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BACKGROUND: Conventional treatment options for end-stage heart failure (ESHF) in children include heart 
transplantation (HT) and ventricular assist device (VAD), both with significant drawbacks in the pediatric 
population. Pulmonary artery banding (PAB) strategy embedded in a protective cardiovascular drug regime 
has been effectively used for functional cardiac regeneration and as a bridge to HT in pediatric ESHF. We 
herein describe the early and mid-term clinical outcomes from a multicenter international experience.
METHODS: This is a multicenter retrospective study including children admitted for ESHF caused by dilated 
cardiomyopathy of any etiology, who were treated with PAB. The primary outcome was the freedom from 
death/VAD/HT. Data are summarized as median (interquartile range) and count and percentages.
RESULTS: Thirty-one patients (median age 210 days [131-357]) with ESHF underwent PAB in 5 
centers. Pediatric interagency registry for mechanically assisted circulatory support score was I to III in 
90%; 15 patients were intubated preoperatively. Preoperative left ventricular (LV) ejection fraction 
was < 30% in 68%, with LV dilation in all cases. Postoperatively, median PAB gradient was 29 mm Hg 
(23-34), and complications occurred in 14 patients (45%), with 4 (13%) early deaths. Twenty-seven 
patients were successfully discharged home on cardiac protective medical therapy. At a median follow- 
up of 2.9 years, there were 1 late death and 3 HTs. Freedom from death/VAD/HT was 77.3% (95% 
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confidence interval [CI] = 58%-88.4%), 77.3% (95%CI = 58%-88.4%), and 73.2% (95%CI = 53.2%- 
85.5%) at 6 months, 1 year, and 2 years of follow-up, respectively. All 23 survivors with a native heart 
had gradual normalization of LV function and dimensions.
CONCLUSIONS: PAB can be an effective procedure to treat ESHF in selected infants, as an innovative 
conservative strategy for bridging to transplant or recovery.
JHLT Open xxxx;xxx:xxx 
© Published by Elsevier Inc. on behalf of International Society for Heart and Lung Transplantation. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/ 
by-nc-nd/4.0/).

Background

The ultimate therapy for end-stage heart failure (ESHF) is heart 
transplantation (HT), which, unfortunately, is not readily 
available in all infants and children.1,2 Therefore, novel ther-
apeutic strategies are needed. Durable ventricular assist devices 
(VAD) can be effective even in infants and children with 
ESHF,3 even if clinical experience is still limited when com-
pared to the adult setting. The extracorporeal Berlin Heart 
EXCOR and PediMag/CentriMag are currently the only avail-
able VADs for pediatric patients  < 10 kg.4 Nevertheless, de-
spite ongoing enhancements, the occurrence of significant, life- 
threatening, or debilitating complications remains noteworthy,5

with only a few cardiac centers accumulating sufficient ex-
pertise to ensure satisfactory results. Based on the experience 
with left ventricular (LV) retraining for congenitally corrected 
transposition of the great arteries, pulmonary artery banding 
(PAB) has been reinvented as a bridge-to-transplant or recovery 
strategy in infants with dilated cardiomyopathy (DCM) and 
preserved right ventricular (RV) function.6 PAB is thought to 
harness the inherent regenerative capacity of the heart, parti-
cularly in infants and young children, who possess a more ro-
bust stem cell pool.7 By creating controlled pressure overload, 
PAB may trigger signaling pathways that promote cardio-
myocyte proliferation and tissue repair.

The global experience with PAB for DCM has been 
recently recapitulated by 2 multicenter studies, which re-
ported satisfactory although diverse results in very hetero-
geneous cohorts of children.8,9 Currently, there is no 
scientific consensus regarding indications or age cut-offs, 
and whether this procedure is effective for myocardial re-
covery,10 or can be safely proposed as an alternative 
strategy to VAD for bridging patients to HT. Moreover, the 
tissue-level correlates of functional LV rehabilitation pro-
moted by PAB (documented by imaging and hemodynamic 
studies11-13) are still unknown. We herein present the most 
recent multicenter experience with PAB for DCM in infants 
and children, to outline its best indications and the clinical 
and functional mid-term outcomes.

Methods

This is a multicenter retrospective clinical study, including 
infants and children with ESHF due to DCM of any 
etiology treated with PAB from January 2012 to December 
2023 in 5 centers. Indication to PAB was determined via 

multidisciplinary evaluation across all centers. During the 
study period, with the increasing and varied experiences 
across centers, certain facilities integrated PAB into the 
standard care for ESHF in infants,5 while others employed 
PAB as a form of rescue therapy. Inclusion criteria across 
all centers were all the same: age  < 3.5 years; evidence of 
severe LV dysfunction (ejection fraction [EF] < 35%), with 
preserved RV function (fractional area change > 30%, tri-
cuspid annular plane systolic excursion [TAPSE]  > 8 mm); 
failure of weaning from inotropic therapy.5,14 Excluded 
were patients with biventricular failure, severe tricuspid 
regurgitation (qualitative assessment), and idiopathic or 
reactive pulmonary hypertension (mean pulmonary artery 
pressure  > 25 mm Hg).

Preoperative, intraoperative, postoperative, and follow- 
up data were collected and entered into a common 
REDCAP database. The local ethics committee from each 
center approved the review of medical records and data- 
sharing. The anonymized data collected in the common 
database with patient follow-up until December 2023 were 
compiled into a unique dataset and forwarded to the data- 
processing center at the University of Padua (after ethics 
approval for centralized data collection and analysis, pro-
tocol 5372/AO/22). A team of experienced ESHF clinicians 
abstracted and reviewed all data for completeness. Outlier 
data were checked and validated with their submitting 
center. This study is in compliance with the ISHLT Ethics 
statement.

The primary outcome was the freedom from death, 
VAD, and HT (composite end-point of PAB failure). 
Secondary outcomes were the incidence of early and late 
adverse events, as well as the modifications in biventricular 
function and structure as measured by echocardiography.

Before PAB, all patients were administered antic-
ongestive and cardiac-protecting medical therapy (biso-
prolol, lisinopril, and spironolactone), as recommended by 
Schranz et al.13,14 Whenever clinical conditions were un-
stable, the patient was admitted to the pediatric intensive 
care unit (ICU), intubated and mechanically ventilated, and 
intravenous infusion of inotropes as milrinone and levosi-
mendan were started, and catecholamines added if neces-
sary. All patients underwent cardiac transplant work-up, but 
the inclusion in the active waiting list depended on center- 
specific protocols.

The primarily echocardiographic evaluation was focused 
on the 4ch-view with and without color-Doppler movies 
having a first, subjective impression of the preoperative and 
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postoperative ventriculo-ventricular interaction, (left) atrial 
congestion or even hypertension and existing of an atrial 
communication. Measured data were LV EF (Simpson’s 
method), LV dimensions, and mitral and tricuspid valve 
regurgitation (according to ESC recommendations).15 RV 
function was additionally assessed using TAPSE. Post-
operative trans-PAB pressure gradient was assessed by 
continuous Doppler velocity gradient,2 and related to the 
actual TAPSE measurements. When available, the echo-
cardiographic assessment was reported before PAB, at 
discharge, and after 3, 6, and 12 months from surgery or at 
the last available follow-up. Patients were excluded from 
the imaging follow-up after undergoing VAD implantation 
or HT.

All patients underwent PAB through a midline ster-
notomy as previously described,5,6 under continuous 
transesophageal echocardiography (TEE) monitoring. In 
particular, PAB was secured with sequential 6.0 and 7.0 
polypropylene stitches to facilitate catheter-based de-
banding during follow-up, if needed. Pulmonary artery 
pressure and RV pressure were monitored continuously 
during the procedure by direct measurement. PAB was 
tightened to obtain an RV pressure equal to 50% to 70% of 
a still stable systemic arterial pressure, or until TEE was 
showing a leftward shift of the interventricular septum, or 
TAPSE reduction, or increasing tricuspid valve regurgita-
tion.5,6,13,14 Chest closure was delayed according to the 
surgeon’s preference.

Statistical analysis

Data are expressed as counts and percentages and median 
and interquartile range (IQR), as appropriate. Comparisons 
between categorical variables were performed by Fisher’s 
test, while for continuous variables the nonparametric 
Kruskal-Wallis test was used with pairwise comparison by 
Dunn’s test and p-value adjusted by Holm’s method. 
Freedom from death, VAD, and HT was estimated with the 
Kaplan–Meier method along with the 95% confidence in-
terval (CI) at 6 months, 1 year, and 2 years of follow-up 
from PAB. Univariate logistic regression analysis was 
performed to identify preoperative variables associated with 
PAB failure (composite event: death/VAD/HT). The risk 
was quantified using odds ratio (OR) with 95% CI. Given 
the small sample size and the low number of events, mul-
tivariate analysis was not performed. The analyses were 
performed using R (R Core Team, 2022).

Results

Baseline characteristics

Thirty-one patients (male/female = 18/13) with a median 
age of 210 days (IQR: 131-357, range 45-1,288 days) and 
median weight of 6.4 kg (IQR: 5.2-8.15) underwent PAB 
for ESHF (Ross class III and IV in all) in 5 international 
centers (mean of 6.2 procedure/center, range 4-8).

On admission, all patients underwent two-dimensional 
echocardiographic evaluation (Table 1), while 12 had car-
diac magnetic resonance imaging (CMRI) assessment 
(39%). At two-dimensional echocardiography, the median 
baseline LV EF was 25% (IQR: 16.8%-28.3%), and it was 
< 30% in 21 patients (68%); mitral valve regurgitation was 
> moderate in 54%; median TAPSE was 10.8 mm (IQR: 9- 
14.4). Tricuspid regurgitation was < moderate in all. All 
admission echocardiography data were collected before or 
shortly after the initial medical treatment. The most fre-
quent etiology of ESHF was idiopathic DCM in 15 patients 
(48%, Table 1) and associated congenital heart diseases 
were present in 3 (anomalous left coronary artery from the 
pulmonary artery [ALCAPA] in 2 and patent ductus arter-
iosus in 1). Fifteen patients (48%) were mechanically 
ventilated before PAB, while 1 patient required extra-
corporeal membrane oxygenation (ECMO) support 
(Table 2). A preoperative endomyocardial biopsy was 
performed in 9 patients (29%). At admission, the pediatric 
interagency registry for mechanically assisted circulatory 
support (PEDIMACS) class was I to III in 28 patients 
(90%), and 22 patients (71%) underwent Levosimendan 
intravenous infusion before PAB. Most patients (74%) were 
listed for HT; this varied according to local center protocols 
rather than patients’ conditions.

Surgical results

All patients undergoing PAB had a smooth intraoperative 
course, and cardiopulmonary bypass was electively used 
only in 3 patients requiring concomitant surgical repair of 
ALCAPA (2 cases), and creation of a restrictive ASD (1 
patient). One patient had a patent ductus arteriosus closure 
(without cardiopulmonary bypass).

The band was tightened gently to obtain a leftward 
displacement of the interventricular septum (possible in 
87% of patients), with a median PAB gradient at the end of 
the procedure of 29 mm Hg (IQR: 23-34). After PAB, TEE 
monitoring showed an acute decrease in mitral valve re-
gurgitation severity in 13 (42%) cases. Seven patients (all in 
1 center, as part of the institutional protocol) underwent a 
delayed sternal closure after a median time of 3 days (range 
2-9 days).

The perioperative course was complicated in 14 patients 
(47%), with low cardiac output syndrome occurring in 5 
patients (Table 2). Thirteen patients required an early re-
intervention: surgical PAB tightening in 6, and mechanical 
cardiac support in 4 patients (1 of whom required temporary 
ECMO support, while 3 underwent an LVAD-Berlin Heart 
EXCOR implantation) during the same hospitalization, 
because of inadequate myocardial recovery and inotropic 
support dependence. The remaining complications are listed 
in Table 2.

The median ICU stay was 13 days (IQR: 7-24). There 
were 4 early deaths (13%), following low cardiac output 
syndrome in 3 and sepsis in 1. Of note, 2 of these infants 
were not supported on ECMO because of specific center 
protocols, which exclude infants from ECMO support. 
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Except for those 2 on VAD support, all the remaining 
survivors (25/27, 81%) were discharged home in good 
clinical conditions (Ross class < III in 25/27 survivors), 
with cardiac protective medical therapy (Table 2).

Medium-term outcomes

At a median follow-up of 2.9 years (IQR: 1.2-4.85), there 
was 1 late death during VAD support, because of pro-
gressive multiorgan failure and a stroke. Eight patients 
(30%) experienced at least 1 adverse event: 3 patients un-
derwent a successful HT (1 of whom was preceded by 
ECMO and VAD support), VAD implantation in 1, and 
other minor procedures in 3 (Tables 3 and 4).

Freedom from death/VAD/HT was 77.3% (95% 
CI = 58%-88.4%), 77.3% (95%CI = 58%-88.4%), and 
73.2% (95%CI = 53.2%-85.5%) at 6 months, 1 year, and 
2 years of follow-up, respectively (Figure 1). All survivors 
with their native hearts are alive and well (Ross class I in 

79%), on sinus rhythm, and cardiac protective medical 
therapy, with progressive improvement of symptoms.

During follow-up, 5 patients (19%) required at least 1 
cycle of Levosimendan infusion within 3 months from 
PAB, with good benefit (3 patients required 2 or more cy-
cles). Elective percutaneous PAB balloon dilation was 
performed in 14 patients (61%) at variable timing (range 2- 
13 months). The indication for partial debanding was pro-
gressive RV hypertension and hypertrophy, with worsening 
tricuspid regurgitation. This procedure was well tolerated 
and effective in all patients, who had a substantial benefit 
from partial debanding.

Univariate logistic regression analysis revealed that 
female sex was a protective factor against PAB failure 
(OR: 0.09, 95%CI: 0.00-0.60, p = 0.034). Although 
not statistically significant, age > 1 year displayed a 
trend toward a higher risk of PAB failure (OR: 4.00, 
95%CI: 0.73-23.4, p = 0.11). Having a viral myocarditis 
etiology did not represent a protective factor against PAB 
failure.
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Table 1    Demographics of Patients Undergoing PAB for DCM 

Variable N %

Age at PAB (days, median, IQR) 210 (131-357)
Weight at PAB surgery (kg, median, IQR) 6.4 (5.20-8.15)
Male 18 58
Associated congenital heart disease 3 10

− ALCAPA 2
− Patent ductus arteriosus 1

Etiology of ESHF
Idiopathic DCM 
Acute viral myocarditis 
Chronic viral myocarditis 
LV noncompaction 
Genetic DCM 

− Heterozygotic carrier of new molecular variant in PRDM16 gene
− Heterozygotic carrier of new molecular variant in MYBPC3 gene
− Heterozygotic carrier of 2 molecular variants in MYL2 gene
− Heterozygotic carrier of new molecular variant in MYH7 gene
− Mitochondrial disease

Postischemia 
Other (not specified)

15 
2 
5 
1 
5 
1 
1 
1 
1 
1 
2 
1

48 
7 
16 
3 
16 
7 
3

Endomyocardial biopsy 
Normal 
Inconclusive, but excluding viral myocarditis 
Inflammatory DCM with endocardial fibroelastosis 
Chronic active myocarditis 

− Parvovirus-B19-induced
Active lymphocytic myocarditis 
Interstitial disease 
Mitochondrial cardiomyopathy

9 
1 
1 
2 
2 
1 
1 
1 
1

29

Associated genetic syndrome 2 7
Pre-PAB NT-pro-BNP (pg/ml, median, IQR) 9,927 (3,346-14,991) 

(n = 23)

Abbreviations: ALCAPA, anomalous left coronary artery from the pulmonary artery; BNP, brain natriuretic peptide; DCM, dilated cardiomyopathy; ESHF, 
end-stage heart failure; IQR, interquartile range; LV, left ventricle; PAB, pulmonary artery banding.
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Echocardiographic and CMRI assessment

Echocardiographic monitoring during follow-up (Tables 5
and 6) demonstrated that the LV EF gradually increased, 
mostly after 3 months from PAB, from a median baseline 
value of 25% (IQR: 16.8%-28.3%) to 60% (IQR: 52.5%- 
65%) at the last follow-up (Figure S1). Similarly, the LV 
diameter Z-Score gradually decreased from a median value 
of 9.72 (IQR: 6.54-12.63) at baseline to 2.52 (IQR −0.05 to 
3.27) at the last follow-up (Figure S2). At the last echo-
cardiography, mitral regurgitation was absent or trivial in 
most patients, while tricuspid regurgitation was always less 
than moderate, with a median TAPSE of 16 mm (IQR: 
15.3-16.8).

Six patients had CMRI at follow-up (Table S1), after a 
median time of 1.4 years (IQR: 1-4) from PAB, which showed 
improvement in the LV EF from a baseline value of 17% (12.5- 
20.5) to 56% (41-60) at follow-up. Similarly, we observed LV 
remodeling, with progressive reduction of LV EDV from 
170 ml/m2 (138-242.5) at baseline to 85.2 ml/m2 (78.8-96.5) at 
follow-up. RV function was preserved. Of note, a significant 
quote of patients developed areas of late-gadolinium 
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Table 2    Operative Data of Patients Undergoing PAB for DCM 

Variable N %

Echocardiography assessment on 
admission

31 100

CMRI assessment on admission 12 39
PEDIMACS level

Critical cardiogenic shock (I) 3 10
Progressive decline (II) 6 19
Stable but inotrope dependent (III) 19 61
Resting symptoms (IV) 1 3
Exertion intolerance (V) 1 3
Exertion limitation (VI) 1 3

Listed for HT 23 74
Preoperative intubation 15 48
Preoperative ECMO 1 3
Preoperative infusion of levosimendan 22 71
Procedure before PAB 6 19

− ALCAPA repair 2
− Balloon atrial septostomy 4

Cardiopulmonary bypass during cardiac 
surgery + cardioplegic arrest

1 3

Associated surgical procedure 3 10
− Restrictive atrial septostomy + ECMO 1
− PDA transection 1
− ALCAPA repair 1

PAB peak-gradient at the end of procedure 
(mm Hg, median, IQR)

29 (23-34) 
(n = 30)

Leftward interventricular septum 
displacement after PAB

27 87

Mitral regurgitation reduction after PAB 13 42
Delayed chest closure 7 23

− Within 48 hours 3
− Within 72 hours 1
− After 72 hours 3

Length of ICU stay (days, median, IQR) 13 (7-24) 
(n = 30)

Postoperative complications (n) 14 
(n = 30)

47

Low cardiac output syndrome 5
Bleeding requiring reoperation 1
Acute kidney injury 2
Chilotorax 1
Pleural effusion requiring chest tubes   
>  3 days

1

Infection requiring antibiotic therapy 
for  >  7 days

4

Bradyarrhythmias 1
Tachyarrhythmias 1
Other: 6
− Subglottic stenosis (Cotton grade III) 1
− Hypotension and LV thrombosis 

requiring vent placement
1

− Pericardial effusion requiring surgical 
drainage

1

− Peripheral vein thrombosis 1
− Progressive LV failure requiring VAD 

implantation
1

Intubation time after PAB
Less than 24 hours 5 16
24-72 hours 11 36
More than 72 hours 15 48

Table 2 (Continued)   

Variable N %

Early death (n) 4 13
− Cardiac failure 3
− Sepsis 1

Early reintervention (n) 13 42
− Surgical PAB tightening 6
− Delayed chest closure
− ECMO

7 
1

− VAD 3
− Tamponade 1

Home therapy 25 81
ACE-inhibitors or ARB 24 77
Beta-blockers 24 77
Diuretics 24 77
Warfarin 1 3
Aspirin or antiaggregation therapy 10 32
Other: 7 23
− L-carnitine and Q coenzyme 1
− Clonidine 1
− Digoxin 2
− Enoxaparin 2
− Immunosuppression after HTX 1

NYHA/Ross class at discharge (n) 27
I 6 22
II 17 63
III 2 7
IV 2 7

Echocardiography at discharge 22 74

Abbreviations: ALCAPA, anomalous left coronary artery from pul-
monary artery; ARB, angiotensin receptor blockers; CMRI, cardiac 
magnetic resonance imaging; ECMO, extracorporeal membrane oxyge-
nation; HT, heart transplantation; ICU, intensive care unit; IQR, in-
terquartile range; LV, left ventricle; PAB, pulmonary artery banding; 
PDA, patent ductus arteriosus; PEDIMACS, pediatric interagency reg-
istry for mechanically assisted circulatory support; VAD, ventricular 
assist device.
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enhancement positivity in both ventricles at last evaluation, 
whose clinical significance is unknown.

Discussion

Based on the findings in this multicenter study, we show 
that in selected infants, a reversible PAB associated with 
aggressive use of pharmacotherapy represents a promising 
treatment for functional cardiac regeneration and an alter-
native strategy to LVAD for bridging pediatric patients to 
HT. The concept of ventricular remodeling is well-estab-
lished and aligns with the modern understanding of con-
gestive heart failure with reduced EF. It includes the 
potential for reverse remodeling of a failing left ventricle 

using VAD, as thoroughly reviewed by Braunwald.16 Also, 
the use of VAD involves a “reverse remodeling” and 
probably a profound change in the structure and function of 
the myocardium, which occasionally leads to explantation 
of the device.17 Despite current outcomes of HT and VAD 
have also improved in the pediatric population, the intrinsic 
limitations of these organ replacement-based strategies 
have directed recent research efforts toward novel re-
generative-inspired approaches to pediatric ESHF.7,10 Re-
cruiting the healing ability of the native heart has the 
concrete potential to overcome not only the well-known 
shortage of heart donors in the youngest age classes,1 but 
also the multiple side-effects of chronic im-
munosuppressive regimen,18,19 and the hemorrhagic/ 
thromboembolic concerns of VAD.3,4,20

A surgically performed reversible PAB is now entering 
the portfolio for the management of pediatric ESHF, as a 
promising alternative to preserve the native heart, especially 
when considering that VAD in pediatric patients is still 
utilized in few pediatric cardiac centers. However, from the 
first description by Schranz et al21 to the more recent 
multicenter studies,8,9 the number of children with ESHF 
treated with PAB is still limited, as well as data on their late 
response.13 In the current work, we aimed at providing an 
up-to-date insight into the efficacy and safety of PAB as a 
regenerative strategy for pediatric ESHF, by collecting a 
multicenter cohort from 5 international hospitals. This 
project was proposed within different cardiac surgical so-
cieties, having as an example the previously published 
multicenter study by Schranz et al.8 Despite intrinsic dif-
ferences in patient management among participating cen-
ters, the adopted standard of practice (in terms of patient 
selection, inclusion criteria, and treatment) was the same in 
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Table 3    Follow-up Data of Patients Undergoing PAB for DCM 

Variable N %

Follow-up (years, median, IQR) 2.9 (1.2-4.85)
Total patients (n) 27 87
Late death (n) 1 4
Adverse event other than death 

during FU
8 30

Surgical adverse events 7
− HT 2
− ECMO + VAD + HT 1
− VAD 1
Nonsurgical adverse events 1
− Progressive congestive heart 

failure
1

Therapy at last FU 26 89
ACE-inhibitors or ARB 
Diuretics

23 
14

Beta-blockers 17
Antiaggregation 3
Other 7

PAB dilation during follow-up 
Once 
More than once

14 (n = 23) 
10 
4

61 71 
29

Sinus rhythm at last follow-up 27 100
NYHA class in survivors (n) 27

I 22 81
II 4 15
III 0 0
IV 1 4

Levosimendan infusion therapy after 
PAB 

Number of cycles

5 19

One cycle 2 40
Two cycles 1 20
More than 2 2 40

Timing
Within 1 month from discharge 2 40
Within 3 months from discharge 3 60

CMRI at follow-up 6 22

Abbreviations: ARB, angiotensin receptor blockers; CMRI, cardiac 
magnetic resonance imaging; DCM, dilated cardiomyopathy; ECMO, 
extracorporeal membrane oxygenation; HT, heart transplant; 
IQR, interquartile range; PAB, pulmonary artery banding; VAD, ven-
tricular assist device.

Table 4    Univariate Logistic Regression Analysis Between 
Preoperative Variables and PAB Failure (Composite Event: 
Death/VAD/HT) 

Variable N OR 95% CI p-value

Age at PAB 31
< 12 months - -
> 12 months 4.00 0.73-23.4 0.11

Gender 31
Male - -
Female 0.09 0.00-0.60 0.034

ESHF etiology 31
Viral myocarditis  
(acute + chronic)

- -

All others 0.83 0.13-5.47 0.85
PEDIMACS class 31

Class I+II - -
Class III or more 0.21 0.04-1.06 0.063

Preoperative Levosimendan 31 4.00 0.58-80.9 0.20
Preoperative intubation 31 2.36 0.50-13.4 0.30
Delayed chest closure 31 0.69 0.09-3.81 0.70

Abbreviations: CI, confidence interval; ESHF, end-stage heart 
failure; HT, heart transplantation; OR, odds ratio; PAB, pulmonary 
artery banding; PEDIMACS, pediatric interagency registry for me-
chanically assisted circulatory support; VAD, ventricular assist device.
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all centers, following the Giessen protocol.14 From the 
present work, PAB was a successful bridge to recovery in 
23/31 patients, without precluding the HT pathway, re-
sulting in a freedom from death/VAD/HT of 73.2% 
(95%CI = 53.2%-85.5%) at 2 years of follow-up (Figure 1). 
Clinical results of PAB for DCM have shown discrepancies 
among different groups. In the Giessen experience, PAB 
promoted myocardial recovery in 10/12 patients (83.3%), 

avoiding VAD and HT.6 These promising results were 
subsequently confirmed by the first multicenter study, 
which highlighted a low medium-term mortality (8/61, 
13.1%) and a high rate of LV function recovery (complete 
recovery: 34/61, 55.7%; partial recovery 8/61, 13.1%).8

Conversely, in the subsequent US multicenter experience, 
LV functional recovery was achieved in only 4/14 cases 
(28.6%), while 2/14 (14.3%) died and 8/14 (57.1%) un-
derwent HT.9 Intercenter variations in selection criteria, age 
at PAB, etiology of ESHF, preoperative clinical status, and 
most importantly, a totally different and heterogeneous 
perioperative treatment concept should be considered and 
may explain this contrasting results.22

The cardiac repair potential is known to be age-depen-
dent, with children  < 1 year of age showing the most robust 
intrinsic stem cell capacity.7 During embryonic and fetal 
development, cardiomyocytes possess replicative activity, 
which is subsequently lost after birth.23 This negatively 
impacts the repair modality of the mammalian heart after 
injury: loss of myocardial tissue in the fetal or early neo-
natal mouse heart can be replaced with cardiomyocyte 
proliferation, while irreversible fibrosis and contractile 
tissue loss predominate later.24 As shown in LV retraining 
in congenitally corrected transposition of the great arteries, 
the ventricular myocardium can benefit from controlled 
pressure overload mostly in younger age classes.25,26 On 
the other hand, Rohde et al recently showed that, in the 
EUROMACS series of 303 children  < 19 years who 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

Figure 1 Kaplan–Meier plot of freedom from death/VAD/HT 
with 95% CI. CI, confidence interval; VAD, ventricular assist 
device.

Table 5    Echocardiographic Evaluation at Admission, Discharge and at 3-Month Follow-up 

Variable
Admission Discharge 3-month follow-up

N N N

LV EF (%, median, IQR) 31 25 (16.8-28.3) 22 31 (25.5-34.8) 12 33.5 (29.3-41.8)
PAB peak-gradient (mm Hg, median, IQR) 6 0 (0-4.5) 20 33 (25-43) 7 50 (47.5-55)
Mitral valve regurgitation (n, %) 26 21 12

None 3 (12) 1 (5) 0
Mild 3 (12) 6 (29) 5 (42)
Mild-moderate 3 (12) 5 (24) 3 (25)
Moderate 14 (54) 4 (19) 3 (25)
Severe 3 (12) 5 (24) 1 (8)

LV dilatation, qualitative (n, %) 21 19 7
None 0 0 1 (14)
Mild 0 0 0
Mild-moderate 0 0 0
Moderate 2 (10) 5 (26) 3 (43)
Severe 19 (90) 14 (74) 3 (43)

LV end-diastolic diameter (mm, median, IQR) 25 43 (39.3-45.8) 18 40.5 (33.5-43.8) 6 31 (26.3-35.8)
LV end-diastolic diameter Z-score (median, IQR) 25 9.72 (6.54-12.63) 18 8 (11.66-5.32) 6 7.72 (12.06-3.1)
TAPSE (mm, median, IQR) 16 10.8 (9-14.4) 13 10 (9-12) 8 10 (9-13)
Tricuspid valve regurgitation (n, %) 25 22 13

None 9 (36) 4 (18) 6 (46)
Mild 14 (56) 16 (73) 6 (46)
Mild-moderate 2 (8) 2 (9) 1 (8)
Moderate 0 0 0
Severe 0 0 0

RV pressure estimate if TR (mmHg, median, IQR) 9 32.5 (30-44.5) 12 40 (31-50) 2 52 mm Hg; 24 mm Hg

Abbreviations: EF, ejection fraction; IQR, interquartile range; LV, left ventricle; PAB, pulmonary artery banding; RV, right ventricle; TAPSE, tricuspid 
annular plane excursion; TR, tricuspid regurgitation.
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underwent a successful Berlin heart EXCOR implanta-
tion,27 the rates of myocardial recovery were remarkably 
high in children  < 1.3 years and BSA  < 0.53 m2. These data 
may support using a PAB instead of a VAD in younger and 
smaller patients, who appear to have a higher recovery rate 
(approximately 70% in this series, compared to 21.8% in 
Rohde’s experience).

In previous multicenter reports of PAB for DCM, age at 
surgery showed a significant variability (mean of 
266  ±  310 days and median of 5 months (IQR 3.5-10), in the 
international and US studies, respectively8,9). In our cohort, the 
median age at PAB was lower (210 days, IQR 131-357), and 
only patients < 3.5 years were considered eligible for PAB 
(< 1 year in some institutions5). A greater myocardial repair 
potential could be hypothesized in our cohort, contributing to 
the high recovery rate after PAB. In addition, although it did not 
reach statistical significance, univariate logistic regression ana-
lysis revealed a trend toward a higher risk of PAB failure for 
patients > 1 year (OR: 4.00, 95%CI: 0.73-23.4, p = 0.11). 
Moreover, female sex was found to be a protective factor 
against PAB failure (OR: 0.09, 95%CI: 0.00-0.60, p = 0.034). 
These findings further support the utilization of PAB to treat 
ESHF in younger patients, where this strategy may display its 
greater benefit, and dictate particular clinical vigilance in male 
patients, who are expected to experience a higher rate of PAB 
failure.

A worse preoperative clinical status has been docu-
mented in the US cohort, in which PAB was adopted as a 

rescue strategy to avoid high-risk VAD implantation.9 In 
our study, the vast majority of patients were in PEDIMACS 
class I to III, requiring invasive mechanical ventilation in 
almost 50% of cases, suggesting a very challenging clinical 
setting. The etiology of ESHF is intrinsically linked to the 
myocardial recovery rate.5 In particular, an inflammatory 
myocarditis-like etiology of ESHF has been previously 
raised as a possible confounding factor of the efficacy of 
PAB in this population.10 However, in the present study, we 
documented a particularly “unfavorable” distribution of 
ESHF etiologies, with a low prevalence of acute/chronic 
myocarditis (23%) and high rates of idiopathic DCM (48%) 
and genetic variants (16%, although genetic testing was not 
performed consistently across all centers). In this cohort, a 
very low spontaneous recovery rate can be anticipated,28,29

supporting a causative role of PAB in promoting early and 
sustained LV recovery in 23/31 patients. Although the 
perioperative course was complicated in 47% of patients, 
early mortality was low (13%) and almost all survivors (25/ 
27, 81%) were discharged home in good clinical conditions, 
with cardiac protective medical therapy. Due to careful 
echocardiographic monitoring and planned catheter-based 
partial debanding, we reported a very low rate of disease 
relapse at a median follow-up of 2.9 years (IQR: 1.2-4.85), 
with 23/31 patients who are alive and well with their native 
heart and without VAD. Based on these promising results, 
we are establishing a new treatment protocol for pediatric 
ESHF to be implemented across the centers involved in this 
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Table 6    Echocardiographic Evaluation at 6-Month, 12-Month, and the Last Available Follow-up 

Variable
6-month follow-up 12-month follow-up Last follow-up

N N N

LV EF (%, median, IQR) 9 46 (38-55) 10 60 (48-63.5) 20 60 (52.5-65)
PAB peak-gradient (mm Hg, median, IQR) 6 55 (38.8-70.5) 9 55 (39.5-79) 19 40 (27-50)
Mitral valve regurgitation (n, %) 9 7 20

None 0 2 (29) 7 (35)
Mild 5 (56) 4 (57) 10 (50)
Mild-moderate 

Moderate
1 (11) 
2 (22)

1 (14) 
1 (14)

2 (10) 
1 (5)

Severe 1 (11) 1 (14) 0
LV dilatation, qualitative (n, %) 6 19 7

None 2 (33) 0 1 (14)
Mild 0 0 0
Mild-moderate 0 0 0
Moderate 2 (33) 5 (26) 3 (43)
Severe 2 (33) 14 (74) 3 (43)

LV end-diastolic diameter (mm, median, IQR) 6 33 (25-40.5) 9 32 (31-33.5) 17 35.5 (32.8-38.3)
LV end-diastolic diameter Z-score (median, IQR) 6 6.92 (8.65-2.54) 9 1.96 (2.38-1.03) 17 2.52 (−0.05 to 3.27)
TAPSE (mm, median, IQR) 5 14 (10.5-16) 7 15 (12-15) 16 16 (15.3-16.8)
Tricuspid valve regurgitation (n, %) 9 9 20

None 4 (44) 4 (44) 8 (40)
Mild 4 (44) 5 (56) 10 (50)
Mild-moderate 0 0 2 (10)
Moderate 1 (12) 0 0
Severe 0 0 0

RV pressure estimate if TR (mm Hg, median, IQR) 4 47 (39.8-53) 3 50 (39.5-67.5) 8 37.5 (21.8-58.5)

Abbreviations: EF, ejection fraction; IQR, interquartile range; LV, left ventricle; PAB, pulmonary artery banding; RV, right ventricle; TAPSE, tricuspid 
annular plane excursion; TR, tricuspid regurgitation.
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study. This protocol includes the use of PAB with ag-
gressive cardiac protective medical therapy in selected 
cases as the new standard of care.

The functional biventricular response to PAB has been 
previously described by Latus et al, who retrospectively 
analyzed baseline and late CMRI of 15 children with DCM 
treated with PAB.12 At 1-year follow-up, PAB promoted 
LV remodeling and improved LV contractility, diastolic 
function, and intra- and interventricular synchrony. Simi-
larly, a rise in RV mass and strain, associated with a left-
ward shift of the interventricular septum, was 
documented.12 More recently, Ponzoni et al confirmed these 
results, tracking the evolution of LV and RV performance 
after PAB with a seriate echocardiographic/CMRI mon-
itoring protocol in PAB responders.13

In the present study, we documented on a larger sample 
that the LV undergoes an initially slow remodeling phase in 
the first 3 to 6 months after PAB when a reduction of LV 
pathological enlargement and a modest increase in LV 
global function are noticed (Figure S1 and S2). Subse-
quently, 6 to 12 months after PAB, almost complete nor-
malization of LV contractility and dimensions is evident 
and maintained up to 2.9 years of follow-up. Although these 
data further contribute to the understanding of the macro-
scopic functional and morphological LV response to PAB, 
the need for adequate preclinical models10,30 and the in-
vestigation of the cellular and molecular bases of LV re-
habilitation7,10 are now imperative. Moreover, the long- 
term consequences of LV and RV fibrosis (unmasked by 
CMRI) on the biventricular function of survivors are un-
known. Further clinical and experimental studies are war-
ranted to support the role of PAB as a valuable treatment 
option for pediatric ESHF.

Limitations

Significant limitations are the retrospective design of the 
study, the relatively small number of treated patients, and 
the short follow-up time, which prevents long-term cardiac 
function assessment. Moreover, since data were collected 
retrospectively from multiple centers, the timing of echo-
cardiographic follow-up, scanning protocols, as well as the 
inclusion of CMRI, were not uniform, leading to missing 
functional data. The completeness of imaging data at the 
various time points was variable, thus caution should be 
used in longitudinally comparing the imaging data across 
the time points. Given the small sample size and the low 
incidence of adverse events, multivariate analysis was not 
performed. Some centers included in the present study have 
previously published their single-center5 or shared experi-
ence,8 leading to possible cohort overlap with already 
published patient data. However, we separately analyzed 
the cohort of unpublished patients and did not find any 
significant difference in the main outcomes. Additionally, 
we believe that including these patients is justified, as they 
have been evaluated over a longer follow-up period and 
contribute to validating the long-term effectiveness of this 
strategy.

Conclusions

In this multicenter study, PAB in conjunction with cardiac 
protective medical therapy and rigorous clinical monitoring 
emerges as a potentially effective strategy for treating ESHF in 
selected infants and children, with a freedom from death/VAD/ 
HT of 73.2% (95%CI = 53.2%-85.5%) at 2 years of follow-up. 
Notably, female patients exhibited the most favorable response 
to PAB and there was a positive trend observed in patients 
under 12 months of age. At mid-term follow-up, individuals 
responding to PAB displayed a gradual clinical recovery, a 
marked improvement in LV function, and a reduction in LV 
dilatation and mitral regurgitation. We hypothesize that LV 
remodeling is a slow and gradual process triggered by the re-
storation of interventricular geometry induced by PAB, re-
quiring 6 to 12 months to stabilize. Additional research is 
essential to elucidate the precise mechanisms governing ven-
tricular remodeling and the action mechanisms of aggressive 
cardiac protective medical therapy. This will help to distinguish 
between “responders” and “nonresponders” to this strategy. 
Such insights could potentially enhance the survival rates of 
infants with ESHF and contribute to normalizing the long-term 
prognosis for these children. Importantly, this approach holds 
particular promise for implementation in low-income countries 
where mechanical assist devices may be unavailable.

We believe that the primary goal of pediatric health care 
today should be to focus on cardiac regeneration to spare 
children, especially infants, from HT. This approach should 
take precedence over addressing the well-known shortage 
of heart donors and the complications associated with HT 
immunosuppression and VAD.
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