral valve (MV) is worse, with a direct
quantitative relationship between the severity of MR and both death and hospitalizations
for HF in adults [80]. The MitralClip® (transcatheter MV Repair) (Abbott, IL, USA) device
was approved by the FDA in 2013 for adult patients who cannot tolerate surgery of the
MV. The Cardiovascular Outcomes Assessment of the MitralClip® in Patients with HF
and Secondary MR (COAPT) trial has provided a new option for managing selected adult
patients with secondary MR and HF [81]. Many other new trials are ongoing, including
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APOLLO [82] and SUMMIT [83], to investigate the safety and efficacy of transcatheter MV
replacement. No MV device has been used in children, and in the future, adolescents and
young adults may qualify for transcatheter therapy of the MV.

5.4. Modulation of Autonomic Nervous System

Autonomic dysregulation (i.e., parasympathetic system withdrawal and sympathetic
system overactivation) leading to persistent tachycardia, increased oxygen demand, and
higher afterload can cause the development and progression of HF [84]. Afferent input
to the baroreflex originates from the carotid sinus and aortic arch receptors, which are
stimulated by arterial distension. The baroreflex regulates the efferent sympathetic and
parasympathetic output via the rostral ventrolateral medulla and nucleus ambiguous [85].
Baroreflex activation therapy stimulates the carotid baroreceptor and optimizes baroreflex
dysfunction, which can subsequently control autonomic dysregulation. Based on adult
studies [86], the FDA approved the Barostim® neo system (CVRx, Inc., Minneapolis, MN,
USA) in 2019 to improve HF symptoms in adults. There is no experience of baroreflex
activation therapy in pediatric HF.

5.5. Electrophysiological Modulation of Cardiac Contractility

Chronic HF due to decreased systolic function is characterized by abnormal intra-
cellular calcium handling and mechanical and electrophysiological dysfunction [87]. The
FIX-HF-5C (Evaluate Safety and Efficacy of the OPTIMIZER® System in Subjects with
Moderate-to-Severe Heart Failure) trial has shown promising results in the symptomatic
improvement of chronic HF in adults [88]. The cardiac contractility modulation ther-
apy (OPTIMIZER® System) delivers a biphasic, long-duration (~20 milliseconds), high-
voltage (~7.5 V) electrical signal to the septum of the RV during the absolute refractory
period [89,90]. As the delivery of the electric signals occurs during the refractory period, it
does not result in myocardial contraction but leads to structural and functional changes
in the myocardium, including molecular changes, enhanced contractility, and decreased
LV volume [91]. There is no experience of cardiac contractility modulation therapy in
pediatric HF.

5.6. Inter-atrial Devices to Create Shunt

The elevated left atrial pressure is the sine qua non of chronic HF, which is directly
related to exercise intolerance. In adults, various minimally invasive devices such as the
Inter Atrial Shunt Device (IASD®, Corvia Medical) [92] and the V-Wave® (Casarea, Israel)
interatrial shunt device [93] have been used to create a permanent controlled left-to-right
shunting to decompress the left atrium. There are ongoing randomized controlled trials
using these devices to study the efficacy and safety in adult HF patients. These devices
have not been used in children, although atrial septostomy and creating an inter-atrial
shunt is a common practice to decompress the left atrium in children with acute HF while
supported with ECMO.

5.7. Peritoneal Direct Sodium Removal for Volume Management

Chronic HF patients develop resistance to diuretics, and in adults, peritoneal direct
sodium removal is a novel approach to treat volume overload. The RED DESERT study
is an ongoing trial to investigate the feasibility and safety of the Alfapump® (Sequana
Medical NV, Ghent, Belgium) peritoneal direct sodium removal system in adults with
chronic HF [94]. There is no experience of Alfapump® in pediatric HF.

6. Conclusions

The ACC/AHA/HFSA guidelines for pharmacological therapy for HF in adults
were updated in 2016 [95], and the new adult HF medications are being used in children
without clear evidence of safety and efficacy. This is likely to change after the success
of the PANORAMA-HF trial. The endpoint in this trial may be the critical element in



Children 2021, 8, 322 12 of 16

pediatric HF research success in the future, as the use of mortality or all-cause events as
an endpoint is unlikely to be an achievable goal given the number of patients required. It
has been suggested that future randomized studies in children should probably include
cause-specific outcomes such as a decrease in pro-BNP or BNP in children following the
adult PARADIGM-HF trial model. Furthermore, pediatric HF drug trials should be global
because of small numbers and etiologies’ heterogeneity. Adult HF clinical trials may
serve as guidelines to design compelling drug trials in children but are not substitutes.
In the meantime, it is necessary to specifically think through the mechanism of HF and
the mechanism of pharmacotherapy for selecting appropriate drugs in children with HF.
In children, due to small case numbers of HF, there are no incentives for the industry
to develop children-specific HF therapies. The federal government should support such
clinical trials to expedite the testing of drug and device therapies in pediatric HF. Novel
clinical trial designs may be considered that allow for early market access by accelerating
the development, assessment, and review processes, and linking reimbursement from the
Centers for Medicare and Medicaid Services to FDA marketing approval. Future device-
based therapies in children may minimize the side effects from pharmacotherapy and
improve compliance and overall outcomes of HF in children.

Author Contributions: Conceptualization: B.B.D.; Drafted the manuscript, revised and edited:
B.B.D., W.B.M. and J.B.; Visualization and supervision: W.B.M. and J.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 as this is a review article.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. Butler has been a consultant
to Abbott, Adrenomed, Amgen, Applied Therapeutics, Array, Astra Zeneca, Bayer, BerlinCures,
Boehringer Ingelheim, CVRx, Foundry, G3 Pharma, Impulse Dynamics, Innolife, Janssen, LivaNova,
Luitpold, Medtronic, Merck, Novartis, Novo Nordisk, Relypsa, Roche, Sanofi, Sequana Medical,
and Vifor.

References
1. Hsu, D.T.; Pearson, G.D. Heart failure in children: Part I: History, Etiology, and Pathophysiology. Circ. Heart Fail. 2009, 2, 63–70.

[CrossRef] [PubMed]
2. Maciek, S.M.; Macias, C.G.; Jeffries, J.L.; Kim, J.J.; Price, J.F. Acute heart failure syndromes in the pediatric emergency department.

Pediatrics 2009, 124, e898–e904. [CrossRef]
3. Chen, S.; Dykes, J.C.; McElhinney, D.B.; Gajarski, R.J.; Shin, A.Y.; A Hollander, S.; Everitt, M.E.; Price, J.F.; Thiagarajan, R.R.;

Kindel, S.J.; et al. Haemodynamic profiles of children with end-stage heart failure. Eur. Heart J. 2017, 38, 2900–2909. [CrossRef]
[PubMed]

4. Kantor, P.F.; Lougheed, J.; Danecea, A.; McGillion, M.; Barbosa, N.; Chan, C.; Dillenburg, R.; Atallah, J.; Buchholz, H.; Chant-
Gambacort, C.; et al. Presentation, diagnosis, and medical management of heart failure in children: Canadian Cardiovascular
Society guidelines. Can. J. Cardiol. 2013, 29, 1535–1552. [CrossRef] [PubMed]

5. Kirk, R.; Dipchand, A.I.; Rosenthal, D.N.; Addonizio, L.; Burch, M.; Chrisant, M.; Dubin, A.; Everitt, M.; Gajarski, R.; Mertens, L.;
et al. The International Society of Heart and Lung Transplantation guidelines for managing pediatric heart failure-Executive
summary. J. Heart Lung Transplant. 2014, 33, 888–909. [CrossRef]

6. Konstam, M.A.; Gheorghiade, M.; Burnett, J.C., Jr.; Grinfeld, L.; Maggioni, A.P.; Swedberg, K.; Udelson, J.E.; Zannad, F.; Cook,
T.; Ouyang, J.; et al. Effects of oral tolvaptan in patients hospitalized for worsening heart failure: The EVEREST Outcome Trial.
JAMA 2007, 297, 1319–1331. [CrossRef]

7. Regen, R.B.; Gonzalez, A.; Zawodniak, K.; Leonard, D.; Quigley, R.; Barnes, A.P.; Koch, J.D. Tolvaptan Increases Serum Sodium in
Pediatric Patients With Heart Failure. Pediatr. Cardiol. 2013, 34, 1463–1468. [CrossRef] [PubMed]

8. Higashi, K.; Murakami, T.; Ishikawa, Y.; Itoi, T.; Ohuchi, H.; Kodama, Y.; Honda, T.; Masutani, S.; Yamazawa, H.; Senzaki, H.; et al.
Efficacy and safety of tolvaptan for pediatric patients with congestive heart failure. Multicenter survey in the working group of
the Japanese Society of PEdiatric Circulation and Hemodynamics (J-SPECH). Int. J. Cardiol. 2016, 205, 37–42. [CrossRef]

9. Bayram, M.; De Luca, L.; Massie, M.B.; Gheorghiade, M. Reassessment of Dobutamine, Dopamine, and Milrinone in the
Management of Acute Heart Failure Syndromes. Am. J. Cardiol. 2005, 96, 47G–58G. [CrossRef]

http://doi.org/10.1161/CIRCHEARTFAILURE.108.820217
http://www.ncbi.nlm.nih.gov/pubmed/19808316
http://doi.org/10.1542/peds.2008-2198
http://doi.org/10.1093/eurheartj/ehx456
http://www.ncbi.nlm.nih.gov/pubmed/29019615
http://doi.org/10.1016/j.cjca.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24267800
http://doi.org/10.1016/j.healun.2014.06.002
http://doi.org/10.1001/jama.297.12.1319
http://doi.org/10.1007/s00246-013-0671-y
http://www.ncbi.nlm.nih.gov/pubmed/23463133
http://doi.org/10.1016/j.ijcard.2015.12.003
http://doi.org/10.1016/j.amjcard.2005.07.021


Children 2021, 8, 322 13 of 16

10. Follath, F.; Cleland, J.G.; Just, H.; Papp, J.G.Y.; Scholz, H.; Peuhkurinen, K.; Harjola, V.P.; Mitrovic, V.; Abdalla, M.; Sandell, E.-P.;
et al. Efficacy and safety of intravenous levosimendan compared with dobutamine in severe low-output heart failure (the LIDO
study): A randomized, double-blind trial. Lancet 2020, 360, 196–202. [CrossRef]

11. Moiseyev, V.S.; Poder, P.; Andrejevs, N.; Ruda, M.Y.; Golikov, A.P.; Lazebnik, L.B.; Kobalava, Z.D.; Lehtonen, L.A.; Laine, T.;
Nieminen, M.S.; et al. Safety and efficacy of a novel calcium sensitizer, levosimendan, in patients with left ventricular failure due
to an acute myocardial infarction. A randomized, placebo-controlled, double-blind study (RUSSLAN). Eur. Heart J. 2002, 23,
1422–1432. [CrossRef]

12. Cleland, J.G.; Ghosh, J.; Freeman, N.; Kaye, G.C.; Nasir, M.; Clark, A.L.; Coletta, A.P. Clinical trials study and cumulative
meta-analyses from the American College of Cardiology: WATCH, SD-HeFT, DINAMIT, CASINO, INSPIRE, STRATUS-US,
RIO-Lipids and cardiac resynchronization therapy in heart failure. Eur. J. Heart Fail. 2004, 2, 501–508. [CrossRef] [PubMed]

13. Mazza, A.; Nieminen, M.S.; Packer, M.; Cohen-Solal, A.; Kleber, F.X.; Pocock, S.J.; Thakkar, R.; Padley, R.J.; Põder, P.; Kivikko,
M.; et al. Levosimendan vs. dobutamine for patients with acute decompensated heart failure: The SURVIVE Randomized Trial.
JAMA 2007, 297, 1883–1891.

14. Packer, M.; Colucci, W.; Fisher, L.; Massie, B.M.; Teerlink, J.R.; Young, J.; Padley, R.J.; Thakkar, R.; Delgado-Herrera, L.; Salon, J.;
et al. Effect of levosimendan on the short-term clinical course of patients with acutely decompensated heart failure. JACC Heart
Fail. 2013, 1, 103–111. [CrossRef]

15. Lechner, E.; Hofer, A.; Leitner-Pender, G.; Freynschlag, R.; Mair, R.; Weinzettel, R.; Rehak, P.; Gombotz, H. Levosimendan versus
milrinone in neonates and infants after corrective open-heart surgery: A pilot study. Pediatr. Crit. Care Med. 2012, 13, 542–548.
[CrossRef]

16. Wang, A.; Cui, C.; Fan, Y.; Zi, J.; Zhang, J.; Wang, G.; Wang, F.; Wang, J.; Tan, Q. Prophylactic use of levosimendan in pediatric
patients undergoing cardiac surgery: A prospective randomized controlled trial. Crit. Care 2019, 23, 428. [CrossRef] [PubMed]

17. Namachivayam, P.; Crossland, D.S.; Butt, W.W.; Shekherdemian, L.S. Early experience with Levosimendan in children with
ventricular dysfunction. Pediatr. Crit. Care Med. 2006, 7, 445–448. [CrossRef] [PubMed]

18. Egan, J.R.; Clarke, A.J.B.; Williams, S.; Cole, A.D.; Ayer, J.; Jacobe, S.; Chard, R.B.; Winlaw, D.S. Levosimendan for low cardiac
output: A pediatric experience. J. Intensive Care Med. 2006, 21, 183–187. [CrossRef] [PubMed]

19. Das, B.B. Plasma B-type natriuretic peptides in children with cardiovascular diseases. Pediatr. Cardiol. 2010, 31, 1135–1145.
[CrossRef]

20. Abraham, W.T.; Cheng, M.L.; Smoluk, G. Vasodilatation in the Management of Acute CHF (VMAC) Study Group. Clinical
and hemodynamic effects of nesiritide (B-type natriuretic peptide) in patients with decompensated heart failure receiving
beta-blockers. Congest. Heart Fail. 2005, 11, 59–64. [CrossRef]

21. Mahle, W.T.; Cuadrado, A.R.; Kirshbom, P.M.; Kanter, K.R.; Simsic, J.M. Nesiritide in infants and children with congestive heart
failure. Pediatr. Crit. Care Med. 2005, 6, 543–546. [CrossRef]

22. Jefferies, J.L.; Denfield, S.W.; Price, J.F.; Dreyer, W.J.; McMahon, C.J.; Grenier, M.A.; Kim, J.J.; Dimas, V.V.; Clunie, S.K.; Moffett,
B.S.; et al. A prospective evaluation of nesiritide in treating pediatric heart failure. Pediatr. Cardiol. 2006, 27, 402–407. [CrossRef]
[PubMed]

23. Das, B.B.; Koch, J.; Dimas, V.; Guleserian, K.; Nugent, A. Use of nesiritide in critically ill children with biventricular dysfunction
suffering from oliguria despite standard heart-failure management. Cardiol. Young 2016, 26, 819–823. [CrossRef] [PubMed]

24. van Deursen, V.M.; Hernandez, A.F.; Stebbins, A.; Hasselblad, V.; Ezekowitz, J.A.; Califf, R.M.; Gottlieb, S.S.; O’Connor,
C.M.; Starling, R.C.; Tang, W.H.W.; et al. Nesiritide, renal function, and associated outcomes during hospitalization for acute
decompensated heart failure: Results from the Acute Study of Clinical Effectiveness of Nesiritide and Decompensated Heart
Failure (ASCEND-HF). Circulation 2014, 12, 958–965. [CrossRef]

25. Shady, R.E.; Boucek, M.M.; Hsu, D.T.; Boucek, R.J.; Canter, C.E.; Mahony, L.; Ross, R.D.; Pahl, E.; Blume, E.D.; Dodd, D.A.; et al.
Carvedilol for children and adolescents with heart failure: A randomized controlled trial. JAMA 2007, 298, 1171–1179. [CrossRef]
[PubMed]

26. Hsu, D.T.; Mahony, L.; Sleeper, L.A. Enalapril in infants with single ventricle. Circulation 2010, 122, 333–340. [CrossRef]
27. Bonnet, D.; Berger, F.; Jokinen, E.; Kantor, P.F.; Daubeney, P.E. Ivabradine in Children With Dilated Cardiomyopathy and

Symptomatic Chronic Heart Failure. J. Am. Coll. Cardiol. 2017, 70, 1262–1272. [CrossRef] [PubMed]
28. Das, B. Current state of pediatric heart failure. Children 2018, 5, 88. [CrossRef]
29. CONSENSUS Trial Study Group. Effects of enalapril on mortality in severe congestive heart failure. Results of the Cooperative

North Scandanavian Enalapril Survival Study (CONSENSUS). N. Engl. J. Med. 1987, 316, 1429–1435. [CrossRef]
30. SOLVD Investigators; Yusuf, S.; Pitt, B.; Davis, C.E.; Hood, W.B.; Cohn, J.N. Effect of enalapril on survival in patients with reduced

left ventricular ejection fractions and congestive heart failure. N. Engl. J. Med. 1991, 325, 293–302.
31. Kantor, P.F.; Abraham, J.R.; Dipchand, A.I.; Benson, L.N.; Redington, A.N. The impact of changing medical therapy on

transplantation-free survival in pediatric dilated cardiomyopathy. J. Am. Coll. Cardiol. 2010, 55, 1377–1384. [CrossRef]
32. Pitt, B.; Zannad, F.; Remme, W.J.; Cody, R.; Castaigne, A.; Perez, A.; Palensky, J.; Wittes, J. The effect of spironolactone on

morbidity and mortality in patients with severe heart failure. Randomized Aldactone Evaluation Study Investigators. N. Engl. J.
Med. 1999, 341, 709–717. [CrossRef]

http://doi.org/10.1016/S0140-6736(02)09455-2
http://doi.org/10.1053/euhj.2001.3158
http://doi.org/10.1016/j.ejheart.2004.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15182777
http://doi.org/10.1016/j.jchf.2012.12.004
http://doi.org/10.1097/PCC.0b013e3182455571
http://doi.org/10.1186/s13054-019-2704-2
http://www.ncbi.nlm.nih.gov/pubmed/31888711
http://doi.org/10.1097/01.PCC.0000235251.14491.75
http://www.ncbi.nlm.nih.gov/pubmed/16885788
http://doi.org/10.1177/0885066606287039
http://www.ncbi.nlm.nih.gov/pubmed/16672640
http://doi.org/10.1007/s00246-010-9758-x
http://doi.org/10.1111/j.1527-5299.2005.03792.x
http://doi.org/10.1097/01.PCC.0000164634.58297.9A
http://doi.org/10.1007/s00246-005-1294-8
http://www.ncbi.nlm.nih.gov/pubmed/16830089
http://doi.org/10.1017/S1047951115002590
http://www.ncbi.nlm.nih.gov/pubmed/26694972
http://doi.org/10.1161/CIRCULATIONAHA.113.003046
http://doi.org/10.1001/jama.298.10.1171
http://www.ncbi.nlm.nih.gov/pubmed/17848651
http://doi.org/10.1161/CIRCULATIONAHA.109.927988
http://doi.org/10.1016/j.jacc.2017.07.725
http://www.ncbi.nlm.nih.gov/pubmed/28859790
http://doi.org/10.3390/children5070088
http://doi.org/10.1056/NEJM198706043162301
http://doi.org/10.1016/j.jacc.2009.11.059
http://doi.org/10.1056/NEJM199909023411001


Children 2021, 8, 322 14 of 16

33. Raman, S.V.; Hor, K.N.; Mazur, W.; Halnon, N.J.; Kissel, J.T.; He, X.; Tran, T.; Smart, S.; McCarthy, B.; Taylor, M.D.; et al. Eplerenone
for early cardiomyopathy in Duchene muscular dystrophy: A randomized, double-blind, placebo-controlled trial. Lancet Neurol.
2015, 14, 153–161. [CrossRef]

34. Gottlieb, S.S.; Dickstein, K.; Fleck, E.; Kostis, J.; Levine, T.B.; LeJemtel, T.; Dekock, M. Hemodynamic and neurohormonal effects
of the angiotensin II antagonist losartan in patients with congestive heart failure. Circulation 1993, 88, 1602–1609. [CrossRef]

35. Pitt, B.; Poole-Wilson, P.A.; Segal, R.; Martinez, F.A.; Dickstein, K.; Camm, A.J.; Konstam, M.A.; Riegger, G.; Klinger, G.H.; Neaton,
J.; et al. Effect of losartan compared with captopril on mortality in patients with symptomatic heart failure: Randomized trial—the
Losartan Heart Failure Survival Study ELITE II. Lancet 2000, 355, 1582–1587. [CrossRef]

36. Cohn, J.N.; Tognoni, G. A randomized trial of the angiotensin-receptor blocker valsartan in chronic heart failure. N. Engl. J. Med.
2001, 345, 1667–1675. [CrossRef] [PubMed]

37. Hjalmarson, A.; Goldstein, S.; Fagerberg, B.; Wedel, H.; Waagstein, F.; Kjekshus, J.; Wikstrand, J.; Westergren, G.; Hassle, A.;
Thimell, M. Effect of metoprolol CR/XL in chronic heart failure: Metoprolol CR/XL Randomized Intervention Trial in Congestive
Heart Failure (MERIT-HF). Lancet 1999, 353, 2001–2007. [CrossRef]

38. Hjalmarson, A.; Goldstein, S.; Fagerberg, B.; Wedel, H.; Waagstein, F.; Kjekshus, J.; Wikstrand, J.; El Allaf, D.; Vítovec, J.;
Aldershvile, J.; et al. Effects of controlled-release metoprolol on total mortality, hospitalizations, and well-being in patients with
heart failure: The Metoprolol CR/XL Randomized Intervention Trial in congestive heart failure (MERIT-HF). MERIT-HF Study
Group. JAMA 2000, 283, 1295–1302. [CrossRef] [PubMed]

39. Packer, M.; Fowler, M.B.; Roecker, E.B.; Coats, A.J.S.; Katus, H.A.; Krum, H.; Mohacsi, P.; Rouleau, J.L.; Tendera, M.; Staiger, C.;
et al. Effect of carvedilol on the morbidity of patients with severe chronic heart failure: Results of the carvedilol prospective
randomized cumulative survival (COPERNICUS) study. Circulation 2002, 106, 2194–2199. [CrossRef] [PubMed]

40. Bruns, L.A.; Chrisant, M.K.; Lamour, J.M.; Shaddy, R.E.; Pahl, E.; Blume, E.D.; Hallowell, S.; Addonizio, L.J.; Canter, C.E.
Carvedilol as therapy in pediatric heart failure: An initial multicenter experience. J. Pediatr. 2001, 138, 505–511. [CrossRef]

41. Rusconi, P.; Gómez-Marín, O.; Rossique-González, M.; Redha, E.; Marín, J.R.; Lon-Young, M.; Wolff, G.S. Carvedilol in children
with cardiomyopathy: 3-year experience at a single institution. J. Heart Lung Transplant. 2004, 23, 832–838. [CrossRef]

42. Azeka, E.; Ramires, J.A.F.; Valler, C.; Bocchi, E.A. Delisting of infants and children from the heart transplantation waiting list after
carvedilol treatment. J. Am. Coll. Cardiol. 2002, 40, 2034–2038. [CrossRef]

43. Laer, S.; Mir, T.S.; Behn, F.; Eiselt, M.; Scholz, H.; Venzke, A.; Meibohm, B.; Weil, J. Carvedilol therapy in pharmacokinetic
parameters. Am. Heart J. 2002, 143, 916–922.

44. Cupido, K.R.; Eisner, D. Something old, something new: Changing views on the cellular mechanism of heart failure. Cardiovasc.
Res. 2005, 68, 67–74.

45. Knecht, M.; Pagel, I.; Langenickel, T.; Philipp, S.; Scheuermann-Freestone, M.; Willnow, T.; Bruemmer, D.; Graf, K.; Dietz,
R.; Willenbrock, R. Increased expression of neural neutral endopeptidase in severe heart failure. Life Sci. 2002, 71, 2701–2712.
[CrossRef]

46. Goldsmith, S. Interactions between the sympathetic nervous system and the RAAS in heart failure. Curr. Heart Fail. Rep. 2004, 1,
45–50. [CrossRef]

47. Packer, M.; Califf, R.M.; Konstam, M.A.; Krum, H.; McMurray, J.J.; Rouleau, J.; Swedberg, K. Comparison of Omapatrilat versus
Enalapril randomized trial of utility in reducing events (OVERTURE). Circulation 2002, 106, 920–926. [CrossRef]

48. McMurray, J.J.; Packer, M.; Desai, A.S.; Gong, J.; Lefkowitz, M.P.; Rizkala, A.R.; Rouleau, J.L.; Shi, V.C.; Solomon, S.D.; Swedberg,
K.; et al. Angiotensin-Neprilysin inhibition versus enalapril in heart failure. N. Engl. J. Med. 2014, 371, 993–1004. [CrossRef]

49. Desai, A.S.; McMurray, J.J.V.; Milton, P.; Swedberg, K.; Rouleau, J.L.; Chen, F.; Gong, J.; Rizkala, A.R.; Brahimi, A.; Claggett, B.;
et al. Effects of the angiotensin receptor-neprilysin inhibitor LCZ696 compared with enalapril on mode of death in heart failure
patients. Eur. Heart J. 2015, 36, 1990–1997. [CrossRef]

50. Shaddy, R.; Canter, C.; Halnon, N.; Kochilas, L.; Rossano, J.; Bonnet, D.; Bush, C.; Zhao, Z.; Kantor, P.; Burch, M.; 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. [CrossRef]

51. Braunwald, E. The Path to an Angiotensin Receptor Antagonist-Neprilysin Inhibitor in the Treatment of Heart Failure. J. Am. Coll.
Cardiol. 2015, 65, 1029–1041. [CrossRef] [PubMed]

52. Fox, K.; Komajda, M.; Ford, I.; Robertson, M.; Böhm, M.; Borer, J.S.; Steg, P.G.; Tavazzi, L.; Tendera, M.; Ferrari, R.; 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, 2263–2270. [CrossRef] [PubMed]

53. Psotka, M.A.; Gottlieb, S.S.; Francis, G.S.; Allen, L.A.; Teerlink, J.R.; Adams, K.F.; Rosano, G.M.; Lancellotti, P. Cardiac Calcitropes,
Myotropes, and Mitotropes. J. Am. Coll. Cardiol. 2019, 73, 2345–2353. [CrossRef] [PubMed]

54. Teerlink, J.R.; Diaz, R.; Felker, M.; McMurray, J.J.V.; Metra, M.; Solomon, S.D.; Adams, K.F.; Anand, I.; Arias-Mendoza, A.;
Biering-Sørensen, T.; et al. Cardiac myosin activation with omecamtiv mecarbil in systolic heart failure. N. Engl. J. Med. 2021, 384,
105–116. [CrossRef]

55. McMurray, J.J.; Solomon, S.D.; Inzucchi, S.E.; Køber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.; Anand,
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