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Abstract: Pediatric heart failure (HF) represents an important cause of morbidity and mortality in
childhood. There is an overlapping relationship of HF, congenital heart disease, and cardiomyopathy.
The goal of treatment of HF in children is to maintain stability, prevent progression, and provide
a reasonable milieu to allow somatic growth and optimal development. Current management and
therapy for HF in children are extrapolated from treatment approaches in adults. There are significant
barriers in applying adult data to children because of developmental factors, age variation from
birth to adolescence, and differences in the genetic expression profile and β-adrenergic signaling.
At the same time, there are significant challenges in performing well-designed drug trials in children
with HF because of heterogeneity of diagnoses identifying a clinically relevant outcome with a
high event rate, and a difficulty in achieving sufficient enrollment. A judicious balance between
extrapolation from adult HF guidelines and the development of child-specific data on treatment
represent a wise approach to optimize pediatric HF management. This approach is helpful as
reflected by the increasing role of ventricular assist devices in the management of advanced HF in
children. This review discusses the causes, epidemiology, pathophysiology, clinical manifestations,
conventional medical treatment, clinical trials, and the role of device therapy in pediatric HF.
Keywords: pediatric heart failure; advanced heart failure; ventricular assist device; mechanical
circulatory support

1. Introduction
Heart failure (HF) is an important healthcare issue in both adults and children because of its high
mortality, morbidity, and cost of care. By 2030, more than 8 million people in the Unites States (US)
(1 in every 33) will have HF, and the projected cost estimates of treating patients will be $160 billion in
direct costs as forecasted by American Heart Association (AHA) [1]. Although there is no up-to-date
data for pediatric HF cost of care, it is has been reported from the Healthcare Cost and Utilization
Project Kids’ inpatient database that, from 2000 to 2009, there has been an almost two-fold increase in
pediatric HF related hospitalization charges [2]. The global burden of HF is unknown as too many
children have no access to medical care and die of HF each year. Therefore, there is a need to develop
cost-effective therapies for pediatric HF. This review summarizes and provides an outlook for evolving
therapies and focus on practical issues required for management of pediatric HF.
Definition
As per the American College of Cardiology (ACC)/AHA task force on practice guidelines
published in 2005, the term “heart failure” is preferred over the older term “congestive heart failure” [3].
Heart failure in children is a clinical and pathophysiological syndrome that results from ventricular
dysfunction, volume or pressure overload, either alone or in combination [4]. As a complex clinical
syndrome, HF is characterized by typical symptoms and signs associated with specific circulatory,
neurohormonal, and molecular abnormalities. The term “acute HF” generally describes a structural or

Children 2018, 5, 88; doi:10.3390/children5070088

www.mdpi.com/journal/children

Children 2018, 5, 88

2 of 16

functional alteration in the heart that occurs in minutes to hours followed by congestion, malperfusion,
tachycardia, and hypotension [5]. Acute HF is not synonymous with “worsening HF”, as usually
the patient has worsened either mechanically (as in the case of acute aortic or mitral insufficiency)
or functionally (as a result of arrhythmia or myocardial ischemia) in pre-existing heart disease [6].
Often in patients with a diagnosis of HF, the disease progresses due to sub-optimal treatment or a lack
of adherence to medical therapy, and presents with clinical decompensation, and the term “acute on
chronic HF” may be used. “Chronic HF” in children is a progressive clinical and pathophysiological
syndrome caused by cardiovascular and non-cardiovascular abnormalities that result in characteristic
signs and symptoms, including edema, respiratory distress, growth failure, exercise intolerance,
and is accompanied by circulatory, neurohormonal, and molecular derangement [7]. “Advanced
HF” patients are those with clinically significant circulatory compromise who require special care,
including consideration for continuous inotropic therapy, mechanical circulatory support, or heart
transplantation, [8]. “End-stage HF” is the final common pathway of all forms of heart disease and
may lead to therapies such as orthotopic heart, lung, or heart-lung transplantation.
It is important to distinguish “right HF” and “left HF” as the clinical management is
different. There are also other nomenclatures, and HF may be described as “compensated HF” or
“decompensated HF” depending upon whether end-organ perfusion is maintained. Heart failure can
also be described as “systolic HF” with reduced ejection fraction, HF with preserved systolic function,
which is synonymous with “diastolic HF”, and combined systolic and diastolic HF. The term “high
output HF” is often used to describe cardiac or extra-cardiovascular conditions leading to volume
overload and congestion. In general, a commonly accepted definition of HF has been challenging.
The International Society for Heart and Lung Transplantation (ISHLT) stratified pediatric HF
into four stages (Stages A–D) as in Table 1 [4], which is useful to identify those at risk for HF and
who are currently asymptomatic (Stage A) versus those on the other end of the spectrum (Stage D),
who have advanced HF and, thus, would require therapeutic interventions for maintenance of
end-organ function.
Table 1. Heart failure staging in children.
Stage (Class)

A

B
C
D

Description
Patients with increased risk of developing HF but with normal cardiac function and
chamber size. Examples: univentricular heart, previous exposure to anthracycline,
Duchenne muscular dystrophy, congenitally corrected transposition of the great
arteries, h/o familial dilated cardiomyopathy
Patients with abnormal cardiac morphology or function with no past or current
symptoms of HF. Examples: asymptomatic dilated LV, isolated LV noncompaction
Patients with past or current HF symptoms and structural or functional heart disease
Patients with end-stage HF requiring continuous infusion of inotropic agents,
mechanical circulatory support, cardiac transplantation, or hospice care
HF = heart failure, LV = left ventricle.

2. Incidence and Prevalence
The true global incidence and prevalence of HF in children is difficult to estimate due to lack
of standard definition used for HF. The phenotype of HF also differs in congenital heart disease
(CHD) and cardiomyopathies. The reported incidence of HF in children is 0.97 to 7.4 per 100,000 [9].
Heart failure-related hospitalization occurs in 11,000–14,000 children annually in the US. The greatest
percentage of children with HF comes from those born with CHD, and depending upon age, 25–75%
of pediatric HF patients have underlying CHD [10]. The other main cause of pediatric HF is
cardiomyopathy (predominantly dilated cardiomyopathy), with an estimated annual incidence of
1 per 100,000 children in the US, Australia, United Kingdom (UK), and Ireland [11–13]. Recently,
Shaddy et al. have described the incidence of HF ranging from 0.87/100,000 (UK and Ireland),
7.4/100,000 (Taiwan), and 83.3/100,000 (Spain) [14]. Key findings of their study included a prevalence
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tachycardia and hypotension. Similarly, when left HF is chronic it can present with signs and symptoms
of chronic congestion. Right HF associated with left HF and is a predictor of increased morbidity
and mortality.
Table 2. Common signs and symptoms of heart failure in children.
Infants

Toddlers

Growth failure
Persistent tachypnea
Hepatomegaly
Respiratory distress

Respiratory distress
Poor appetite
Decreased activity
Hepatomegaly

School Age

Adolescents

Fatigue
Exercise intolerance
Poor appetite
Hepatomegaly
Orthopnea

Chest pain
Dyspnea
Pain abdomen, nausea/vomiting
Hepatomegaly
Orthopnea

The well-known New York Heart Association (NYHA) HF classification does not apply to young
children on a practical level and is thought to lack the sensitivity needed to assess and capture the
progression of HF severity in children. For this reason, the modified Ross HF classification [23] is used
for the assessment of children younger than six years with HF. A comparison of two classifications is
shown in Table 3.
Table 3. NYHA and modified Ross classification of heart failure in children.
Modified Ross Classification of HF in Children < 6 year
Class I: Asymptomatic
Class II: Mild tachypnea or diaphoresis with feeding in
infants; dyspnea on exertion in older children
Class III: Marked tachypnea or diaphoresis with feeding in
infants. Prolonged feeding times with growth failure;
Marked dyspnea on exertion in older children
Class IV: Symptoms such as tachypnea, retractions,
grunting, or diaphoresis at rest

NYHA Classification of HF in Children > 6 year
Class I: Asymptomatic
Class II: Slight or moderate limitations of physical activity
Class III: Marked limitation of physical activity
Class IV: Symptoms at rest.

If a patient presents with symptoms of HF, further classification into perfusion (warm vs. cold)
and congestion (filling pressure) status (dry vs. wet) provides a current clinical context with the
ultimate goal being warm and dry (well perfused with normal filling pressure). Figure 3 illustrates a
useful construct to assist the clinician in their evaluation, based on the presence of abnormal perfusion
and increased fluid congestion [22]. Recently, an analysis from the Pediatric Heart Transplant Society
database described that (I) congestion is more common than low cardiac output/hypoperfusion in
children with end-stage HF and correlates with NYHA/Ross classification and end-organ dysfunction;
(II) the severity of HF symptoms based on NYHA/Ross classification correlates best with elevations in
pulmonary capillary wedge pressure (defined as >15 mmHg); (III) end-organ function correlates best
with elevation in right atrial pressure; and (IV) death or deterioration while waiting for heart transplant
is highest among children with both congestion and low cardiac output [24]. Another study by Mullens
et al. has also suggested a primary role of congestion in the pathophysiology of end-organ dysfunction
occurring in the setting of chronic left HF [25]. Children with both congestion and hypoperfusion
(wet/cold) have the highest risk of death or clinical deterioration.
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Table 4. for chronic HF includes some combination of ACEi (level of evidence B), βblockers (level of evidence B), diuretics (level of evidence C), aldosterone antagonists (level of
evidence C), and digoxin (level of evidence C) [4]. Diuretics are used to treat fluid retention associated
with ventricular dysfunction, ACEi decrease afterload by antagonizing the renin-angiotensin
aldosterone system, β-blockers antagonize the deleterious effects of chronic sympathetic myocardial
activation and can reverse LV remodeling and, additionally, carvedilol has vasodilatory properties
due to its additional α-blocking action, while ACEi and β-blockers can slow disease progression and
prolong survival, titration and tolerability often present challenges. The routine use of anticoagulants
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Table 4. Conventional pharmacotherapy of chronic heart failure in children.
Standard Dose

Mechanism of Action

Comments

Diuretics
1. Furosemide
2. Chlorothiazide
3. Metolazone

Digoxin

1 mg/kg dose BID up to max
6 mg/kg/day
10 mg/kg dose BID up to max
2 gm/day
0.1 mg/kg dose BID up to max
20 mg/day

Relieves congestive symptoms; useful in volume
overload/fluid retention states; do not change the
long-term outcomes

Aggressive use of diuretics can reduce the preload and may result in
neurohormonal activation and fluid retention—a vicious cycle; patients refractory
to usual oral dose of diuretics may need IV diuretics to relieve congestion

3 to 5 mcg/kg dose BID

Increases inotropy; attenuates neurohormonal
activation that results in decreased serum
norepinephrine, improves baroreceptor function,
decreases sympathetic nervous system activity

Very narrow toxic to therapeutic ratio; most common side effects are conduction
disturbances (atrioventricular block); useful for atrial arrhythmia; reduces
inter-stage mortality in infants with single ventricle CHD; excreted by the kidney
so the dose must be decreased with renal insufficiency

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

Decreases mortality and morbidity; blocks the
conversion of angiotensin I to II and activates
bradykinin and kallidin; causes vasodilation and
natriuresis; reduces afterload

ACE inhibitors are beneficial in ISHLT HF stage B to D HF patients;
not recommended for asymptomatic children with mild ventricular dysfunction,
no recommendation for routine use in single ventricle CHD patients with RV as
systemic ventricle; side effects include hypotension, and renal insufficiency

0.1 mg/kg dose BID up to max
1 mg/kg dose
0.025 mg/kg/dose BID up to max
0.5 mg/kg/dose BID

Decreases morbidity and mortality; Carvedilol has
vasodilatory, antioxidant, antiproliferative and
anti-apoptotic properties, reversing cardiac remodeling

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

Decreases mortality and morbidity; improves
endothelial dysfunction; suppresses vascular
angiotensin conversion

Patients with ISHLT HF stage C and D; may be beneficial in children with HF due
to CHD when LV is systemic ventricle; because of downregulation of β-2 receptor
in children with HF due to dilated cardiomyopathy—a better option may
be Metoprolol
Should be used with caution in patients with hyponatremia, renal insufficiency,
hyperkalemia and hepatic disease; can cause gynecomastia

ACE inhibitors
1. Captopril
2. Enalapril
1-4 Beta-blockers
1. Metoprolol
2. Carvedilol
Aldosterone
antagonist
Spironolactone

BID = twice daily, TID = three times daily, max = maximum, LVEDP = left ventricular end-diastolic pressure.
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Current treatment for chronic HF includes some combination of ACEi (level of evidence B),
β-blockers (level of evidence B), diuretics (level of evidence C), aldosterone antagonists (level of
evidence C), and digoxin (level of evidence C) [4]. Diuretics are used to treat fluid retention
associated with ventricular dysfunction, ACEi decrease afterload by antagonizing the renin-angiotensin
aldosterone system, β-blockers antagonize the deleterious effects of chronic sympathetic myocardial
activation and can reverse LV remodeling and, additionally, carvedilol has vasodilatory properties
due to its additional α-blocking action, while ACEi and β-blockers can slow disease progression and
prolong survival, titration and tolerability often present challenges. The routine use of anticoagulants
in patients with systolic heart failure and no history of thromboembolic events is not recommended
(level of evidence C) [4]. Inotropic therapy may be considered for symptomatic relief in the palliative
setting, but the use of inotropes for chronic therapy in children with HF other than as bridge to
transplant is not recommended (level of evidence C) [4].
When deciding on an outpatient medical therapy for pediatric HF, the two most often relied upon
factors include efficacy shown in adult HF trials, and pediatric consensus statements and guidelines.
Although, the management of pediatric HF has been extrapolated from adult trials, there are significant
barriers in applying adult data to children because of developmental factors, age variation from birth
to adolescence, and differences in the genetic expression profile and β-adrenergic signaling [26,27].
8. Clinical Trials and Their Outcomes
There is a paucity of randomized prospective clinical trials in pediatric HF from which a
strong evidence-based recommendation (level of evidence A) regarding pharmacotherapy can be
made. Although there are many reasons for this, the significant challenges inherent in performing
well-designed drug trials in children, especially in cardiac research, are heterogeneity of diagnoses,
identifying a clinically relevant outcome with a high event rate, and insufficient enrollment [28].
An example of the difficulty of performing a prospective study in the pediatric population is given from
the “Pediatric Heart Network ACE inhibition in mitral regurgitation study”, which was terminated
17 months after initiation. In this study, 349 children were screened, and only five were enrolled [29].
Currently, few randomized, controlled trials in pediatric HF exist and are summarized in Table 5.
In 1993, a study to assess the effect of treatment with ACEi over digoxin and diuretics on survival
of pediatric patients with chronic HF due to dilated cardiomyopathy demonstrated that patients treated
with ACEi have a beneficial survival effect, similar to observations in adult patients [30]. The first
and only randomized, controlled study in pediatric HF, which addressed the use of carvedilol for HF
management [31]. This study, however, was underpowered and included the full range of pediatric
patients (infancy through 18 years of age) with CHD (including single ventricle patients with failing
systemic right ventricle), as well as patients with normal cardiac anatomy and systolic LV failure,
and failed to show any benefit of the treatment, unlike the adult studies. In spite of the negative
outcomes, that study highlighted a number of issues faced in pediatric cardiac research, including
the underpowered study, the difficulties in interpretation of results from a heterogeneous population,
and the importance of design of the composite end-point. Several retrospective studies showed that
carvedilol improved the ejection fraction and improved the HF clinical status in children [32,33].
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 [34]. The largest prospective study in children with single ventricle physiology with
right ventricle as systemic ventricle and preserved ejection fraction, by Hsu et al. [35]. This study has
not proven a clinical benefit of ACEi treatment; however, these data cannot be transferred to children
with cardiomyopathy and reduced systolic function. Despite the lack of prospective, randomized,
blinded, placebo-controlled trials in children with dilated cardiomyopathy, treating children with HF
with ACEi is widely accepted and is also recommended by ISHLT for the management of HF (level of
evidence B) [4].
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There are several promising medications which will be available in the near future and which give
hope for pediatric HF patients, especially for the management of chronic HF. Ivabradine, an If current
inhibitor in the sinoatrial node acts by reducing heart rate and is found to be helpful in reducing HF
hospitalization and death from HF in children [36]. The PARADIGM-HF (Prospective comparison
of angiotensin receptor antagonist (Valsartan) and neprilysin inhibitor (Sacubitril) with angiotensin
converting enzyme inhibitor (Enalapril) to determine impact on Global Mortality and Morbidity in
Heart Failure) trial, has demonstrated that Sacubitril/Valsartan is superior to Enalapril in reducing the
risks of both sudden cardiac death and death from worsening heart failure [37]. This novel combination
of drugs, Sacubitril/Valsartan is also shown to reduce the risk of hospitalization and the progression of
heart failure in adults. However, the benefit of Sacubitril/Valsartan in pediatric heart failure patients
is unknown.
The current pediatric multicenter trial (PANORAMA-HF study, NCT00382525) will examine
whether the combination of Sacubitril and Valsartan is superior to Enalapril for the treatment of HF
in pediatric patients with reduced systemic LV systolic function. The details of the design of the trial
has been recently published, and notably the study population is quite homogenous, including only
patients with reduced LV systolic function [38]. The target N is 180 patients in each treatment group
(Enalapril vs. Sacubitril/Valsartan), and though far from the vast populations studied in adult HF
trials, is expected to provide adequate power to detect a meaningful difference in an event-driven
endpoint (primary global rank endpoint). The end-point in this trial may be the key element in the
success of pediatric HF research in the future, as the use of mortality as an endpoint is unlikely to be
an achievable goal given the number of patients required.
Table 5. Summary of important pediatric heart failure clinical trials.
Title
Effect of treatment with ACE
inhibitor on survival of pediatric
patients with dilated
cardiomyopathy
Carvedilol for children and
adolescent with heart failure. A
randomized control trial
Safety of enalapril in infants with
SV CHD with RV as systemic
ventricle, multicenter
randomized trial
Ivabradine in children with
dilated cardiomyopathy and
symptomatic chronic HF trial:
randomized, double-blind,
placebo-controlled trial with
12-months follow-up

Journal/Year (Reference)

Ped Cardiol, 1993 [30]

J Am Med Assoc, 2007 [31]

Circulation, 2010 [35]

J Am Coll Cardiol, 2017 [36]

Key Findings
n = 80; (26 = ACEi, 54 = digoxin plus diuretics).
One-year and two-year survival with ACEi was
better than digoxin group
n = 161; No significant difference between
treatment vs. placebo group in primary end point
(clinical improvement) or secondary end point
(ventricular function or serum BNP)
n = 230; No improvement in somatic growth,
ventricular function, heart failure severity. Routine
use of Enalapril in SV CHD patients with RV is not
recommended as systemic ventricle
n = 116; Primary end-point 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.

BNP = B-type natriuretic peptide, ACEi = angiotensin converting enzyme inhibitor, CHD = congenital heart disease,
SV = single ventricle, n = number; HF = heart failure.

9. Resynchronization Therapy
Cardiac resynchronization therapy (CRT) is an effective treatment for adult patients [39]. However,
information on the outcome of pediatric CRT is limited. Interestingly, dilated cardiomyopathy was
shown to be an independent risk factor for non-response to CRT in children, which is in contrast to the
adult population [40]. In most children with dilated cardiomyopathy, the QRS duration does not meet
the adult criteria for CRT. Several case reports, as well as a limited number of multicenter retrospective
trials, have reported an improvement in functional status with biventricular pacing or multisite pacing
in children with HF, but no long-term trials have been performed to establish the efficacy of CRT [41].
CRT is not favorable for all children, however, it should be considered if a child with severely-reduced
LV systolic dysfunction (LV EF < 35%) with prolonged QRS duration, and with or without complete
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left bundle branch block [42]. Permanent pacemaker implantation is recommended for advanced
second- or third-degree atrioventricular block with ventricular dysfunction (level of evidence B) [4].
Recently, remote monitoring of pacemaker function in children has been shown to be successful [43].
10. Mechanical Circulatory Support and Heart Transplantation
Medical therapy has improved the survival and quality of life of children with HF; however,
there is still a significant proportion of patients who have poor outcomes and need advanced
HF therapy, including continuous intravenous inotropes, mechanical support, and/or heart
transplantation. Heart transplant offers prolonged survival for children with end-stage HF; however,
cardiac transplantation is a last resort, given the limited availability of donor organs, complicated
management and associated morbidity and mortality [44]. The wait list mortality is less than the
transplantation
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vs. 63%), and the number of children receiving heart transplants for
all16
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Until recently, extracorporeal membrane oxygenation (ECMO), which provides total
Until recently, extracorporeal membrane oxygenation (ECMO), which provides total
cardiopulmonary support, was the only modality available to support children with end-stage HF.
cardiopulmonary support, was the only modality available to support children with end-stage HF.
However, ECMO has been shown to be associated with high waitlist mortality and poor postHowever, ECMO has been shown to be associated with high waitlist mortality and poor post-transplant
transplant survival [47]. This is particularly true for infants <1 year of age, for those with a diagnosis
survival [47]. This is particularly true for infants <1 year of age, for those with a diagnosis of complex
of complex CHD and for patients with renal insufficiency. The landmark prospective Berlin Heart
CHD and for patients with renal insufficiency. The landmark prospective Berlin Heart EXCOR (Berlin
EXCOR (Berlin Heart Inc., Berlin, Germany) Trial [48], which compared patients supported on the
Heart Inc., Berlin, Germany) Trial [48], which compared patients supported on the Berlin Heart
Berlin Heart ventricular assist device (VAD) with a historic matched cohort of patients supported on
ventricular assist device (VAD) with a historic matched cohort of patients supported on ECMO, led to
ECMO, led to US Food and Drug Administration approval of the device in 2011. Since then, use of
US Food and Drug Administration approval of the device in 2011. Since then, use of VAD as a
VAD as a mechanical circulatory support in children has increased from 4% in the Blume et al. [49]
mechanical circulatory support in children has increased from 4% in the Blume et al. [49] study in 2006
study in 2006 to 22% in the more recent years, with a successful bridge to heart transplantation in
96% of children and post-HT survival comparable to children not needing VAD support [50].
Pediatric VADs offer specific advantages over ECMO, including reduced anticoagulation
requirements, decreased use of blood products, decreased risk of systemic thromboembolic
complications and inflammatory response, longer duration of support, increased mobility,
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to 22% in the more recent years, with a successful bridge to heart transplantation in 96% of children
and post-HT survival comparable to children not needing VAD support [50].
Pediatric VADs offer specific advantages over ECMO, including reduced anticoagulation
requirements, decreased use of blood products, decreased risk of systemic thromboembolic
complications and inflammatory response, longer duration of support, increased mobility, participation
in rehabilitation, and the possibility of hospital discharge [51,52]. Although VAD support and
durability are superior compared to ECMO, a high rate of serious adverse events persist, including
infection, bleeding, device malfunction, and neurologic injury in children [53,54]. Some VADs
(Pedimag (Thoratec Corp., Pleasanton, CA, USA), Centrimag (Thoratec Corp., Pleasanton, CA, USA),
and percutaneous VAD (Impella) (Abiomed, Danvers, MA, USA)) are specially designed to provide
short-term or temporary circulatory support in acute hemodynamic compromise while more definite
treatment decisions are made. The use of short-term VADs in children with decompensated HF
has demonstrated longer survival to transplant compared to ECMO [55]. The Berlin Heart is a
paracorporeal pulsatile VAD that can be used for left, right, or bi-ventricular support in a child as small
as 3 kg. Intracorporeal continuous flow devices have replaced pulsatile paracorporeal VAD in larger
children and adolescents. Long-term support with durable VADs, such as HeartMate II (Thoratec Corp.,
Pleasanton, CA, USA), and HeartWare HVAD (Heartware Inc., Framingham, MA, USA), are available,
but it is important to note that these devices are designed for adults with structurally normal hearts.
Smaller implantable devices have been available since US FDA approval of EXCOR PVAD in 2011,
such as the HeartWare HVAD, which can be used as a bridge to transplant in children down to a body
surface area of 0.7 m2 .
Although the availability of smaller pulsatile and continuous flow VAD devices have allowed
young children to be successfully supported, children with CHD, especially with single ventricle
physiology, posing unique challenges in configuring ideal cannulation and maintaining adequate
systemic oxygenation and cardiac output. It is now recognized that an increasing number of single
ventricle CHD subjects who have survived initial palliative surgery will experience HF and end-organ
dysfunction due to intrinsic inadequacies of a circulation supported by a univentricular heart.
The survival to heart transplant of children with functional single ventricles supported with VADs is
47.5% and one-year post-transplant survival outcomes are similar with bi-ventricular CHD patients
who are on a VAD at the time of transplant [56]. Successful use of the Total Artificial Heart (SynCardia
Systems, Inc., Tuscon, AZ, USA) in children with HF due to complex CHD has also been reported [57].
11. Conclusions
Pediatric HF is a complex clinical syndrome resulting from diverse primary and secondary
causes and shared pathways of disease progression, correlating with substantial mortality, morbidity,
and cost. Treatment of pediatric HF has evolved over the past decade to meet the growing demands
and challenges in the care of this complex group of patients. The ultimate goal is to find a readily
available, affordable, easily administered and safe therapy that will stall the progression of HF
indefinitely, concomitantly allowing reasonably normal growth and development, however, this has
been an illusion to date. Early identification and selective treatment of patients who are stage A/B
is critical to prevent progression to end-stage HF (stage D). Although clinicians have come a long
way in the implementation of life-prolonging therapies in pediatric HF, with the rising cost of therapy,
preventative strategies and efficiency of care are needed. The emerging evidence from the recent
studies in pediatric HF and a collaborative multidisciplinary approach will likely to improve the
outcomes of children with HF in future.
Funding: This research received no external funding.
Acknowledgments: I acknowledge the critical review of this manuscript by Gerald Lavandosky, MD.
Conflicts of Interest: The author declares no conflict of interest.

Children 2018, 5, 88

13 of 16

Abbreviations
HF
CHD
SV
LV
RV
VAD
NYHA
BNP
ACE

Heart failure
Congenital heart disease
Single ventricle
Left ventricle
Right ventricle
Ventricular assist device
New York Heart Association
B-type natriuretic peptide
Angiotensin converting enzyme

References
1.

2.

3.

4.

5.
6.
7.
8.

9.

10.

11.

12.

13.

Heidenreich, P.A.; Albert, N.M.; Allen, L.A.; Bluemke, D.A.; Butler, J.; Fonarow, G.C.; Ikonomidis, J.S.;
Khavjou, O.; Konstam, M.A.; Maddox, T.M.; et al. Forecasting the impact of heart failure in the United
Sates. A policy statement from the American Heart Association. Circ. Heart Fail. 2013, 6, 606–619. [CrossRef]
[PubMed]
Deipanjan, N.; Lin, K.; O’Connor, M.; Elci, O.U.; Kim, J.J.; Decker, J.A.; Price, J.F.; Zafar, F.; Morales, D.L.;
Denfield, S.W.; et al. Hospital charges for pediatric heart failure related hospitalizations admissions in the
United States from 2000 to 2009. J. Heart Lung Transpl. 2014, 33, S307–S308.
Hunt, S.A.; Abraham, W.T.; Chin, M.H.; Feldman, A.M.; Francis, G.S.; Ganiats, T.G.; Jessup, M.;
Konstam, M.A.; Mancini, D.M.; Michl, K.; et al. ACC/AHA 2005 Guideline Update for the Diagnosis
and Management of Chronic Heart failure in the Adult-Summary Article. J. Am. Coll. Cardiol. 2005,
46, 1116–1143. [CrossRef]
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
the management of pediatric heart failure: Executive summary. J. Heart Lung Transpl. 2014, 33, 888–909.
[CrossRef] [PubMed]
Mebazaa, A. Acute heart failure deserves a log-scale boost in research support. Call for Multidisciplinary
and universal actions. JACC Heart Fail. 2018, 6, 76–79. [CrossRef] [PubMed]
Packer, M. Acute heart failure is an event rather than a disease. Plea for a radical change in thinking and in
therapeutic drug development. JACC Heart Fail. 2018, 6, 73–75. [CrossRef] [PubMed]
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]
Jessup, M.; Abraham, W.T.; Casey, D.E.; Feldman, A.M.; Francis, G.S.; Ganiats, T.G.; Konstam, M.A.;
Mancini, D.M.; Rahko, P.S.; Silver, M.A.; et al. 2009 Focused Update: ACCF/AHA guidelines for the diagnosis
and management of heart failure in adults: A report of the American College of Cardiology/American Heart
Association Task Force on Practice Guidelines. Circulation 2009, 119, 1977–2016. [PubMed]
Rossano, J.W.; Kim, J.J.; Decker, J.A.; Price, J.F.; Zafar, F.; Graves, D.E.; Morales, D.L.; Heinle, J.S.; Bozkurt, B.;
Towbin, J.A.; et al. Prevalence, morbidity, and mortality of heart failure-related hospitalization in the United
States: A population based study. J. Card. Fail. 2012, 18, 459–470. [CrossRef] [PubMed]
Rosenthal, D.; Chrisant, M.; Edens, E.; Mahony, L.; Canter, C.; Colan, S.; Dubin, A.; Lamour, J.; Ross, R.;
Shaddy, R.; et al. International Society of Heart and Lung Transplantation: Practice guidelines for
management of heart failure in children. J. Heart. Lung Transpl. 2004, 23, 1313–1333. [CrossRef] [PubMed]
Lipshultz, S.E.; Sleeper, L.A.; Towbin, J.A.; Lowe, A.M.; Orav, E.J.; Cox, G.F.; Lurie, P.R.; McCoy, K.L.;
McDonald, M.A.; Messere, J.E.; et al. The incidence of pediatric cardiomyopathy in two regions of the United
States. N. Engl. J. Med. 2003, 348, 1647–1655. [CrossRef] [PubMed]
Nugent, A.W.; Daubeney, P.E.; Chondros, P.; Carlin, J.B.; Cheung, M.; Wilkinson, L.C.; Davis, A.M.;
Kahler, S.G.; Chow, C.W.; Wilkinson, J.L.; et al. The epidemiology of childhood cardiomyopathy in Australia.
N. Engl. J. Med. 2003, 348, 1639–1646. [CrossRef] [PubMed]
Andrew, R.E.; Fenton, M.J.; Ridout, D.A.; Burch, M. New-onset heart failure due to heart muscle disease in
childhood: A prospective study in United Kingdom and Ireland. Circulation 2008, 117, 79–84. [CrossRef]
[PubMed]

Children 2018, 5, 88

14.

15.
16.
17.
18.
19.
20.

21.
22.

23.
24.

25.

26.
27.

28.
29.

30.
31.

32.

33.

14 of 16

Shaddy, R.E.; George, A.T.; Jaecklin, T.; Lochlainn, E.N.; Thakur, L.; Agrawal, R.; Solar-Yohay, S.; Chen, F.;
Rossano, J.W.; Severin, T.; et al. Systematic literature review on the incidence and prevalence of heart failure
in children and adolescents. Pediatr. Cardiol. 2018, 39, 415–436. [CrossRef] [PubMed]
Hinton, R.B.; Ware, S.M. Heart Failure in pediatric patients with congenital heart disease. Circ. Res. 2017,
120, 978–994. [CrossRef] [PubMed]
Francis, G.; McDonald, K.; Cohn, J. Neurohormonal activation in preclinical heart failure: Remodeling and
the potential for intervention. Circulation 1993, 87 (Suppl. 5), 90–96.
Goldsmith, S. Interaction between the sympathetic nervous system and the RAAS in heart failure. Curr. Heart
Fail. Rep. 2004, 1, 45–50. [CrossRef] [PubMed]
Sipido, K.R.; Eisner, D. Something old, something new: Changing views on the cellular mechanism of heart
failure. Cardiovasc. Res. 2005, 68, 167–174. [CrossRef] [PubMed]
Das, B.B. Plasma B-type natriuretic peptides in children with cardiovascular diseases. Pediatr. Cardiol. 2010,
31, 1135–1145. [CrossRef] [PubMed]
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]
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]
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]
Ross, R.D. The Ross classification for heart failure in children after 25 years: A review and an age-stratified
revision. Pediatr. Cardiol. 2012, 33, 295–300. [CrossRef] [PubMed]
Chen, S.; Dykes, J.C.; McElhinney, D.B.; Gajarski, R.J.; Shin, A.Y.; Hollander, S.A.; Everitt, M.E.; Price, J.F.;
Thiagarajan, R.R.; Kindel, S.J.; et al. Hemodynamic profiles of children with end-stage heart failure.
Eur. Heart J. 2017, 38, 2900–2909. [CrossRef] [PubMed]
Mullens, W.; Abrahams, Z.; Francis, G.S.; Sokos, G.; Taylor, D.O.; Starling, R.C.; Young, J.B.; Tang, W.H.
Importance of venous congestion for worsening of renal function in advanced decompensated heart failure.
J. Am. Coll. Cardiol. 2009, 53, 589–596. [CrossRef] [PubMed]
Miyamoto, S.D.; Stauffer, B.L.; Nakano, S.; Sobus, R.; Nunley, K.; Nelson, P.; Sucharov, C.C. Beta-adrenergic
adaptation in pediatric idiopathic dilated cardiomyopathy. Eur. Heart J. 2012, 35, 33–41. [CrossRef] [PubMed]
Patel, M.D.; Mohan, J.; Schneider, C.; Bajpai, G.; Purevjav, E.; Canter, C.E.; Towbin, J.; Bredemeyer, A.;
Lavine, K.J. Pediatric and adult dilated cardiomyopathy represent distinct pathological entities. JCI Insight
2017, 2. [CrossRef] [PubMed]
Glass, L.; Conway, J. Innovation in pediatric clinical trials: The need to rethink the end-point. J. Heart
Lung Transpl. 2018, 37, 431–432. [CrossRef] [PubMed]
Li, J.S.; Colan, S.D.; Sleeper, L.A.; Newburger, J.W.; Pemberton, V.L.; Atz, A.M.; Cohen, M.S.; Golding, F.;
Klein, G.L.; Lacro, R.V.; et al. Lessons learned from a pediatric clinical trial: The pediatric heart network
angiotensin-converting enzyme inhibition in mitral regurgitation study. Am. Heart J. 2011, 161, 233–240.
[CrossRef] [PubMed]
Lewis, A.B.; Chabot, M. The effect of treatment with angiotensin-converting enzyme inhibitors on survival
of pediatric patients with dilated cardiomyopathy. Pediatr. Cardiol. 1993, 14, 9–12. [PubMed]
Shaddy, 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 adolescent with heart failure: A randomized controlled trial.
J. Am. Med. Assoc. 2007, 298, 1171–1179. [CrossRef] [PubMed]
Rusconi, P.; Gomez-Marin, O.; Rossique-Gonzalez, 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 Transpl.
2004, 23, 832–838. [CrossRef] [PubMed]
Burns, 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] [PubMed]

Children 2018, 5, 88

34.

35.
36.

37.

38.

39.

40.

41.
42.

43.

44.
45.

46.

47.

48.

49.

50.

15 of 16

Kantor, P.F.; Abrahan, 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] [PubMed]
Hsu, D.T.; Mahony, L.; Sleeper, L.A. Enalapril in infants with single ventricle. Circulation 2010, 122, 333–340.
[CrossRef] [PubMed]
Bonnet, D.; Berger, F.; Jokinen, E.; Kantor, P.F.; Daubeney, P.E.F. Ivabradine in children with dilated
cardiomyopathy and symptomatic chronic heart failure. J. Am. Coll. Cardiol. 2017, 70, 1262–1272. [CrossRef]
[PubMed]
McMurray, J.V.; 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. Eng. J. Med. 2014, 371, 993–1004. [CrossRef] [PubMed]
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 heart ventricle systolic dysfunction. Am. Heart J. 2017,
193, 23–34. [CrossRef] [PubMed]
Abraham, W.T.; Fisher, W.G.; Smith, A.L.; Delurgio, D.B.; Leon, A.R.; Loh, E.; Kocovic, D.Z.; Packer, M.;
Clavell, A.L.; Hayes, D.L.; et al. Multicenter InSync Randomized Clinical Evaluation of Cardiac
resynchronization in chronic heart failure. N. Eng. J. Med. 2002, 346, 1845–1853. [CrossRef] [PubMed]
Janousek, J.; Gebauer, R.A.; Abdul-Khaliq, H.; Turner, M.; Kornyei, L.; Grollmuss, O.; Rosenthal, E.; Villain, E.;
Früh, A.; Paul, T.; et al. Cardiac resynchronization therapy in pediatric and congenital heart disease:
Differential effects in various anatomical and functional substrates. Heart 2009, 95, 1165–1171. [CrossRef]
[PubMed]
Motonga, K.S.; Dubin, A.M. Cardiac resynchronization therapy for pediatric patients with heart failure and
congenital heart disease: A reappraisal of results. Circulation 2014, 129, 1879–1891. [CrossRef] [PubMed]
Rhee, E.K.; Canter, C.E.; Basile, S.; Webber, S.A.; Naftel, D.C. Sudden death prior to pediatric heart
transplantation: Would implantable defibrillator improve outcome? J. Heart Lung Transpl. 2007, 26, 447–452.
[CrossRef] [PubMed]
Leoni, L.; Padalino, M.; Biffanti, R.; Ferretto, S.; Vettor, G.; Corrado, D.; Stellin, G.; Milanesi, O.; Iliceto, S.
Pacemaker remote monitoring in the pediatric population: Is it a real solution? Pacing Clin. Electrophysiol.
2015, 38, 565–571. [CrossRef] [PubMed]
Dipchand, A.I. Current state of pediatric cardiac transplantation. Ann. Cardiothorac. Surg. 2018, 7, 31–35.
[CrossRef] [PubMed]
The International Society for Heart and Lung Transplantation. International Thoracic Organ Transplant
(TTX) registry Data Slides: Pediatric Heart Transplantation Statistics. Available online: https://ishltregistries.
org/registries/slides.asp (accessed on 25 June 2018).
Peura, J.L.; Colvin-Adams, M.; Francis, G.S.; Grady, K.L.; Hoffman, T.M.; Jessup, M.; John, R.; Kiernan, M.S.;
Mitchell, J.E.; O’Connell, J.B.; et al. Recommendations for use of mechanical circulatory support:
Device strategies and patient selection. Circulation 2012, 126, 2648–2667. [CrossRef] [PubMed]
Dipchand, A.I.; Mahle, W.T.; Tresler, M.; Naftel, D.C.; Almond, C.; Kirklin, J.K.; Pruitt, E.; Webber, S.A.;
Pediatric Heart Transplant Study Investigators. Extracorporeal membrane oxygenation as a bridge to
pediatric heart transplantation. Effect on post-listing and post-transplantation outcomes. Circ. Heart Fail.
2015, 8, 960–969. [CrossRef] [PubMed]
Fraser, C.D., Jr.; Jaquiss, R.D.; Rosenthal, D.N.; Humpl, T.; Canter, C.E.; Blackstone, E.H.; Naftel, D.C.;
Ichord, R.N.; Bomgaars, L.; Tweddell, J.S.; et al. Prospective trial of a pediatric ventricular assist device.
N. Engl. J. Med. 2012, 367, 532–541. [CrossRef] [PubMed]
Blume, E.; Naftel, D.; Bastardi, H.; Duncan, B.; Kirklin, J.; Weber, S. Outcomes of children bridged to heart
transplantation with ventricular assist devices: A multi-institutional study. Circulation 2006, 113, 2313–2319.
[CrossRef] [PubMed]
Wehman, B.; Stafford, K.A.; Bittle, G.J.; Kon, Z.N.; Evans, C.F.; Rajagopal, K.; Pietris, N.; Kaushal, S.;
Griffith, B.P. Modern outcomes of mechanical circulatory support as a bridge to pediatric heart
transplantation. Ann. Thorac. Surg. 2016, 101, 2321–2328. [CrossRef] [PubMed]

Children 2018, 5, 88

51.

52.
53.

54.

55.

56.

57.

16 of 16

Almond, C.S.; Morales, D.L.; Blackstone, E.H.; Turrentine, M.W.; Imamura, M.; Massicotte, M.P.; Jordan, L.C.;
Devaney, E.J.; Ravishankar, C.; Kanter, K.R.; et al. Berlin Heart EXCOR pediatric ventricular assist device for
bridge to heart transplantation in US children. Circulation 2013, 127, 1702–1711. [CrossRef] [PubMed]
Jaquiss, R.D.; Bronicki, R.A. An overview of mechanical circulatory support in children. Pediatr. Crit.
Care Med. 2013, 14 (Suppl. 1), S3–S6. [CrossRef] [PubMed]
Eghtesady, P.; Almond, C.; Tjossem, C.; Epstein, D.; Imamura, M.; Turrentine, M.; Tweddell, J.; Jaquiss, R.D.;
Canter, C.; Berlin Heart Investigators. Post-transplant outcomes of children bridged to transplant with
Berlin Heart Excor pediatric ventricular assist device. Circulation 2013, 128 (Suppl. 1), S24–S31. [CrossRef]
[PubMed]
Blume, E.D.; Rosenthal, D.N.; Rossano, J.W.; Baldwin, J.T.; Eghtesady, P.; Morales, D.L.; Cantor, R.S.;
Conway, J.; Lorts, A.; Almond, C.S.; et al. Outcomes of children implanted with ventricular assist devices in
the United States: First analysis of the Pediatric Interagency Registry for mechanical circulatory support
(PediMACS). J. Heart Lung Transpl. 2016, 35, 578–584. [CrossRef] [PubMed]
Yarlagadda, V.V.; Maeda, K.; Zhang, Y.; Chen, S.; Dykes, J.C.; Gowen, M.A.; Shuttleworth, P.; Murray, J.M.;
Shin, A.Y.; Reinhartz, O.; et al. Temporary circulatory support in U.S. children awaiting heart transplantation.
J. Am. Coll. Cardiol. 2017, 70, 2250–2260. [CrossRef] [PubMed]
Das, B.B.; Kirklin, J.; Pruitt, E.; Chrisant, M.; Lin, K.; Hong, B.; Daneman, S.; Canter, C. Mechanical circulatory
support a bridge to transplantation in children with single ventricle physiology: A multicenter study. J. Heart
Lung Transpl. 2016, 35, S46–S47. [CrossRef]
Lorts, A.; Rizwan, R.; Zafar, F.; Jefferies, J.L.; Tweddell, J.S.; Arabia, F.A.; Morales, D.L. Worldwide use of
SynCardia Total Artificial Heart in pediatric population: A 30 year experience. J. Heart Lung Transpl. 2016,
35, S352–S353. [CrossRef]
© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

