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Abstract
For a long time, pediatric heart failure (HF) with preserved systolic function (HFpEF) has been noted in patients with cardiomyo-
pathies and congenital heart disease. HFpEF is infrequently reported in children and instead of using the  HFpEF terminology 
the HF symptoms are attributed to diastolic dysfunction. Identifying HFpEF in children is challenging because of heterogeneous 
etiologies and unknown pathophysiological mechanisms. Advances in echocardiography and cardiac magnetic resonance imaging 
techniques have further increased our understanding of HFpEF in children. However, the literature does not describe the incidence, 
etiology, clinical features, and treatment of HFpEF in children. At present, treatment of HFpEF in children is extrapolated from 
clinical trials in adults. There are significant differences between pediatric and adult HF with reduced ejection fraction, supported 
by a lack of adequate response to adult HF therapies. Evidence-based clinical trials in children are still not available because of 
the difficulty of conducting trials with a limited number of pediatric patients with HF. The treatment of HFpEF in children is 
based upon the clinician’s experience, and the majority of children receive off-level medications. There are significant differences 
between pediatric and adult HFpEF pharmacotherapies in many areas, including side-effect profiles, underlying pathophysiologies, 
the β-receptor physiology, and pharmacokinetics and pharmacodynamics. This review describes the present and future treatments 
for children with HFpEF compared with adults. This review also highlights the need to urgently test new therapies in children 
with HFpEF to demonstrate the safety and efficacy of drugs and devices with proven benefits in adults.
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Key Points 

Pediatric heart failure with preserved ejection fraction 
(HFpEF) is an important clinical condition with high 
morbidity and mortality.

The causes of HFpEF in children are heterogeneous and 
include cardiomyopathies (restrictive and hypertrophic), 
congenital heart disease (especially after Fontan), cancer 
therapy including radiotherapy and chemotherapy, human 
immunodeficiency virus infection, renal failure, obesity, 
and hereditary hemolytic anemia, among many etiologies.

The etiologies, risk factors, clinical course, biomarkers, and 
treatments in children with HFpEF are different from adults.

There is a lack of prospective randomized trials in children 
and no evidence-based guidelines or consensus statements 
on the therapeutic approach to HFpEF in children.

1 Introduction

Heart failure can occur with preserved ejection fraction 
(HFpEF) or reduced ejection fraction (HFrEF). Heart fail-
ure (HF) with preserved ejection fraction is also known as 
diastolic HF, or HF with abnormal relaxation of the ventric-
ular myocardium with primarily preserved left ventricular 
(LV) systolic function (LV ejection fraction [LVEF] > 50%) 
or mildly reduced LVEF [1]. The word ‘preserved’ was ini-
tially used to encompass all patients with an LVEF > 40%. 
A logical description of the HF syndrome where the LVEF 
is not severely reduced (< 40%), but the symptoms are dis-
proportionate to mildly reduced EF, is to describe it as “HF 
with normal EF” [2]. Pediatric HFpEF although recognized 
as a component of cardiomyopathies and congenital heart 
diseases (CHD), has been less well understood and inves-
tigated. There are several reasons for this: (i) diastolic dys-
function is believed to overlap with systolic LV function [3], 
(ii) there is no single measure such as LVEF that adequately 
describes the diastolic function, and (iii) Doppler pat-
terns that characterize diastolic function vary significantly 
with age and HR in children [4]. Despite these challenges, 
recently, there has been increasing recognition of HFpEF 
in children with cardiomyopathies [5, 6], single-ventricle 
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physiology (Fontan) [7–9], following cardiac transplantation 
[10–13], sepsis [14–16], chronic renal disease [17–20], obe-
sity [21], diabetes mellitus [22, 23], obstructive sleep apnea 
[24, 25], after anthracycline exposure for childhood can-
cer [26–29], hereditary hemolytic anemias [26, 27], human 
immunodeficiency virus infection [28, 29], and exposure to 
antiretroviral therapies [30, 31]. This review describes the 
present and future treatments for children with HFpEF com-
pared with adults. Additionally, this review highlights the 
need to urgently test new therapies in children with HFpEF 
to demonstrate the safety and efficacy of drugs and devices 
proven beneficial in adults.

2  HFpEF in Children

A paradigm has been established in children and adults 
where diastolic function progresses from normal to impaired 
relaxation, with an intermediate phase of increased filling 
pressures, and ultimately progresses to HFpEF, which is well 
described in patients receiving chemotherapy [32, 33]. The 
diagnosis of HFpEF requires clinical symptoms and signs 
of HF and evidence of diastolic dysfunction with normal or 
mildly reduced LVEF. Unlike systolic function, assessment 
of diastolic function in children is challenging. Convention-
ally, Doppler parameters such as mitral valve inflow, pul-
monary venous flow, LV systolic-to-diastolic duration ratio, 
myocardial performance indices, and left atrium (LA) size 
are used to assess LV diastolic dysfunction [34]. However, 
this conventional echocardiography and Doppler imag-
ing parameters do not correlate well with invasive hemody-
namics in pediatric HFpEF [35]. The LV diastolic function 
can be better determined by tissue Doppler imaging (TDI), 
evaluating the longitudinal movement at the mitral, tricus-
pid, and septal annulus levels, calculating early and late dias-
tolic velocities (eʹ and aʹ, respectively), and comparing these 
with reference values for children [36]. However, evaluating 
diastolic function in neonates and younger children is still 
challenging because of maturational changes in diastolic 
parameters [37]. In 2016, American Society of Echocardi-
ography guidelines for evaluation of diastolic dysfunction 
in adults included four variables: (1) e′ velocity, (2) E/e′ 
ratio, (3) LA volume indexed to body surface area, and (4) 
tricuspid regurgitation peak velocity [38]. The cut-off values 
of these four criteria are as follows: septal e′ < 7 cm/s or 
lateral e′ < 10 cm/s; average E/e′ > 14, LA volume indexed 
to body surface area > 34 cc/m2; and tricuspid regurgitation 
peak velocity > 2.8 m/s. However, the adult criteria are not 
validated and poorly correlate with LV filling pressure in 
children [39]. Despite these limitations, TDI has often been 
shown to be helpful in several studies in children to charac-
terize LV diastolic dysfunction [40–46]. Speckle-tracking 
echocardiography and strain analysis, pressure-volume 

analysis, and cardiac magnetic resonance imaging are supe-
rior methods to determine diastolic dysfunction and are fea-
sible in children [47–50]. Cardiac catheterization measure-
ments of LV end-diastolic pressure (LVEDP) best diagnose 
HFpEF at rest and are more apparent after an intravenous 
fluid challenge. However, cardiac catheterization is an inva-
sive procedure, and serial cardiac catheterization is not suit-
able for clinical surveillance for HFpEF in children.

2.1  Cardiomyopathy

Two common causes of HFpEF in children are hypertrophic 
and restrictive cardiomyopathies. Despite the lack of a stand-
ardized protocol or guidelines for TDI in children, it is help-
ful in pediatric patients to predict cardiac events in dilated 
cardiomyopathy [51, 52], characterize LV diastolic function 
in LV non-compaction cardiomyopathy [40, 41], estimate 
accurately LVEDP in hypertrophic [43, 44] and restrictive 
cardiomyopathies [45], and distinguish restrictive cardiomy-
opathy from constrictive pericarditis [46]. Speckle-tracking 
echocardiography and strain analysis provide a high-resolu-
tion real-time measure of LV contractility and relaxation in 
children and can differentiate between the athletic heart and 
hypertrophic cardiomyopathy [47].

2.2  Congenital Heart Disease

In children, diastolic dysfunction associated with CHD can 
be due to three pathophysiologies: pressure overload, vol-
ume overload, and both pressure and volume overload [53]. 
After CHD surgery, ventricular geometry, especially the sys-
temic right ventricle geometry, can be profoundly altered. 
The diastolic dysfunction in CHD may appear immediately 
after surgery, which can be transient or progress to HFpEF 
[54–56]. Assessment of diastolic dysfunction using echocar-
diography is complex in children with CHD because most 
parameters are affected by the patient’s age, HR, and type 
of cardiac defect [57, 58]. The interpretation of diastolic 
function in the context of CHD requires some understanding 
of the effects of the lesions themselves on Doppler echo-
cardiographic parameters [59]. A multi-modality imaging 
approach combining different echocardiographic and car-
diac magnetic resonance parameters with newer parameters 
such as diastolic strain rate may facilitate early diagnosis of 
HFpEF [60].

2.3  Other Acquired Cardiovascular Diseases

Comorbidities such as obesity, malnutrition, hyperlipi-
demia, diabetes, sepsis, and chronic renal disease drive 
LV remodeling and dysfunction in adults and children 
through a complex interaction with systemic inflamma-
tion, coronary microvascular endothelial dysfunction, and 
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immune dysfunction [61, 62]. The latter affects LV dias-
tolic dysfunction through macrophage infiltration, result-
ing in interstitial fibrosis. The inflammatory changes and 
endothelial dysfunction can produce reactive oxygen spe-
cies, limiting nitric oxide (NO) bioavailability for adjacent 
cardiomyocytes. Limited NO bioavailability promotes the 
development of HFpEF by causing a deficiency in NO-
cyclic guanosine monophosphate signaling, which may 
further alter ventricular mechanical properties [63, 64].

Adeniran et al. [65] studied the impaired calcium  (Ca2+) 
homeostasis and sodium channel (INa) remodeling and 
reported a decreased systolic cytosolic  Ca2+ level and 
elevated diastolic  Ca2+ level inside the cardiomyocytes 
in a multilevel model for electro-mechanics of the LV in 
HFpEF. The cyclical changes in  Ca2+ concentration within 
cardiomyocytes control cardiac contraction and relaxation 
cycles, and dysregulation of  Ca2+ handling processes leads 
to systolic dysfunction, diastolic dysfunction, and adverse 
remodeling [66]. Selby et al. [67] carried out a study to 
evaluate tachycardia-induced relaxation abnormalities in the 
myocardium from adult patients with a normal LVEF. They 
observed incomplete relaxation with increased diastolic ten-
sion development at rising pacing rates, significantly ele-
vated resting tone, and disproportionately high  Ca2+ loads 
due to a reduced sarcolemmal  Ca2+ extrusion reserve.

3  Treatment of HFpEF

3.1  Pharmacological Therapy

Numerous treatments exist for HFrEF, and most of these 
therapies may work in HFpEF with different doses and 
by different mechanisms. Because of the rarity and the 
heterogeneous nature of pediatric HFpEF, there are no 
clinical trials and research studies have not focused on this 
patient population. The treatment of HFpEF should begin 
with managing risk factors such as comorbidities, includ-
ing reduction of weight, regular aerobic exercise, and con-
trol of hypertension, diabetes, and hyperlipidemia. The 
medical treatment of HFpEF in children can effectively 
target the underlying pathophysiologic mechanism based 
on the (limited) observations from the adult literature and 
summarized in Fig. 1. However, this approach may not 
work in children with HFpEF because there are differ-
ences in cellular and molecular signaling between failing 
pediatric and adult hearts. The following section focuses 
on the pharmacotherapies for HFpEF in children based on 
the clinical trials in adults but minimal pediatric studies.

3.1.1  Diuretics

Despite a lack of robust evidence, diuretics have been the 
mainstay of HFpEF management and are recommended to 
relieve symptoms due to volume overload. The common 
pathway of HFpEF is elevated LVEDP, resulting in pulmo-
nary venous congestion, which ultimately results in exercise 
intolerance and dyspnea. Loop diuretics, such as furosem-
ide, torsemide, and bumetanide, are often used as first-line 
therapy to improve symptoms, maintain a euvolemic state, 
shifting the pressure-volume relation downward, relieve 
symptoms, and improve the quality of life [68]. Thiazide 
diuretics such as metolazone can be used as alternatives. 
However, diuretics must be used judiciously to find a bal-
ance in ventricular preload and afterload. Moreover, excess 
diuresis in patients with CHD after Fontan with diastolic 
dysfunction can result in a sudden drop in stroke volume 
and cardiac output. If always possible, long-term diuretics 
and fluid restriction are avoided because intravascular vol-
ume deficiency may further stimulate the neurohumoral axis, 
including the renin-angiotensin-aldosterone system (RAAS).

3.1.2  Spironolactone

The extracellular matrix in the myocardium is composed 
of fibrillary proteins (such as collagen and elastin), non-
fibrillary proteins (such as aminoglycans, fibronectin, 
and laminin), and bioactive proteins such as transforming 
growth factor-β, matrix metalloproteinases, tissue inhibitors 
of matrix metalloproteinases, and matricellular proteins. 
The homeostatic control of collagen is crucial for diastolic 
function. Spironolactone, an aldosterone antagonist, has 
decreased collagen synthesis by inhibiting fibroblast pro-
liferation in animal models of experimental hypertension 
[69, 70]. These experimental data have shown promising 
results that spironolactone can improve myocardial relaxa-
tion. Spironolactone in a low non-diuretic dosage is benefi-
cial preferentially as an anti-remodeling drug in children 
with HFpEF [54]. The beneficial effect of spironolactone 
may also be due to the afterload reduction, changes in serum 
electrolytes (potassium-sparing effect), and the reduction in 
LV mass [71, 72].

3.1.3  RAAS Antagonists

The RAAS plays an integral role in the pathogenesis of 
chronic HF and LV remodeling [73–76]. The RAAS can 
stimulate metalloproteinases and promote endothelial dys-
function, and it results in myocyte hypertrophy, fibrosis, 
and reduced ventricular compliance (stiffness) in experi-
mental animals and clinical studies [77–79]. Ventricular 
hypertrophy, fibrosis, and resultant diastolic dysfunction 
increase myocardial oxygen consumption and imbalance 
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myocardial oxygen supply and demand. Angiotensin II 
and aldosterone also can cause cardiomyocyte hypertrophy 
independent of hypertension-associated wall stress increase 
through upregulation of nicotinamide adenine dinucleotide 
phosphate (NADP) oxidase within the myocytes [78, 79]. 
Angiotensin-converting enzyme (ACE) inhibitors (e.g., enal-
april, lisinopril, and perindopril) or angiotensin-II receptor 
blockers (e.g., losartan) along with aldosterone antagonists 
(e.g., spironolactone) block the activation of the RAAS and 
decrease adrenergic activity [80]. Angiotensin-converting 
enzyme inhibitors have the properties for reverse remod-
eling, reducing systemic vascular resistance, and improving 
vascular compliance [81]. The remodeling properties seem 
to be higher, especially with ACE inhibitors with an effec-
tive tissue penetration such as lisinopril [82, 83]. However, 
a large trial testing neurohormonal inhibition in infants and 
children with single-ventricle physiology failed to achieve 
positive outcomes [84]. Nonetheless, these drugs are com-
monly used to improve symptoms in children with HFpEF.

3.1.4  Beta‑Blockers

Beta-blockers are often prescribed in HFpEF to treat 
comorbidities such as coronary artery disease and atrial 
fibrillation. Beta-blockers are thought to exert their action 
by reducing the impact of prolonged neurohormonal acti-
vation [85]. However, different types of β-blockers affect 
the HF phenotype in children differently from adults as 
in adult hearts, there is predominantly β1-receptor down-
regulation. In contrast, children have downregulation of 
both the β1-receptors and β2-receptors [86]. Beta-blockers 
decrease heart rate, improve LV diastolic filling, increase 
cardiac output, and prevent arrhythmias in hypertrophic 
cardiomyopathies with or without obstruction. Recently, 
a novel inhibitor of cardiac-specific myosin adenosine 
triphosphatase, mavacamten, has been shown to reduce LV 
outflow tract obstruction and improve myocardial relaxa-
tion by improving myocardial energetics [87, 88].

Fig. 1  Proposal for potential treatment targets in pediatric heart fail-
ure with preserved systolic function (HFpEF) based on limited data 
in children and studies in adult patients with HFpEF. ACE angio-
tensin-converting enzyme, ARB angiotensin receptor blocker, ARNI 
angiotensin receptor blocker-neprilysin inhibitor, AT1 angiotensin 
receptor 1, cGMP guanosine 3ʹ,5ʹ-cyclic monophosphate, CHD con-
genital heart disease, HMG-CoA hydroxymethylglutaryl coenzyme A, 
IL-6 interleukin-6, IL-1β interleukin-1-beta (a cytokine protein also 

known as lymphocyte activating factor), LA left atrium, LVEDP left 
ventricular end-diastolic pressure, NO nitric oxide, PDE phospho-
diesterase, PKG protein kinase G (receptor for cGMP second mes-
senger), RV right ventricle, sGC soluble guanylate cyclase, SGLT-2 
sodium-glucose transport protein 2, SNS sympathetic nervous system, 
sST2 soluble suppression of tumorigenesis-2 (released in response to 
inflammatory stimuli and vascular congestion), TGF-β transforming 
growth factor-beta, TNF-α tumor necrosis factor-alpha
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3.1.5  Calcium Channel Blockers

Although calcium channel blockers such as verapamil do not 
specifically improve diastolic function in the short term, they 
have improved diastolic filling during exercise in adults with 
HFpEF [89]. A significant increase in exercise capacity due 
to increased ventricular filling was observed after 5 weeks 
of therapy with verapamil compared with placebo, with 
no change in baseline systolic function and systolic blood 
pressure, in adults with HFpEF [90, 91]. Calcium channel 
blockers have also been found to reduce ventricular mass 
and improve LV relaxation in hypertrophic cardiomyopa-
thies [91].

3.1.6  Inotropic Agents: Milrinone and Levosimendan

Milrinone, a phosphodiesterase-3 inhibitor, is commonly 
used in children for chronic HF because of its positive ino-
tropic and lusitropic actions. Prophylactic intravenous use of 
high-dose milrinone after cardiac surgery in children led to a 
significant reduction in the prevalence of low cardiac output 
syndrome [92]. In clinical practice, milrinone is used com-
monly in pediatric patients with HFpEF and demonstrates 
symptomatic improvement [93].

Levosimendan 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 adeno-
sine triphosphate-dependent potassium channels leading to 
smooth muscle relaxation, vasodilation, and decreased sys-
temic vascular resistance. The hemodynamic effects of levo-
simendan include increased cardiac output and decreased 
filling pressure [94]. The drug causes an increase in con-
tractility without an increase in myocardial oxygen demand 
and has lusitropic action on the myocardium. Prophylac-
tic short-term administration of intravenous levosimendan 
led to mixed results in children who had undergone heart 
surgery in prior studies. Pediatric patients who received 
levosimendan are divided into two groups: the first group 
who received levosimendan as prophylaxis for low cardiac 
output in the post-operative period [95, 96] for whom there 
was no significant benefit of the drug; and the second group 
with end-stage HF and inotrope dependency [97, 98] showed 
improved status in terms of a decrease in additional inotrope 
requirements and hospital length of stay.

3.1.7  Angiotensin Receptor‑Neprilysin Inhibitor

A combination of an angiotensin receptor blocker and nepri-
lysin inhibitor has the advantage of concomitantly block-
ing a pro-fibrotic/pro-hypertrophic mechanism (angiotensin 
receptor blocker component, valsartan) while stimulating 
an anti-fibrotic/anti-hypertrophic mechanism (neprilysin 

inhibitor component, sacubitril) [99]. This combination 
drug has natriuretic and diuretic properties, better preserves 
renal function, better controls blood pressure than RAAS 
inhibitors, and improves ventricular-arterial coupling [100]. 
Consequently, an angiotensin receptor-neprilysin inhibitor 
provides better target organ protection than angiotensin 
receptor blocker therapy alone, including cardiac, vascu-
lar, and renal protection. The efficacy of sacubitril/valsartan 
was superior to valsartan alone in hospitalized adults with 
HFrEF [101]. Furthermore, sacubitril/valsartan favora-
bly altered the extracellular matrix homeostasis and was 
expected to benefit adults with HFpEF [102]. However, the 
PARAGON-HF trial found that sacubitril/valsartan did not 
reduce mortality or hospitalization in adults with HFpEF 
[103]. In October 2019, the US Food and Drug Adminis-
tration approved the use of sacubitril/valsartan in children 
aged > 1 year with symptomatic HFrEF [104]. The jury is 
still out regarding the role of sacubitril/valsartan in children 
with HFpEF.

3.1.8  Sodium‑Glucose Cotransporter Type 2 Inhibitors

The DAPA-HF trial [105] and the EMPEROR-Reduced trial 
[106] showed sodium-glucose cotransporter type 2 inhibi-
tors (dapagliflozin and empagliflozin) reduced the risk of 
worsening major cardiac events in adults with HFrEF irre-
spective of the presence of diabetes. The precise mecha-
nism of sodium-glucose cotransporter type 2 inhibition in 
achieving the beneficial effects remains uncertain, although 
a modest reduction in central venous pressure has been dem-
onstrated [107, 108]. One possible mechanism is empagli-
flozin increases natriuretic peptides and causes significant 
diuresis. The EMPULSE trial in hospitalized adults with 
acute decompensated HF either due to HFrEF or HFpEF and 
irrespective of diabetic status found decreased major cardiac 
adverse events and hospitalization over 90 days [109]. The 
experimental work suggests an antiapoptotic effect mediated 
via sarcolemmal sodium hydrogen cotransporter blockade 
[110]. Other benefits of the drug include reduced LV fill-
ing pressures and LV afterload, improved vascular func-
tion, myocardial efficiency by permitting fatty acid-based 
myocardial metabolism, and reduced oxidative stress and 
inflammatory cytokine production [108, 111]. No data are 
currently available for sodium-glucose cotransporter type 2 
inhibitor use in children.

3.1.9  Nitric Oxide Donors

There is accumulating evidence indicating diastolic dys-
function is associated with a coronary vascular endothe-
lial impairment through impaired NO production, 
increased NO degradation, and vascular smooth muscle 



240 B. B. Das 

hyporesponsiveness to NO [112]. Therefore, increasing NO-
cyclic guanosine monophosphate GMP signaling by phos-
phodiesterase-5 inhibition would improve diastolic function 
by increasing NO in the coronary endothelium [113]. Nev-
ertheless, the RELAX trial, which used sildenafil to treat 
adults with HFpEF, showed no significant improvement in 
exercise capacity or clinical status [114]. However, other 
studies show that NO improves LV relaxation, decreases 
filling pressure, and improves diastolic function in adults 
[115, 116]. In myocytes, when there is low cofactor tetrahyd-
robiopterin (BH4), NO synthase produces superoxide rather 
than NO. This situation is called NO synthase uncoupling 
and results in diastolic dysfunction independent of vascular 
uncoupling [117]. Additionally, in experimental models, 
supplementation with oral BH4 prevented or reversed the 
diastolic cardiac dysfunction [118]. Currently, there are no 
pediatric studies with NO modulators. Data from the animal 
models and trials in adults with HFpEF suggest a future 
role of NO modulators such as vericiguat in children with 
HFpEF [119].

3.1.10  Ranolazine

Ranolazine is a partial fatty acid oxidation inhibitor that 
shifts cardiac energy metabolism from fatty acid oxidation to 
glucose oxidation. Because glucose oxidation requires less 
oxygen than the oxidation of fatty acids, ranolazine can help 
maintain myocardial function in times of ischemia. Ranola-
zine has shown some promise as a treatment for diastolic 
dysfunction in adults. In the mice model of hypertension-
induced diastolic dysfunction, ranolazine reversed diastolic 
dysfunction, probably resulting from direct effects on myo-
filaments [120]. Ranolazine inhibits the ryanodine receptor 
decreasing the late I(Na+) current and lowering cellular  Na+ 
and  Ca2+ levels during diastole to improve active relaxation 
and passive diastolic compliance [121]. Infusion of ranola-
zine in adults with HFpEF resulted in a modest decrease in 
LVEDP in the randomized, RALI-diastolic HF trial [122]. 
Unfortunately, ranolazine has not yet been evaluated in chil-
dren with HFpEF.

3.1.11  Hydroxymethylglutaryl Coenzyme A Reductase 
Inhibitors

Metabolic comorbidities such as diabetes and hyperlipidemia 
are presumed to worsen the severity of HFpEF through a 
cascade of events from systemic inflammation, perturbing 
the physiology of the endothelium and the perivascular envi-
ronment, and immune dysfunction that ultimately converges 
to myocardial fibrosis in both children and adults [61, 123]. 
The hydroxymethylglutaryl coenzyme A reductase inhibi-
tors (statins) decrease reactive nitrogen species and reac-
tive oxygen species derived from NADP oxidases, balance 

endothelial redox, and restore NO bioavailability, indepen-
dently of low-density lipoprotein lowering in adults with 
HFpEF [124]. Statins are found to reduce all-cause mortality 
in adults with HFpEF regardless of the serum cholesterol 
level and presence of coronary artery disease [125–127]. 
Limited data support the efficacy of hydroxymethylglutaryl 
coenzyme A inhibitors such as atorvastatin or rosuvastatin 
in pediatric heart transplant recipients because of their anti-
inflammatory properties in addition to lowering cholesterol 
[128].

3.1.12  Other Anti‑Inflammatory Drugs

Recently, experimental models of HFpEF have demonstrated 
compelling evidence for bidirectional interaction between 
metabolic stress and chronic inflammation, resulting in alter-
ations in systemic and cardiac immune responses that have 
been shown to participate in HFpEF pathophysiology [61]. 
There is also evidence of elevated circulating inflammatory 
biomarkers such as interleukin-1, C-reactive protein, tumor 
necrosis factor-α, and soluble suppression of tumorigen-
esis-2 in HFpEF. Inflammatory cells express transforming 
growth factor β, interferon-γ, Galectin-3, connective tis-
sue growth factor, and ACE, promoting the conversion of 
fibroblasts to myofibroblasts and collagen deposition [129]. 
Anti-inflammatory agents (such as anakinra and canaki-
numab) and anti-fibrotic agents (such as pirfenidone) have 
been found helpful in adults with HFpEF [130, 131], but no 
pediatric studies or data are currently available.

3.2  Device Therapy in HFpEF

Several types of atrial shunts, LV expanders, simulation-
based therapies, and mechanical circulatory support devices 
are currently under development to target one or more of the 
symptoms in patients with HFpEF [132]. Although most of 
these solutions have shown promising results in clinical or 
preclinical studies, no device-based therapy has yet been 
approved to treat patients with HFpEF.

3.2.1  Atrial Shunt Devices

Atrial shunt devices are designed to lower LA pressure 
by connecting the LA to other cardiac chambers or the 
aorta [133]. Many atrial shunt devices, the V-Wave shunt 
(V-Wave Ltd., Agoura Hills, CA, USA), and the transcath-
eter atrial shunt system (Edwards Lifesciences, Irvine, CA, 
USA) are currently under investigation and have shown 
promising results [134]. A transcatheter interatrial left-to-
right shunt in adults with HFpEF has been shown to offset 
the high LA pressure that develops in HFpEF [135, 136]. 
Trials with interatrial shunt device outcomes have demon-
strated the safety of these devices, with increased exercise 
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tolerance, quality of life, and a trend toward decreased hos-
pitalizations and HF symptoms [137–139]. The Occlutech 
Atrial Flow Regulator is a self-expandable nitinol mesh 
braided into two flat discs, which can be introduced per-
cutaneously. The atrial shunt created can have various 
diameters (6, 8, and 10 mm) and is designed to allow an 
inter-atrial bidirectional flow [140]. In the future, it will 
be helpful to do clinical trials of these devices in children 
with HFpEF.

3.2.2  CardioMEMS Device

In patients with HFpEF, post-capillary pulmonary hyperten-
sion is common. Continuous monitoring of hemodynam-
ics through an implanted device such as a CardioMEMS 
device (St Jude Medical, Saint Paul, MN, USA) allows for 
assessing LV filling pressure and appropriate administration 
of diuretics [141]. The CHAMPION trial in adult patients 
with HF (20–23% with LVEF ≥ 40%) found reduced hos-
pitalizations with this device by alerting physicians to high 
pulmonary pressures and directing subsequent changes to 
medicines [142].

3.2.3  Cardiac Synchronization Therapy

Atrioventricular conduction disturbances are often seen in 
the setting of chronic HF. These conduction disturbances 
produce suboptimal ventricular filling due to atrioventric-
ular dyssynchrony. Cardiac synchronization therapy has 
improved symptoms and reduced mortality in adult patients 
with HFpEF and electrical or mechanical dyssynchrony 
[143, 144]. Targeting LV dyssynchrony with an implanted 
cardiac resynchronization device may be helpful. Other 
experimental devices, such as cardiac contractility modula-
tion devices, including baroreceptor activation therapy and 
the BAROSTIM NEO system (CVRx, Inc., Minneapolis, 
MN, USA), have also been tried to improve atrioventricular 
dyssynchrony [145, 146].

3.2.4  Left‑Ventricular Expander Devices

In HFpEF, there is diastolic dysfunction and elevated 
LVEDP. Left-ventricular expanders devices such as 
 ImCardia® (CorAssist Cardiovascular Ltd, Haifa, Israel) 
and the  CORolla® TAA (CorAssist Cardiovascular Ltd) are 
under clinical evaluation in adults. These volume expander 
devices store elastic energy during systole and transfer it to 

the LV wall during diastole, thereby improving early dias-
tolic refill, an active relaxation phase of the cardiac cycle 
[147]. The  CORolla® TAA has advantages over  ImCardia® 
in that a minimally invasive implantation procedure installs 
it. There is an ongoing trial of  CORolla® TAA evaluating its 
safety, feasibility, and efficacy in adult patients with HFpEF 
(NCT02499601) [148].

3.2.5  Miscellaneous Devices

Renal denervation, a catheter-based radiofrequency ablation 
of the renal sympathetic nerves, has effectively lowered sys-
tolic and diastolic blood pressure and decreased LV mass, 
thereby improving diastolic function [149–151]. However, a 
recent trial in adults with HFpEF did not confirm a beneficial 
effect of renal denervation on diastolic function   or quality 
of life [152].

3.2.6  Mechanical Circulatory Support

Mechanical circulatory support is the mainstay of advanced 
therapy for patients with HFrEF. Because of the success of 
mechanical circulatory support in the management of chil-
dren and adults with HFrEF, the devices such as Synergy 
Micro-Pump (Circulite, Inc., Hackensack, NJ, USA), the 
left atrial assist device, and the CorePuls (Corpuls, Kaufer-
ing, Germany) valveless design is under development for 
the treatment of HFpEF. However, the long-term safety of 
these devices still requires evaluation because of concerns 
regarding the increased risks of atrial arrhythmias, paradoxi-
cal embolism, and right HF. A simulation study connected 
a valveless volume displacement support pump to the ven-
tricle and was driven in co-pulsation [153, 154]. The valve-
less pulsatile pump increased stroke volume by 30–45% and 
normalized hemodynamics in selected HFpEF conditions, 
especially with a small LV volume and markedly elevated 
end-systolic pressure-volume relationship.

4  Gene Therapy

While new drug and device-based therapies have improved 
outcomes over the past several decades, patients with HFpEF 
continue to experience a low quality of life, a high likelihood 
of being hospitalized, and a marked reduction in survival. Sev-
eral preclinical studies [155, 156] suggest that gene therapy 
targeting sarco(endo)plasmic reticulum calcium-adenosine 
triphosphatase 2a improves myocyte contraction and diastolic 
function. Gene therapy could be a potential therapeutic means 
in children with single-ventricle CHD in the future.
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5  Conclusions

Assessment of diastolic function should be part of a rou-
tine echocardiographic examination in children. A multi-
modality imaging approach will undoubtedly improve the 
diagnosis of pediatric HFpEF in the future. Currently, 
β-blockers, ACE inhibitors, aldosterone antagonists, and 
diuretics are the most frequently used drugs for symptomatic 
relief in pediatric HFpEF. The majority of HFpEF medica-
tions proven effective in adults are not approved for use in 
children. Some children receive off-level medicines for the 
treatment of HFpEF. Using adult HF drugs with the dose 
scaled based on children’s body weight without knowing 
the pharmacokinetics and pharmacodynamics in children is 
dangerous. Moreover, data indicate a significant difference 
between children and adults with HFpEF. Therefore, there is 
an urgent need to develop disease-specific therapies in chil-
dren with HFpEF. Pharmacokinetic and pharmacodynamic 
studies of newer drugs proven effective in adults in small 
cohorts of pediatric patients with HFpEF can provide safety 
and efficacy information on newer drugs. In the absence of 
the possibility of large-scale trials occurring soon in children 
with HFpEF, small observational studies are the only way 
forward to advance the treatment for HFpEF in children.
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