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A B S T R A C T

There have been many advances in the treatment of heart failure over the past several years. While these
advancements have resulted in improved outcomes in adults with heart failure, these same treatments do not
seem to be as efficacious in children with heart failure. Investigations of the failing pediatric heart suggest that
there are unique phenotypic, pathologic and molecular differences that could influence how children with heart
failure response to adult-based therapies. In this review, several recent studies and the potential implications of
their findings on informing the future of the management of pediatric heart failure are discussed.

1. Introduction

Pediatric heart failure is rare but devastating diagnosis affecting
approximately 1 in 100,000 children worldwide. The causes of heart
failure in children are heterogeneous ranging from primary cardio-
myopathies to congenital heart defects. Unfortunately, there is very
little evidence to support the optimal treatment of pediatric heart
failure and therefore treatment recommendations are primarily extra-
polated from the results of adult clinical trials. The purpose of this re-
view is to summarize recent pre-clinical and clinical data demonstrating
some of the unique attributes of the pediatric heart failure population,
including outcomes, response to therapy and age-related differences in
mechanisms of disease.

2. Outcomes in Pediatric Heart Failure

Heart failure is a leading cause of death in the United States in
adults. Many studies are devoted to improving our understanding of
signaling mechanisms in adult heart failure. This concentrated research
effort has resulted in the development of a wide range of evidence-
based medical and device therapies which have significantly improved
outcomes in the adult heart failure population [1].

While pediatric heart failure is far less prevalent, the outcome re-
mains very poor, with a 5 year rate of death or transplant of 40–60%
[2,3]. Due to the rarity of pediatric heart failure, the challenges in
performing invasive clinical studies in infants and children, and the
heterogeneous nature of the disease, there are very few clinical trials
and dedicated research studies focused on this patient population. As a
result, contemporary treatment of pediatric patients with heart failure

is mostly extrapolated from the adult heart failure treatment guidelines
[4,5]. However, this approach may not be working as well as antici-
pated given that pediatric heart failure patients have not demonstrated
the same improvement in outcomes as adult patients [1–3,6,7]. There is
an evolving body of literature suggesting that differences in cellular and
molecular signaling between failing pediatric and adult hearts could be
playing an important role in the contrasting outcomes in these two
patient populations. Improved understanding regarding the mechan-
isms underlying differential therapeutic response in pediatric heart
failure patients could result in the identification of novel targeted
therapies specific to this vulnerable population.

3. Age-specific Responses to Heart Failure Therapies

The Pediatric Carvedilol Treatment Trial, a landmark study in the
field of pediatric heart failure was published in 2007 and remains the
only multicenter, randomized, placebo-controlled clinical trial in pe-
diatric heart failure to date [7,8]. In this study, the effects of carvedilol,
a non-selective β- and α1-blocker, was studied in a population of chil-
dren with symptomatic systolic heart failure. While carvedilol was well
tolerated by the enrolled children, there were no significant differences
between placebo and carvedilol in the combined measures selected to
indicate improved, unchanged, or worsened heart failure [8]. These
findings were in direct contrast to the marked improvements in survival
and cardiovascular related hospitalizations demonstrated in adult heart
failure patients treated with carvedilol [9,10]. However, there were
limitations in the pediatric carvedilol study which challenged the
ability to interpret the results; first, the primary end point was a com-
posite clinical end point which included subjective components and
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may have been influenced by many factors, including achievement of
developmental milestones as the children aged during the course of the
study; second, children with varied etiologies of heart failure including
those with single ventricle physiology, were included in the study; and
third, the dosage of carvedilol might not have been sufficient as the
trough levels of the drug at the doses used for the study were lower in
children compared to adults. As a result of the limitations in the Pe-
diatric Carvedilol Treatment Trial, the issue of whether carvedilol, or β-
blockers in general, are efficacious in pediatric heart failure remains
unresolved. In a post hoc analysis of the carvedilol trial subjects, Petko
et al. determined that echocardiogram parameters including systolic
and diastolic sphericity index and TEI index in pediatric patients treated
with carvedilol were improved when compared to placebo treated pa-
tients [11]. This analysis suggests that carvedilol might influence left
ventricular reverse remodeling in pediatric heart failure patients, but it
remains unclear why this was not associated with an improvement in
outcome.

Another example of age-specific differences in response to heart
failure therapies involves phosphodiesterase-3 inhibition (e.g. milri-
none or enoximone). While treatment with phosphodiesterase-3 in-
hibitors has demonstrated acute beneficial hemodynamic alterations in
adult heart failure patients [12–15]; chronic treatment is not well tol-
erated [16,17]. Specifically, chronic treatment with phosphodiesterase-
3 inhibitors in adults with heart failure leads to an increased incidence
of arrhythmias and sudden death and is therefore not a recommended
therapy [12,18,19]. In contrast, pediatric heart failure patients treated
with phosphodiesterase-3 inhibitors demonstrate marked symptom
improvement and no increase in the incidence of arrhythmias or sudden
death [20,21]. Children with heart failure listed for transplant are
frequently sent home on milrinone as a bridge to heart transplant, with
many tolerating several months of treatment without complication
[22].

These differential clinical responses to medications such as carve-
dilol and phosphodiesterase-3 inhibitors suggest the possibility that
adaptation of the pediatric and adult failing heart differs and that dis-
tinct cellular mechanisms may be involved.

4. Assessing Age-specific Cellular Mechanisms Involved in HF

Because pediatric heart failure outcomes lag behind those of adults
despite a similar therapeutic approach there is a need to identify tar-
geted therapies for this special population. The first step in the identi-
fication and development of directed therapies is to enhance the cur-
rently limited understand of the underlying mechanisms and cellular
signaling pathways that may be uniquely altered in the pediatric failing
heart.

Outlined below are several recent examples of studies demon-
strating potentially important differences in the adult and pediatric
failing heart. These studies, while not comprehensive, represent a pre-
clinical framework for ongoing pediatric focused research in this arena.

4.1. Investigations of the Cardiac β-Adrenergic and Phosphodiesterase-3
Systems

Explanted hearts from children and adults with idiopathic dilated
cardiomyopathy demonstrate differences in distribution of β-adrenergic
receptors [23]. Pediatric dilated cardiomyopathy patients have a un-
ique pattern of β-adrenergic receptor adaptation compared to their
adult counterparts. While both populations of patients demonstrated a
decrease in total myocardial β-adrenergic receptor expression, in adult
hearts this decrease was attributed entirely to downregulation of the
β1-receptors, while children had downregulation of both the β1- and
β2-receptors (Fig. 1) [23]. While chronic β1-receptor activation in heart
failure results in pathologic gene expression changes, depho-
sphorylation of calcium-handling proteins and ventricular remodeling,
the β2-receptor seems to be mostly beneficial mediating a pro-survival,

anti-apoptotic pathway [24,25]. The resulting hypothesis from these
human tissue studies was that perhaps some preservation of the β2-
receptor is beneficial and that non-selective β-blockade with drugs such
as carvedilol could be less efficacious in children due to their already
down-regulated β2-receptor state.

In order to test this hypothesis, a young mouse model of acute β-
adrenergic stimulation was developed [26]. Young mice treated with
the β-adrenergic agonist isoproterenol demonstrated a decrease in both
β1- and β2-adrenergic receptors, similar to the pediatric failing heart.
When these mice were treated concomitantly with carvedilol (a non-
selective β-blocker which blocks both β1- and β2-receptors), there was
no attenuation of hypertrophy (as measured by heart weight to body
weight ratio). However, when the young mice exposed to isoproterenol
were treated with β1-specific blockers (e.g. metoprolol), the mice had
an encouraging response with a decrease in heart weight/body weight
ratio. Alternatively, adult aged mice demonstrated an improvement in
isoproterenol-induced cardiac hypertrophy in response to treatment
with both non-selective and β1-selective blockade. The results from the
human tissue data and this mouse model suggest that perhaps differ-
ences in β2-receptor adaptation may contribute to different responses
to medical therapies in children compared to adults [23,26].

Using heart tissue from children and adults with idiopathic dilated
cardiomyopathy, Nakano et al. showed that children treated with the
phosphodiesterase-3 inhibitor, milrinone, had an increase in myo-
cardial cAMP levels, while adult cAMP levels remained low and were
unchanged by phosphodiesterase-3 inhibitor therapy (Fig. 2) [27]. Pe-
diatric patients treated with milrinone also had an increase in phos-
phorylation of phospholamban (calcium handling protein), which was
not demonstrated with phosphodiesterase-3 inhibitor therapy in adults
[27]. In addition, expression of specific isoforms of adenylyl cyclases
and phosphodiesterases differed between adults and children [28].

These studies demonstrate that the failing pediatric and adult heart
differ in their adaptive responses to heart failure. While the findings are
associative and not mechanistic, they support the importance of pre-
clinical investigations focused on the pediatric heart failure population.

4.2. Fibrosis and Cardiomyocyte Hypertrophy Is Less Prominent in Pediatric
Failing Hearts

Certain hallmarks of pathologic responses in cardiomyocytes have
been characterized in both pediatric and adult heart failure patients
(such as upregulation of the fetal gene program [23], and increased
circulation of catecholamines [29]). Similarly, it has been assumed that
aspects of cardiac remodeling such as fibrosis and cardiomyocyte hy-
pertrophy, nearly universal findings in adult heart failure patients, are
also present in the failing pediatric heart. However, histologic analyses
of patient samples in conjunction with molecular comparisons conclude
that pediatric idiopathic dilated cardiomyopathy patients have less
myocardial fibrosis than adult patients (Fig. 3) [30,31]. In these studies,
there was no relationship between the development of fibrosis and the
duration of heart failure and fibrosis related gene expression was dis-
tinct between the 2 populations [31]. Assessment of cardiomyocyte cell
size in children with dilated cardiomyopathy also demonstrated a sur-
prising lack of hypertrophy compared to age-matched non-failing con-
trols [30,32]. Importantly, many heart failure therapies target these
markers of adverse remodeling. The implications of these human tissue
findings on the clinical response to medications such as those targeting
the renin-angiotensin-aldosterone system are unclear.

4.3. Transcriptomic Analysis of Pediatric Hearts with Heart Failure
Compared to Pediatric Non-failing Hearts

Identifying the factors that govern differences in the mechanisms of
heart failure between pediatric and adult patients is critically im-
portant, but is also extremely challenging. Recent publications de-
scribing transcriptome-based analysis of hearts from age-matched non-
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