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Abstract

ß1-blockers and tissue ACE-inhibitors are indicated

The etiology of pediatric heart failure is heterogenous.

primarily for their activity and side-effect profile, as

Missing evidence-based studies lead to symptom-

well as for reasons of heart regeneration. A high-

based therapies. Regarding children’s life expectancy,

selective ß1-blocker, (bisoprolol) protects against

heart

noradrenaline-associated

regenerative

strategies

are

required.

myocytic

apoptosis

and

Pathophysiological differences such as the dependence

necrosis, but allows β2-receptor mediated myocardial

of the ventricles on the preload, the tendency towards

regeneration. A reduced heart rate lowers myocardial

peripheral

predominantly

oxygen consumption and extends the diastolic filling

catecholamine-controlled circulatory regulation as well

and coronary perfusion time. Despite the fact that the

as

risk of cardiac fibrosis in infants is lower, the

age

centralization

and

myocardial

disease-related
ß-receptor

with

differences
physiology

in

the

require

combination

of

bisoprolol-lisinopril-spironolactone

individualized precision medicine with the concept of

(B-L-S) is still beneficial. Effective B-L-S doses can

a “responder phenotype”. First-line therapy with

reduce systemic vascular resistance by ensuring

diuretics for chronic heart failure is not indicated.

myocardial perfusion pressure due to an adequate

Inadequate diuretic therapy is a common reason that

intravascular volume (preload). Almost identical daily

anti-adrenergic

renin-angiotensin-aldosterone

doses of bisoprolol and lisinopril (0.1-0.2 (0.4)

antagonists are not or only insufficiently administered.

mg/kg/day) and 0.5-1 (- 2) mg / kg spironolactone

Regarding pediatric dilated cardiomyopathy, selective

enable a high level of compliance in the treatment by

and
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the

parents

or

young

patients.
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In

summary,

individualized heart failure therapy is the prerequisite

adolescent [4], but with a significantly shorter 5-years
survival time [5].

for further regenerative strategies.
Based on our recently published article on pHF with a

Keywords: Heart failure; Children; Pathophysiology;

focus on inotropic support [6], the short review article

Therapy; Regeneration

is intended to illustrate the pediatric aspects of chronic
HF therapy mainly with reduced ejection fraction.

1. Introduction
Pediatric heart failure (pHF) is a common health

2. Method

problem [1]. When comparing heart failure in adults,

The review article is based on a selective literature

the epidemiology of pHF has been examined less

search in PubMed, taking into account age and

systematically [2]. The incidence and prevalence of

disease-specific

pHF differs from the global perspective. According to

physiology, as well as the pharmacological profile of

the WHO, congenital heart malformations, rhythm

cardiovascular drug treatment.

cardiovascular

and

receptor

disorders, cardiomyopathies, myocardial (myocarditis)
and coronary (Kawasaki) inflammation and toxic

2.1 Therapy of pediatric heart failure with reduced

changes of the myocardium (anthracycline) are the

ejection fraction

main causes of pHF in industrialized countries [3]. The

HFrEF is often summarized as a syndrome. However,

etiology of pHF varies with age, genetic disposition,

HFrEF is whether a disease in the sense of an

and living conditions (epigenetic factors). The

etiological and pathogenetic unity or a syndrome as an

incidence of pHF is up to 7.4/100000, the prevalence

etiologically defined unit with unknown pathogenesis.

up to 83/100000 [2]. According to pathophysiological

HFrEF is a disease sequence with a heterogeneous

criteria, HF is defined by an insufficient systemic

etiology and defined pathogenesis [7]. The drug

blood flow at rest or during physical activity, so that

treatment of HFrEF in adults is based on large cohort

the cardiac output no longer guarantees the body’s

studies [8]. Drug therapy for adult patients with HFrEF

metabolic requirements. The factors that generate an

aims to reduce the neurohumoral response using

2

indicated cardiac output of 3-4l/min/m at rest are

substances from the group of ACE inhibitors,

based not only on the four components of myocardial

angiotensin receptor blockers, beta blockers, MRA

contraction, preload, afterload and heart rate/rhythm,

(mineral corticoid receptor antagonist), If-channel

but also on cardiac synchrony, ventriculo-ventricular,

blockers, ARNI (angiotensin receptor neprilysin

atrio-ventricular and ventricular-arterial interaction.

Inhibitors, sacubitril / valsartan) and SGLT2 (sodium-

Dilated

is

glucose linked transporter) inhibitors. Large cohort

pathophysiologically best comparable to heart failure

studies are always required to influence mortality [8].

in adults with reduced ejection fraction (HFrEF). The

Advances in the treatment of heart failure in children

annual incidence of 1.1/100000 roughly corresponds to

with their etiological diversity and very different

that of non-Hodgkin’s lymphoma in children and

pathogenesis can hardly be achieved through large

cardiomyopathy

(DCM)

cohort studies. Three major HF studies therefore
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showed no therapeutic benefit of a) carvedilol in

based treatment, avoiding cardiac stimulation, but

pediatric left ventricular dysfunction [9], b) enalapril

instead relieving the heart, led to one of the greatest

in young patients with a "single" ventricle [10] or c)

success stories in the treatment of complex, congenital

valsartan in the presence of an insufficient right

heart defects. The mortality rate of a Norwood

ventricle in subaortic position [11]. The results of

operation in newborns with hypoplastic left heart

these three studies have since been used to justify the

syndrome (HLHS) of almost 90% in the early 1990s

fact that drugs successfully used in adults with left

could be changed to a survival rate of 90% using

ventricular HFrEF are ineffective or only questionably

almost the same surgical technique today [15]. The

effective in children or in patients with systemic right

avoidance of catecholamines and the preferred use of

ventricle [10, 11]. However, these studies also show

inodilators (PDE-3 inhibitors, milrinone) was an

that randomized and placebo-controlled study design

important factor of success [16]. Evidence-based

per se does not yet allow evidence. Neither the number

studies have not been conducted, nor have they been

of randomized patients, the high inhomogeneity of the

necessary. The decision to rethink was made based on

diseases, the clinical functional classes, nor the

pathophysiological considerations. The continuation of

undifferentiated use of the medication of the patients

chronic treatment and relief of consequential damage

included in the three studies over long period of time

of the endangered singular right ventricle have so far

allowed evidence [12]. The valsartan study in adult

only been carried out in a few centers [17]. Compared

patients with a right systemic ventricle is also

to HF therapy for congenital heart defects, 70% of

interpreted to mean that the cardiovascular drugs

patients with pediatric DCM are treated with ACE

remain ineffective due to cardiac morphology and

inhibitors, but only around 30% with β-blockers [18].

genetic profile [13]. This assessment neglects that the

In

neurohumoral response of HF is less dependent on the

differentiation in therapy with β-blockers or RAAS

ventricular morphology than on its degree of

inhibitors is almost completely absent according to

dysfunction.

the

their pharmacological profile is almost completely

subpulmonary or subaortic chamber is more important

missing. Angelo-American guidelines [19] recommend

for drug effectiveness. The differences are due to the

ACE-inhibitors, followed by ß-blockers, in children

status of the metabolizing enzymes associated with the

only with restrictions (functional class I, II); on the

ventricular position and the scavenger function of the

other side, chronic diuretic therapy is recommended as

lungs [14]. In this context, it should again be noted that

a "first-line" treatment, although this is not suggested

both the adult and pediatric therapeutic approaches are

either by pathophysiology or by evidence of reduced

currently based mainly on blocking the neurohumoral

mortality.

In

addition,

the

position

of

addition,

disease-related

or

age-specific

response [5, 8].
2.3 The therapeutic concept of the "responder"
2.2 Therapeutic consequences

phenotype

The success of pediatric HF treatment, if achieved, is

The therapeutic "responder" phenotype in toddlers and

based on hemodynamic and cardiac “remodeling”

infants can be identified acutely by its efficient

effects. Switching from a pressure-based to a flow-

neurohumoral inhibition, which can be measured by
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surrogate parameters such as the reduction in heart and

with a ß2-AR agonism, if necessary, to promote repair

respiratory rate and by improved feeding behavior

mechanisms [26].

with weight gain. In this age group, functional heart
regeneration takes place in a time interval of 3-12

In the future, ß-blockers should therefore not be used

months [20, 21]. The prerequisite is that β-blocker and

according to the generation in which they were

RAAS inhibitors are established according to their

developed, but according to the desired effectiveness.

pharmacological profile and the age- and disease-

Non-specific ß-blockers like propanolol or carvedilol

specific molecular receptor and signaling pathways

not only have a broader anti-arrhythmic potential than

[17]. Cardiac ß-adrenergic receptors (AR) reduction is

highly selective ß1-AR blockers, but due to the

common phenomenon in all forms of HF [22]. The ß1-

unspecific principle of action they can have a higher

and ß2-AR with their different intracellular signaling

regeneration for right heart failure like that of Fallot

pathways are affected differently. End-stage DCM in

tetralogy [27, 28] and possibly carvedilol in PAH-

adults is characterized by isolated down-regulation of

associated RV dysfunction [29]. In addition to age and

ß1-AR, while pediatric DCM is associated with the

disease-specific

joint loss of ß1 and ß2 receptors [23]. The ischemic

neurohumoral interaction, all ß-blockers share a heart

form (ICM) and adult patients with clinically relevant

rate-lowering effect. The advantages lie in the

mitral valve disease or in conjunction with Fallot

reduction of oxygen consumption, especially of the

tetralogy also show a joint reduction in ß1- and ß2-AR

myocardium, and hemodynamically in the extension of

[22]. The age-related differences in the behavior of

the diastolic filling time of the systemic ventricle and

beta-adrenergic receptors in DCM led Miyamoto et al.

the coronary perfusion. The importance of an isolated

[23] on the assumption that the lack of efficiency of

heart rate reduction could also be shown in children

the carvedilol children's study [9] may also be due to

and adolescents with ivabradine (if-channel blocker)

the double blockade of the ß-AR receptors.

[30]. However, like the heart rate-reducing digoxin,

myocardial

protection

and

ivabradine has no protective ß1-AR blocker effects.
Overall, however, the importance of age- and disease-

Age-dependent

differences

specific and thus differentiated β-blocker therapy is

signal transmission also favor the inotropic use of

implied [21, 22]. The molecular data are also

digoxin and calcium sensitizer (levosimendan). The

consistent with clinical experience [17, 24]. The highly

inhibition of membrane-bound Na+ / K-ATPase is

selective ß1-receptor blocker bisoprolol has an

responsible for the positive inotropic effect of digoxin

antagonistic ß1 to ß2-AR effect in a ratio of 115,

in infants. The recommendation for the use of digoxin

carvedilol of 5 to 1 [25]. This is of great importance

or digitoxin as a "fourth-line" drug is based on the

for cardiac-protection and regenerative reasons, but

narrow

also in relation to the side effect profile (asthmoide

intoxication

symptoms, bronchiolitis), especially in infants with

interactions (amiodarone). Levosimendan is also more

DCM [24]. The prevention of cardiomyocytic necrosis

effective in children with far fewer side effects

by an efficient ß1-AR blockade can even be combined

(arrhythmias) than in adults [31]. Comparable age-

therapeutic
(renal

in

calcium-dependent

range

with

failure!)

or

potentials
negative

of

drug-

related differences can also be found when using PDE-
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3 inhibitors. In contrast to adults, milrinone leads to

tissue ACE inhibitors such as lisinopril or ramipril are

increased AMP and phospholamban phosphorylation

superior to serum ACE inhibitors (captopril). Their

within the myocardium of pediatric DCM patients. The

activity and side-effect profile, their long half-life and

gene expression pattern of the adenylate cyclase

the associated single daily dose make the drugs

isoforms and the phosphodiesterase family also

attractive for pHF therapy [17, 24]. Provided that not

indicates different adaptability in pHF [32]. Therefore,

only vascular, but also myocardial angiotensin II

PDE-3 inhibitors can be used in children with high

formation must be inhibited, serum ACE-I requires

efficacy even in long-term use (bridging to transplant)

significantly higher doses in order to prevent

with almost no side effects [33]. Another difference

intramyocardial angiotensin II formation in a similarly

between pediatric to adult hearts is the HF-associated

efficient manner. The resulting higher bradykinin

cardiac fibrosis. Compared to adult hearts, cardiac

levels predispose to broncho-pulmonary side effects,

fibrosis plays a less important role in young children

especially in infants, similar to a ß2-AR blockade with

[34]. The situation is similar in patients with

unspecific ß-blockers. Due to the pathophysiology of

univentricular heart failure with regard to ß-adrenergic

children with HFrEF, it makes less sense to applicate

adaptation, phosphodiesterase expression and activity

ACE-I as a singular drug in contrast to a β1-AR

and their gene profile, likewise with a lower tendency

blockade alone [40]. Endogenous catecholamine

to fibrosis [35, 36]. Regarding the heart regeneration

release in any symptomatic pediatric HF with a

potential, not only age but also illness play an

consecutive

important role. Infants with HLHS and DCM differ

vasoconstriction favors combination treatment. Long-

almost fundamentally in terms of the local cardiac

acting β1-blockers and "tissue" ACE-I in a similar

stem cell population and successively the endogenous

dosage combined with a mineralocorticoid receptor

regeneration potential [37]. It has been shown that

antagonist (MRA) in a low dose, which can also be

infants with HLHS benefit from exogenous stem cell

applied only once a day, are an effective therapy with

therapy [36], while in young DCM patients the high

almost no side effects, but high parental acceptance. In

endogenous regenerative capacity can be used through

addition, a ß1-betablocker prevents a renin rebound

stress induction and protective medication [21, 38, 39].

phenomenon

heart

of

rate

ACE-I

increase

and

application.

peripheral

The

basic

prerequisite for effective therapy with almost no side
2.4 Significance of RAAS inhibitors and Neprilysin

effects of AR- and RAAS- antagonists, however, is the

inhibition

exclusion of an intravascular volume deficiency. In

Inhibition of the neurohumoral axis, especially of the

contrast to the general questioning of the effectiveness

adrenergic and renin-angiotensin-androsterone system

of beta-blockers and RAAS inhibitors in the treatment

is a recognized cornerstone of all heart failure therapy

of pHF [13, 19], studies in children with a neprilysin

[8]. From the pediatric cardiological point of view,

inhibitor

additional aspects are important with regard to

angiotensin receptor blocker (valsartan) are currently

efficiency and side effects, but also with regard

ongoing, although this is currently neither necessary

parental compliance, which is particularly important

nor the theoretical risk of Alzheimer's disease is

for the success of chronic HF therapy. Therefore,

excluded, if genetically predisposed. Neprilysin is an
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important cerebral transmitter for preventing of plaque

heart-lung transplantation is pending. A current

formation [41].

therapeutic concept for pediatric heart failure with
HFrEF (DCM) is summarized in Figure 1.

2.5 Differentiated diuretic therapy
For decades, the treatment of pediatric heart failure
worldwide has mainly been based on the "tripple D"
scheme (diuretics, diet = fluid reduction, digitalis,).
Pediatric guidelines are likely to recommend diuretics
based on the first-line recommendations in adult
patients. It is precisely at this point that the
pathophysiology of HFrEF in adults differs from that
of young children. Most patients (infants) with DCM
do not need diuretics as long as only the left or subaortic right ventricle is affected only systolic. Children
require diuretics (symptom, tachypnea), if, in addition
to systolic, a diastolic dysfunctional impairment
appears

or

an

isolated

(IpcPH)

or

combined

postcapillary pulmonary hypertension (CpcPH) with
impairment of the subpulmonary ventricle. Diuretic
over-treatment with intravascular volume deficiency is
therefore common. Loop diuretics also accelerate the
symptoms of HF-induced inadequate ADH secretion
(SIADH) with free water retention and hyponatremia.
Based on meanwhile extensive Japanese experience,
the

specific

V2

(vasopressin)

receptor blocker

tolvaptan is the form of therapy for SIADH
(hyponatremic conditions) that is also efficient in
children [42]. In the case of systolic-diastolic heart
failure with the resulting left atrial and pulmonary
congestion,

the

creation

of

restrictive

atrial

communication should be reconsidered instead [43].
Diuretics can be avoided or high doses reduced. The
creation of a restrictive atrial septal defect is almost
indispensable for the hemodynamic evaluation of a
HF-induced

pulmonary

hypertension

before

the

reactivity of the pulmonary vascular bed is checked
and a differential diagnosis from heart transplant to
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Figure 1: Children, especially infants with HFrEF (cardiac failure with reduced ejection fraction) in connection with
DCM (dilated cardiomyopathy), benefit from age- and disease-specific therapy with sufficiently dosed, highly
selective ß1-blockers in combination with tissue ("tissue") ACE Inhibitors and low-dose MRA (mineralocorticoid
receptor antagonist), preferably spironolactone (modified according to [24]). The therapy algorithm is based on the
clinical functional classes (FC); in infants and toddlers of the Ross classification. The considerations for creating a
restrictive atrial communication (rASD), the age-dependent use of exogenous stem cell therapy (SC) and the use of
pulmonary artery banding with the aim of left ventricular regeneration or as an alternative to the implantation of an
assist device (L (B) -VAD, left or bi-ventricular assist device) for “bridging” for transplantation (HTx). Finally, the
consideration of an rASD with atrial left-right shunt and an arterial right-left shunt with the establishment of a
reverse Potts shunt physiology (“fetal circulation”) in the case of bi-ventricular failure with CpcPH (combined
postcapillary pulmonary hypertension). Other abbreviations; B, bisoprolol; BNP, brain natriuretic peptides;
Catechol, catecholamines; D, digoxin; HFmrEF, "mid-range" EF = ejection fraction; HR, heart rate; I, ivabradine;
IpcPH, isolated postcapillary pulmonary hypertension; LV, left ventricle; LVEDD, left ventricular end-diastolic
measurement; RV, right ventricle.
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demonstrate the effectiveness of HF drug

causes,
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(2006): 1867-1876.

and

outcomes
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