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Lung transplantation (LTx) is a well-established 
treatment for children facing advanced lung disease 
and pulmonary vascular disorders. Children differ 
from adults in various aspects, including their 
smaller anatomy, which necessitates modified 
surgical approaches. Additionally, the developing 
immune system in pediatric patients, the impact of 
pharmacokinetics on immunosuppressant medications, 
and the unique psychological implications during 
childhood and adolescence all demand special 
consideration in the context of LTx.

History and demograpHic 
development
The inaugural clinical LTx in adults traces back 

to 1963, but it was not until 1983 that successful 
long-term outcomes were firmly established.[1] The 
first recorded pediatric LTx took place in 1987, 
involving a 16-year-old boy.[1] Notably, the first 
instance of living donor lobar transplantation was 
reported in 1990, featuring a 12-year-old girl.[1] 
Additionally, the first heart-lung transplantation 
occurred in 1968, involving a 2.5-year-old girl.[1]
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ÖZ
Akciğer nakli, ilerlemiş akciğer hastalığı ve pulmoner damar 
bozukluklarıyla karşı karşıya kalan çocuklar için iyi anlaşılmış 
bir tedavi yöntemidir. Ancak organ açığı en çok çocuklarda 
görülmektedir. Çocukların küçük göğsüne sığdırabilmek için 
boyutu küçültülmüş yetişkin akciğerlerinin, loblarının ve hatta 
segmentlerinin transplantasyonu başarıyla uygulanmıştır. Dünya 
genelinde pediatrik akciğer transplantasyonu sonu medyan 
sağkalım şu anda 5.7 yıl iken yaş, altta yatan hastalık ve merkezin 
transplantasyon öncesi ve sonrası süreçte deneyimi göz önüne 
alındığında 10 yıldan uzun bir medyan sağkalım bildirilmektedir. 
Transplantasyon sonrası yönlendirmenin zamanlaması, iskemi-
reperfüzyon hasarı, primer graft disfonksiyonu ve transplantasyon 
sonrası akut ve kronik rejeksiyon ana zorlukları teşkil etmektedir.
Anah tar söz cük ler: Çocuklar, akciğer bağışçısı, akciğer 
transplantasyonu, pediatri.

ABSTRACT
Lung transplantation is a well-established treatment for 
children facing advanced lung disease and pulmonary vascular 
disorders. However, organ shortage remains highest in 
children. For fitting the small chest of children, transplantation 
of downsized adult lungs, lobes, or even segments were 
successfully established. The worldwide median survival after 
pediatric lung transplantation is currently 5.7 years, while 
under consideration of age, underlying disease, and peri- and 
posttransplant center experience, median survival of more than 
10 years is reported. Timing of referral for transplantation, 
ischemia-reperfusion injury, primary graft dysfunction, and 
acute and chronic rejection after transplantation remain the 
main challenges.
Keywords: Children, lung donor, lung transplantation, pediatrics.
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As per recent reports from the International Society 
for Heart and Lung Transplantation (ISHLT),[2,3] 
the global count of LTx and heart-lung transplants 
performed in individuals under the age of 18 between 
1992 and 2018 reached 2,514 and 733, respectively. 
In comparison, adults underwent a significantly 
higher number of LTx procedures, 67,493 in total 
during the same period.[4] The incidence of heart-lung 
transplantation in pediatric patients peaked at 59 cases 
in 1989 but has since experienced a substantial decline 
worldwide over the last two decades, with only three 
reported cases in 2017.[2] Recent data from the USA, 
obtained from the United Network for Organ Sharing 
(UNOS) database,[5] suggests that this downward trend 
likely persists at a low level and is primarily attributed 
to various factors that make replacement by singular 
heart or lung transplants more viable.[6] The number 
of pediatric LTx, which reached a peak of 136 in 
2013 (Table 1a),[2] also appear to be on a downward 
trend, as indicated by recent data from the USA 
(Table 1b).[5,7] This decline is considered multifactorial, 
influenced in part by the recent COVID-19 pandemic 
but predominantly associated with the efficacy of new 
medications and surgical alternatives.[6]

Currently, pediatric LTx is exclusively performed 
in 37 centers across 31 countries.[2,8] Among these 
centers, only five perform more than four transplant 
annually.[2] In many countries outside of North 
America, the majority of LTx is conducted in adult 
centers with high case volumes.[9]

types of lung transplantation in 
cHildren
The surgical procedure for pediatric LTx 

is essentially the same as in adults, aside from 
the smaller anatomical dimensions. The approach 
typically involves a clamshell incision (bilateral 
thoracosternotomy) or two separate anterolateral 

thoracotomies.[10] However, in very small patients 
weighing less than 15 kg, certain centers may opt for 
a sternotomy.[11] The diminutive airways in children 
can also present a challenge to insert isolated lung 
ventilation through a double-lumen endotracheal 
tube. Consequently, cardiopulmonary bypass or 
extracorporeal membr    e ECMO is utilized in as 
much as 90% of procedures.[13]

The size of the lung allograft significantly 
influences posttransplant outcomes, a fact supported 
by evidence from large animal models[14,15] and 
extensive adult databases.[16] Oversized lung grafts can 
potentially lead to complications such as atelectasis 
or distortion of the segmental or subsegmental 
bronchial anatomy, hindering airway clearance and 
predisposing to recurrent pulmonary infections.[17-19] 
Conversely, an undersized lung graft is associated 
with lower expiratory airflow, higher pulmonary 
vascular resistance, persistent pleural space, and an 
increased likelihood of developing PGD and chronic 
lung allograft dysfunction (CLAD).[17,20] The different 
approaches to pediatric LTx are depicted in Figure 2.

Bilateral lung transplantation
Similar to procedures in adults, bilateral 

sequential LTx is now the predominant method 
for most pediatric cases. The procedure involves 
removing the native lung with the least perfusion, 
followed by implantation of the donor lung. During 
bronchial anastomosis, an end-to-end technique 
is recommended over a telescoping approach to 
minimize the risk of stenosis.[21] Subsequently, 
pulmonary arterial anastomosis is performed, and 
finally, the venous anastomosis is done, combining 
the donor and recipient’s left atrium. The same 
process is then repeated on the contralateral side. 

downsizing lung transplantation
This technical variation involves downsizing the 

large donor lung using a linear stapling device, either 

figure 1. (a) Trends of pediatric LTx in the international (ISHLT)[2] database and (b) in the USA (UNOS)[5] database.
LTx: Lung transplantation; ISHLT: International Society for Heart and Lung Transplantation; UNOS: United Network for Organ Sharing.
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in a nonanatomical manner or through segmentectomy 
or lobectomy, to tailor it to fit into the smaller chest 
cavity of the child.[17,22-24] This approach constitutes 
more than 40% of procedures in certain centers.[25,26]

lobar lung transplantation
In this procedure, instead of transplanting whole 

lungs, only lobes are transplanted into the right and 
left chest cavities. This option becomes particularly 
beneficial when utilizing a large adult donor lung for 
a child with a smaller chest. In some centers, lobar 
transplantations account for up to 15% of pediatric 
transplants.[27] There are even reports of performing 
two concomitant pediatric LTx from one large 
adult lung.[22] The technique known as pulmonary 
bipartitioning or split LTx is a highly efficient 
application of lobar LTx. With this method, either the 
left or right donor lung of an adult is divided into an 
upper and lower lobe, which are then used for bilateral 
transplantation in a smaller recipient.[24] Lobar LTx 
demands advanced skills in preparing the anatomy. 

In contrast to regular LTx, only a single pulmonary 
vein of the donor lobe is anastomosed to a recipient 
pulmonary vein, rather than the usual connection to 
the large surface of an entire left atrium.

living donor lobar lung transplantation
Living-donor lobar LTx, involving a right lower 

lobe from one donor and a left lower lobe from a 
second donor, was frequently employed in the USA 
until 2005 when allocation methods improved.[28,29] 
Presently, this approach is predominantly utilized 
in pediatric programs in Japan due to their ongoing 
shortage of suitable organs.[30,31] Recently, there 
has even been a reported series of six children 
who underwent successful living-donor segmental 
LTx.[32] In this segmental approach, the basal 
segments of the lower lobes, or segment 6, were 
used. Importantly, a downside of living-donor LTx 
is that both the recipient and the donor face risks 
during the procedure and lose a portion of their lung 
volume.[28]

single lung transplantation
While largely abandoned, this procedure may still 

be infrequently considered for a patient who has 
undergone a previous pneumonectomy to replace the 
remaining single lung. The presence of a remaining 
recipient lung carries the risk of mucus, bacterial and 
fungal infections spreading from the remaining lung 
into the graft, or the persistence of PH potentially 
damaging the graft.

recipient indications
In the past decade, there has been a significant 

change in referral diagnoses, reflecting shifts in 
treatment options. Figure 3a provides an international 
overview of the period between 2010 and 2018,[3] while 
Figure 3b illustrates the trend shift in the USA from 
2016 to 2021.[7]

cystic fibrosis
In earlier periods, cystic fibrosis (CF) was the 

predominant diagnosis among children undergoing 
LTx.[3] Cystic fibrosis results from loss-of-function 
mutations in the CF transmembrane conductance 
regular (CFTR) gene.[33] Since 2012, CFTR modulators 
targeting the underlying cellular mechanisms have 
been available, even for younger children, positively 
impacting approximately 90% of CF patients based 
on their genotype.[34-36] These CFTR modulators have 
clinically stabilized even patients with advanced 
stages of CF, leading to a significant postponement 
of listing or even removal of CF patients from the 
transplant waitlist.[37-39] After 2013, data from UNOS 
demonstrated a consistent decline of pediatric CF 

figure 2. Types of lung transplantation in children.
LTx: Lung transplantation.
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recipients undergoing LTx in the US, reaching a low of 
only 16% in 2021 (Figure 3b).[7]

pulmonary hypertension
In the past decade, idiopathic pulmonary arterial 

hypertension (IPAH) has emerged as the leading 
indication for pediatric LTx, alongside CF,[3,6,7] 
constituting approximately 16% of cases in the USA.[7] 
The incidence of IPAH continues to rise despite 
the availability of novel pulmonary vasodilators 
and interventions, such as atrial septostomy and 
the reversed Potts shunt (left pulmonary artery to 
descending aorta).[40-42] This trend may be partly 
explained by a shift from combined heart-lung 
transplantation in earlier years to successful LTx 
alone.[6] Severe right-sided ventricular dysfunction 
due to IPAH generally improves when the right 
ventricle is unloaded after LTx.

While IPAH accounts for about 70% of PH cases, 
approximately 30% of pediatric LTx are performed 
for secondary PH (SPH).[3] Children requiring LTx 
for IPAH are typically between one and five years 
of age, whereas those with SPH tend to be older.[2] 
A significant subgroup of SPH cases referred for 
pediatric LTx is those with Eisenmenger-associated 
severe PH related to congenital heart disease.[6]

interstitial lung disease
Pediatric interstitial lung diseases (ILDs), or, more 

broadly, pulmonary fibrosis, are a frequent indication 
for LTx.[3,7] These diseases encompass a heterogenous 
group of syndromes[43] and include various conditions, 
such as surfactant protein deficiencies, disorders 
leading to alveolar proteinosis, growth abnormalities, 
such as bronchopulmonary dysplasia, alveolar-capillary 

dysplasia, obliterative bronchiolitis, and entities such as 
pleuroparenchymal fibroelastosis.

retransplantation
The improved outcomes after pediatric LTx have 

resulted in more long-term survivors, and some of 
these individuals, who are still children, may become 
potential candidates for retransplants. International 
data report a retransplant rate of about 5%,[3] with some 
centers having rates approaching almost 13%.[44] The 
most common diagnosis requiring retransplantation is 
CLAD.[13,45]

recipient selection criteria
The selection of candidates necessitates a 

collaborative effort involving multiple disciplines, 
including pediatrics, medicine, surgery, and anesthesia. 
Specific pediatric recommendations were introduced 
in the “consensus document on the selection of lung 
transplant candidates” by ISHLT in 2014,[46] which 
were subsequently updated in 2021.[47] The pediatric 
section in this document relies on the limited available 
literature, primarily drawing from expert opinions and 
extrapolations from adult literature.

In the earlier guideline,[46] the timing was 
determined by factors such as high risk of death 
from lung disease within two years if LTx is not 
performed, progressive lung disease despite maximal 
medical therapy, and poor quality of life. However, 
in the recent guideline,[47] the timing of referral 
is kept more open. It is specifically emphasized 
that children should be referred early and undergo 
detailed review due to the often longer wait time 
in this population and the challenge of acquiring 
suitable-sized organs.

Other
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figure 3. Pediatric recipient diagnoses (a) in the era between 2010 and 2018 in the international (ISHLT)[3] database and (b) in the years 
2016 and 2021 the USA (UNOS)[7] database. 
IPAH: Idiopatic pulmonary hypertension; ReTx: Re-lung transplantation; CF: Cystic fibrosis; ILD: Interstitial lung disease; IIP: Idiopatic interstitial pneumonias; OB: 
Obliterative bronchiolitis; PH: Pulmonary hypertension; NA: Not available; ISHLT: International Society for Heart and Lung Transplantation; UNOS: United Network for 
Organ Sharing.
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Absolute contraindications specifically relevant 
for children include multisystem organ failure (unless 
considered for multiorgan transplant), malignancy 
with high risk of recurrence, active systemic 
infections, and expected limited survival even with 
a transplant. Chest wall deformities or a remodeled 
or adhesive situs due to previous thoracic surgeries 
increase the complexity of the transplantation and 
are therefore considered a relative contraindication 
and a risk factor, respectively.

Pretransplant mechanical ventilation is a 
known risk factor for survival in children, except 
in the subpopulation of infants, which needs to 
be considered.[48] Nonadherence is viewed as an 
absolute contraindication, with mental disorders in 
the child or their caregiver being considered risk 
factors. In earlier eras of pediatric LTx (1996-2013) 
adolescents were at a higher risk of developing 
CLAD due to nonadherence with medical therapy, 
but this has been successfully addressed with a 

stronger focus in recent years.[48] No risk association 
was found in previous studies regarding the 
severity of pretransplant mean pulmonary artery 
pressure.[49,50] Being severely underweight, measured 
by body mass index percentiles, was identified as an 
independent predictor for poor survival in a current 
UNOS data analysis.[51] Consequently, addressing 
this modifiable target is important for improving 
survival.

disease-specific selection criteria
Table 1 gives an overview of the current referral 

criteria in pediatric patients with CF, PH, and ILD. 
Children with CF suffering from pulmonary infection 
with Burkholderia cenocepacia and nontuberculous 
mycobacteria, once considered contraindications for 
LTx in both adults and children, are no longer regarded 
as such in recent guidelines when well-managed prior 
to transplant.[47]

In the context of PH, the timing of listing for 
transplantation poses a challenge. Children with PH 

Table 1. Disease specific referral criteria for pediatric lung transplantation, based on the ISHLT consensus 
document,[47] including guidelines from the European Pediatric Pulmonary Vascular Disease Network[53]

Cystic fibrosis • A forced expiratory volume in one second (FEV1) 
a. Between 40% and 30% in general, or 
b. <50% and rapidly declining or 
c. <50%, accompanied by a low 6-minute walk (<400 m), hypoxemia (PaO2 <8 kPa or 

<60 mmHg), hypercarbia (PaCO2 >6.6 kPa or >50 mmHg) or pulmonary hypertension 
(mPAP >25 mmHg)

• Worsening nutritional status and growth despite intervention
• Respiratory failure, long-term non-invasive ventilation

Pulmonary hypertension • Clinical evidence of right heart failure, impaired growth
• WHO functional class III-IV
• Signs of disease-related secondary liver or kidney dysfunction, recurrent hemoptysis or syncope
• Need for prostacyclin therapy
• Significantly elevated levels of B-type natriuretic peptide (BNP) or N-terminal (NT)-pro 

hormone BNP (NT-proBNP)
• In echocardiography: severe enlargement of right atrium and ventricle, as well as systolic 

dysfunction of the left and right ventricle
• Invasive hemodynamic measures: cardiac index (CI) <2.5l/min/m2, mean pulmonary artery 

pressure over mean systemic arterial pressure (mPAP/mSAP) >0.75, mean right atrial pressure 
(mRAP) >14 mmHg, and pulmonary vascular resistance index (RVRi) >15WUm2

Interstitial lung disease • Histopathological proven or radiographic probable usual interstitial pneumonia (UIP) 
• Any form of pulmonary fibrosis with 

a. Forced vital capacity (FVC) <80% or 
b. Diffusion capacity of carbon monoxide (DLCO) <40%, or 
c. A relative decline one of the following in the past 2 years: FVC ≥10%, DLCO ≥15%, FVC ≥5% 

in combination with worsening of respiratory symptoms or radiographic progression
• Supplemental oxygen requirement 
• Inflammatory progression despite treatment

ISHLT: International Society for Heart and Lung Transplantation; WHO: World Health Organization.
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are known to exhibit much more preserved cardiac 
indices and exercise tolerance than adults, even in 
advanced disease. However, they may experience 
sudden and rapid deterioration, leading to fatal 
outcomes.[52] The current guidelines[47] for candidate 
selection refer to a pediatric-specific consensus 
statement from 2019.[53]

The timing of retransplant is a complex issue. 
Immediate retransplantation due to PGD in children,[2] 
as in adults,[54] is considered inferior to primary 
operations. Studies have shown that retransplantation 
after a period of 12 months and without requiring 
invasive ventilator support at the time of retransplant 
tends to be more successful.[55]

extracorporeal membrane oxygenation

In children with respiratory failure, using ECMO 
as a bridge to the transplant is currently considered 
a superior alternative with fewer risks compared to 
long-time mechanical ventilation. Various single-
center studies[13,56-59] and a recent propensity-
matched UNOS data study[60] show that there is 
no negative impact on the postoperative survival. 
Based on data from the USA, 16% of pediatric 
recipients are currently bridged by mechanical 
ventilation and ECMO, 8% by ECMO only, and 16% 
by mechanical ventilation only.[7] Most candidates 
are hemodynamically stable, and veno-venous 
ECMO via a single bicaval dual-lumen catheter 
in the internal jugular vein is often sufficient.[12,60] 
The consensus document by the ISHLT,[47] based 
on knowledge from adults, lists contraindications 
for ECMO as a bridge to transplantation, such 
as septic shock and multiorgan failure, which 
are also applicable for pediatric candidates. A 
recent UNOS data study identified age >12 years 
and compromised kidney function at the time of 
listing as risk factors.[60] If possible, candidates 
should be kept awake and spontaneously breathing 
to allow regular physiotherapy and avoid rapid 
physical deconditioning.[58,61,62] Lung transplantation 
outcomes in patients receiving transplant from 
ECMO were significantly better in patients who 
were able to ambulate than in those who were 
not.[59,63]

In some centers, pumpless, low-resistance 
membrane oxygenator devices are employed for 
bridging purposes.[64,65] These oxygenators are 
positioned between the pulmonary artery and the left 
atrium and have been successfully used in a child as 
young as two years of age.[65]

donor selection and allocation
selection
Donor selection criteria are primarily the same 

as those for adults.[66] However, the chronic shortage 
of organs and the challenge of finding organs that fit 
the size of the child are significant limiting factors 
in the success of pediatric LTx. Historically, children 
have experienced higher rates of waitlist mortality 
compared to adults,[8,67] with small children facing 
particularly elevated risks. For instance, in the USA, 
children under six years of age have a 42% chance of 
dying while on the wait list.[67]

The majority of transplants are conducted using 
lungs from brain-dead donors.[2] To address the limited 
donor pool, various strategies are being explored, 
including size reduction or lobar transplantation,[23] 
living donation,[30] donation after cardiocirculatory 
death,[68,69] graft improvement through ex vivo lung 
perfusion,[70] and the utilization of extended criteria 
donor organs.[71]

An analysis of international data on deceased donor 
characteristics revealed no significant association 
between donor age and one-year survival, as well as 
freedom from CLAD.[72] Additionally, there was no 
observed association between short- and long-term 
survival concerning donor smoking, donor substance 
abuse, and donor cause of death.[72] However, an 
ischemic time of 4 h or more was linked to inferior 
short- and long-term survival, except in a subgroup of 
very young children.[72]

allocation
Currently, allocation policies for pediatric LTx vary 

across different countries, encompassing differences 
in both prioritization and distribution.[8] In response 
to longer wait times and higher rates of waitlist 
mortality, several countries have modified their lung 
allocation strategies for children. The USA, the UK, 
Italy, France, and several European countries served by 
Eurotransplant, as well as Australia and New Zealand, 
now prioritize children, employing various donor 
and recipient age algorithms or considering medical 
urgency over accumulated waitlist time.[8] In the USA, 
for instance, the implementation of these changes in 
the lung allocation score has significantly reduced 
waitlist mortality.[73]

outcomes
Table 2 provides an overview of the most recent 

reported short- and long-term survival in children, 
drawing from the extensive ISHLT and UNOS 
databases, as well as from some high-volume centers. 
According to ISHLT data, worldwide median survival 
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Table 2. Short- and long-term survival after pediatric LTx

n Era 1 year
(%)

3 years
(%)

5 years
(%)

10 
years 
(%)

Median 
(years)

overall

ISHLT (2019)[2]
Pediatric All 2,223 1992-2017 81* 64* 53* 39* 5.7*
Adult All 63,410 1992-2017 81* 67* 56* 34* 6.2*

UNOS (2023)[7] Pediatric
All 124 2014-2016 84 62 57 NA NA
All 43 2011 77* 56* 48* 36 NA

Vienna, Austria 
(2018)[13] Pediatric

All, median age 12.9  86 1990-2015 79 72* 68 57 10.4*
All, median age 13.0 65 2003-2015 86 77* 74 74 NA

Hannover, Germany 
(2009)[25]

Pediatric All double lung 31 1987-2007 73* 69* 47* 37* 4.7*

Italy (9 centers)
(2023)[44]

Pediatric All, median age 14.5 100 1992-2019 72 55 52 33 4.3*

By age

ISHLT (2019)[2] Pediatric

Age <1 106 1992-2017 75* 63* 56* 41* 7.3
Age 1-5 171 1992-2017 78* 59* 52* 44* 5.8

Age 6-10 336 1992-2017 84* 71* 61* 44* 8.4
Age 11-17 1610 1992-2017 81* 63* 51* 37* 5.4

By diagnosis
ISHLT (2019)[2] Pediatric CF 1220 1992-2017 84* 65* 52* 36* 5.6

ILD 92 1992-2017 76* 61* 48* 36* 4.5
ILD other 103 1992-2017 81* 69* 58* 34* 7.3

OB (non-ReTx) 103 1992-2017 87* 71* 64* 57* 12.4
Secondary PH 117 1992-2017 71* 51* 43* 34* 3.2

IPAH 219 1992-2017 81* 69* 64* 44* 7.4
St. Louis, USA (2011)[49] Pediatric IPAH 19 1991-2009 95 72* 61 27* 5.8

By type
ISHLT (2019)[2] Pediatric Single Ltx 72 1992-2017 53* 38* 28* NA 1.9
ISHLT (2019)[2] Pediatric ReLTx 103 2000-2017 66* 53* 44* 33* 3.8*
UNOS (2011)[55] Pediatric ReLTx all 81 1988-2008 48 38 28 NA 0.9

ReLTx after <1 year 40 1988-2008 40 36 30 NA 0.3
ReLTx after >1 year 41 1988-2008 56 49 34 NA 2.8

Vienna, Austria 
(2018)[13]

Pediatric ReLTx 17 
(15 late 
ReLTx)

1990-2015 92 92 80 NA 7.3*

Hannover 
(2011)[45]

Pediatric ReLTx, mean age 14.1 7 
(6 late 

ReLTx)

1994-2009 71 71 NA NA 4.7*

ISHLT (2019)[2] Pediatric Living donor 
LTx (11-17)

84 1992-2017 71* 57* 39* 27* 3.8

Kyoto, Japan 
(2022)[31]

Pediatric Living donor LTx, 
median age 11.0

25 2008-2019 88* 88* 88 75 NA

UNOS 
(2006)[28]

Pediatric Living donor LTx, 
age 6-10

NA 1994-2003 100* 68* 50* NA NA

Living donor LTx, 
age 11-17

NA 1994-2003 66* 54* 37* NA NA

St Louis, USA
(2003)[74]

Pediatric Living donor LTx 38 1994-2002 60 48 NA NA NA

ISHLT: International Society for Heart and Lung Transplantation; UNOS: United Network for Organ Sharing; CF: Cystic fibrosis; ILD: Interstitial lung diseases; 
OB: Obliterative bronchiolitis; ReTx: Re-lung transplantation; PH: Pulmonary hypertension; IPAH: Idiopathic pulmonary arterial hypertension; NA: Not available. 
* Numbers read out of graphs.
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in children is reported as 5.7 years compared to 
6.2 years in adults.[2] However, a noteworthy fact is that 
all children who survive the first year after LTx have 
an expected median survival of 9.1 years, surpassing 
that of adults with 8.3 years from that point onwards.[2] 
Comparisons of different eras by various registries and 
single centers generally indicate improved survival in 
the present day.

Regarding the underlying disease, no significant 
differences are known, and considerably good outcomes 
are achieved in children with IPAH, showing an 
international survival of 7.4 years.[2,3] Recipients with 
IPAH who survived a year had an expected median 
survival of 12.4 years.[2] In large contrast to LTx for 
IPAH, the underlying diagnosis of SPH appears to have 
the poorest outcomes across all indications for LTx, 
with a median survival of 3.2 years.[2]

The age of children also plays a certain role in 
the outcome of LTx.[2] In earlier periods (2000-2005), 
adolescent recipients had a poorer overall survival 
compared to younger children.[48] However, this 
significant trend disappeared with more closely 
controlled compliance in adolescents in the most recent 
period (2012-2017).[48]

In terms of the type of LTx, there is a clear survival 
advantage for bilateral versus single LTx, as the 
median survival for single LTx is reported to be only 
1.9 years.[2]

Earlier reports from the USA presented relatively 
pessimistic outcomes for living lobar LTx in 
children,[28,74] likely due to the cohort consisting of 
severely ill recipients in urgent need of transplantation. 
In contrast, recent outstanding results have been 
achieved with living donors in centers of Japan,[31] 
surpassing the average survival rates of deceased 
donors.

Historically, retransplantation has shown poor 
overall survival.[55,75] However, it appears that early 
retransplantation due to PGD or acute rejection within the 
first year is associated with poor survival, while at a later 
state, CLAD and nonrequirement of ventilation are linked 
to better survival. This is indicated by nonsignificant 
trends in a study based on UNOS data.[55] Single centers 
that predominantly retransplanted well-selected children 
at a later stage have demonstrated favorable results, with 
medians ranging from 4.7 to 7.3 years.[13,45]

peri- and posttransplant care 
and cHallenges
The perioperative period requires a 

multidisciplinary team approach involving close 

monitoring and treatment to overcome various 
challenges, which can lead to short- or long-term 
morbidity and mortality, as graphically displayed on 
ISHLT data in Figure 4. Mortality is highest in the 
first year, with approximately 15% of all recipients 
succumbing to infection and graft failure.[2]

immunosuppression
The majority of children undergoing LTx 

typically receive induction therapy.[7,13] This is 
usually basiliximab, an interleukin-2 receptor 
antagonist.[76] Alemtuzumab, a CD52-depleting 
monoclonal antibody has also shown a significant 
positive association with median posttransplant 
survival based on UNOS data.[77] Recently, a 
multicenter study using the monoclonal antibody 
rituximab plus the polyclonal antibody rabbit 
antithymocyte globulin (thymoglobulin) for induction 
found promising tendencies of reduced rejection.[78]

Posttransplant long-term immunosuppression 
strategies typically involve a triple-drug maintenance 
regimen, consisting of a calcineurin inhibitor (usually 
tacrolimus), a T-cell antiproliferative (mycophenolate 
mofetil/mycophenolic acid), and corticosteroids 
(prednisone). A retrospective single-center study 
found tacrolimus to be positively associated with 
posttransplant survival in children.[79] However, it 
is important to note and monitor that calcineurin 
inhibitors carry the risks of nephrotoxicity, neurological 
symptoms, the onset of diabetes mellitus, and, along 
with corticosteroids, the risk of osteoporosis and 
systemic hypertension.[80-82]

primary graft dysfunction
Within the first 72 h after LTx, PGD has an 

incidence of 8-30% in both adults and children.[83] 
Currently, it accounts for almost 16% of deaths within 

figure 4. Relative incidences of leading causes of death after 
pediatric LTx, based on ISHLT data.[2]

CLAD: Chronic lung allograft dysfunction; LTx: Lung transplantation; ISHLT: 
International Society for Heart and Lung Transplantation.
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the first 30 days[2] despite improved surgical techniques 
and optimized organ preservation. The underlying 
mechanism predominantly involves damage caused 
by ischemia-reperfusion injury, leading to severe 
inflammatory and immunological reactions.[84,85] 
Clinically, pulmonary edema with diffuse alveolar 
damage leads to progressive hypoxemia.[83] For graft 
recovery, along with judicious ventilator management, 
fluid management to maintain normovolemia and 
pressor support is employed. In many cases, a 
transient installation of ECMO support is needed to 
overcome PGD and ensure sufficient gas exchange. In 
cases of known previous pulmonary arterial pressure, 
ECMO is not only used intraoperatively, but its use is 
extended postoperatively to prevent hyperperfusion 
and consequent PGD of the new graft until the 
anatomy and physiology of the heart has readapted.[86]

acute rejection

Acute cellular rejection (ACR) is the most common 
form of allograft rejection, affecting almost half 
of children who undergo LTx. It is most commonly 
observed during the first three months but remains 
frequent up to three years later.[87] Acute cellular 
rejection is a complex activation of innate and adaptive 
immune responses, resulting in the recruitment of 
alloreactive T lymphocytes to the lung allograft. This 
triggers a cascade involving neutrophils, eosinophils, 
B lymphocytes, macrophages, and natural killer cells, 
causing lung injury.[88,89] Primary graft dysfunction 
may trigger ACR.[90] Clinical manifestations of ACR 
include fever, dyspnea, and hypoxia. Interestingly, the 
risk of developing ACR appears to increase with the 
age of the child,[2] with children younger than three 
years of age appearing to be more protected against 
ACR.[91,92]

chronic lung allograft dysfunction

Chronic lung allograft dysfunction is 
characterized by progressive lung function decline 
and is subcategorized into obstructive, restrictive, 
and mixed phenotypes. Among these, the obstructive 
phenotype of bronchiolitis obliterans syndrome 
remains a major challenge after pediatric LTx 
and LTx in general.[93,94] Chronic lung allograft 
dysfunction is the leading cause of death beyond the 
first year following pediatric LTx.[3] In the ISHLT 
database, more than 54% of recipients suffer from 
CLAD within five years.[2] Chronic lung allograft 
dysfunction is considered multifactorial, associated 
with both acute and chronic rejection.[93,94] While 
a prospective study found no association between 
episodes of ACR, PGD, or community-acquired 

respiratory virus infections and the development 
of CLAD in pediatric lung transplants,[95] a recent 
retrospective single-center study found an association 
between CLAD and PGD grade 3 at 48-72 h after 
transplantation.[96] Children under five years of 
age appear to have increased freedom from CLAD 
compared to older children.[48] Immunosuppression 
nonadherence, particularly in adolescents, is a 
significant risk factor for CLAD.[97] Currently, there 
is no well-proven therapeutic approach for managing 
CLAD, and over the decades, no significant 
improvement has been achieved.[48] Nonpediatric 
specific guidelines recommend change/augmentation 
of immunosuppression, use of macrolides, 
extracorporeal photopheresis, and total lymphoid 
ir radiation as potential interventions.[98] 
Retransplantation remains the ultimate treatment 
option for end-stage CLAD.

infections

Infections account for more than a third of 
deaths during the first year after transplantation 
in children.[2] Similar to adults, the potent 
immunosuppression coupled with challenges in 
mobilizing secretions in the initial weeks after the 
extensive surgery predisposes recipients to infection.

Cytomegalovirus infection is linked to an 
increased incidence of both ACR and CLAD. Many 
transplant centers, including those catering to 
children, have adopted prophylactic treatment with 
ganciclovir.[99,100]

Aspergillosis poses a significant challenge in the 
pediatric lung transplant population,[101] particularly 
in children with CF who are often colonized by 
Aspergillus.[101] Therefore, it is widely recommended 
to initiate antifungal therapy prior to transplantation 
to reduce the infectious burden and decrease the risk 
of dissemination during the perioperative period.[102] 
Some centers perform preventative sinus surgery 
for CF patients before transplantation, aiming to 
stabilize respiratory function, improve quality of life, 
and reduce the incidence of tracheobronchitis and 
pneumonia.[103-105] However, no direct survival benefit 
has been established.[104,105] 

posttransplant lymphoproliferative disease

The incidence of malignancy after pediatric LTx 
is 4.8% at one year, increasing to 9.3% at five 
years.[2] The majority among these malignancies 
are posttransplant lymphoproliferative disease 
(PTLD).[2] Posttransplant lymphoproliferative disease 
is asignificant and sometimes fatal complication. 
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Primary Epstein-Barr virus (EBV) infection, 
typically acquired from the donor, is a major risk 
factor for PTLD development. The incidence of 
PTLD in EBV-negative recipients is 8.8% at five 
years after transplant, compared to 1.2% among 
EBV-positive recipients.[7] During the first year, 
PTLD typically presents with nodules in the allograft, 
along with malaise and fever. Later onset of the 
disease may involve the gastrointestinal tract, skin, 
and lymphatic tissue, including the nasopharynx.
[106,107]Data support the use of prophylactic antiviral 
therapy in EBV-negative recipients who received a 
positive donor organ.[108]

cHallenges
Children continue to have the highest proportion 

of deaths on the waitlist across all age groups, 
with shorter height being associated with increased 
mortality while awaiting the transplant.[67] Systems 
prioritizing children worldwide might help overcome 
this problem.[8] Additionally, as center volume plays 
a role in the incidence of rejection and survival, more 
detailed guidelines and experience exchange between 
centers might improve outcomes.[109] Moreover, further 
research on subgroups with specific underlying 
diseases for optimizing candidate selection and 
defining optimal timing for referral would be needed. 
This is also true for the increasing number of potential 
retransplantation candidates, as organ shortage and 
their often compromised outcomes fuel an ethical 
dilemma.

Recruitment and management of organ allocation 
for young pediatric donors may not be as consistent 
or efficient in some countries.[67] Repeated education 
and training throughout the allocation process, 
along with increased knowledge about suitable 
organs, could potentially enhance the utilization of 
donors in this age group.

Moreover, similar to adults, additional research into 
the viability of extended donor lungs and enhancement 
techniques like ex vivo lung perfusion procedures 
to expand the limited donor pool would be highly 
valuable. Given the significance of allograft size 
in pediatric recipients, exploring the use of three-
dimensional computed tomography volumetry to assess 
recipient chest cavity volume could be a promising tool 
to assist surgeons in accurately downsizing oversized 
lung grafts before transplantation.[110]

Finally, the persistent challenges of ischemia-
reperfusion injury, PGD, and, particularly, CLAD 
require increased focus. Rapid advancements in 
the development of next-generation technologies 

may provide insight into the pathophysiology of the 
dysregulated immune environment associated with 
ACR and CLAD. This could aid in the early detection 
and treatment, potentially leading to improved 
morbidity and mortality.[111]
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