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Early diagnosis and targeted approaches to pulmonary
vascular disease in bronchopulmonary dysplasia
Catheline Hocq1, Laetitia Vanhoutte2, Axelle Guilloteau3, Anna Claudia Massolo4, Bénédicte Van Grambezen1, Kate Carkeek1,
Fiammetta Piersigilli1, Olivier Danhaive1,5 and from the European Society for Pediatric Research

Pulmonary hypertension has emerged as a life-threatening disease in preterm infants suffering from bronchopulmonary dysplasia
(BPD). Its development is closely linked to respiratory disease, as vasculogenesis and alveologenesis are closely interconnected.
Once clinically significant, BPD-associated pulmonary hypertension (BPD-PH) can be challenging to manage, due to poor
reversibility and multiple comorbidities frequently associated. The pulmonary vascular disease process underlying BPD-PH is the
result of multiple innate and acquired factors, and emerging evidence suggests that it progressively develops since birth and, in
certain instances, may begin as early as fetal life. Therefore, early recognition and intervention are of great importance in order to
improve long-term outcomes. Based on the most recent knowledge of BPD-PH pathophysiology, we review state-of-the-art
screening and diagnostic imaging techniques currently available, their utility for clinicians, and their applicability and limitations in
this specific population. We also discuss some biochemical markers studied in humans as a possible complement to imaging for the
detection of pulmonary vascular disease at its early stages and the monitoring of its progression. In the second part, we review
pharmacological agents currently available for BPD-PH treatment or under preclinical investigation, and discuss their applicability,
as well as possible approaches for early-stage interventions in fetuses and neonates.
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● BPD-associated PH is a complex disease involving genetic and epigenetic factors, as well as environmental exposures starting
from fetal life.

● The value of combining multiple imaging and biochemical biomarkers is emerging, but requires larger, multicenter studies for
validation and diffusion.

● Since “single-bullet” approaches have proven elusive so far, combined pharmacological regimen and cell-based therapies may
represent important avenues for research leading to future cure and prevention.

INTRODUCTION
Despite major improvements in antenatal and neonatal care for
preterm babies, the incidence of bronchopulmonary dysplasia
(BPD) has not decreased over the 2–3 past decades1 and remains
one of the most common complications of prematurity.2 The
majority of BPD patients will have a favorable respiratory outcome.
However, severe BPD cases (~15%) are at risk of persisting
comorbidities, including chronic respiratory insufficiency and
pulmonary hypertension (PH).3 BPD-related PH (BPD-PH) has
emerged as a major determinant of morbidity and mortality in the
first years of age.4,5 Increased pulmonary vascular resistance (PVR),
the hallmark of pulmonary vascular disease (PVD), can be detected
in up to 20% of extremely low birth weight infants affected with
BPD6 and is correlated with BPD severity.7 Elevated PVR during the
first days of life is a predictor of BPD and late PH.8 PVD significantly
affects pre- and post-discharge mortality,5 with up to 50%
mortality during the first 2–3 years of life in the most severe
cases.4 PVD can persist and progress with time in BPD survivors. In

a large prospective cohort, Levy et al.9 showed elevated PVR at 1-
year corrected age in infants with BPD compared to non-BPD
controls, but also in preterm compared to term infants regardless
of the BPD status.
The association of PVD with BPD is not surprising, given the

overlap between the alveolarization and angiogenesis processes
during fetal development. Nowadays, in the surfactant era, the
BPD phenotype evolved from predominantly inflammatory to a
developmental disorder. This so-called “new BPD” is characterized
by a disruption of alveolarization and vascularization starting with
premature birth or even during fetal life, and progressing in the
neonatal period as a consequence of oxidative, mechanical,
infectious, and other lung injuries. These alterations of angiogen-
esis result in PVD, characterized by reduced capillary density,
vascular wall remodeling, and altered endothelial function, all of
which lead to increased PVR and, ultimately, clinical PH in
the most severe cases.10 BPD-associated PVD is, therefore, a
unique developmental disease, emerging in the context of lung
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immaturity and postnatal injuries following preterm birth. The
third trimester of gestation and early postnatal period may
represent a window of opportunity for intervention at its
inception, potentially preventing disease progression and adverse
outcomes, yet detecting PVD at its preclinical stage is challenging,
if ever possible.
Available evidence regarding the PVD process derives mostly

from animal studies focusing on selected aspects, due to the lack
of an accurate BPD model. Antenatal disorders such as fetal
growth restriction (FGR), chorioamnionitis, pulmonary hypoplasia,
or congenital diaphragmatic hernia (CDH) may represent valuable
proxies, but should be translated with caution to human BPD-PH.
Postnatal PVD is technically more accessible for assessment, and
has been studied more extensively in newborns. However, most
therapeutic interventions derive from pediatric or adult research
on established PH. This review will focus on recent advances in
the detection of PVD and PH in extremely premature infants
and potential translation into personalized therapies based on
molecular mechanisms and individual determinants.

HOW TO DETECT AND EVALUATE PVD?
Several techniques have been proposed for the detection of PVD
as early as possible. However, many of them derived from adult,
children, or term newborn babies suffering from PH of diverse
etiologies, and evidence of their validity in BPD-PH infants is still
limited.

Echocardiography
Because of its limited invasiveness and its ease of use at
the bedside, echocardiography represents the most practical
approach for the detection of early hemodynamic alterations
related to PVD, but also for ruling out anatomical defects, such as
patent foramen ovale, atrial septal defects, patent ductus
arteriosus (PDA), systemic pulmonary collaterals, or pulmonary
vein stenosis (PVS), that can occur during or contribute to the PVD
process.4,11 PVS has emerged as a significant complication in BPD
patients, leading to increased mortality.12

Specific functional indices primarily developed in adult popula-
tions have been long translated to infants and neonates for the
hemodynamic evaluation of PH,13 but evidence supporting their
validity and significance are more limited.14–17 While more and
more neonatal units use echocardiogram at the bedside and more
and more parameters are emerging, their validation in the
detection of PVD and grading the severity of BPD-PH is still
scarce. Table 1 synthesizes current evidence for the diagnosis of
PVD and PH by echocardiogram in BPD-PH patients.
Tricuspid regurgitation jet velocity (TRJV) may provide an

estimation of right ventricular pressure (RVP) and thus give an
indirect indication of PVR in the absence of a ductal shunt.
However, this index has several limitations: first, it requires a
proper transvalvular flow, lacking in as many as 85–92% of
preterm infants;8,18 second, its absence does not imply the
absence of PH; third, TRJV-derived RVP lacks sensitivity and
specificity compared to direct systolic pulmonary arterial pressure
(sPAP) measured by right heart catheterization (RHC) in chronic
lung disease infants.19 Combining TRJV with classic echocardio-
gram parameters, such as cardiac chamber diameters, intraven-
tricular septum (IVS) flattening, and Doppler flow direction
through PDA or other shunts, improves echocardiogram sensitiv-
ity and specificity for PH diagnosis. However, in the absence of
TRVJ, these conventional measurements correlate relatively poorly
with the gold standard of RHC.19

Other indices commonly used in adults are increasingly studied
in neonates. The eccentricity index (EI) estimates right ventricular
(RV) afterload more specifically and sensitively than IVS config-
uration. McCrary et al.20 have demonstrated its significant
correlation with BPD-PH in a cohort of preterm infants. Pulmonary

artery acceleration time (PAAT) and its ratio with RV ejection time
(PAAT/RVET), an accurate index of RV afterload in children,21

resulted as a valid early marker of PVD in a large cohort of 239
preterm infants.22 These findings were confirmed in another
preterm cohort, showing decreased PAAT and PAAT/RVET values
in the infants with PH signs by echocardiogram compared to
those without.23 At a more advanced stage, elevated PVR leads to
RV dysfunction, which may translate into RV and/or right atrial
dilatation and altered RV contractility on echocardiogram. Multiple
functional indices have been developed in order to detect and
quantify RV dysfunction, such as fractional area change (FAC),
tricuspid annular plane systolic excursion (TAPSE), Tissue doppler
index, its derived myocardial performance index (MPI), and
speckle tracking echocardiography (STE). Reference values are
available in term and preterm infants for each of these
indices.16,22,24–27 Fractional area change and MPI show a good
correlation with BPD-PH.28,29 Low TAPSE values were associated
with increased mortality in a study on late preterm/term infants
with persistent pulmonary hypertension of the newborn (PPHN).30

Lower TAPSE and higher RV-MPI values were observed during the
first 2 weeks of life in a subset of preterm infants with clinical
evidence of PH compared to controls.31 However, larger studies
are needed to validate the diagnostic and prognostic value of
these indices in BPD-PH. Although it requires specific equipment,
STE may be an important addition to PH evaluation as a tool for
assessing myocardial strain. By analyzing the motion of speckles in
two-dimensional ultrasonic image, this technique allows a non-
Doppler, angle-independent, quantitative analysis of myocardial
deformation, with the possibility of quantifying myocardial
thickening, shortening, and rotation.32 During PH, RV dilates,
hypertrophies, and develops both systolic and diastolic dysfunc-
tion.33 PH-related RV dysfunction also leads to secondary changes
in left ventricular (LV) filling and performance.34,35 Extension of RV
dysfunction to the LV is presumably a consequence of ventricular
interdependence, including the shared septum, muscle fibers, and
pericardium.36,37 STE demonstrated persistent abnormal RV and
IVS strain at 1 year of age in a cohort of ex-preterm infants with
BPD and PH.26 Some STE studies in infants with BPD showed the
presence of a prevalent LV diastolic dysfunction,38 even though an
RV-dominant pattern is expected.26,39

Combinations of indices have been studied and developed into
protocols for the detection and grading of BPD-PH (for a review,
see the PPHNet group11) However, specific scoring systems
including both standard and functional parameters are still poorly
developed, and do not allow yet to diagnose and establish the
severity of PVD and BPD-PH accurately, especially in cases when
TR is absent or shunts are present.15,19,40 Moreover, echocardio-
gram studies systematically assessing the responsiveness of BPD-
PH patients to treatment are lacking.
The majority of published studies and clinical guidelines are

based on echocardiogram assessment at 36 weeks. However,
echocardiogram has the potential of detecting signs of PVD from
the first days of life. In a cohort of preterm infants, PH markers at
7 days were predictive of severe BPD (RR 1.12) and late PH (14%,
RR 2.85).8 In another cohort, persistent PH at 72–96 h of life was
predictive of death or BPD by 36 weeks.41 Furthermore, since
disruption of pulmonary development in utero represents an
initial step towards PVD, antenatal identification of such risk
factors could further advance the boundaries of prevention. Fetal
echocardiogram is an important technique for early identification
of fetuses at risk of PH, allowing fetal biometry and Doppler
placental dysfunction assessment. In a large cohort of preterm
infants, several antenatal factors showed a clear association with
later PH development, the strongest predictors being FGR,
maternal hypertension, and smoking (odds ratios 2.40, 2.11, and
2.02, respectively), each of which suggests maternal vascular
underperfusion and placental dysfunction as a common path-
way.42 Lio et al.43 showed that FGR 2–5 days prior to birth was
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associated with a fivefold increase in BPD at 36 weeks. Whether
functional indices provide additional indications on nascent PVD
in the fetus is still an open question. Fetal PAAT/RVET shows a
correlation with lung maturity,44 development of respiratory
distress syndrome (RDS),45 or pulmonary hypoplasia-related
PH.46 Maternal hyperoxia test with lack of fetal pulmonary artery
blood flow response is associated with neonatal PH and mortality
in lung hypoplasia47 or CDH.48 Although promising, these
techniques lack sensitivity and specificity that limit their clinical
application49 and have not been systematically evaluated as
predictors of BPD.
In summary, in the specific population of BPD-PH, echocardio-

gram is the more widely used noninvasive diagnostic technique.
Scoring system including multiple conventional and advanced
parameters, with the potential addition of other noninvasive
biomarkers (see below), could improve echocardiogram effective-
ness, but still need to be elaborated and validated for BPD-PH.

Cardiac catheterization
RHC remains the gold standard for accurate quantification of
hemodynamic parameters in children PH, allowing direct mea-
surement of PAP and PVR, characterization of the hemodynamic
subtype (pre- and/or postcapillary), and assessing disease severity
and prognosis.50 Angiography allows the identification of PVS,
aortopulmonary collaterals, shunts, and left and right heart
dysfunction, all significant comorbidities of BPD-PH for which
early recognition is essential.51 Functional studies such as acute
vasoreactivity testing yield important information on reversibility
and potential response to treatment.52 PVR correlates with
outcome.12,53 Although several published studies include BPD-
PH patients, the specific value of RHC has not been specifically
investigated in this group. RHC is often postponed and performed
only in a subset of infants because of its invasiveness, technical
challenges, associated risks, and lack of availability. Vascular
complications, sedation-related risks, and death were reported in
up to 5.3% of procedures performed <6 months.54,55 Thus, many
teams restrict RHC to severe PH requiring prolonged/combined
pulmonary vasodilator therapy or suspicion of cardiovascular
anomalies.56 Specifically designed sheaths, catheters and guide-
wires, new system components and improved postprocessing,57

advanced modeling techniques (3D rotational angiography fusion
imaging techniques), or MRI-guided catheterization58,59 are
expected to improve feasibility and safety in neonates.

Computed tomography and magnetic resonance imaging
With its unsurpassable spatial resolution, computed tomography
(CT) remains a technique of choice for anatomical assessment of
respiratory and cardiovascular structures and detection of
alternate causes of PH such as lung parenchymal disorders,
thromboembolic disorders, or PVS.60 Conventional magnetic
resonance imaging (MRI) is not well suited for lung imaging due
to inherently low proton density and fast signal decay in
pulmonary tissues. However, some sequences mainly based on
quiet-breathing acquired (fast) gradient-echo or ultrashort-echo
time have been successfully applied for BPD grading based on
pulmonary density.61,62 Moreover, lung MRI may offer more
information than the CT in terms of functional information
through quantification of emphysematous and fibrotic interstitial
remodeling,63 and follow-up of ventilation and perfusion defects
through specific techniques.64 Cardiovascular magnetic resonance
(CMR) in neonates remains challenging because of small size and
rapid rate, requiring high temporal and spatial resolution.
Traditional CMR imaging requires apnea; however, free-
breathing techniques are developed. CMR could represent an
interesting approach for the assessment of modifications resulting
from PH as it is ideally suited for the study of ventricular
morphometry and function, and vascular dimensions and flow.51

Main pulmonary artery-to-aorta ratio obtained from fast spin-echo

acquisition and LV EI obtained from short-axis steady-state free
precession cine images were recently described as indicators of
disease severity and clinical outcome in neonates with BPD.65 MRI
strain techniques (tagging, displacement encoding with stimu-
lated echoes or tissue phase mapping) could also be applied in
neonates similarly to echocardiographic STE techniques.

Biological markers
Brain natriuretic peptide (BNP) and its inactive but more stable N-
terminal pro-hormone segment (NTproBNP),66 widely used in the
diagnosis and monitoring of left or right cardiac failure,67,68 have
emerged as useful biomarkers for early prediction and monitoring
of BPD-PH.11 Several single-center observational studies showed
that elevated BNP or NT-pro BNP values correlated with RV
overload in neonates. Although normal ranges are not established
in preterm infants, BNP or NTproBNP levels are higher in those
with echocardiogram evidence of PH at or near term,69 correlate
with mortality,70 and persisting PH at 1-year follow-up.71 In a
retrospective cohort of children with various forms of PH, among
which 62% of cases were ex-preterm infants with BPD, iterative
NTproBNP values increase with PH progression and mortality.72 If
BNP or NTproBNP values at birth were shown to correlate with
RVP in term/near-term infants with PPHN73 or in postsurgical CDH
infants,74 such evidence is lacking in preterm infants,75 possibly
because of the confounding effects of PDA and LV strain.76,77

Endothelin-1 (ET-1) has been studied as a biomarker of PH in
adults, showing a prognostic value for treatment response.78 A key
role of ET-1 in impaired fetal angiogenesis has been demonstrated
in a neonatal rat bleomycin-induced lung injury model with
impaired vascular and alveolar development resembling BPD.79 In
preterm infants at risk of BPD, early ET-1 measurements have
yielded mixed results, as some studies have shown a correlation
between plasma or tracheal ET-1 levels in the first days of life and
BPD development,80,81 whereas others have shown opposite
trends.82 More recently, a positive correlation was found with
its more stable precursor (CTproET-1).83,84 As for today, studies
evaluating the predictive value of ET-1 in the specific BPD-PH
population are still lacking.
Since disrupted angiogenesis plays a key role in the early

development of PVD85 and alterations of angiogenic factors
correlate with placenta underperfusion86 and the development of
PH in BPD patients,87 several studies have assessed the potential
predictive value of angiogenesis biomarkers. Some of those, like
endostatin, angiopoietin-1, vascular endothelial growth factor
(VEGF), placental growth factor, or granulocyte colony-stimulating
factor, seem promising.88,89 In a prospective cohort of preterm
infants developing BPD-PH, cord blood biomarkers of placental
maternal vascular underperfusion, individually or in combination,
were shown to have a strong predictive value.86

In summary, while chemical biomarkers seem to be promising
noninvasive tools in the detection of PVD, numerous gaps of
knowledge remain. Future research is needed in order to establish
which ones are most relevant for BPD-PH diagnosis and for early
PVD detection, whether they provide added value to imaging
techniques, and what is their potential for treatment responsive-
ness assessment.

PHARMACOLOGICAL APPROACHES TO PVD
The current mainstay of PH therapy aims at restoring the balance
between endothelium cell-derived vasodilator and vasoconstrictor
factors, which consist of the nitric oxide and prostaglandin
pathways, as well as the endothelin pathway. However, therapies
aimed at pulmonary vascular remodeling are increasingly devel-
oped, tested, and applied. The figure summarizes the main
pathways involved and highlights several existing pharmacologi-
cal compounds and cell-based therapies susceptible to target
them (Fig. 1).
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Targeting the NO/cGMP pathway
Phosphodiesterase type 5 inhibitors (Sildenafil, Tadalafil) have
antiproliferative, proapoptotic, and vasodilating effects in pul-
monary vasculature. In 2009, a small retrospective study in former
preterm infants with established BPD-PH suggested that sildenafil

led to hemodynamic improvement.90 But can early sildenafil in the
first week of life prevent the development of BPD-PH in RDS
infants? Small human trials published so far do not suggest any
benefit, but are clearly underpowered.91,92 A large retrospective
study looking at the use of sildenafil in the first month of life
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in infants <32 weeks, showing no difference in retinopathy of
prematurity as a primary outcome, did not mention any benefit in
BPD prevention either.93 Tadalafil is a longer-acting phosphodies-
terase-5 (PDE-5) inhibitor approved for PH since 2009 with a
similar/better efficacy and side-effect profile in children.94 Some
small studies suggest that Tadalafil can be used safely in
children.95,96 Tadalafil is more potent than sildenafil at reducing
remodeling in vitro,97 but its use in neonatal patients is not yet
established.
Animal studies have suggested a potentiality for sildenafil in

restoring disrupted vascular and airway architecture in CDH
fetuses.98 These finding gave way to the SToP-PH phase I/II
randomized controlled trial (RCT),99 currently underway. In 2012,
the STRIDER (Sildenafil Therapy In Dismal prognosis Early-onset
FGR) Individual Participant Data Study Group was established with
the goal of preventing FGR with sildenafil by restoring adequate
uterine perfusion.100 The group published a first UK multicenter
RCT in 22–29 week pregnancies, showing no difference in
neonatal outcomes, including BPD,101 further confirmed in the
Australia–New Zealand arm of the consortium,102 albeit with a
trend toward better neonatal outcomes. However, the Dutch arm
was halted due to concern over a greater incidence of PPHN in the
infants of treated mothers. A smaller phase II RCT testing tadalafil
in early-onset FGR started in Japan, but halted for interim safety
analysis, showing a decreased antenatal and perinatal mortality,
but no differences in neonatal outcomes.103

Direct stimulation of soluble guanylyl cyclase independent of
endogenous NO production is a promising approach in PH, given
its potential synergy with inducible nitric oxide and PDE-5
inhibitors.104 In phase III trials in adult PH patients (PATENT-1
and PATENT-2), the soluble guanylyl cyclase agonist riociguat
demonstrated improvements in hemodynamics, functional class,
and clinical course.105,106 Animal high-dose studies showed heart
defects in the developing fetus, abortion, and fetal toxicity,
especially an adverse effect on growing bone, precluding its use
during pregnancy and neonates so far (http://www.ema.europa.
eu/docs/en_GB/document_library/EPAR_-_Risk-management-
plan_summary/human/002737/WC500162588.pdf). Nevertheless,
in a rat BPD model, riociguat was beneficial in preventing
hyperoxia-induced lung injury and PH without affecting long
bone growth and structure, suggesting it may be a potential novel
agent for preventing BPD and PH in neonates.107 A recent case
report described the first off-label pediatric use of riociguat in a
child diagnosed with severe, suprasystemic PH at 10 months,
refractory to combined amlodipine, bosentan, and sildenafil, who
responded well to the riociguat–bosentan combined regimen at 2
years, with no significant adverse effects.108

Targeting the endothelin pathway
There is an imbalance between endothelin and prostacyclin (PGI2)
synthesis at the core of several forms of PH. Three different
endothelin receptor antagonists (ERAs) are commercially available:
bosentan, ambrisentan, and macitentan. Bosentan is a nonselec-
tive ERA, acting on both ET-1 receptors ETA and ETB, with
vasodilator109 and anti-remodeling effects. Anecdotal use of

bosentan has been described in advanced severe BPD-PH.110

Ambrisentan is an oral-selective ETA receptor antagonist with a
longer half-life than bosentan.111 In an animal model of hyperoxia-
induced BPD, ambrisentan reduced PH but did not prevent
alveolar and vascular maldevelopment.112 Macitentan, a dual ETA
with tissue-targeting properties, may have improved receptor
binding capacity and fewer drug–drug interactions than
bosentan.113,114 In a multicenter phase III RCT in patients ≥12
years with PH, macitentan alone or as an adjunct drug significantly
reduced mortality and morbidity,115 but no systematic trials
compared different ERAs nor addressed their use in infants.

Targeting the PGI2 pathway
PGI2 is a potent vasodilator in the lung and other districts, with
side effects such as systemic hypotension and thrombocytopenia.
PGI2 binds to the PGI2 receptor (IP), leading to Ca2+ extrusion and
pulmonary arterial smooth muscle cell (PASMC) relaxation through
adenyl cyclase/PKA activation and cAMP synthesis. In addition, IP
reduces PASMC proliferation and migration through peroxisome
proliferator-activated receptor γ (PPARγ) nuclear receptor bind-
ing.116 Epoprostenol, the synthetic equivalent of PGI2, was first
approved for PH in 1995 as a continuous intravenous (IV) infusion
given its very short half-life, followed by treprostinil, iloprost
(2004), and epoprostenol. Despite anecdotic reports of IV
epoprostenol in refractory PPHN, a 2019 Cochrane review117

failed to identify any conclusive trial supporting the use of PGI2
analogs for acute PH. A recent review of 19 studies encompassing
421 cases suggested that subcutaneous (SC) treprostinil is a valid
alternative to IV PGI2 analogs and a useful adjunct therapy in
children with refractory PH of various classes. SC treprostinil
allowed significant clinical improvement in three case series of
infants with late PH after CDH repair.118–120 In five extreme
preterm infants with refractory BPD-PH, treprostinil leads to
clinical improvement, improved RV function, and decrease of
respiratory support.121 Iloprost is a PGI2 analog with a serum half-
life of 20–25min but limited IP selectivity, hence mostly
administered by inhalation. Iloprost attenuated hyperoxia-
induced inhibition of alveolar development and microvascular
density in an animal BPD model, highlighting its potentiality for
early BPD prevention.122 Conversely, oral PGI2 analogs such as
treprostinil diolamine and beraprost, despite encouraging initial
results in human, failed to prove the benefits so far.123,124

Selexipag is a Food and Drug Administration-approved, non-
prostanoid, oral-selective IP agonist, with an established efficacy in
adults with PH.125 Selexipag has a 130-fold higher selectivity
compared to other IP agonists. Selexipag pediatric use was first
reported in 2017 in a 12-year-old child with PH unresponsive to
sildenafil plus bosentan, who showed clinical improvement after
selexipag addition.126 An off-label trial on combined pulmonary
vasodilators, including one former preterm infant with BPD,
showed a good tolerance of the treatment and moderate
hemodynamic improvement.127,128 A recent prospective observa-
tional study of the add-on, incremental selexipag in fifteen 7.4 ±
1.6-year-old children, two of whom had BPD, resulted in clinical
and hemodynamic improvement in half of them, with transient

Fig. 1 Simplified molecular pathways involved in pulmonary vascular tone regulation and remodeling. Vasodilator and anti-remodeling
pathways are indicated with blue arrows; vaasoconstrictor and pro-remodeling pathways with red arrows. Pharmacological agents are
labelled with squares (green: agonist effect; red s: antagonist effects). Molecular agents and targets are abbreviated as follows: NO nitric oxide,
NOS NO synthase, L-Arg L-arginine, L-Cit L-citrulline, PGI2 prostacyclin, IP PGI2 receptor, ECE endothelin-converting enzyme, ET-1 endothelin-1,
GC guanyl cyclase, GTP guanosine triphosphate, cGMP cyclic guanosine monophosphate, PDE-5 phosphodiesterase type 5, ATP adenosine
triphosphate, cAMP cyclic adenosine monophosphate, AC adenyl cyclase, Ca2+ calcium ion, ETA endothelin receptor A, GP G protein-coupled
receptor, IP3 inositol triphosphate, DAG diacylglycerol, PKC protein kinase C, BMP bone morphogenetic protein, TGF-β transforming growth
factor beta, PDGF platelet-derived growth factor, RTK receptor tyrosine kinase, IL-6 interleukin-6, PKA protein kinase A, SMAD small body size
mothers against dpp (signal transducer protein family for TGF-β), MAPK mitogen-activated protein kinases, JAK/STAT Janus kinases/signal
transducer and activator of transcription, ROCK rho-associated protein kinase, CDK cyclin-dependent kinases, PPARγ peroxisome proliferator-
activated receptor gamma, MMP matrix metalloproteases.

Early diagnosis and targeted approaches to pulmonary vascular disease in. . .
C Hocq et al.

810

Pediatric Research (2022) 91:804 – 815

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Risk-management-plan_summary/human/002737/WC500162588.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Risk-management-plan_summary/human/002737/WC500162588.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Risk-management-plan_summary/human/002737/WC500162588.pdf


side effects.129 One former preterm infant with severe chronic
IUGR-related PH was reported to transition successfully from IV
treprostinil to selexipag, showing sustained improvement after
the switch.130 In an animal model, antenatal selexipag had the
property of reversing lung vascular (but not alveolar) anomalies
secondary to CDH,131 suggesting a potential applicability to
human fetuses at risk for developing PH.

Targeting remodeling
Peroxisome proliferator-activated receptor γ (PPARγ) acts as a hub
controlling gene induction PASMC and several other cell types.
PPARγ agonists are widely used in the treatment of hyperlipidemia
and diabetes. A seminal article highlighted a relationship between
PH and insulin resistance and showed the potentiality of these
drugs for PAH.132 The concept was consolidated in several animal
PH models, showing the efficacy of rosiglitazone in preventing
arterial remodeling and cardiac failure.133 In experimental CDH,
antenatal rosiglitazone decreases vascular remodeling and inflam-
mation.134 In a neonatal rat hyperoxia model, rosiglitazone
prevented the alveolar changes typical of BPD.135 Given its good
safety profile, including during pregnancy and its tolerability,
rosiglitazone has potentialities to be repurposed as an antenatal
treatment for BPD-PH prevention, yet to be clinically tested for
this use.
Statins are a class of HMG-CoA (β-hydroxy β-methylbutyryl-CoA)

reductase inhibitors clinically used for the reduction of plasma
cholesterol levels and prevention of cardiovascular diseases, with
antagonist effect on the pro-remodeling endothelin/ROCK (Rho-
associated protein kinase) pathway as well as beneficial effects on
endothelial function, in particular on the NO-cGMP and the VEGF
pathways. Several preclinical studies demonstrated a beneficial
effect of statins in the placental vasculopathy of pre-eclampsia.136

Simvastatin restored the VEGF pathway and prevented arterial
remodeling in a neonatal rabbit hyperoxia model of BPD137 and
prevented vascular remodeling in fetal CDH138 or hypoxia-induced
PH.139 A pilot RCT of second-trimester pravastatin in 20 pregnant
women suggested its efficacy in preventing pre-eclampsia without
adverse maternal or fetal effects, although not providing any data
on neonatal outcome.140

In the remodeling process, PASMC proliferation is governed
by several growth factors, including platelet-derived growth
factor, VEGF, fibroblast growth factor, and others, that exert their
mitogenic signaling through multiple kinase pathways. Kinase
inhibitors, such as Imatinib, have been used as anti-remodeling
agents in animal models of PH.141,142 In a RCT in adult patients
with advanced PH (IMatinib in Pulmonary hypertension: a
Randomized Efficacy Study - IMPRES), imatinib improved
exercise capacity and hemodynamics, but serious adverse
events were common.143 Imatinib use was reported in one case
of an infant with CDH and postsurgical refractory PH, leading to
marked clinical improvement. One nonrandomized noncon-
trolled prospective trial of imatinib ± bevacizumab (a VEGF
antagonist with anti-angiogenic properties) of 48 children 2.5
to 5.5 years old with multivessel PVS, five of which secondary to
chronic lung disease, showed improved outcomes with minimal
toxicity.144 Paclitaxel, an anticancer drug inhibiting cycle-
dependent kinases responsible for cell proliferation, prevented
monocrotaline- and hypoxia-induced PH in rats and reduced the
hyperproliferative phenotype of PASMC isolated from PH
patients.145 Fasudil, an inhibitor of the endothelin-associated
ROCK pathway, significantly improved PH to a greater degree
than did bosentan and sildenafil in a rat PH model.146 Mitogen-
activated protein kinase and extracellular signal-regulated
kinase are other key regulators of PASMC proliferation, mediat-
ing several effects of cytokine and chemokine signals in PH
pathophysiology. As an example, tolicizumab, an interleukin-6
receptor-specific antagonist, reversed experimental PH in two
rat models.147

Tacrolimus, a calcineurin inhibitor, used as an immunosuppres-
sor in organ transplantation and recently identified as a potent
BMPR2 agonist reversed the endothelial dysfunction in PAH
patient cell cultures and experimental PH. A phase II RCT in adults
with PAH demonstrated good safety and tolerability, but failed to
show significant benefits.148 In a newborn rat hyperoxia model of
BPD, simultaneous treatment with bone morphogenetic protein 9,
the ligand of BMPR2, improved aberrant alveolar development,
inflammation, and fibrosis.149

In summary, appropriately powered RCTs of various pulmon-
ary vasodilators targeting endothelial dysfunction, the mainstay
of PH therapy in children and adults, are still needed in order to
demonstrate their efficacy and establish treatment protocols
in BPD-PH. Agents targeting specific pathways involved in
pulmonary vascular development and remodeling shows
promising results in preclinical studies. However, animal models
are imperfect and only reproduce certain aspects of BPD and/or
PVD. Translation to the human neonate is still at a very
preliminary, often anecdotal stage. Repurposing existing drugs
to BPD-PH appears to be a possible strategy, but formal clinical
trials should be conducted before implementing their use at the
bedside.

CELL-BASED THERAPIES AND APPLICATION TO BPD AND PH
Lung-resident stem cells are key regulators of pulmonary home-
ostasis and play an important role in regulating the lung immune
and repair responses in processes, such as inflammation,
angiogenesis, and fibrosis; their depletion or dysfunction plays a
key role in the genesis of BPD.150 With their self-renewing and
pluripotent properties, stem cells have been extensively studied as
therapies for various neonatal conditions, including BPD. A recent
meta-analysis of 25 animal studies has demonstrated a clear
efficacy of mesenchymal stem cells (MSCs) in the hyperoxia rat
model of BPD, improving both alveolarization and vasculariza-
tion.151 These results gave way to a first human phase I trial of
intratracheally administered MSC in nine preterm infants
<29 weeks at high risk of BPD during the second week of life,
showing good tolerability and decreased pro-inflammatory
biomarkers.152 The same investigators are currently conducting a
multicenter phase II RCT (NCT03392467) using human umbilical
cord blood-derived MSC (Pneumostem®) for the prevention of
severe BPD. Similarly, a phase I study confirmed the tolerability of
intra-tracheal human umbilical cord blood-derived MSC in twelve
25-week preterm infants in the second week of life, two of which
developed severe PH.153 Another phase I trial was undertaken in
Australia using amnion epithelial cells (AECs). AECs were
administered IV at 36 weeks corrected age in six ex-preterm
infants <28 weeks with severe BPD; one died of pulmonary
embolism shortly after AEC administration, four out of five
survivors had PH at discharge,154 which resolved in two patients
by 2 years of age.155 A subsequent dose-escalation trial is
underway.156 Only appropriately sized studies with control groups
will tell whether and which postnatal stem cell-based therapies
significantly impact BPD-related PH in the neonatal intensive care
unit setting.
Initially thought to promote lung regeneration by trans-

differentiation into alveolar type II cells, stem cells actually show
a low rate of in vivo engraftment, suggesting that they exert their
effect indirectly through a paracrine mechanism. Extracellular
vesicles, or exosomes, are the main vector of these effects, and
many animal studies support MSC-derived exosome efficacy in
lung injury repair, BPD therapy (for a review, see Worthington and
Hagood157 and Wang et al.158), and PVD prevention.159,160 The
efficacy of purified MSC exosomes appears equal to superior to
live stem cells, even though their bioactive component(s) remain
elusive (integrins, fatty acids, microRNA, DNA, growth, and
transcription factors).161 A human phase-1 study with IV stem
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cell-derived exosomes in preterm neonates at high risk for BPD is
currently underway (UNEX-42, NCT03857841). However, there are
important limitations to stem cell or exosome therapeutic use in
neonates. Manufacturing pharmacological-grade cells and com-
pounds would require an extended knowledge of their composi-
tion and features, as well as a rigorous assessment of quality,
potency, homogeneity, and purity. Safety, clinical efficacy,
dosages, and protocols will require further appropriately sized
and controlled clinical trials.161

CONCLUSIONS
BPD-PH is a unique disease affecting a unique population, and
remains a major concern for neonatologists, as its development is
associated with severe morbidities and a significant mortality. PVD
develops from the earliest stages of BPD, as early as fetal life,
before its clinical manifestations become detectable. Although
alveolar and vascular development and disease are tightly bound,
they represent distinct entities that may present and evolve
differently among premature infants, as a consequence of
individual genetic susceptibilities and specific environmental
exposures. To date, direct evidence on antenatal PVD identifica-
tion is poor, and mostly derived from other entities distinct from
BPD-PH. Progress in diagnostic techniques and biomarkers open
the potentiality of an earlier detection and personalized
approaches to PVD and BPD comorbidities. However, larger trials
for early postnatal diagnosis are needed in order to validate
indices and determine their diagnostic and prognostic value.
Regarding therapeutic options, the core evidence derives from

adult and children PH studies, highlighting the need for larger
comparative RCTs specifically addressing the management of
established BPD-PH in neonates, in order to determine which
agents or which protocols and combinations are the most
effective. Most prevention research is at a preclinical stage. Future
studies should focus on interventions aimed at avoiding the
inception of PVD as early as fetal life. Since single-agent, single-
target strategies have failed to decrease BPD incidence and novel
approaches in BPD-PH prevention are mostly at a preclinical stage,
stem cell-based therapies, including exosomes, that harvest the
regenerative and homeostatic power of MSCs without the
challenges and potential risks related to live cell transplantation,
may represent a possible approach for the cure and the
prevention of such a complex and multifactorial disease, if and
when their efficacy, safety, and sustainability will be soundly
established.
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