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A B S T R A C T   

Background: Understanding the macroscopic biventricular changes induced by pulmonary artery banding (PAB) 
in children with dilated cardiomyopathy (DCM) represents the first step to unraveling the regenerative potential 
of the myocardium. We herein investigated the phases of left ventricular (LV) rehabilitation in PAB responders, 
using a systematic echocardiographic and cardiac magnetic imaging (CMRI) surveillance protocol. 
Methods: We prospectively enrolled all patients with DCM treated with PAB from September-2015 at our insti-
tution. Among 9 patients, 7 positively responded to PAB and were selected. Transthoracic 2D echocardiography 
was performed before PAB; and 30, 60, 90, and 120 days after PAB; and at the last available follow-up. CMRI was 
performed before PAB (whenever possible) and one year after PAB. 
Results: In PAB responders, LV ejection fraction showed a modest 10% increase 30–60 days after PAB, followed 
by its almost complete normalization after 120  days (median of 20[10–26]% vs 56[44.5–63.5]%, at baseline and 
120 days after PAB, respectively). Parallelly, the LV end-diastolic volume decreased from a median of 146 
(87–204)ml/m2 to 48(40–50)ml/m2. At the last available follow-up (median of 1.5 years from PAB), both 
echocardiography and CMRI showed a sustained positive LV response, although myocardial fibrosis was detected 
in all patients. 
Conclusions: Echocardiography and CMRI show that PAB can promote a LV remodeling process, which starts 
slowly and can culminate in the normalization of LV contractility and dimensions 4 months later. These results 
are maintained up to 1.5 years. However, CMRI showed residual fibrosis as evidence of a past inflammatory 
injury whose prognostic significance is still uncertain.   

1. Introduction 

Relying on ventricular-ventricular positive interactions [1–4] and 
the hypothesized reactivation of the reparative potential of the 
myocardium [5], surgically performed pulmonary artery banding (PAB) 
has been proposed as a bridge to transplant or recovery strategy in in-
fants with dilative cardiomyopathy (DCM) with preserved right ven-
tricular (RV) function [2,6]. 

By generating an acute leftward shift of the interventricular septum, 
which determines a reshaping of the dilated left ventricle (LV) in the 
context of DCM, together with amelioration of LV preload and its 
intrinsic contractility [1,5,7,8], PAB may be a promising alternative to 
conventional organ replacement-based options for pediatric heart fail-
ure. Recent multicenter studies documented LV functional recovery 
after PAB in 29% to 56% of treated patients [2,7], suggesting a causative 
role of PAB in positively modifying the natural clinical history of DCM. 

Abbreviations: CMRI, cardiac magnetic resonance imaging; DCM, dilated cardiomyopathy; IQR, interquartile range; LGE, late gadolinium enhancement; LV, left 
ventricle; MCS, mechanical circulatory support; MV, mitral valve; PAB, pulmonary artery banding; RV, right ventricle; TAPSE, tricuspid annular plane systolic 
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However, the global experience with this technique still suffers from 
limited numbers of treated patients and relatively short follow-up times 
[2]. Moreover, surgical indications and patient selection criteria have 
been derived from clinical experience rather than evidence-based 
knowledge of the mechanisms of action of PAB in DCM [3,5]. 

Understanding the early and late ventricular remodeling process in 
PAB responders may contribute to eligibility criteria refinement and 
help identify those patients who could benefit the most from this strat-
egy as bridge to recovery. Moreover, documenting the macroscopic 
correlates of the hypothesized underlying molecular pathways pro-
moted by PAB might provide novel insights into the regenerative/ 
reparative potential of the human heart [9,10]. We herein systematically 
assessed the acute and chronic changes in biventricular function and 
anatomic structure in PAB responders, by seriate 2D echocardiography 
and cardiac magnetic resonance imaging (CMRI). 

2. Methods 

2.1. Study design and population 

We prospectively enrolled all consecutive pediatric patients affected 
by end-stage DCM and treated with PAB from September 2015 at our 
institution. Indication to PAB was determined via multidisciplinary 
evaluation according to our institutional protocol for pediatric end-stage 
heart failure [6]. Eligibility and exclusion criteria for PAB have been 
published previously [4,6]. Parental consent to the procedure and the 
study was obtained in all cases. The study was approved by our insti-
tutional Ethics Committee (protocol #5372/AO/22) and it conforms to 
the ethical guidelines of the 1975 Declaration of Helsinki. 

All patients who positively responded to PAB (defined by symptoms 
and clinical status improvement, amelioration of LV function at echo-
cardiography, and avoidance of durable mechanical circulatory support 
[MCS] or heart transplantation) were selected for the present study. 
Demographic and clinical characteristics, in-hospital events, laboratory 
data, echocardiographic and CMRI measures, and follow-up status were 
collected prospectively via electronic medical records. The follow-up 
was concluded on December 2022 (100% completeness). 

2.2. Echocardiographic and CMRI parameters 

Transthoracic 2D echocardiography was performed before PAB; and 
30, 60, 90, and 120 days after PAB; and then at the last available follow- 
up (according to the clinical status of the patient). Biventricular function 
and dimensions, atrioventricular valves competence, and gradients 
across PAB were monitored in all patients by the same operators (BC, 
GDS). 

Cardiac magnetic resonance imaging was performed before PAB 
(whenever possible) and approximately one year after PAB. Each CMRI 
examination was carried out by one cardiologist and one radiologist (ER, 
AC) with the same CMRI scanner (Achieva 1.5 Tesla, Philips Healthcare; 
Best, the Netherlands). For every patient, LV and RV function and vol-
umes were registered, as well as evidence of myocardial fibrosis (late 
gadolinium enhancement [LGE] positivity) by PSIR sequences and 
myocardial edema by T2w TSE sequences with fat saturation [11,12]. 

2.3. Pulmonary artery banding procedure 

Preoperative medical management was initiated at the time of 
admission based on the protocol by Scharnz et al. [3]. Complete anti-
congestive medical therapy, including a beta-blocker (bisoprolol or 
metoprolol, with target heart rate < 120 bpm), lisinopril (0.1–0.2 mg/ 
kg/die), and spironolactone (1 mg/kg/die), was administered to all 
patients. Diuretics (furosemide) were used if marked pulmonary 
congestion and/or fluid overload were present. In case of hemodynamic 
instability catecholamines (epinephrine and/or milrinone) were 
administered. If tolerated, a dose of levosimendan was provided. The 

surgical PAB was performed as described elsewhere [4,6]. In particular, 
after median sternotomy, invasive measurement of pre-PAB pulmonary 
arterial pressure and systemic pressure was placed. Then, the main 
pulmonary artery was gently encircled with a PTFE band whose length 
was initially tailored according to Trusler’s rule [13]. Under continuous 
transesophageal echocardiography monitoring, the band was tightened 
to obtain a leftward shift of the interventricular septum, with a RV 
invasive pressure of approximately 60% of the systemic one. Finally, the 
length of the banding stripe was fixed with 6–0 polypropylene suture, 
obtaining a balloon-dilatable band. The chest (and the pericardium) was 
routinely left open, to allow further PAB tightening in the first post-
operative h, if necessary. To reduce the risk of acute RV decompensa-
tion, we avoided aggressive PAB tightening intraoperatively and we 
closely monitored the patient’s early response to PAB. If the patient was 
hemodynamically stable with the presence of good RV function, normal 
tricuspid annular plane systolic excursion (TAPSE), and not linear 
intraventricular septum, we performed an additional tightening of PAB. 
Subsequently, once hemodynamics were optimal, the pericardium and 
the sternum were definitively closed. 

2.4. Statistical analysis 

Continuous variables are summarized as median and interquartile 
range (IQR) and categorical variables are expressed as numbers and 
percentages. Given the relatively small number of patients, no statistical 
tests were run to compare echocardiographic and CMRI data variation 
during follow-up. Statistical analysis was performed using SPSS statistic 
software v.24 (IBM Corporation, Armonk, NY). The data that supports 
the findings of this study is available from the corresponding author 
upon reasonable request. 

3. Results 

3.1. Treated population 

Since 2015, nine patients (M/F: 4/5) were admitted for end-stage 
heart failure due to DCM unresponsive to conventional medical treat-
ment, and selected for PAB according to our protocol [6]. Median age 
and weight at PAB were 7.1 (IQR 4.0–8.8) months and 6.3 (IQR 5–7.7) 
kg, respectively. The etiology of heart failure (confirmed by histological 
examination of specimens collected during PAB) was chronic viral 
myocarditis in 3 (33%), idiopathic DCM in 3 (33%), acute lymphocytic 
myocarditis in 2 (22%), and LV non-compaction with a genetic diagnosis 
of heterozygous mutation of TPM1 gene (de novo) and of ABCC9 gene 
(parental) in 1 (11%). Five patients (56%) were in PEDIMACS class 3 
and 4 (44%) in PEDIMACS class 1. Seven patients (78%) required pre-
operative mechanical ventilation and 1 (11%) ECMO implantation due 
to incipient cardiogenic shock before PAB. In 7 (78%) cases, a preop-
erative dose of levosimendan was administered. The median time from 
hospital admission to PAB was 27 (9–33) days. Complete demographic 
and clinical characteristics are summarized in Table 1. 

Seven patients (78%) responded positively to PAB and were selected 
for the present study (Supplemental Fig. 1). One PAB non-responder 
(3.5-year-old child) required intraoperative implantation of ECMO 
(associated with atrial septostomy), followed by Berlin Heart EXCOR 
implantation, and underwent a successful heart transplantation 13 
months later. We hypothesized that a reduced regenerative potential 
due to older age may be the reason for PAB failure in this patient [5,9]. 
Subsequently, we modified our maximal age threshold for PAB to 1 year 
of age [6]. In the second case (with associated LV non-compaction), the 
PAB strategy was initially successful, allowing discharge to home. 
However, 3 months after PAB, the patient developed acute pneumonia, 
which destabilized RV function, causing RV decompensation and 
cardiogenic shock. The patient was treated with Berlin Heart EXCOR 
implantation, followed by successful heart transplantation 3 days later 
[5,6]. All patients are alive at the last available follow-up (median of 3.4 
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Table 1 
Demographic and clinical characteristics of patients at the time of PAB.  

Patient Age 
(months) 

Weight 
(kg) 

Gender DCM 
etiology 

Genetic 
syndrome 

PEDIMACS 
class 

Preoperative 
invasive 
ventilation 

Preoperative 
MCS 

Admission 
to PAB 
time (days) 

BNP at 
admission 
(ng/l) 

Heart rate 
at 
admission 
(bpm) 

Heart 
rate 
prior 
to PAB 
(bpm) 

Associated 
procedures 
during PAB 

ICU 
stay 
(days) 

Total 
hospital 
stay 
(days) 

PAB 
responder 

#1 8.8 8 Male LV non- 
compaction 

TPM1 and 
ABCC9 
(heteroz. 
mutation) 

1 Yes No 16 10,226 150 105 None 20 70 No 

#2 42.9 12 Male Chronic viral 
myocarditis 

None 1 Yes No 6 3565 135 112 
Atrial 
septostomy +
ECMO 

60 14 
months* 

No 

#3 4 5.9 Male 
Acute 
lymphocytic 
myocarditis 

None 3 Yes No 36 3664 177 120 None 33 54 Yes 

#4 12.7 7.7 Female 
Chronic viral 
myocarditis None 3 Yes No 27 18,421 152 95 None 10 36 Yes 

#5 5.8 4.8 Male 
Acute 
lymphocytic 
myocarditis 

None 3 No No 43 4833 140 120 None 15 92 Yes 

#6 8.3 7 Female Chronic viral 
myocarditis 

None 3 No No 29 17,614 178 115 None 8 21 Yes 

#7 1.9 3.7 Female Idiopathic 
DCM 

None 3 Yes No 9 8691 140 135 None 42 73 Yes 

#8 7.1 6.3 Female Idiopathic 
DCM 

None 1 Yes No 6 210 135 110 

8 mm atrial 
flow 
regulator 
insertion +
ECMO 
(weaned off 
after 2 days) 

34 99 Yes 

#9 3.8 5 Female 
Idiopathic 
DCM None 1 Yes ECMO 33 70,020 180 120 None 23 42 Yes  

* The patient underwent Berlin Heart implantation and heart transplant during the same hospital admission. 
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[0.6–4.9] years from PAB). 

3.2. Clinical course of PAB responders 

Among the 7 PAB responders, tightening of PAB in the first days after 
the operation was necessary in 4 cases (57%) due to reduction of 
intracavitary RV pressure to <60% of systemic pressure, in the presence 
of preserved RV function. One patient experienced postoperative low- 
cardiac output syndrome, requiring venous-arterial ECMO implanta-
tion. Subsequently, the child developed left ventricular thrombosis, 
which was treated by apical thrombus removal and placement of apical 
vent via left mini-thoracotomy. After 2 days of support, the patient was 
successfully weaned from ECMO without complications. The median 
heart rate decreased from 152 (140–178) at hospital admission to 120 
(113− 120) prior to PAB and 109 (88–110) at last available follow-up. 

All patients were discharged home after a median of 54 (39–83) days 
of hospitalization, with improved clinical and echocardiographic status. 
Full anticongestive medical regimen was administered in all cases, 
including a beta-blocker, lisinopril, and spironolactone according to 
Schranz et al. [3]. Diuretics were administered immediately after PAB 
and suspended gradually before discharge. Erythropoietin 150 IU/kg 
was used after PAB for 4 to 12 weeks, together with vitamins and Co-
enzyme Q10. 

At a median follow-up of 1.5 (0.5–3.8) years, four patients under-
went PAB dilatation due to increasing estimated RV intracavitary pres-
sures. Currently, 6/7 patients are in Ross heart failure class I and 1/7 in 
class II; 6/7 patients have been delisted from heart transplantation. 

3.3. Echocardiographic follow-up 

The longitudinal echocardiographic evaluation of PAB responders 
revealed a progressive amelioration of LV ejection fraction, which 
increased from a baseline median value of 20% (10–26%) to 61% 
(37–65.5%) at the last available echocardiographic follow-up (median 
of 1.5 [0.3–4.2] years from PAB) (Fig. 1 and Table 2). Simultaneously, 
the indexed LV end-diastolic volume decreased from a median baseline 
value of 146 (87–204) ml/m2 to 53 (44–74) ml/m2 at the last follow-up. 
Supplemental Fig. 2 shows exemplificative echocardiographic and CMRI 
images of positive LV remodeling after PAB. Mitral valve (MV) regur-
gitation severity (scored qualitatively as 0: absent; 1: trivial; 2: mild; 3: 
moderate; 4: severe) reduced from a median baseline value of 3 (2–4) to 
1 (0.8–2.3). Similarly, MV inflow Doppler E/A ratio decreased from 1.7 
(1.6–3.6) before PAB to 1.2 (1.1–1.5) at last follow-up (Supplemental 
Fig. 3). Left ventricular global longitudinal strain ameliorated from a 
median value of − 6% (− 8.1 to − 3.5%) before PAB to − 15% (− 12.1 to 
− 17.5%) at last follow-up (Supplemental Table 1). 

Right ventricular function, expressed as TAPSE, showed an early 
deflection after PAB, with subsequent return to baseline values at the 
last follow-up (Supplemental Fig. 3). Tricuspid valve (TV) regurgitation 
(scored qualitatively as 0: absent; 1: trivial; 2: mild; 3: moderate; 4: 
severe) remained stable during follow-up (Table 2 and Supplemental 
Fig. 3). 

3.4. CMRI assessment 

Among the 7 PAB responders, in 2 cases it was not possible to 
perform CMRI before PAB, while the last 2 treated patients are still 
awaiting to perform the 1-year follow-up CMRI. Table 3 summarizes 
CMRI findings at baseline and at a median follow-up of 1.5 (1.1–3.3) 
years after PAB. 

Preoperative CMRI showed large LV volumes and severely reduced 
LV function, which improved in all cases at follow-up. In 4/5 patients LV 
contractility and dimensions almost returned to the normal ranges, 
while in patient #7 we noticed a mild LV remodeling and improvement 
in systolic function. Right ventricular function and dimensions were 
preserved, both at baseline and, more importantly, at follow-up. Most of 

the patients presented with areas of LV fibrosis (at LGE study) preop-
eratively, while all patients displayed LV myocardial fibrosis at the 1- 
year follow-up study. Conversely the RV was spared from myocardial 
fibrosis at baseline, while 4/5 patients developed areas of RV fibrosis at 
last follow-up (Supplemental Fig. 4). 

4. Discussion 

The use of PAB as a treatment strategy for end-stage pediatric DCM is 
a particularly attractive option in smaller infants, in whom MCS and 
heart transplantation still do not provide optimal outcomes [14–19]. In 

Fig. 1. Longitudinal changes of LV ejection fraction (panel A), indexed LV end- 
diastolic volume (panel B), and MV regurgitation severity (panel C) in PAB 
responders (n = 7), measured using echocardiography. Represented values are 
median (central dot) and IQR. LV: left ventricle; MV: mitral valve. 
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this population, PAB has its greatest potential in positively remodeling 
the LV [20] and possibly (re)activating the regenerative properties of 
human cardiomyocytes [5,9,10]. However, suffering from a worldwide 
limited number of treated patients [2,7] and the shortage of specific 
animal models [21], the underlying tissue-based and molecular mech-
anisms sustained by PAB are still unknown. With the present study, we 
aimed to define systematically the macroscopic changes that occur in the 
LV and RV after PAB, using a strict echocardiographic follow-up pro-
tocol, implemented with CMRI. We found that, in PAB responders, as 
soon as 30 days after PAB, the LV can enter a positive remodeling pro-
cess that culminates in a normalization of size and function at about 4 
months after PAB (Fig. 1). These findings remained durable and were 
confirmed 1.5 years after PAB, both by echocardiography and CMRI, 
suggesting that, when successful, PAB can produce a sustained positive 
response, that allowed most patients to be delisted from heart trans-
plantation waiting list. 

As documented in the US and World Network Report multicenter 
studies [2,7], a modest amelioration of LV ejection fraction is noticed in 
PAB responders at discharge echocardiography, in addition to LV 
reshaping and reduction of LV dilatation. In particular, LV ejection 
fraction increased from baseline values of 20–21% to 26–27% early after 
PAB both in the US and German cohorts [7,22], followed by its 
normalization (50–60%) at longer follow-times [2,7]. However, a 
structured evaluation of biventricular response to PAB in DCM is still 

lacking and the diversity of adopted follow-up times and protocols does 
not allow for precisely tracking the evolution of LV and RV performance 
after PAB. 

In the present study, we collected major echocardiographic and 
CMRI values of interest in PAB responders, using a standardized proto-
col. We better delineated how the LV undergoes a slow remodeling 
phase early (30–60 days) after PAB when a 10% increase of LV ejection 
fraction (starting from extremely depressed baseline values) and a small 
reduction of indexed end-diastolic volume are noticed. However, at a 
medium-term follow-up (90–120 days after PAB) this process becomes 
more prominent, with complete normalization of LV contractility and 
dimensions 4 months after PAB (LV ejection fraction of 56 [44.5–63.5] 
% and LV indexed end-diastolic volume of 48 [40–50] ml/m2, Fig. 1). 
On the other hand, the improvement of MV regurgitation grade (despite 
the limits of a qualitative assessment) and LV diastolic function (assessed 
by MV inflow Doppler E/A) was considerable even at the 30-day echo-
cardiographic follow-up. We hypothesize that PAB can positively act in 
pediatric DCM in a dual manner [5]. The immediate effect of PAB is the 
increase in RV pressure, which causes a leftward shift of the interven-
tricular septum, reducing LV and MV annular dilatation [20]. Moreover, 
LV preload is ameliorated, reducing left atrial volume overload which 
can further increase MV regurgitation in a vicious cycle [4]. These he-
modynamic changes can account for the early modest improvements in 
LV function and dimensions and the concomitant transitory impairment 

Table 2 
Echocardiographic changes of biventricular function in PAB responders (n = 7) during follow-up. Last available echocardiographic follow-up is at a median of 1.5 
(0.3–4.2) years from PAB.   

Baseline 30 days 60 days 90 days 120 days Last follow-up 

Variable Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR) 

LV ejection fraction (%) 20 (10–26) 31 (27–33.5) 30 (23–36) 39.5 (27.3–45.5) 56 (44.5–63.5) 61 (37–65.5) 
Indexed LV end-diastolic volume (ml/m2) 146 (87–204) 141 (61–193) 120 (80–150) 108 (50–165) 48 (40–50) 53 (44–74) 
MV regurgitation grade* 3 (2–4) 1 (1–2.5) 1.5 (1–2.3) 1 (1–2.3) 1 (1–1.5) 1 (0.8–2.3) 
MV inflow Doppler E wave (m/s) 0.8 (0.6–1.3) 0.7 (0.6–0.8) 0.9 (0.6–1.0) 0.9 (0.8–0.9) 0.9 (0.8–1.0) 1.0 (0.8–1.1) 
MV inflow Doppler A wave (m/s) 0.4 (0.4–0.5) 0.5 (0.4–0.6) 0.7 (0.6–0.9) 0.7 (0.6–0.8) 0.7 (0.5–0.7) 0.7 (0.6–0.8) 
E/A ratio 1.7 (1.6–3.6) 1.2 (1.1–1.3) 1.1 (1.0–1.2) 1.2 (1.2–1.4) 1.3 (1.2–1.5) 1.2 (1.1–1.5) 
TAPSE (mm) 15 (10.3–22.8) 9 (7.5–11) 8.7 (7.1–14.5) 16 (11–16) 14.5 (12–15) 14.5 (12.9–15.6) 
TV regurgitation grade* 2 (1–2) 2 (1–2) 2 (1–2.3) 1.5 (1–2.5) 2 (1–2) 1.5 (1–2) 
PAB gradient (mmHg) – 35 (25–55) – 50 (40–50) 67.5 (55–80) 42.5 (20.8–61.3)  

* Scored qualitatively as 0: absent; 1: trivial; 2: mild; 3: moderate; 4: severe. 

Table 3 
CMRI findings in PAB responders (n = 7) at baseline and at a median follow-up of 1.5 (1.1–3.3) years from PAB.  

Variable Baseline Follow-up  

Case #4 Case #6 Case #7 Case #8 Case #9 Case #3 Case #4 Case #5 Case #6 Case #7 

Indexed LV end-diastolic volume (ml/m2) 143 263 170 250 165 50 75 92 98 134 
Indexed LV end-systolic volume (ml/m2) 118 220 150 218 148 17 30 40 58 103 
LV ejection fraction (%) 17 16 10 12.5 10 66.4 60 56 41 24 
LV stroke volume (ml/m2) 25 43 20 – – 33 45 52 40 31 
LV cardiac output (l/min) 1.3 2 0.5 – – 2 2.5 2.2 2 1.4 
LV cardiac index (l/min/m2) 3.42 5.1 2.5 – – 3.47 3.78 4 4.8 3.7 
LV mass (g/m2) 56 – 77 – 76 – – 65 – 71 
LV global longitudinal strain (%) – – − 9.2 − 10 − 0.4 − 21.4 – – – − 15.4 
LV global circumferential strain (%) – – − 4.5 − 5.7 − 6.1 − 10.7 – – – − 11.0 
Indexed RV end-diastolic volume (ml/m2) 38 60 10 109 65 68 66 71 72 76 
Indexed RV end-systolic volume (ml/m2) 16 13 37 82 23 34 20 25 30 29 
RV ejection fraction (%) 59 45 76 24 64 51 70 65 58 62 
RV stroke volume (ml/m2) 22 47 27 – – 34 46 46 42 47 
RV cardiac output (l/min) 1.2 2 – – – 2 2.5 1.9 2 1.9 
RV cardiac index (l/min/m2) 3.15 5.1 – – – 3.47 3.78 1 4.8 5 
LV myocardial edema No No No No No No No No No No 
LV myocardial fibrosis           

Subendocardial No Yes Yes Yes No Yes No No Yes Yes 
Intramyocardial Yes No Yes No No No Yes Yes No Yes 
RV myocardial edema No No No No No No No No No No 

RV myocardial fibrosis           
Subendocardial No No No No No No No Yes Yes Yes 
Intramyocardial No No No No No Yes No Yes Yes Yes  
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of RV contractility (shown by a 5–6 mm reduction in TAPSE 30 to 60 
days after PAB, Supplemental Fig. 3). After this initial insult, the RV is 
known to activate several mechanisms of adaptation which lead to a 
compensated RV response to increased afterload. In response to pressure 
overload, a metabolic change from beta-oxidation to glycolysis occurs, 
as well as a rise of antioxidant defenses (heat-shock protein production) 
[23,24], and an increase of protein expression levels for myocardial 
structural components [25]. Interestingly, proteomics analysis of PAB 
animal models revealed that this molecular adaptive response involves 
both the RV and LV [24,26,27], suggesting the presence of molecular 
crosstalk between the two ventricles which the failing LV can benefit 
from. We speculate that these mechanisms could represent the molec-
ular bases of the substantial and progressive amelioration of LV per-
formance we measured at the medium-term follow-up, which cannot be 
simply explained by the initial changes in biventricular hemodynamics, 
as well as the return of TAPSE to baseline values 90 days after PAB 
(Supplemental Fig. 3). Experimental efforts should be directed to 
address the molecular bases of LV rehabilitation induced by PAB in 
DCM, which, to date, still need for evidence-based validation [5]. 

At a longer follow-up (median of 1.5 years from PAB), LV recovery 
was maintained in all responders, without any evidence (clinical or by 
imaging) of relapse of heart failure. Both echocardiographic and CMRI 
data support favorable LV reshaping and almost normalization of LV 
contractility parameters (see Table 2 and Table 3). Similarly, RV func-
tion was preserved, as well as RV dimensions, thanks to careful echo-
cardiographic monitoring and prompt balloon dilatation of PAB to 
maintain RV intracavitary pressures of 50–60% of systemic values [3]. 
However, 4/5 patients developed de-novo RV myocardial fibrosis at 
follow-up (Supplemental Fig. 4); the long-term impact of this on RV 
performance remains unknown. A lower initial PAB target gradient (or 
abstaining from early PAB tightening during open-chest approach) and 
an inferior threshold for catheter-based de-banding might help avoid the 
long-term fibrotic sequelae of RV pressure overload while achieving 
sufficient LV remodeling. 

In our cohort, 5/9 treated patients (4/7 PAB responders) displayed a 
myocarditis-related etiology of DCM, which has been addressed as one 
potential confounding factor of the efficacy of PAB in DCM [3,5]. In fact, 
a possible concern may be the possibility of having selected a subgroup 
of patients with higher chances of spontaneous recovery from DCM. 
However, recovery rates usually range between 10 and 20% of patients 
with DCM [28,29]. Moreover, the healing process requires years, with a 
cumulative recovery rate as low as 1.2% in the first year after DCM 
diagnosis, which increases only to 12.1% after 5 years [29]. This dras-
tically contrasts with our findings, where 7/9 (78%) of patients posi-
tively responded to PAB and, when successful, PAB promoted (or 
accelerated) an almost complete LV recovery as soon as 1.5 years after 
PAB. On the other hand, the presence of persisting myocardial fibrosis at 
CMRI assessment late after PAB even in PAB responders may represent a 
scar of the past inflammatory injury. In Giessen’s experience, LGE pos-
itivity was rarely seen in pediatric DCM patients [30] and this differs 
from our findings (7/7 patients with LV fibrosis at 1-year follow-up 
CMRI). However, when present, LGE positivity was mainly observed 
in patients with chronic myocarditis [30], suggesting a causative role of 
the inflammatory process. In this view, given the considerable preva-
lence of a myocarditis-based etiology of DCM in our treated cohort, the 
high rate of LGE positivity at follow-up seems to support this hypothesis 
and it might insinuate an underlying inflammatory etiology even in 
idiopathic forms of DCM. This must dictate an active surveillance pro-
tocol, since the long-term efficacy of this technique is still to be deter-
mined and a very late relapse of DCM cannot be completely excluded. 

5. Limitations 

The worldwide evidence of PAB-sustained LV remodeling/regener-
ation in pediatric patients with DCM still suffers from the small size of 
treated cohorts [5]. Similarly, the major limitation of our series is the 

number of enrolled patients. This has not enabled comparative statistical 
analyses and limits the generalization of our findings. Moreover, due to 
preoperative hemodynamic instability in 2 cases and a < 1-year follow- 
up in 2, only 3 patients so far possess both a preoperative and a long- 
term CMRI study. On the other hand, having a standardized surgical, 
echocardiographic, and monitoring protocol has enabled us to system-
atically assess the longitudinal modifications of biventricular function 
after PAB in our cohort, which aligns with previously published data. 
Left ventricular strain analysis was not part of our routine echocardio-
graphic protocol, thus it was not available at each time point. We hope 
that our work will stimulate the prospective and multi-center enrolment 
of a larger number of patients, using a rationale and standardized sur-
veillance protocol, to be considered for this treatment. 

6. Conclusions 

A systematic echocardiographic and CMRI monitoring protocol 
allowed us to delineate the different phases of LV rehabilitation pro-
moted by PAB in infants with DCM. Following an initial phase of modest 
improvement in LV function and geometry and a concomitant transitory 
impairment of RV contractility, which can be derived from the optimi-
zation of biventricular hemodynamics, a more prominent LV remodeling 
occurs. This process culminates in almost complete normalization of LV 
contractility and dimensions at about 4 months after PAB, which is 
maintained up to a median follow-up of 1.5 years. The underlying tissue- 
based and molecular mechanisms supporting this late regeneration of 
biventricular performance should be the target of future investigations 
of PAB in DCM. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijcard.2023.05.040. 
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M. Hübler, M. Özbaran, B. Maruszewski, C. Pace Napoleone, D. Zimpfer, 
E. Sandica, H. Antretter, B. Meyns, O. Miera, The European registry for patients 
with mechanical circulatory support (EUROMACS): second EUROMACS Paediatric 
(Paedi-EUROMACS) report, Eur. J. Cardio-Thoracic Surg. Off. J. Eur. Assoc. 
Cardio-Thoracic Surg. 57 (2020) 1038–1050, https://doi.org/10.1093/ejcts/ 
ezaa132. 

[18] F. Zafar, J. Conway, M.S. Bleiweis, M. Al-Aklabi, R. Ameduri, A. Barnes, D. 
W. Bearl, H. Buchholz, S. Church, N.L. Do, V. Duffy, J.C. Dykes, P. Eghtesady, 
L. Fisher, J. Friedland-Little, S. Fuller, F. Fynn-Thompson, K. George, J.G. Gossett, 
E.R. Griffiths, M. Griselli, B. Hawkins, O. Honjo, A. Jeewa, A. Joong, S. Kindel, 
P. Kouretas, A. Lorts, D. Machado, K. Maeda, A. Maurich, L.J. May, P. McConnell, 
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