1' frontiers ‘ Frontiers in Cardiovascular Medicine

'.) Check for updates

OPEN ACCESS

EDITED BY
Sebastian Michel,
LMU Munich University Hospital, Germany

REVIEWED BY

Suresh Keshavamurthy,

University of Kentucky, United States

Maria Lucia Madariaga,

University of Chicago Medicine, United States

*CORRESPONDENCE
Georg Hansmann
georg.hansmann@gmail.com

'These authors have contributed equally to this
work and share first authorship

Twitter handle: @PVD_Network
https://www.instagram.com/pvd_network/

RECEIVED 24 March 2023
ACCEPTED 02 June 2023
PUBLISHED 27 June 2023

CITATION

Jack T, Carlens J, Diekmann F, Hasan H,
Chouvarine P, Schwerk N, Muller C, Wieland |,
Tudorache |, Warnecke G, Avsar M, Horke A,
lus F, Bobylev D and Hansmann G (2023)
Bilateral lung transplantation for pediatric
pulmonary arterial hypertension: perioperative
management and one-year follow-up.

Front. Cardiovasc. Med. 10:1193326.

doi: 10.3389/fcvm.2023.1193326

COPYRIGHT

© 2023 Jack, Carlens, Diekmann, Hasan,
Chouvarine, Schwerk, Muller, Wieland,
Tudorache, Warnecke, Avsar, Horke, lus,
Bobylev and Hansmann. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Cardiovascular Medicine

Original Research
27 June 2023
10.3389/fcvm.2023.1193326

Bilateral lung transplantation for
pediatric pulmonary arterial
hypertension: perioperative
management and one-year
follow-up

'®, Julia Carlens™ ®, Franziska Diekmann™*' ®,

Hosan Hasan'? ®, Philippe Chouvarine? ®, Nicolaus Schwerk’®,
Carsten Muller’ ®, Ivonne Wieland*®, Igor Tudorache’ ®,
Gregor Warnecke® ®, Murat Avsar’ ®, Alexander Horke’ ®,

Fabio lus’®, Dmitry Bobylev' ® and Georg Hansmann**

Thomas Jack

*Department of Pediatric Cardiology and Critical Care, Hannover Medical School, Hannover, Germany,
2European Pediatric Pulmonary Vascular Disease Network, Berlin, Germany, *Department of Pediatric
Pulmonology, Allergology and Neonatology, Hannover Medical School, Hannover, Germany,
“Department of Pediatric Hematology and Oncology, Hannover Medical School, Hannover, Germany,
“Department of Cardiac Surgery, University Hospital of Zurich, Zurich, Switzerland, ®Department of
Cardiac Surgery, Ruprecht-Karls-University, Heidelberg, Germany, "Department of Cardiothoracic,
Transplantation and Vascular Surgery, Hannover Medical School, Hannover, Germany

Background: Bilateral lung transplantation (LuTx) remains the only established
treatment for children with end-stage pulmonary arterial hypertension (PAH).
Although PAH is the second most common indication for LuTx, little is known
about optimal perioperative management and midterm clinical outcomes.
Methods: Prospective observational study on consecutive children with PAH who
underwent LuTx with scheduled postoperative VA-ECMO support at Hannover
Medical School from December 2013 to June 2020.

Results: Twelve patients with PAH underwent LuTx (mean age 11.9 years; age
range 1.9-17.8). Underlying diagnoses included idiopathic (n=4) or heritable
PAH (n=4), PAH associated with congenital heart disease (n=2), pulmonary
veno-occlusive disease (n =1), and pulmonary capillary hemangiomatosis (n = 1).
The mean waiting time was 58.5 days (range 1-220d). Three patients were
bridged to LuTx on VA-ECMO. Intraoperative VA-ECMO/cardiopulmonary bypass
was applied and VA-ECMO was continued postoperatively in all patients (mean
ECMO-duration 185h; range 73-363h; early extubation). The median
postoperative ventilation time was 28 h (range 17-145h). Echocardiographic
conventional and strain analysis showed that 12 months after LuTx, all patients
had normal biventricular systolic function. All PAH patients are alive 2 years after
LuTx (median follow-up 53 months, range 26—-104 months).

Abbreviations

CLAD, chronic lung allograft dysfunction; CPB, cardiopulmonary bypass; FEV1, forced expiratory volume in
one second; IPAH/HPAH, idiopathic/heritable pulmonary arterial hypertension; LuTx, lung transplantation;
LV, left ventricle; LVLS, left ventricular longitudinal strain; PAH-CHD, pulmonary arterial hypertension
associated with congenital heart disease; PVD, pulmonary vascular disease; PVOD/PCH, pulmonary veno-
occlusive disease/pulmonary capillary hemangiomatosis; RV, right ventriclee, RVAWD, right ventricular
anterior wall diameter (in diastole); RVEDD, right ventricular end-diastolic diameter; RVH, right
ventricular hypertrophy; RV/LV end-systolic ratio; ratios of inner diameters of RV over LV in end-systole;
RVEF, right ventricular ejection fraction; RVFWLS, right ventricular free wall longitudinal strain;
RVFWSR, right ventricular free wall longitudinal strain rate; RVGLS, right ventricular global longitudinal
strain; RVGLSR, right ventricular global longitudinal strain rate; VA-ECMO, veno-arterial extracorporeal
membrane oxygenation.
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Conclusion: LuTx in children with end-stage PAH resulted in excellent midterm outcomes
(100% survival 2 years post-LuTx). Postoperative VA-ECMO facilitates early extubation with
rapid gain of allograft function and sustained biventricular reverse-remodeling and systolic
function after RV pressure unloading and LV volume loading.

KEYWORDS

pediatric, children, lung transplantation, pulmonary arterial hypertension, extracorporeal membrane
oxygenation (ECMO), awake ECMO

1. Introduction

For children with severe pulmonary arterial hypertension
(PAH) (1-4) who are not responsive to pharmacotherapy,
bilateral lung transplantation (LuTx) remains the only established
treatment option with proven survival benefit (5). Although PAH
is the second most common indication for LuTx in children (6),
data on the best perioperative management (including ECMO)
(7), on pre- and postoperative cardiac function, and on mid-/
long-term outcomes after LuTx are lacking.

Historically, combined heart-lung-transplantation (HLTx) had
been the favored treatment option for children with treatment-
resistant, end-stage pulmonary vascular disease (PVD), PAH, and
right ventricular (RV) failure; however, HLTx continues to be
limited by the
transplantation. According to registry analyses (ISHLT, UNOS),

availability =~ of  heart-lung-blocks  for
isolated bilateral LuTx for PAH results in long-term outcomes
and survival that are similar to other pediatric LuTx-indications
(6, 8, 9). Recently, we demonstrated full recovery of systolic RV
function within two months after LuTx, irrespective of the
cardiac compromise pre-LuTx, in a prospective study on children
with PAH undergoing LuTx (10) (group 1 pulmonary
hypertension, WSPH 2018; Supplementary Table SI1) (3),
suggesting that LuTx should be preferred over heart-lung-
transplantation even with severe RV dysfunction.

Early complications following LuTx for PAH are often attributed
to the increased left ventricular (LV) preload in the setting of chronic
LV deconditioning, leading to LV diastolic dysfunction, left atrial
hypertension, consecutive severe pulmonary edema, and primary
graft dysfunction. Thus, we introduced the concept of default peri-/
post-transplant veno-arterial extracorporeal membrane oxygenation
(VA-ECMO) in adult patients with severe PAH undergoing LuTx at
our center in 2010 (11).

In earlier decades, the use of ECMO pre- or post-LuTx in
children was associated with higher complication rates and
poorer outcomes compared to LuTx without the need for ECMO
support (12). Application of awake-ECMO as bridge-to-
transplantation, not requiring any mechanical ventilation and
sedation, greatly improved outcomes after LuTx compared to
mechanical ventilation/sedation plus ECMO in adults (13, 14);
meanwhile, awake-ECMO has been extended to pediatric patients of
all age groups and other indications for ECMO than PAH (15, 16).

Data on perioperative management using scheduled (default)
ECMO support for pediatric patients with PAH (including
children <2 years of age), and its relation to recovery of heart-
lung function and mid- to long-term clinical outcomes, have not
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been systematically analyzed. In this study, we present data on
consecutive PAH patients <18 years of age who underwent LuTx
with default postoperative VA-ECMO and intention of early
extubation at our center from December 2013 to June 2020.

2. Methods
2.1. Patient population

We conducted a prospective observational study of 12
consecutive children with severe PAH who underwent bilateral
LuTx at Hannover Medical School between December 2013 and
June 2020 (Table 1 and Supplementary Tables S1, S2). The
patients had at least a 12-months-post-LuTx diagnostic follow-up
with transthoracic echocardiography and pulmonary function
testing. Survival was analyzed both 12 and 24 months post-LuTx,
until September 2022. Two excluded patients are described in the
Supplementary Material. We defined PAH according to the
World Symposium of PH (WSPH, Nice 2018) (3, 17)
(Supplementary Table S1): mPAP >20 mmHg, PAWP <15 mm
Hg, and pulmonary vascular resistance (PVR) index >3 WU-m?
when >3 months old, at sea level (2). We only enrolled children
with PAH-LuTx and excluded LuTx patients in WSPH diagnosis
group 2-5 PH. We calculated the European Pediatric Pulmonary
Vascular Disease Network (EPPVDN) pediatric PH risk score
(18),
hemodynamic variables, to assess the patients’ condition prior to
transplant (Table 1).

consisting of 17 clinical, echocardiographic, and

2.2. Clinical data collection

The clinical data collection included multimodal pre-, peri-,
postoperative, and follow-up data from all patients. Details on
surgical management for pediatric LuTx procedures in our center
have recently been published (5). Allograft function was measured
by spirometry; chronic lung allograft dysfunction (CLAD) was
defined according to the 2019 ISHLT consensus report (19).

2.3. Transthoracic echocardiography
We applied echocardiographic B-mode, M-Mode, Doppler,

and ventricular 2D strain analysis (20, 21). All examinations were
performed on Philipps IE33 or EPIQ CVx ultrasound machines.
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TABLE 1 Patient characteristics.

Demographics

Age - years 11.9+1.4 (1.9-17.8)

Sex, Female - n (%) 9 (75%)

Height - m 1.5+0.1 (0.8-1.8)

Weight - kg 352 +4.3 (8.2-58.0)

BSA - m? 12+0.1 (0.4-1.7)

Clinical diagnosis

PH Group 1 - n

1.1 IPAH 4

1.2 HPAH (BMPR2, n=3; TBX4, n=1) 4

1.4.4 PAH-CHD 2

1.6 PVOD/PCH 2

Functional status pre-LuTx

WHO Functional Class 3.7+0.1

6 MWD (0 m for ECMO)® - m, n=11 210 £ 56

6 MWD (last before LuTx) - m, n=11 276 £ 50

NT-proBNP—ng/L 3,380.7 + 1,106.0

Invasive hemodynamics pre-LuTx

mRAP - mm Hg, n=11 94+1.3

RVEDP - mm Hg, n=10 127 +1.0

mPAP/mSAP, n=11 1.2+0.1

PVRi - WU-m? n=11 27.3+24

PVR/SVR, n=11 14+0.2

Cardiac index (Qsi) - L/min/m? n=11 2.7+0.2

Risk stratification (EPPVDN) pre-LuTx

Total patients - n 12

Noninvasive Risk - n Higher Risk - 8
Intermediate Risk - 4

Noninvasive Higher Risk Score, max. 15 (decimal) 10.3/15 (0.69 £ 0.05)

Noninvasive Lower Risk Score, max. 14 (decimal) 2.0/14 (0.14 £0.02)

Patients with cath 0-12 months pre-LuTx - n 11

Invasive Risk - n Higher Risk - 7
Intermediate Risk - 4

Invasive Higher Risk Score, max. 21 (decimal) 13.4/21 (0.63 +0.05)

Invasive Lower Risk Score, max. 20 (decimal) 2.9/20 (0.15 +0.02)

Lung function pre-LuTx

FEV1 at the time of listing for LuTx - %, n=10 69.7+5.8

Pulmonary hypertension management

PDE5i+ ERA - n 1

PDES5i + ERA + i.v. epoprostenol - n 2

PDES5i + ERA + i.v. iloprost - n 1

PDE5i + ERA + i.v. treprostinil - n 3

PDE5i + ERA + inhaled iloprost — n 3

ERA + RIO +i.v. treprostinil - n 1

PDES5i + ERA + SEL + repetitive levosimendan - n 1

VA-ECMO pre-LuTx - n 3

VA-ECMO duration pre-LuTx - hours, n=3 30 (22-292)

Values are presented as mean + SEM. If the child had a mutation that was associated with PAH, he/she was classified as group 1.2 PH (HPAH). The indicated serum N-
terminal prohormone of brain natriuretic peptide (NTproBNP) concentrations are the last measurements prior to LuTx. For risk stratification, see the new 2019 EPPVDN
risk score. Of the 11 patients treated with phosphodiesterase type 5 inhibitors (PDE5i), 10 patients received sildenafil and 1 patient tadalafil. Of the 12 patients treated
with endothelin receptor antagonists (ERA), 7 patients were treated with macitentan and 5 patients with bosentan. In addition to the aforementioned medication, 3 of
the 12 LuTx patients were treated with amlodipine and 9/12 with spironolactone.

BSA, body surface area; cath, catheterization; CHD, congenital heart disease; EPPVDN, European Pediatric Pulmonary Vascular Disease Network; ERA, endothelin receptor
antagonist; HHT, hereditary hemorrhagic telangiectasia; HPAH, hereditary PAH; IPAH, idiopathic PAH; i.v.; intravenous; LuTx, lung transplantation; mPAP, mean pulmonary
arterial pressure; mRAP, mean right atrial pressure; mSAP, mean systemic arterial pressure; NT-proBNP, N-terminal pro-b-type natriuretic peptide; PAH, pulmonary arterial
hypertension; PCH, pulmonary capillary hemangiomatosis; PDE5i, phosphodiesterase type 5 inhibitor; PVOD, pulmonary veno-occlusive disease; PVR, pulmonary vascular
resistance; PVRI, pulmonary vascular resistance index; Qsi, systemic flow index; RIO, riociguat; RVEDP, right ventricular end-diastolic pressure; SEL, selexipag; SVR, systemic
vascular resistance; WHO, World Health Organisation.

®Three patients were on VA-ECMO pre-LuTx. The 6 MWD is O m if the patient was on VA-ECMO pre-LuTx.
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Images were recorded digitally and analyzed at a workstation using
(Philips Medical The
Netherlands) by a single investigator. Methodological details can

Intellispace Echo software Systems,

be found in the Supplementary Material.

2.4. Statistical analysis

Either the Wilcoxon signed-rank test or the paired two-tailed
t-test was used to make pairwise comparisons for data collected
pre-LuTx and 1-year post-LuTx depending on the outcome of
the normality testing of the difference between the pairs. Samples
were considered normally distributed if they passed all applied
normality tests (p-value >0.05): D’Agostino-Pearson, Shapiro-
Wilk, and Kolmogorov-Smirnov. All statistical analysis was
performed in GraphPad Prism. The changes in the examined
variables (Figure 3) were visualized using R and GraphPad
Prism software. Data are reported as mean + SEM, if not stated
otherwise. Details on the methodology, imaging, and outcome
variables can be found in the Supplementary Material and the
figure legends.

2.5. Ethics statement

All clinical data were anonymized. Informed consent was
obtained from the legal caregivers according to the principles
expressed in the Declaration of Helsinki (IRB approval #2200-
2014).

3. Results

3.1. Demographic and clinical
characteristics at baseline

Demographic and clinical characteristics of the 12 patients with
PAH undergoing LuTx are summarized in Table 1 and shown
individually in Supplementary Table S2, including invasive
hemodynamics and medication pre-LuTx. Age at lung
transplantation ranged from 1.9 to 17.8 years (mean 11.9 years).
Two patients were transplanted during the COVID-19 pandemic
(2020). Six patients were under 12 years old [Lung Allocation
Score (LAS) exemption], one of which had a body surface area
and weight below 0.5m” and 8.5kg. Half of the patients had
failure to thrive, with a body weight below the 10th (n=6) or
even below the Ist (n=2) percentile (cachexia). All patients were
in the WSPH diagnosis (Table 1 and
Supplementary Tables S1, S2). Underlying diagnoses included
idiopathic PAH (IPAH, n=4), heritable PAH (HPAH, n=4),
PAH associated with congenital heart disease (PAH-CHD, n =2),
pulmonary veno-occlusive disease (PVOD, n=1), and pulmonary
capillary hemangiomatosis (PCH, n=1). Disease-causing
heterozygous mutations affected BMPR2 (n=3) and TBX4

(n=1) genes. All patients were symptomatic, in WHO functional

group 1 PH

class 3 or 4, with a mean 6-minute walk distance of 210 + 56
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meters (n=11) before transplantation. Mechanical circulatory
support (MCS)-status, cannulation mode, cannula size, and
ECMO-associated complications are displayed in Table 2.

3.2. Clinical presentation at the time of
listing for lung transplantation

Preoperative echocardiography showed imminent (n=9) or
acute right heart failure (n=3), systemic/suprasystemic right
ventricular (RV) pressure (n=12), systolic RV dysfunction
(n=12), end-systolic septal shift with left ventricular (LV)
compression (n=12), and pericardial effusion in different
degrees. The mean serum NT-proBNP concentration before
LuTx was 3,381 pg/ml (median 1,113, range 110-10,972 pg/ml;
n=12); of note, several patients were admitted to the hospital in
critical condition with several fold higher NT-proBNP levels
which then improved under therapy. At the time of LuTx, 8
patients were EPPVDN pediatric PH “higher risk”, and 4 were
“intermediate risk”. The mean “non-invasive higher risk score” in
the 12 patients was 10.3 (max. score 15; decimal score 0.69 +
0.05) (Table 1). Pre-transplant lung function testing (Table 1) at
the time of listing showed a mean of 69.7% (n = 10) predicted for
FEVI (range 43.0%-93.8%) and 72% (n=10) predicted for FVC
(range 40%-102%). FEV1 and FVC were markedly reduced in
one patient with additional interstitial lung disease (non-specific
interstitial pneumonia by biopsy) attributed to TBX4-mutation
and in two patients with airway compression attributed to
enlarged pulmonary arteries. The mean LAS in the six patients
>12 years was 47.2 (range 32.2-70.5). The mean waiting time on
the LuTx list was 58.5 days (range 1-220 days) for the cohort
and 10.7 days (range 1-14 days) for the three patients on pre-
LuTx ECMO.

3.3. Emergency VA-ECMO cannulation and
VA-ECMO-CPR preceding LuTx

Three patients transferred to our hospital for LuTx evaluation
required emergency VA-ECMO cannulation because of acute right-
(Tables 1, 2 and
Supplementary Table S2). Two of these patients underwent

heart failure/pulmonary vascular crisis

cardiopulmonary resuscitation (CPR) in our intensive care unit
and rescue ECMO-cannulation (ECMO-CPR). All three patients
were successfully extubated to undergo awake-pre-LuTx-ECMO,
without any long-term neurological deficit.

3.4. Bilateral lung transplantation

All 12 patients underwent bilateral sequential LuTx. Sternum-
sparing bilateral thoracotomies were performed for surgical

exposure whenever possible, and peripheral VA-ECMO
cannulated via the right-sided groin vessels was used for
cardiopulmonary  support in these patients. Clamshell

thoracotomy was reserved for patients where cardiopulmonary
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support had to be instituted by cannulating the aorta and central
veins due to the small patient size (usually patients younger
than 6 years old) or the need for concomitant cardiac surgery.
Two patients underwent concomitant closure of a secundum
atrial septal defect (ASD) on cardiopulmonary bypass (CPB)
with bicaval cannulation (patient #8) or cannulation via femoral
vessels (patient #10) (during LuTx). After ASD closure, CPB
was switched to VA-ECMO in patient #10 to perform LuTx.
Patient #8, who underwent rescue ECMO-cannulation via
femoral vessels pre-LuTx, was weaned from CPB after ASD
closure, followed by LuTx on VA-ECMO. One patient (#11)
underwent bilateral LuTx on CPB with peripheral cannulation,
and after LuTx, CPB was switched to VA-ECMO using the
same cannula. The remaining nine patients were transplanted
on VA-ECMO without the use of CPB (Table 3 and
Supplementary Table S3).

3.5. Postoperative course after LuTx for
severe PAH and RV failure

The mean ICU stay post-LuTx was 15 + 2 (range 4-32) days.
The average in-hospital stay post-LuTx was 41 + 4 (range 21-62
days) (Table 3 and Supplementary Table S3). There was no
perioperative (30 days post-op) mortality. The scheduled

TABLE 3 Bilateral lung transplantation, postoperative course, and clinical
follow-up in pediatric patients.

Patients #1-12

PAH patients undergoing

LuTx

N=12

Bilateral lung transplantation
MCS type during LuTx

Associated procedures in the same operation

VA-ECMO, n=11; CPB, n=1
ASD closure on CPB, n=2

Operation time (cut-suture) - hours (range) 6.6 +0.5 (4.6-10.1)

Postoperative course after LuTx

Post-LuTx ECMO-duration - hours (range) 185 (73-363)

Post-LuTx ventilation time on ECMO - hours 40 (17-144)
Post-LuTx ventilation time after ECMO- 2 (0-6)
explantation - hours

Tracheostomy (number) 0

ICU stay post-LuTx - days 15+2 (4-32)

In-hospital stay post-LuTx - days 41+4 (21-62)

Clinical follow-up

Lung function post-LuTx

FEV1 3 months post-LuTx (%), n=11
FEV1 12 months post-LuTx (%), n=11

Impeding rejection, number of steroid pulses

73 +5 (52-106)
83 +6 (57-125)
24058 (0-5)
Survival post-LuTx — months (range; % 61 (26-104; 100% survival)

survival)

Number of Re-LuTx - n (%) 1 (0.08%)*

Values are presented as mean + SEM (range). Survival is indicated according to the
end of the follow-up (September 1, 2022).

ASD, atrial septal defect; CPB, cardiopulmonary bypass; FEV1, forced expiratory
volume in the first second; ICU, intensive care unit; LuTx, lung transplantation;
MCS, mechanical circulatory support; VA-ECMO, veno-arterial extracorporeal
membrane oxygenation.

?One patient underwent Re-LuTx due to CLAD 3 31 months after initial LuTx (i.e.
after the 2-year follow-up period).
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minimal duration of VA-ECMO support in our protocol is 5
days post-LuTx to assist the pressure-unloaded RV and
volume-loaded LV, although two patients were weaned-off
ECMO <120 h post-LuTx (Figure 1). The mean duration of
post-LuTx VA-ECMO support was 185h (range 73-363 h)
[Figure 2, details in (5)]. Except for patient #5, who was the
smallest child at 8.2 kg, all patients were cannulated in the
groin via femoral vein and artery (Table 2). Distal leg
perfusion was secured by inserting a 5 F atrial sheath. All
cannulas and sheaths were inserted using the Seldinger
technique. The correct initial placement of the cannula tip was
verified by ultrasound. The three patients that were initially
operated on CPB (either for ASD closure or for LuTx), were
all switched to VA-ECMO with peripheral cannulation for
post-LuTx VA-ECMO support. Only patient #5 stayed on
central cannulation due to his low body height and weight to
prevent irreversible occlusive injury to the femoral vessels
(Table 2). The weaning strategy from VA-ECMO included
regular echocardiographic evaluation of biventricular function
on ICU admission postoperatively and once daily after post-
OP day 5 on VA-ECMO. ECMO weaning was usually started
on day 3 after LuTx at the earliest. On the day of
transplantation, the ECMO was started with 80% of the
calculated full flow (100% CO) and was reduced stepwise by
20%-25% in two to three steps before explantation. The
of ECMO flow was
echocardiographic

under direct
left heart
structures to visualize any decrease in LV function, an increase
of LV end-diastolic diameter (LVEDD), or potential mitral
1). If further

measurements can include Tissue Doppler Imaging (TDI) of

reduction done

imaging with a focus on

valve regurgitation (Figure necessary,
the left ventricle and mitral annular plane systolic excursion
(MAPSE). Additionally, vital signs, arteriovenous oxygen
difference (AVDO,), and arterial blood gas analysis (PaO,,
PaCO,) were monitored and a chest-X ray was performed
between 12 and 24 h after the reduction step or earlier in case
of clinical signs of impaired lung function. All patients were
extubated whilst on ECMO support (—awake-VA-ECMO) to
avoid pressure and shear stress on the transplanted lungs. Even
patient #5, who was small in size and had open chest
cannulation, was extubated on day 2 and supported by awake
VA-ECMO. Mean and median mechanical ventilation time was
41 and 28 h, respectively (range 17-145h) (Figure 2, Table 3).
In all patients, removal of cannulas was pursued in the
operating room and - if necessary — vessels were reconstructed
by vascular surgeons. Standard immunosuppression consisted of
a combination of oral tacrolimus, mycophenolate-mofetil, and
prednisolone (Table 4). No induction therapy was used in our
center.

3.6. Adverse events pre-, intra- and
post-LuTx

We observed five severe ECMO-related
complications. One intrathoracic hematoma due to dislocation of

moderate to
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FIGURE 1
Schematic treatment and weaning algorithm of VA-ECMO treatment after LuTx. All patients were treated according to this interdisciplinary, in-house
consensus standard. ECMO, extracorporeal membrane oxygenation; d, day; LuTx, lung transplantation.
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lung transplantation.
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VA-ECMO duration and length of invasive mechanical ventilation pre/post-LuTx. VA-ECMO duration pre- and post-LuTx (in hours; blue) and time on
respirator pre-ECMO and on-ECMO (in hours; green) are shown. VA-ECMO, veno-arterial extracorporeal membrane oxygenation; h, hours; LuTx,
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ECMO cannula pre-LuTx (patient #1), one thromboembolic
occlusion of the right iliac/femoral artery due to cannula-
related impairment of distal leg perfusion (patient #2), one
hemothorax on ECMO requiring thoracotomy on post-LuTx
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day 1 (patient #3), one intrathoracic hematoma on day 1 post-
LuTx plus subsequent
thromboembolic left sided subtotal media infarction on day 5
of post-LuTx-ECMO

requiring surgical removal a

support, with only mild residual
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FIGURE 3
Results of right ventricular strain and strain rate, as well as TAPSE and RV end-systolic remodeling index analysis pre- and post-LuTx. The time points of
echocardiography were prior to LuTx (range 0—75 days) and approximately 12 months (range 11-29 months) post-LuTx. The paired two-tailed t-test was
used. *p < 0.05; **p <0.01; ****p <0.0001, n =5 (A-H), n=12 (1,J). (A, C, E, G) show the individual changes of each patient pre and post-LuTx. The box
and whisker plots (third column) show the median, IQR, and 10-90th percentile. The scatter plots (fourth column) show the 95% confidence interval for
the median. RV, right ventricle; RV 4CSL, RV 4-chamber longitudinal strain; RVES RI, right ventricular end-systolic remodeling index; TAPSE, tricuspid
annular plane systolic excursion.
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TABLE 4 Dosing regimen for immunosuppression in pediatric lung transplantation (Hannover).

Intraoperatively

24 h post OP: 2 mg/kg iv
36 h post OP: 2 mg/kg iv

Methylprednisolone Prednisolone MMF

Methylprednisolone Prednisolone MMF Tacrolimus

20 mg/kg (max. 1g) iv - - Start with continuous iv infusion: 0.02 mg/kg/d
Postoperatively, days 0-2

Methylprednisolone Prednisolone MMF Tacrolimus

12 h post OP: 2 mg/kg iv - 30 mg/kg/d ?

Postoperatively, from day 3

Tacrolimus

- d3-d5: 2 mg/kg/d
d6-d9: 1 mg/kg/d
d10-d28: 0.5 mg/kg/d
mo 2: 0.35 mg/kg/d
mo 3: 0.25 mg/kg/d
mo 4: 0.2 mg/kg/d
mo 7: 0.15 mg/kg/d
mo 13: 0,1 mg/kg/d

Target dose: 1,2 g/m*/d
Target drug level: 1,2-3,5 mg/L

Target drug levels: months 0-6: 12-15 ug/L
months 7-12: 10-12 pg/L
from month 13: 8-10 pg/L

The standard immunosuppression in pediatric lung transplantation used in our center consisted of oral tacrolimus, mycophenolate-mofetil, and prednisolone. No induction

is used in our center.

d, days postoperatively (day O = day of surgery); iv, intravenous; MMF, mycophenolate-mofetil; d, day; iv, intravenous.

?Initially, the tacrolimus dose is increased very cautiously for nephroprotection. Accordingly, the tacrolimus serum level on postoperative day 2 is usually not in the primary
target range of 12—15 pg/L. When continuous intravenous administration is switched to oral tacrolimus, the current cumulative intravenous daily dose is tripled for oral
dosing in CF patients and doubled in non-CF patients. The cumulative daily oral dose (divided into two single doses) is then adjusted depending on blood levels.

neurological deficit (patient #5, who had a prothrombin gene
ECMO-
explantation requiring femoral arterial embolectomy (patient

mutation), and one leg ischemia after
#11) (Table 2). Details can be found in the Supplementary

Material.

3.7. Echocardiographic analysis at baseline
and one-year follow-up

Transthoracic  echocardiography 12 months  after
transplantation showed full and sustained recovery of RV
systolic function in all 12 children after bilateral LuTx, in
association with regression of RV hypertrophy (RVH), and
normalization of RV volumes (Supplementary Table S4), even
in children with severe RV failure pre-LuTx (RVEF <40%).
Mean RVAWD decreased from 1.12+0.10cm to 0.54+
0.05cm  (—50.8% * 3.6%;

illustrating substantial regression of RV hypertrophy within 12

Supplementary  Table S4),

months. The RV/LV end-systolic diameter ratio as a surrogate
of RV dilation and LV underfilling/compression also
completely normalized (from 2.38+0.2 to 0.69+0.03,
Supplementary Table S4). RV global longitudinal strain
(Figures 3A,B), RV free wall strain (Figures 3C,D), and RV
global longitudinal strain rate (Figures 3E,F) were greatly
abnormal in the PAH patients pre-LuTx (10) and completely
normalized 12 months after LuTx (there was likewise a trend
for the RV free wall longitudinal strain rate, Figures 3G,H).
TAPSE (Figure 3I), as a surrogate for longitudinal systolic RV
function, and the RV end-systolic remodeling index (RVES RI)
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(Figure 3]J) were both abnormal pre-LuTx but normalized by
the 12-month follow-up.

3.8. Clinical follow-up, lung function, and
survival 1-2 years after LuTx for pediatric
PAH

In the 8-year study period, no patients with PAH died on the
LuTx waiting list or during evaluation for LuTx at our center. As
of September 1, 2022, all transplanted patients are alive (median
survival 53 months, range 26-104 months). Pulmonary function
testing pre-LuTx and 12 months post-LuTx are shown in
Figure 4. Two children were not able to perform the spirometry
maneuver before LuTx, and one of them did not perform the
maneuver soon after LuTx due to his/her young age and reduced
coordination. Pulmonary function remained stable in all 11
patients able to perform spirometry 12 months post-LuTx
(Figure 4). One patient developed CLAD 3 in the third year
after LuTx (ie, after the 2-year follow-up), and was re-
transplanted 31 months after the first LuTx. Currently, another
patient fulfills the criteria of CLAD 1 (first diagnosed 29 months
post-LuTx, ie. after the 2-year follow-up). Taken together, the
clinical follow-up reveals that all 12 patients enrolled are alive 26
months post-LuTx (range 26-104 months).

4. Discussion

This prospective observational study illustrates our experience
with bilateral lung transplantation and default postoperative VA-
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FIGURE 4

Lung function course of patients with PAH pre- and post-LuTx. Patient #5 was too young to perform spirometry pre-LuTx and during year one post-LuTx.
Patient #12 was unable to perform spirometry pre-LuTx. Post-Tx FEV1-Baseline value is computed as the mean of the best two postoperative FEV1
measurements taken >3 months apart to define CLAD starting >3 months post-LuTx. FEV1 >80% of baseline defines the stage CLADO (Verleden et al.
J Heart Lung Transplant. 2019; 38:493-503. doi: 10.1016/j.healun.2019.03.009) (19). FEV1, forced expiratory volume in 1's; LuTx, lung transplantation;
pp. percent predicted [reference values are taken from Quanjer PH et al. Eur Respir J. 2012 Dec;40(6):1324-43. doi: 10.1183/09031936.00080312] (37).

ECMO support in children with severe PAH at a single high-
volume center. We successfully transplanted all patients
according to our standardized VA-ECMO protocol, and all
patients were alive after a median follow-up of 53 months (range
26-104 months). Given the low perioperative morbidity, the
rapid recovery of RV systolic function after LuTx within 2
months, as shown in our recently published study (10), and the
excellent midterm outcome after LuTx for PAH with preserved
heart-lung function at one-year follow-up (shown in the current
study), LuTx currently appears to be the best and most feasible
treatment option for end-stage PAH (group 1 PH), in the
absence of complex congenital heart disease. Of the 107 pediatric
LuTx patients in the ISHLT registry reported worldwide for
2016, 72% were at least 11 years old, and only six LuTx were
performed in children under the age of 1 year (infant LuTx) (9).
Overall, LuTx for any condition in children under 12 years is
challenging, but outcomes are comparable to those in older
children at our center (5), in accordance with ISHLT registry
data on children with PVD after LuTx (22). The present and our
recently published study (10) showed that even small PH
children, below 10kg body weight, successfully underwent
bilateral LuTx with full recovery of heart and lung function. Of
note, about a decade ago (2009), we had preferred heart-lung
transplantation over bilateral LuTx because of technical aspects
for this young age group (23). Today, the remaining conditions
for which combined heart-lung transplantation rather than LuTx
may be considered, are (1) complex CHD (mostly adults with
congenital heart disease and Eisenmenger’s syndrome), (2)
postcapillary PH due to persistent severe LV dysfunction (e.g.,
restrictive cardiomyopathy), (3) precapillary PH and additional
LV dysfunction that cannot be explained by PAH-related
ventricular-ventricular interaction, (4) after intracardiac surgical
correction of CHD with complex residual cardiac anatomy, or
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(5) in patients after surgical correction of multiple pulmonary
vein stenoses.

Different aspects further
optimization of patients with severe PAH being evaluated for

possibly hamper treatment
LuTx. Although improvements in waiting time, mortality, and
post-transplant survival have occurred in children after the
implementation of the lung allocation score (LAS) for LuTx
listing of >12-year adolescents (24), we found the LAS unsuitable
for accurately assessing clinical compromise in children with
severe PAH. Due to the different pathophysiology, often without
relevant compromised oxygenation and decarboxylation, the LAS
underestimates the severity and disease progression in children
with PAH as a reason for listing for LuTx (2, 17, 25, 26).

The underestimation of risk is illustrated by the three PAH
patients in need of rescue VA-ECMO cannulation before LuTx
shortly after referral to our center. The sudden deterioration and
RV failure in these three patients underlines the difficulties in
determining the optimal timing of listing treatment-resistant
PAH patients for LuTx. Indeed, pediatric candidates with severe
PH are referred relatively late for LuTx or HLTx transplantation,
often requiring immediate intensive care treatment or even veno-
arterial ECMO support (2, 5, 12, 25, 26). Moving forward, the
EPPVDN pediatric PH risk score (online calculator; https://www.
pvdnetwork.org/pedphriskscore/) can properly and quantitatively
determine disease severity and suggest listing children with PH
for LuTx (18). Additionally, the new lung Composite Allocation
Score (lung CAS), which was recently implemented in the United
States, includes specific criteria for lung transplant candidates
with pulmonary hypertension that can lead to an increase in
their waitlist survival and/or post-transplant outcomes scores.
The criteria are (1) deteriorating on optimal therapy, and (2)
right atrial pressure greater than 15 mmHg or a cardiac index less
than 1.8 L/min/m? (https://unos.org/news/lung-cas-score-summary/,
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accessed on May 31, 2023). Of note, these cut-off criteria are likely
not directly applicable to children with PAH who usually have
lower RA pressure and higher cardiac index than adults with
similar disease severity (see Table 1). The LAS system has not
been updated in the Eurotransplant countries since 2011 and
there is no scheduled time point in the near future for
implementation of the new CAS system. Therefore, comparison
with North America regarding the change in waiting time,
transplant rates, and survival specifically for PH patients below
12 and between 12 and 18 years of age, whose disease severity is
not well represented with the LAS system (still used in
Germany), will be very interesting and might influence future
modifications of allocation algorithms.

Reverse Potts shunt (27-30), with VA-ECMO backup, might be
the only palliative alternative to LuTx for treatment-resistant PAH
that may improve morbidity and short-/mid- term survival. In a
recent retrospective analysis of the International Potts Shunt
Registry, the overall 1- and 5-year transplant-free survival was
77% and 58%, respectively, and 92% and 68% for those
discharged home (29). Clearly, the peri-procedural mortality was
unacceptably high (17 of 110; 15%) (29) but may improve in
high-volume Potts shunt centers with experience, as is the case
for LuTx centers. Moreover, establishing a reverse Potts shunt is
not applicable for all patients with PAH; only children with
systemic or mildly suprasystemic RV pressure and only mildly
decreased systolic RV function seem to be suitable candidates for
the procedure (29, 31). Children with severely decompensated
disease requiring aggressive intensive care are not good
candidates for the Potts shunt procedure (29). The group in
St. Louis compared the outcome of their pediatric PAH patients
after reverse Potts shunt (n =23; 2013-present) and LuTx (n=31;
1995-present) (31). The authors emphasized the lower numbers
of peri-procedural complications and shorter ventilation times as
positive aspects of the Potts shunt procedure (31). Median
ventilation time after LuTx in their cohort was 10.2 days (31)
compared to 1.2 days (28 h) in our PAH cohort, highlighting the
potential benefits of our default awake VA-ECMO approach that
facilitates early extubation.

Compared to the Potts Shunt registry data and other reports on
LuTx in pediatric subgroups (25, 29, 32), we experienced only a few
severe complications post-LuTx with no or only mild impact on
long-term clinical outcomes. Testing all patients in our cohort
for acquired von Willebrand syndrome (AVWS), known to
increase bleeding risk in moderate to severe PAH (33), and
Willebrand (VWF)-containing
concentrate supplementation (in the presence of AVWS), may

prophylactic ~ von factor
have contributed to the low rate of bleeding complications.

The ISHLT Thoracic Transplant registry reported a total of 178
pediatric LuTx for IPAH and 78 pediatric LuTx for PH-non IPAH
for the period 2000-2017 (9). The combined PH group (WSPH PH
groups 1-5) was the most frequent indication for LuTx in children
0-5 years old (9). According to the ISHLT Registry (32), children
with IPAH had the best post-LuTx survival (median 7.4 years)
compared to other diagnoses, while those with non-IPAH PH
(“secondary PH”) had the highest mortality in the first 10 years
after LuTx (median survival 3.2 years) (6). During our 9-year
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study period (2013-2022), no patient with PAH (judged to be
a LuTx candidate) died during LuTx evaluation, on the LuTx-
waiting list, or after LuTx at our center that has dedicated
pediatric PH and LuTx programs. In contrast, of the five
patients who had received LuTx for either WSPH group 2-5
PH or non-PH lung disease at our center, three died (60%)
during the same time period post-LuTx, presumably due to
the more complex comorbidities (diaphragmatic palsy, chest
deformities, upper airway disease, severe cachexia, and severe
neuro-developmental disorder), which are associated with a
complicated perioperative course. Thus, also for group 2-5
(mainly group 3) PH patients, we suggest referring these
children earlier for LuTx evaluation.

LV diastolic dysfunction is common in pediatric and adult PH
(1, 34) and has been investigated in a prospective pediatric
ventricular function study (35). According to this study, children
with PH had LV diastolic dysfunction most consistent with
impaired LV relaxation and decreased myocardial deformation,
related to invasive hemodynamics, leftward septal shift, and
prolonged RV systole. The pre-existing diastolic LV dysfunction
in severe PAH is exaggerated directly after LuTx, as a
consequence of the greatly increased pulmonary blood flow
following the normalization of pulmonary vascular resistance.
Consecutively, the increased LV preload post-LuTx frequently
leads to pulmonary edema. The latter is addressed by our
approach of scheduled post-operative VA-ECMO in all patients
undergoing LuTx for PAH (11) to relieve the workload of the LV
and protect the transplanted lung from fluid overload and
corresponding dysfunction. Default postoperative VA-ECMO
generates another relevant benefit after LuTx: even when early
ventilatory issues arise post-LuTx, VA-ECMO facilitates early
extubation and thus avoids potentially harmful high inspiratory
pressures to the allograft soon after LuTx (5, 23). Additionally,
there is a risk of primary graft dysfunction as the entire cardiac
output is ejected into the allograft by the now unloaded, often
hypertrophied RV. The use of VA-ECMO can help mitigate this
injury by diverting some of this output to the systemic
circulation. Awake-ECMO has been reported for conditions other
than PAH associated with heart or lung failure (5, 15, 36). In
our center, ECMO patients were extubated as soon as possible.
Although early extubation can be challenging in young children,
it can be handled by an experienced interdisciplinary team of
nurses, physicians, and physiotherapists (15, 16). For awake VA-
ECMO, we see clear advantages in reduced sedation/analgetic
medication allowing better oral feeding and digestion, better
neurological monitoring, and — most importantly for this patient
group post-LuTx - early and better airway clearance.

Limitations of this study include the single-center design,
the small patient number, and the lack of a control group (for
default VA-ECMO). However, our historical controls of LuTx
without VA-ECMO or heart-lung transplantation had worse
clinical outcomes. Despite these typical limitations in pediatric
studies on a rare and fatal disease, our research provides a
standardized treatment and weaning protocol that may benefit
other centers in the management of pediatric patients with
PAH before, during, and after LuTx for PAH.
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5. Conclusions

In children with severe PAH and RV dysfunction undergoing
bilateral LuTx, VA-ECMO facilitates
extubation with rapid gain of allograft function and also cardiac

postoperative early
reverse-remodeling following RV pressure unloading/LV volume
loading. Management of PAH children with VA-ECMO after
LuTx (and if needed as a bridge to transplantation) results in
excellent clinical outcomes, as underpinned by sustained
normalization of cardiac performance and preservation of lung
allograft function at 1l-year follow-up, and 100% survival at 2

years post-LuTx.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by IRB #2200-2014; Ethics committee of Hannover
Medical School, “Analysis of biomarkers in blood and tissues of
patients with pulmonary arterial hypertension/congenital heart
disease or risk for pulmonary hypertension”, approved on March
26, 2014. Written informed consent to participate in this study
was provided by the participants’ legal caregivers.

Author contributions

TJ and GH performed quantitative imaging analysis and wrote
the manuscript. GH conceptualized, designed, and supervised the
study. JC provided clinical data, performed data analysis, and
wrote parts of the manuscript. FD provided clinical data,
performed the statistical analysis, produced display items, and
wrote parts of the manuscript. HH provided clinical data and
performed quantitative imaging and statistical analysis. PC
performed advanced statistical analysis and produced display
items. NS, CM, FI and DB provided clinical data. All authors
reviewed and revised the manuscript for important intellectual
content. All authors contributed to the article and approved the
submitted version.

References

1. Hansmann G. Pulmonary hypertension in infants, children, and young adults.
J Am Coll Cardiol. (2017) 69:2551-69. doi: 10.1016/j.jacc.2017.03.575

2. Hansmann G, Koestenberger M, Alastalo TP, Apitz C, Austin ED, Bonnet D, et al.
2019 updated consensus statement on the diagnosis and treatment of pediatric
pulmonary hypertension: the European pediatric pulmonary vascular disease
network (EPPVDN), endorsed by AEPC, ESPR and ISHLT. ] Heart Lung
Transplant. (2019) 38:879-901. doi: 10.1016/j.healun.2019.06.022

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1193326

Funding

This study was supported by the German Research Foundation
(DFG KFO311; HA4348/6-2 to GH) and the European Pediatric
Pulmonary Vascular Disease Network (www.pvdnetwork.org).
GH received additional funding from the German Research
Foundation (DFG; HA4348/2-2) and the Federal Ministry of
Education and Research (BMBF ViP+ program 03VP08053;
BMBF 01KC2001B).

Acknowledgments

We are very thankful to the interdisciplinary team members
heavily involved in the clinical care of the presented patients.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor SM declared a shared committee
working group lung transplantation with the author FI at the
time of review.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.
1193326/full#supplementary-material

3. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, Krowka
M, et al. Haemodynamic definitions and updated clinical classification of
pulmonary hypertension. Eur Respir J. (2019) 53. doi: 10.1183/13993003.01913-
2018

4. Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF, Brida M, et al.
2022 ESC/ERS guidelines for the diagnosis and treatment of pulmonary hypertension.
Eur Heart J. (2022) 43:3618-731. doi: 10.1093/eurheartj/ehac237

frontiersin.org


http://www.pvdnetwork.org
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1193326/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1193326/full#supplementary-material
https://doi.org/10.1016/j.jacc.2017.03.575
https://doi.org/10.1016/j.healun.2019.06.022
https://doi.org/10.1183/13993003.01913-2018
https://doi.org/10.1183/13993003.01913-2018
https://doi.org/10.1093/eurheartj/ehac237
https://doi.org/10.3389/fcvm.2023.1193326
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Jack et al.

5. Iablonskii P, Carlens J, Mueller C, Aburahma K, Niehaus A, Boethig D, et al.
Indications and outcome after lung transplantation in children under 12 years of
age: a 16-year single center experience. | Heart Lung Transplant. (2022) 41:226-36.
doi: 10.1016/j.healun.2021.10.012

6. Melicoff E, Hayes D Jr, Benden C. Lung transplantation as an intervention for
pediatric pulmonary hypertension. Pediatr Pulmonol. (2021) 56:587-92. doi: 10.
1002/ppul.25154

7. McGlothlin DP, Granton ], Klepetko W, Beghetti M, Rosenzweig EB, Corris PA,
et al. ISHLT Consensus statement: perioperative management of patients with
pulmonary hypertension and right heart failure undergoing surgery. J Heart Lung
Transplant. (2022) 41:1135-94. doi: 10.1016/j.healun.2022.06.013

8. Hubbard R, Miller R, Tumin D, Tobias JD, Hayes D Jr. Transplant outcomes for
idiopathic pulmonary hypertension in children. J Heart Lung Transplant. (2019)
38:580-1. doi: 10.1016/j.healun.2019.01.1314

9. Goldfarb SB, Hayes D Jr, Levvey BJ, Cherikh WS, Chambers DC, Khush KK, et al.
The international thoracic organ transplant registry of the international society for
heart and lung transplantation: twenty-first pediatric lung and HeartLung
transplantation report-2018; focus theme: multiorgan transplantation. J Heart Lung
Transplant. (2018) 37:1196-206. doi: 10.1016/j.healun.2018.07.021

10. Hansmann G, Diekmann F, Chouvarine P, Ius F, Carlens ], Schwerk N, et al. Full
recovery of right ventricular systolic function in children undergoing bilateral lung
transplantation for severe PAH. J Heart Lung Transplant. (2022) 41:187-98. doi: 10.
1016/j.healun.2021.10.014

11. Tudorache I, Sommer W, Kuhn C, Wiesner O, Hadem ], Fuhner T, et al. Lung
transplantation for severe pulmonary hypertension-awake extracorporeal membrane
oxygenation for postoperative left ventricular remodelling. Transplantation. (2015)
99:451-8. doi: 10.1097/TP.0000000000000348

12. Puri V, Epstein D, Raithel SC, Gandhi SK, Sweet SC, Faro A, Huddleston CB.
Extracorporeal membrane oxygenation in pediatric lung transplantation. J Thorac
Cardiovasc Surg. (2010) 140:427-32. doi: 10.1016/j.jtcvs.2010.04.012

13. Fuehner T, Kuehn C, Hadem ], Wiesner O, Gottlieb ], Tudorache I, et al.
Extracorporeal membrane oxygenation in awake patients as bridge to lung
transplantation. Am ] Respir Crit Care Med. (2012) 185:763-8. doi: 10.1164/rccm.
201109-15990C

14. Biscotti M, Gannon WD, Agerstrand C, Abrams D, Sonett ], Brodie D, Bacchetta
M. Awake extracorporeal membrane oxygenation as bridge to lung transplantation: a
9-year experience. Ann Thorac Surg. (2017) 104:412-9. doi: 10.1016/j.athoracsur.2016.
11.056

15. Schmidt F, Jack T, Sasse M, Kaussen T, Bertram H, Horke A, et al. “Awake veno-
arterial extracorporeal membrane oxygenation” in pediatric cardiogenic shock: a
single-center experience. Pediatr Cardiol. (2015) 36:1647-56. doi: 10.1007/s00246-
015-1211-8

16. Schmidt F, Sasse M, Boehne M, Mueller C, Bertram H, Kuehn C, et al. Concept
of “awake venovenous extracorporeal membrane oxygenation” in pediatric patients
awaiting lung transplantation. Pediatr Transplant. (2013) 17:224-30. doi: 10.1111/
petr.12001

17. Rosenzweig EB, Abman SH, Adatia I, Beghetti M, Bonnet D, Haworth S, et al.
Paediatric pulmonary arterial hypertension: updates on definition, classification,
diagnostics and management. Eur Respir J. (2019) 53. doi: 10.1183/13993003.01916-
2018

18. Hasan H, Chouvarine P, Diekmann F, Diedrich N, Koestenberger M, Hansmann
G. Validation of the new paediatric pulmonary hypertension risk score by CMR and
speckle tracking echocardiography. Eur ] Clin Invest. (2022) 52:e13835. doi: 10.1111/
eci.13835

19. Verleden GM, Glanville AR, Lease ED, Fisher AJ, Calabrese F, Corris PA, et al.
Chronic lung allograft dysfunction: definition, diagnostic criteria, and approaches to
treatment-A consensus report from the pulmonary council of the ISHLT. J Heart
Lung Transplant. (2019) 38:493-503. doi: 10.1016/j.healun.2019.03.009

20. Koestenberger M, Friedberg MK, Ravekes W, Nestaas E, Hansmann G. Non-
invasive imaging for congenital heart disease: recent innovations in transthoracic
echocardiography. J Clin Exp Cardiolog. (2012) (Suppl. 8):2. doi: 10.4172/2155-
9880.58-002

21. Truong U, Meinel K, Haddad F, Koestenberger M, Carlsen J, Ivy D, Jone PN.
Update on noninvasive imaging of right ventricle dysfunction in pulmonary
hypertension. Cardiovasc Diagn Ther. (2020) 10:1604-24. doi: 10.21037/cdt-20-272

Frontiers in Cardiovascular Medicine

13

10.3389/fcvm.2023.1193326

22. Hayes D Jr, Cherikh WS, Harhay MO, Perch M, Hsich E, Potena L, et al. The
international thoracic organ transplant registry of the international society for heart
and lung transplantation: twenty-fifth pediatric lung transplantation report - 2022;
focus on pulmonary vascular diseases. /] Heart Lung Transplant. (2022) 41:1348-56.
doi: 10.1016/j.healun.2022.07.020

23. Gorler H, Struber M, Ballmann M, Muller C, Gottlieb J, Warnecke G, et al. Lung
and heart-lung transplantation in children and adolescents: a long-term single-center
experience. ] Heart Lung Transplant. (2009) 28:243-8. doi: 10.1016/j.healun.2008.12.
012

24. Lancaster TS, Miller JR, Epstein DJ, DuPont NC, Sweet SC, Eghtesady P.
Improved waitlist and transplant outcomes for pediatric lung transplantation after
implementation of the lung allocation score. J Heart Lung Transplant. (2017)
36:520-8. doi: 10.1016/j.healun.2016.10.007

25. Morell E, Rajagopal SK, Qishi P, Thiagarajan RR, Fineman JR, Steurer MA.
Extracorporeal membrane oxygenation in pediatric pulmonary hypertension. Pediatr
Crit Care Med. (2020) 21:256-66. doi: 10.1097/PCC.0000000000002127

26. Kaestner M, Schranz D, Warnecke G, Apitz C, Hansmann G, Miera O.
Pulmonary hypertension in the intensive care unit. Expert consensus statement on
the diagnosis and treatment of paediatric pulmonary hypertension. The European
paediatric pulmonary vascular disease network, endorsed by ISHLT and DGPK.
Heart. (2016) 102(Suppl 2):ii57-1i66. doi: 10.1136/heartjnl-2015-307774

27. Baruteau AE, Belli E, Boudjemline Y, Laux D, Levy M, Simonneau G, et al.
Palliative potts shunt for the treatment of children with drug-refractory pulmonary
arterial hypertension: updated data from the first 24 patients. Eur J Cardiothorac
Surg. (2015) 47:¢105-10. doi: 10.1093/ejcts/ezu445

28. Aggarwal M, Grady RM, Choudhry S, Anwar S, Eghtesady P, Singh GK. Potts
shunt improves right ventricular function and coupling with pulmonary circulation
in children with suprasystemic pulmonary arterial hypertension. Circ Cardiovasc
Imaging. (2018) 11:e007964. doi: 10.1161/CIRCIMAGING.118.007964

29. Grady RM, Canter MW, Wan F, Shmalts AA, Coleman RD, Beghetti M, et al.
Pulmonary-to-systemic arterial shunt to treat children with severe pulmonary
hypertension. ] Am Coll Cardiol. (2021) 78:468-77. doi: 10.1016/j.jacc.2021.05.039

30. Anderson JH, Cabalka AK, Frantz RP, Cajigas HR, Taggart NW. Transcatheter
nonductal reverse potts shunt creation in pulmonary arterial hypertension. Circ
Cardiovasc Interv. (2022) 15:e011315. doi: 10.1161/CIRCINTERVENTIONS.121.
011315

31. Lancaster TS, Shahanavaz S, Balzer DT, Sweet SC, Grady RM, Eghtesady P.
Midterm outcomes of the potts shunt for pediatric pulmonary hypertension, with
comparison to lung transplant. J Thorac Cardiovasc Surg. (2021) 161:1139-48.
doi: 10.1016/j.jtcvs.2020.10.163

32. Hayes D Jr, Cherikh WS, Chambers DC, Harhay MO, Khush KK, Lehman RR,
et al. The international thoracic organ transplant registry of the international society
for heart and lung transplantation: twenty-second pediatric lung and heart-lung
transplantation report-2019; focus theme: donor and recipient size match. J Heart
Lung Transplant. (2019) 38:1015-27. doi: 10.1016/j.healun.2019.08.003

33. Pelland-Marcotte MC, Humpl T, James PD, Rand ML, Bouskill V, Reyes JT,
et al. Idiopathic pulmonary arterial hypertension - a unrecognized cause of high-
shear high-flow haemostatic defects (otherwise referred to as acquired von
Willebrand syndrome) in children. Br J Haematol. (2018) 183:267-75. doi: 10.1111/
bjh.15530

34. Hansmann G. Left ventricular diastolic dysfunction in pediatric pulmonary
hypertension. Circ Cardiovasc Imaging. (2016) 9. doi: 10.1161/CIRCIMAGING.116.
005527

35. Burkett DA, Slorach C, Patel SS, Redington AN, Ivy DD, Mertens L, et al. Impact
of pulmonary hemodynamics and ventricular interdependence on left ventricular
diastolic function in children with pulmonary hypertension. Circ Cardiovasc
Imaging. (2016) 9:pii:e004612. doi: 10.1161/CIRCIMAGING.116.004612

36. Ius F, Aburahma K, Boethig D, Salman ], Sommer W, Draeger H, et al. Long-
term outcomes after intraoperative extracorporeal membrane oxygenation during
lung transplantation. J Heart Lung Transplant. (2020) 39:915-25. doi: 10.1016/j.
healun.2020.04.020

37. Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-
ethnic reference values for spirometry for the 3-95-yr age range: the global lung
function 2012 equations. Eur Respir ]. (2012) 40:1324-43. doi: 10.1183/09031936.
00080312

frontiersin.org


https://doi.org/10.1016/j.healun.2021.10.012
https://doi.org/10.1002/ppul.25154
https://doi.org/10.1002/ppul.25154
https://doi.org/10.1016/j.healun.2022.06.013
https://doi.org/10.1016/j.healun.2019.01.1314
https://doi.org/10.1016/j.healun.2018.07.021
https://doi.org/10.1016/j.healun.2021.10.014
https://doi.org/10.1016/j.healun.2021.10.014
https://doi.org/10.1097/TP.0000000000000348
https://doi.org/10.1016/j.jtcvs.2010.04.012
https://doi.org/10.1164/rccm.201109-1599OC
https://doi.org/10.1164/rccm.201109-1599OC
https://doi.org/10.1016/j.athoracsur.2016.11.056
https://doi.org/10.1016/j.athoracsur.2016.11.056
https://doi.org/10.1007/s00246-015-1211-8
https://doi.org/10.1007/s00246-015-1211-8
https://doi.org/10.1111/petr.12001
https://doi.org/10.1111/petr.12001
https://doi.org/10.1183/13993003.01916-2018
https://doi.org/10.1183/13993003.01916-2018
https://doi.org/10.1111/eci.13835
https://doi.org/10.1111/eci.13835
https://doi.org/10.1016/j.healun.2019.03.009
https://doi.org/10.4172/2155-9880.S8-002
https://doi.org/10.4172/2155-9880.S8-002
https://doi.org/10.21037/cdt-20-272
https://doi.org/10.1016/j.healun.2022.07.020
https://doi.org/10.1016/j.healun.2008.12.012
https://doi.org/10.1016/j.healun.2008.12.012
https://doi.org/10.1016/j.healun.2016.10.007
https://doi.org/10.1097/PCC.0000000000002127
https://doi.org/10.1136/heartjnl-2015-307774
https://doi.org/10.1093/ejcts/ezu445
https://doi.org/10.1161/CIRCIMAGING.118.007964
https://doi.org/10.1016/j.jacc.2021.05.039
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011315
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011315
https://doi.org/10.1016/j.jtcvs.2020.10.163
https://doi.org/10.1016/j.healun.2019.08.003
https://doi.org/10.1111/bjh.15530
https://doi.org/10.1111/bjh.15530
https://doi.org/10.1161/CIRCIMAGING.116.005527
https://doi.org/10.1161/CIRCIMAGING.116.005527
https://doi.org/10.1161/CIRCIMAGING.116.004612
https://doi.org/10.1016/j.healun.2020.04.020
https://doi.org/10.1016/j.healun.2020.04.020
https://doi.org/10.1183/09031936.00080312
https://doi.org/10.1183/09031936.00080312
https://doi.org/10.3389/fcvm.2023.1193326
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Bilateral lung transplantation for pediatric pulmonary arterial hypertension: perioperative management and one-year follow-up
	Introduction
	Methods
	Patient population
	Clinical data collection
	Transthoracic echocardiography
	Statistical analysis
	Ethics statement

	Results
	Demographic and clinical characteristics at baseline
	Clinical presentation at the time of listing for lung transplantation
	Emergency VA-ECMO cannulation and VA-ECMO-CPR preceding LuTx
	Bilateral lung transplantation
	Postoperative course after LuTx for severe PAH and RV failure
	Adverse events pre-, intra- and post-LuTx
	Echocardiographic analysis at baseline and one-year follow-up
	Clinical follow-up, lung function, and survival 1–2 years after LuTx for pediatric PAH

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


