
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Functional regeneration of dilated 
cardiomyopathy by transcatheter bilateral 
pulmonary artery banding: first-in-human case 
series
Dietmar Schranz 1*, Ulrich Krause 2, Gunter Kerst3, Anoosh Esmaeili 1, 
and Thomas Paul2

1Pediatric Cardiology, Children’s Hospital, Johann Wolfgang Goethe University, Theodor-Stern-Kai 7, Frankfurt D-60596, Germany; 2Department of Pediatric Cardiology, Georg-August- 
University Medical Center, Göttingen, Germany; and 3Department of Pediatric Cardiology, University Hospital RWTH Aachen, Aachen, Germany

Received 9 August 2022; first decision 16 November 2022; accepted 25 January 2023; online publish-ahead-of-print 31 January 2023

Background Dilated cardiomyopathy (DCM) is a leading cause of heart transplantation (HTx) in children. Surgical pulmonary artery banding 
(PAB) is used worldwide to achieve functional heart regeneration and remodelling.

Case summary We report for the first-time successful bilateral transcatheter implantation of bilateral pulmonary artery flow restrictors in a case 
series of three infants with severe DCM based on left-ventricular non-compaction morphology associated with Barth syndrome in 
one and a non-classified syndrome in another. Functional cardiac regeneration was observed in two patients after almost 6 months 
of endoluminal banding, and in the neonate with Barth syndrome already after 6 weeks. Accompanied by an improvement in func
tional class (Class IV to Class I), the left ventricular end-diastolic dimensions z-score normalized, as did the elevated serum brain 
natriuretic peptide levels. A listing for HTx could be avoided.

Discussion Percutaneous bilateral endoluminal PAB is a novel minimally invasive approach that enables functional cardiac regeneration in infants 
with severe DCM and preserved right ventricular function. Interruption of the ventriculo-ventricular interaction, the key mechan
ism for recovery, is avoided. Intensive care for these critically ill patients is reduced to a minimum. However, investing in ‘heart 
regeneration to avoid transplantation’ remains a challenge.
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Learning points
• Paediatric dilated cardiomyopathy has tremendous regenerative potential even at its advanced stages, particularly in infants, yet it will result 

in transplantation in facilities where cardiac transplantation is available.

• Surgical pulmonary artery banding together with medication that promotes regeneration offers a realistic chance of functional regeneration 
and the avoidance of transplantation, especially in infants.

• Transcatheter-assisted endovascular banding by placing pulmonary flow restrictors (PFRs) in the left and right pulmonary branch arteries is a 
minimally invasive procedure with less risk and less intensive care compared with an open-chest approach.

• Investing in bespoke equipment such as PFRs sized for all ages is long overdue. However, investing in heart regeneration seems less lucrative 
than investing in a heart replacement, which of course is also necessary.

Introduction
Paediatric dilated cardiomyopathy (DCM) is the most common cause 
of heart failure and an indication for heart transplantation (HTx). The 
incidence is reported at 0.58–0.73 per 100 000 and the risk of death 
or transplantation is ∼26% within the first year after diagnosis. The 
highest annual incidence is observed in the first year of life.1

Pulmonary artery banding (PAB) has been proposed to induce func
tional regeneration (FR) in young patients with extensive left ventricular 
(LV)-DCM and preserved right ventricular (RV) function.2,3 The effect
iveness of PAB is reciprocal to the patient’s age. As a surgical measure, 
PAB is now used worldwide as an alternative or as a bridge to HTx. 
Short- and long-term results are encouraging.2,4,5 The surgical approach 
involves a central PAB that requires an open chest and pericardium, 
challenging the ventriculo-ventricular interaction (VVI) and post
operative intensive care of these critically ill patients.

Here we report a novel transcatheter procedure to replace the sur
gical approach and ease the chance for FR. The technique of placing bi
lateral pulmonary arterial blood flow restrictors has recently been 
described in newborns with hypoplastic left heart syndrome and 
HLHS complex to avoid neonatal Norwood or Hybrid surgery.6

Timeline

Patient 1
A 6-month-old female infant (body weight 6.1 kg, body length 65 cm) 
was referred to the paediatric intensive care unit of our Center for 
Tertiary Pediatric Cardiology due to acute symptoms of heart failure. 

Because of recurrent lung infections, persistent malnutrition, and tach
ypnoea, a chest x-ray was already taken at the referring hospital, which 
showed an enlarged heart. Echocardiography revealed a dilated LV with 
a reduced ejection fraction (EF). At admission, Ross-functional class 
correlated with NT-proBNP values of 19 920 pg/mL (age-related 
norm, <125 pg/mL). Because of the decompensated LV-DCM, nasal 
continuous positive airway pressure (CPAP) support with oxygen sup
plementation was administered with co-medication of analgosedatives 
as necessary. After placement of an IV-line, continuous intravenous in
fusions of epinephrine (0.05 µg/kg/min), norepinephrine (0.1 µg/kg/min) 
and milrinone (0.075 µg/kg/min) were introduced. Furosemide was ad
ministered in repeated single dosages of 5 mg, if necessary. The girl of 
consanguineous parents with negative genetic analyses classified as hav
ing an unknown syndrome showed echocardiographic LV-DCM with a 
non-compaction morphology of the (LV-NC). The LV end-diastolic 
diameter (LVEDD) was 43 mm, corresponding to a z-score of +6.7. 
The calculated LVEF was 18% (Table 1). The left atrium and pulmonary 
veins were dilated. Due to the persistent congestion symptoms, a first 
cardiac catheterization was performed 3 days after admission to estab
lish restrictive atrial communication, as previously described in detail.7

Coronary anomalies were additionally ruled out by an overview aorto
gram. After this transcatheter procedure, the treatment of acute heart 
failure could be de-escalated. Continuous positive airway pressure was 
removed, catecholamines were weaned, but milrinone infusion was 
continued at a dosage of 1 µg/kg/min. In addition, levosimendan was ad
ministered at a dose of 0.1 µg/kg/min without a loading dose over 24 h 
as a continuous infusion every 5–7 days. Oral tube feeding also enabled 
the establishment of our standard oral treatment protocol for chronic 
heart failure, consisting of the beta1-specific blocker bisoprolol (B) in a 
single daily dose of (0.1–0.2 mg/kg), followed and combined by the even 
long-acting ACE-inhibitor lisinopril (L) in the same single dosage, start
ing with 0.6125 mg/day. Spironolactone (S) was even administered only 
once per day at a dosage of 1 × 6.25 mg/day (1 mg/kg). Withdrawal of 
catecholamines and treatment with bisoprolol reduced resting heart 
rate from above 165/min to <110/min (Table 1). Oral heart failure ther
apy, including adjuvant medication, has been established as previously 
described.8 While the clinical condition stabilized, but the echocardio
gram of a severe LV-DCM did not change despite the treatment de
scribed, PAB was considered based on our entry criteria.3 Approval 
for HTx has already been ruled out for a number of reasons. Some 
of these reasons also support semi-invasive endo-luminal PAB branches 
rather than a central PAB as a surgical approach in the open-chest and 
pericardium. Percutaneous placement of the endoluminal PAB was ap
proved as compassionate treatment according to local institutional eth
ics committee rules, and full written parental consent was obtained 
through a native translator. Twelve hours before the planned cardiac 
catheterization, levosimendan (0.1 µg/kg/min) was again administered 
in addition to milrinone that was still running. Both drugs even run 
through the catheter procedure. The orally administered drugs were 
discontinued 6 h beforehand. The child remained to breath spontan
eously. Sedation consisted of small intravenous dosages of diazepam, 
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Endovascular bilateral pulmonary banding (ePAB)

Pt. 
no

DCM Procedure Functional 
regeneration

Functional Ross 
I–IV change 

(last follow-up) 
with ePAB + 

BLS

Age at 
diagnosis 
months

Age at PAB 
months

Age (months) 
after 

endoPAB

1 3 4.5 6 IV to I 

(4 years)
2 1.5 3 3–6 IV to I 

(14 months)

3 0.5 1.5 2 IV to I 
(8 months)

B, bisoprolol; DCM, dilated cardiomyopathy; ePAB, endoluminal pulmonary arterial 
banding; L, lisinopril; S, spironolactone.
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ketamine, and propofol as needed. Femoral vascular access was used in 
aseptic conditions after local anaesthesia. A 6 Fr Terumo® sheath was 
placed in the femoral vein and a 4 Fr sheath in the femoral artery. 
Heparin was administered intravenously at an initial dose of 100 IU/ 
kg, followed by 50 IU/kg after placement of the endo-pulmonary flow 
restrictors (PFRs). After a brief haemodynamic assessment (Figure 1), 
angiocardiography was performed through a 4 Fr pigtail-catheter 
placed in the pulmonary trunk to visualize the pulmonary branch arter
ies. Based on a right pulmonary artery (RPA) branch diameter of 8 mm 
and a left pulmonary artery (LPA) branch diameter of 7–8 mm, only the 
currently largest MVP-9Q devices (Medtronic Micro Vascular Plug™) 
were suitable for the manually fabricated endovascular PFRs. 
Considering that we had just begun the transcatheter technique of bi
lateral pulmonary artery branch banding, as described later,6 we re
moved the thin PTFE (polytetrafluoroethylene) membrane from 2 of 
the 10 coated end-cells of the micro vascular plug (MVP) to create 
the PFR for the RPA, and only 1 of the 10 end-cells to create a PFR 
for the LPA. The created fenestrations with different diameters of 
∼4.5–5 mm and 4 × 4.5 mm was made on the basis of the still limited 
experience to minimize the risk of a thrombus formation. Selective 
RPA angiography at 20° cranial and 20–30° right anterior oblique 
(RAO) angulation and LPA angiography at 20° cranial and 20–30° left 
anterior oblique (LAO) angulation were performed at the site of the 
PFRs to be implanted. The manually modified MVPs were loaded into 
a 5 Fr Terumo® Cobra-shaped catheter pre-existing at the LPA and 
RPA, respectively. After each implantation of the PFR, selective angiog
raphy by hand-injection of contrast medium through the Cobra cath
eter visualized the correct position of the device and confirmed the 
fully perfused pulmonary artery branch. Finally, the pulmonary artery 
pressure was measured relative to the LV-pressure obtained through 
the remaining 4 Fr pigtail catheter. After the placement of the PFR’s, 
the RV/LV pressure ratio increased from 0.41 to 0.73. The echocardio
graphic assessment of the VVI before and after the endoPAB proced
ure, which was still carried out in the cardiac catheter laboratory, is 
also shown in Figure 1 (see Supplementary material online, Videos S1A 
and B). The intervention was without complications. The procedure 
time was 108 min, the total fluoroscopy time was 11.5 min, and the to
tal area dose 410 cGy × cm2. However, the patient had to remain in the 
hospital for a further 2 months until both the cardiovascular system was 
sufficiently stabilized and the parents were finally instructed to care for 
their baby, including the administration of oral medication. In the regu
lar follow-up, another catheter intervention was necessary when the 

echocardiographic assessment showed questionable effectiveness, es
pecially of the right-sided PFR. The PFR within the RPA, originally cre
ated by removing 2 of 10 PTFE-coated end-cells, was removed 
uneventfully by sling technique, followed by replacement of 
MVP-9Q-based PFR, removing only one end-cell covering. The now 
4-year-old girl has developed remarkably well, both physically and 
neurologically. The endo-PABs have remained unchanged since the 
last catheter intervention, as has the long-term oral therapy with doses 
adapted to the increasing body weight.

Patient 2
A 3-month-old female infant with previously diagnosed DCM was 
referred for assessment of whether she would be a candidate for 
PAB rather than HTx listing. The girl was born at term and the first 6 
weeks of her life were uneventful. She was admitted to the referring 
hospital with symptoms of acute heart failure, namely poor feeding, pal
lor, and respiratory distress, present for at least 2 days. Bodyweight on 
admission was 4.8 kg and body length 59 cm. Ross clinical functional sta
tus of IV corresponded to NT-proBNP values of 65 350 pg/mL 
(age-related norm, <125 pg/mL). Upon admission, she presented 
with tachy-dyspnoea, prolonged capillary refill time, and tachycardia. 
After admission to the paediatric intensive care unit, she was immedi
ately intubated, ventilated, and briefly resuscitated. A central line cath
eter was placed and echocardiography performed at the same time 
revealed the diagnosis of severe DCM. Epinephrine at a dosage of 
0.1 µg/kg/min was infused intravenously together with sodium nitro
prusside (15 µg/kg/min) and milrinone at 0.5 µg/kg/min. Levosimendan 
was administered intermittently at a dose of 0.1 µg/kg/min without a 
loading dose. Diuretic treatment consisted of intravenous furosemide 
in repeated single dosages of 1 mg/kg, six times daily. Spironolactone 
and hydrochlorothiazide were each administered at a dose of 5 mg 
twice daily. The heart rate at rest ranged between 160 and 170/min. 
The patient remained slightly stable. Detailed echocardiography 
showed a LV-DCM with LV-NC morphology. The measured LVEDD 
was 40 mm (z-score +6.5), the LV-EF was initially 19%. The atrial sep
tum showed a small restrictive communication with a mean pressure 
gradient of 9–11 mmHg. Angiography ruled out a coronary anomaly 
and confirmed the LV-NC morphology of the low-contracting LV. 
An additional MRT was not performed. Medical de-escalating was in
itiated in view of the ‘Banana’-shaped RV with preserved function 
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Table 1 Patient data at admission (see also text)

LV-DCM pts 
number (sex)

Further 
diagnoses

BW 
(kg)

Age 
(mo.) at 
ePAB

HR 
initial/ 
min

TAPSE 
(mm)

LV-EDD 
(mm) 

(z-score)

LV-EF 
(%) initial

Ross-functional 
class (I–IV)

Initial Th. E, NE, 
M, Levo CPAP/ 

CV tc rASD

1. (f) LV-NC, 
MR I-II consanguine

6.1 6 165 15 43 
(+6.7)

18 IV E, NE, M, Levo 

CPAP 

tc rASD
2. (f) LV-NC, MRI 

CRP 

rASD

4.9 3 170 13 40 
(+6,5)

19 IV E, NE, M, Levo 

CV

3. 
(m)

LV-NC,-Barth 
synd. 
PFO

3.5 1.5 158 11 32 
(+5.1)

15 IV E, M, L

Abbreviations: ASA, acetyl-salicylic-acid; B, bisoprolol; Barth-Syndrome; BW, body weight; CV, controlled ventilation; CRP, cardiopulmonary resuscitation; DCM, dilated cardiomyopathy; 
E, epinephrine; EDD, enddiastolic diameter; EF, ejection fraction; ePAB, endo-pulmonary artery banding; f, female, HR, heart rate; L, lisinopril; Levo, levosimendan; LV, left ventricle; LV- 
NC, left ventricular non-compaction; m, male; M, milrinone; mo., months; MR, mitral regurgitation; NC, non-compaction; NE, norepinephrine; pts, patients; PFO, patent foramen ovale; 
rASD, restrictive atrial septum defect; S, spironolactone; TAPSE, tricuspid annular plane systolic excursion; tc, transcatheter.
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with an age-related normal TAPSE of 10–13 mm and a nearly collapsed 
inferior caval vein despite a LV that continued to be low contracting. An 
intravascular volume deficit was definitively ruled out by an additional 
intravenous volume challenge of 50 mL (10 mL/kg) of physiological 
Ringer® solution and the discontinuation of furosemide treatment 

the day before. Bisoprolol (B) was administered orally in a single 
0.6125 mg dose, followed by lisinopril (L) in the same single oral 
dose. Spironolactone (S) was administered only once daily at a dose 
of 6.25 mg. She was extubated, the epinephrine infusion was stopped, 
but milrinone was continued at an intravenous dosage of 1 µg/kg/min. 

Figure 1 Pre- an and immediate post-interventional results after bilateral (b) endoluminal (e) pulmonary artery banding of Patient #1. Transcatheter 
placed bilateral pulmonary flow restrictors resulted in an immediate increase of the pulmonary artery pressure, while the ratio of the systolic pulmonary 
artery pressure to the left ventricular systolic pressure increased from 0.41 to 0.73. Note, that the ventricular septum shifted from right to left with 
functional improvement of the left ventricular function.

Figure 2 Pulmonary artery angiography of Patient #2 with measurements of right and left pulmonary artery branch diameters.
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In addition, the intermittent 24 h infusion of levosimendan was also 
continued at an interval of 5–7 days. After transfer for PAB assessment, 
cardiac therapy was continued. Bisoprolol together with clonidine 
3–6×/day (1–2 µg/kg/per dosage) lowered the heart rate to <120/min 
at rest and improved baby’s discomfort and partial oral feeding became 
possible instead. Based on our met entry criteria for PAB in LV DCM 
with preserved RV function,3 patient size, and echocardiographically 
measured right and LPA branches with diameters <8 mm, we also of
fered the parents the transcatheter endoluminal PAB approach as well 
as an alternative to surgical PAB. After detailed explanations, including 
the previously described transcatheter techniques,6 bilateral endolum
inal PAB was decided as compassionate treatment according to the 
rules of the local institutional ethics committees. Full written parental 
consent was also obtained after information about alternative treat
ment strategies including HTx and abstention. According of our proto
col,8 12 h before the planned cardiac catheterization, levosimendan 
(0.1 µg/kg/min) was again intravenously infused, combined with the 
still-infused milrinone. The orally applicated drugs were stopped 6 h be
fore the intervention. The child remained spontaneously breathing and 
was sedated as needed with repeated small single intravenous doses of 
diazepam, ketamine, and propofol. The femoral vascular access was 

used. After local anaesthesia, a 5 Fr Terumo® sheath was placed in 
the femoral vein and a 4 Fr sheath for the femoral artery. Heparin 
was administered intravenously at an initial dose of 100 IU/kg, followed 
by 50 IU/kg after placement of the endo-PFRs. Following a brief haemo
dynamic assessment, an angiocardiography was performed via a 4 Fr 
pigtail catheter in the pulmonary trunk to visualize the pulmonary arter
ies and by the passage of contrast medium to show the morphology, 
dimensions, and function of the left atrium and LV (see 
Supplementary material online, Video S2A). After the final decision on 
the placement of endovascular PFRs, contrast medium injections 
were performed manually through a haemostat valve attached to the 
4 Fr Terumo Cobra catheter when positioned at the entrance to the 
RPA or LPA and passed with a 0.014 inch coronary wire through 
whose distal tip has been stabilized deep in the periphery of the pul
monary vessels. Selective RPA angiography was performed at 20° cra
nial and 20–30° RAO angulation, and LPA angiography at 20° cranial 
and 20–30° LAO angulation. Considering the individual diameters of 
the pulmonary artery branches (Figure 2) and the distance from the en
trance of the main pulmonary artery branch to the peripheral bifurca
tion of the right or LPA, an MVP-7Q for the LPA and an MVP-9Q for 
the RPA were manually prepared as PFRs. Again, the thin PTFE 

Figure 4 Depicted are the pulmonary flow restrictors positioned within the right and left pulmonary branch arteries of Patient #2.

Figure 3 Medtronic vascular plug (MVP-7Q) manually prepared as a pulmonary flow restrictor by removal of one polytetrafluoroethylene covered 
end cell (Patient #2).
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membrane was carefully removed with a scalpel from 1 of the 10 
coated end-cells creating a fenestration of nearly 3.5 × 4 mm in the 
MVP-7Q and ∼4 × 4.5 mm of the MVP-9Q (Figure 3). The modified 
MVPs were first drawn underwater into the attached loading catheter, 
then loaded through the haemostat valve into the Cobra catheter, 
which was securely positioned distally in a pulmonary artery branch. 
The distal marker of the MVP-based PFR was advanced to the tip of 
the catheter under fluoroscopy, and then the catheter with the loaded 
PFR in ensemble was gently withdrawn to the peripheral bifurcation. 
The PFR marked by two markers was held in place and the 
Terumo®-catheter was slowly withdrawn until the nitinol-based self- 
expanding device was fully deployed. After briefly warming the nitinol 
frame to central body temperature, contrast medium was again in
jected through the catheter while the device was still screwed on. 
After confirming the correct position and demonstrating sufficient 
blood flow through the PFR, the device was unscrewed.

After implantation of the bilateral PFRs (Figure 4), pulmonary artery 
angiography was repeated to demonstrate well-perfused pulmonary ar
tery branches (see Supplementary material online, Video S2B). Finally, an 
echocardiographic assessment of LV function and pulmonary flow char
acteristics, including pressure gradients across the PFR’s was analysed 
before the vascular sheaths were removed. The procedure time was 
86 min, the total fluoroscopy time was 6.05 min, the total area dose 
310 μGym2. A continuous infusion of heparin (300 E/kg/day) was 
given for another 48 h, followed by oral anti-aggregation with clopido
grel (0.2, later 0.5 mg/kg) combined with acetylsalicylic acid (ASA, 
1–2 mg/kg). Milrinone was tapered daily in increments of 0.1 µg/kg/ 
min and stopped at a dose of 0.3 µg/kg/min. Oral heart failure therapy 
was continued as previously described,8 supplemented by clopidogrel 
and ASA. Two weeks after placement of endoluminal PAB procedure, 
she was discharged home with intensive parental education on how 
to monitor their baby at home, specifically to observe her respiratory 
rate at rest. The outpatient follow-up checks were initially every 8–14 
days, later at intervals of 6 weeks, which included a clinical examination, 
echocardiography, and an electrocardiogram. Functional regeneration 
was documented with a normalized z-score of LVEDD along with 
marked improvement of LV-EF after 3–6 months (see Table 2). 
Ross-functional Class I correlated with age-dependent normal serum 
NT-proBNP values. At 7 months of age, the girl developed an infection 
with elevated  C-reactive protein (CRP) and leukocyte count, along with 
elevated fibrinogen and D-dimers. COVID-19 has been ruled out. 

However, the flow pattern along the right PFR was significantly reduced 
in suspected thrombus formation, while cardiac function was echocar
diographically preserved. The re-indicated percutaneous catheteriza
tion was also performed under analgosedation. Angiographically, a 
reduced flow through the MVP-9Q based PFR placed in the RPA could 
be documented. Gradual balloon dilation was then performed, begin
ning with a 3.5 × 15 mm coronary balloon followed by a 5 × 20 mm 
Tyshak-Mini® balloon. Blood flow through the device improved imme
diately. Finally, LV-angiography confirmed the well-contracting LV with a 
normalized dimension (see Supplementary material online, Video S2C). 
Intravenous antibiotics in combination with low molecular weight hep
arin were continued for 10 days. Due to the controlled infection with 
normalized d-dimer levels, removal of the device could be avoided. 
Pressure gradients across the PFR’s remained in the 30–35 mmHg 
range. The patient, currently over 1 year old, is developing normally, 
with residual functional cardiac regeneration and normalized echocar
diographic parameters. Oral treatment consists of B-L-S, Clopidogrel 
and ASA, and supplements as previously described.8

Patient 3
A male newborn with a body weight of 3.3 kg and a body length of 53 cm 
was admitted to a neonatal intensive care unit on his first day of life because 
of a suspected neonatal infection. Persistent poor feeding together with 
tachypnoea despite antibiotic treatment led to a chest x-ray showing an 
enlarged heart. Echocardiography showed a dilated LV with reduced func
tion. Because neonatal myocarditis was suspected, the newborn was trea
ted with intravenous immunoglobulin and heart failure drugs consisting of 
epinephrine, milrinone, hydrochlorothiazide, and spironolactone. Since LV 
function did not improve with treatment, the newborn was referred to 
our tertiary paediatric cardiology centre at the age of 3 weeks. In our paedi
atric cardiology intensive care unit, the patient received additionally a levo
simendan infusion due to persistently impaired LV function with a LV-EF of 
24%. A coronary artery anomaly was excluded by cardiac catheterization. 
Cardiac magnetic resonance imaging (MRI) confirmed LV-NC with severe
ly compromised LV and preserved RV function.

Despite heart failure medications consisting of epinephrine, milri
none, spironolactone and lisinopril, the boy continued to show clinical 
signs of heart failure (malnutrition, failure to thrive, tachypnoea) and 
LV function deteriorated with an EF now 15% (Table 1). The boy was 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Patient data during follow-up (see also text)

LV-DCM 
pts number 
(sex)

Further 
diagnoses ROSS/ 
NYHA FC (I–IV)

BW (kg) 
(percentile)

Age 
(mo)

HR 
(/min) 
at rest

LV-EDD 
(mm) 

z-score

LV-EF 
(%)

RPA/LPA 
MVP-7 or -9 
dP (mmHG)

Anti-cong. Anti. 
aggreg. therapy 
B-L-S + ASA, C

Remarks in 
term of FU

1. (f) Improved, FR, 
FC-I

20 
(98)

42 87 40 
(+1.4)

48 MVP-9/-9 

30/45

B-L-S + ASA + C 

++

RPA-PFR 

exchange 

4 mo. after ePAB
2. (f) Improved 

FR 
FC-I

6.5 
(55)

7 112 27 
(+1.5)

57 MVP-9/-7 

30/32

B-L-S + ASA + C 6 mo FU Infect/RPA 

thrombus? 

RPA-PFR 
partial-de-banding

3. (m) Improved 
FR 

FC-I

4.5 
(30)

4 118 24 
(+1.5)

55 MVP-7/-7 

32/36

B-L-S + ASA + C Barth-S. 

related intermittent 
diarrhea

Abbreviations: Anti-cong., congestive; Anti-aggreg., aggregative; ASA, acetyl-salicylic-acid; B, bisoprolol; BW, body weight; C, clopidogrel; CV, controlled ventilation; DCM, dilated 
cardiomyopathy; EDD, enddiastolic diameter; EF, ejection fraction; ePAB, endo-pulmonary artery banding; FC, functional class; FC-I, functional class I; FR, functional Ross-class; FU, 
follow-up; HR, heart rate; L, lisinopril; Le, levosimendan; LPA, left pulmonary artery; LV, left ventricle; M, milrinone; mo., months; MVP, Medtronic® Vascular Plug; pts, patients; PFR, 
pulmonary flow restrictor; RPA, right pulmonary artery; S, spironolactone; -S., syndrome.
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treated for tachypnoea with intermittent high-flow respiratory support 
via a nasal cannula. Since conservative treatment did not result in suffi
cient improvement in LV function to allow the boy’s transfer to the nor
mal ward and eventual discharge from the hospital, alternative options 
such as assist device therapy for bridging to HTx and finally the concept 
of PAB with the aim of heart regeneration were discussed in detail with 
the parents. Given the shortage of donor organs in Germany and the 
possible complications of therapy with assist devices, the parents con
sented to catheter-based implantation of pulmonary flow-restrictors, 
resulting in bilateral endo-PAB.

The procedure was performed under conscious sedation with midazo
lam and ketamine in a spontaneously breathing patient. After the applica
tion of local anaesthesia to the right groin, a 5 Fr Terumo Sheath was 
inserted into the right femoral vein and a 3 Fr catheter (Microseld) was 
placed in the right femoral artery for continuous blood pressure monitor
ing. Heparin was applied as a bolus of 100 IU/kg of body weight. Next, a 4 
Fr guiding catheter (Judkins right, Cordis) was advanced into the RPA via 
the femoral vein using a 0.014 inch guidewire (balance middleweight, 
Abbott) and the guidewire tip firm was placed in the distalRPA. The 4 
Fr Judkins right catheter was exchanged for a 5 Fr Terumo Cobra catheter 
and an angiography of the RPA was obtained, showing a diameter of the 
RPA branch of 4.4 mm. After a careful review of the angiography, the MVP 
7Q device was selected for a self-made PFR as described in detail (see 
Patient 2). Finally, the modified MVP 7Q device was implanted via the 5 
Fr Cobra catheter into the RPA. Control-angiography demonstrated 
the optimal position of the device and sufficient perfusion of the distal 
RPA branches. Likewise, a modified MVP 7Q device was implanted into 
the LPA. The optimal device position within the LPA was also angiographi
cally confirmed. The systolic pressure of the main pulmonary artery in
creased from 17 before to 48 mmHg after implantation of both PFRs 
while the systolic femoral artery pressure was 54 mmHg. Transthoracic 
echocardiographic assessment of LV function and pulmonary flow char
acteristics, including pressure gradients across the PFR’s was performed 
before the vascular sheaths were removed (see Supplementary 
material online, Video S3). Left ventricular ejection fraction was 45% on 
unchanged treatment of continuous infusion of inodilators. The total pro
cedure time was 79 min, the total fluoroscopy time was 5.09 min, and the 
total area dose was 116 μGym2. Inotropic support was weaned over the 
following 10 days. Anticoagulation was achieved with heparin (200 IU/kg/ 
day) over 48 h following the procedure and was then changed to oral ASA 
(2–3 mg/kg/day) and clopidogrel (0.2 mg/kg/day). Additionally, the boy 
was put on bisoprolol, lisinopril, and spironolactone. Left ventricular func
tion improved further and 19 days after transcatheter intervention, the 
boy was discharged home. He was followed weekly in our outpatient clin
ic. Already 3 months after PFR implantation, LV-EF further improved to 
low-normal levels of 57%, while RV function was always unaffected 
(Table 2). The boy thrived properly and initially elevated natriuretic pep
tides of 13 968 pg/mL went back to normal values during follow-up. 
Cardiac MRI 5 months later showed normal biventricular function and di
mensions (right ventricular ejection fraction [RV-EF] 75%, left ventricular 
ejection fraction [LV-EF] 59%, right ventricular ediastolic volume index 
[RVEDVI] 31 mL/m2, and  left ventricular enddiastolic volume index 
[LVEDVI] 49 mL/m2). Meanwhile, 8 months after the implantation of bi
lateral PFRs, the boy is doing well and thriving appropriately on a normal 
diet without calory supplementation. The last LVEF was 62% and LVEDD 
was 24 mm (z-score +0.5). Genetic testing, meanwhile, revealed a patho
genic mutation within the TAFAZZIN-Gen, resulting in the phenotype of 
Barth syndrome as the underlying disease for LV NC cardiomyopathy in 
this boy.

Discussion
Surgical PAB is now becoming a more integrated part of the therapeutic 
arsenal for the treatment of paediatric DCM, whether for cardiac 

recovery and FR or bridging to transplantation.2–4,9–12 Based on current 
clinical3,4,13 and bench-to-bedside experiences,14,15 it can be hypothe
sized that 70–80% of infants with LV-DCM first still have preserved 
RV function, and thus secondly have the entry criteria for a PAB. 
Currently, many of these infants are still receiving an assist device and 
are listed for HTx.16,17 They just have a chance of functional cardiac re
generation through the use of a PAB. Here we have shown for the first 
time that functional heart regeneration can also be achieved with a min
imally invasive transcatheter procedure, provided that effective bilateral 
pulmonary arterial endo-banding can be established along with medica
tion that promotes cardiac regeneration. However, due to the current 
limitations in the size of the MVPs, this transcatheter method is currently 
only applicable to selected very young infants with still small diameters of 
the pulmonary branch arteries. Due to this limitation, only three patients 
could be treated with the transcatheter technique so far. Therefore, our 
brief feasibility report on transcatheter endo-PAB in three infants 
should also be considered as the next step forward to improve the out
come of infants with LV-DCM by using a less invasive approach.

The first patient to be treated with surgical PAB at 2 months of 
age2 is now a 16-year-old boy with Ross functional Class I. This pa
tient was free of NC morphology, and transcatheter-based PA de- 
banding was successfully performed at the age of 6 years. From the 
originally reported group of 12 patients,3 only one child of the 
‘PAB-responders’ suffered a recurrence of relevant impairment of 
LV function due to DCM 10 years after PAB and subsequent inter
ventional de-banding.

Although experience is limited, the endoluminal PAB techniques 
presented here are of significant importance: (i) The transcatheter 
technique simplifies the therapeutic approach of PAB in DCM. It sig
nificantly reduces the perioperative risk associated with anaesthesia, 
open-chest surgery, and postoperative intensive care while per
formed on spontaneously breathing patients. (ii) The key mechanism 
for inducing FR of the diseased LV, the VVI is instantaneously pre
served upon transcatheter placement of the bilateral endo-PFR’s. 
Impairment of RV function by increasing RV afterload by PAB is 
less pronounced after endoluminal treatment compared with 
open-chest surgery. Periinterventional treatment, including the use 
of inodilators, seems more like a prophylactic tool than a therapeutic 
necessity. Of course, technical and long-term questions remain when 
using bilateral intraluminal self-made flow restrictors instead of a 
balloon-dilatable surgical PAB. Based on our experience with the off- 
label use of MVP for a variety of indications, the thin PTFE surface 
covering of the devices can also be easily punctured and expanded 
by balloon dilation, whether the device is still fully intact or not 
and already prepared as a PFR. As a proof of concept, one of our pa
tients required gradual balloon dilation of the device, which could be 
performed without any problems. The devices can be surgically re
moved, but also—as has already been done in one of the patients, 
4 months after implantation—by the catheter snare technique. 
Finally, obstructed devices are amenable to stent expansion, as de
monstrated in in-vitro studies. Additional questions remain to be an
swered: (i) the medium- and long-term risk of PFRs placed into the 
pulmonary branches, (ii) the risk of thrombus-formation, (iii) the 
risk of infection as seen in one of our patients, and (iv) the impact 
of flow restriction on lung development. However, at present, infants 
with severe DCM carry a very high morbidity and mortality risk when 
the route of assist devices and HTx is followed. Along this route, HTx 
is the only option for medium-term survival, including the risks of re
jection, immunosuppression, and opportunistic infections.17 In our 
view, the chance for heart regeneration and preserving the patient’s 
own heart is the preferable option. The demonstrated less invasive 
approach combined with the development of new devices could 
pave the way for improved future treatments of babies with severe 
DCM.
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