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KEY POINTS

� Strong laboratory and clinical data suggest that antenatal factors, such as preeclampsia,
chorioamnionitis, oligohydramnios, and placental dysfunction leading to fetal growth re-
striction, increase susceptibility for bronchopulmonary dysplasia (BPD)-associated pul-
monary hypertension (PH) after premature birth.

� Early echocardiogram findings of pulmonary vascular disease during the first postnatal
week are strongly associated with short-term and long-term complications of prematurity,
including high risk for developing BPD, late PH, and a more severe respiratory course with
worse long-term outcomes.

� Mechanisms contributing to PH in infants with BPD include high pulmonary vascular tone
and vasoreactivity in response to acute or intermittent hypoxia, abnormal lung vascular
growth, and vascular structural remodeling.

� In addition to pulmonary vascular disease, abnormalities in lung mechanics and gas ex-
change, right and left ventricular dysfunction, and shunts across the ductus arteriosus
and atrial septum contribute substantially to the development and progression of PH in
infants with BPD.

� Echocardiogrammetrics and serial assessments of NT-proBNP provide useful tools to di-
agnose and monitor clinical course during the management of BPD-associated PH, as
well as monitoring for such complicating conditions as left ventricular diastolic dysfunc-
tion, shunt lesions, and pulmonary vein stenosis.

� Therapeutic strategies should include careful assessment and management of underlying
airways and lung disease, cardiac performance, and systemic hemodynamics, prior to
initiation of PH-targeted drug therapies.
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INTRODUCTION

Major advances in perinatal and neonatal intensive care unit (NICU) care have dramat-
ically improved survival of extremely premature infants in the modern post-surfactant
era. Despite striking improvements in diagnostics, therapeutics, and bedside care,
however, preterm newborns remain at high risk for significant mortality and morbid-
ities, which include the development of bronchopulmonary dysplasia (BPD), the
chronic lung disease of prematurity.1–4 BPD is perhaps the most common sequelae
of premature birth, with the incidence remaining at nearly 45% for infants born prior
to 29 weeks gestational age, and this rate has not improved over the past decades.4–7

Importantly, there has been a growing proportion of infants developing more severe
forms of BPD, which is most likely due to the increase in survival of extremely prema-
ture newborns at 22 to 24 weeks gestation, who are particularly associated with high
risk for BPD due to greater fragility of the developing lung at such an early period of
lung development.7

There has also been a growing recognition of the clinical importance of pulmonary
vascular disease (PVD) and the impact of pulmonary hypertension (PH) on the clinical
course and outcomes of preterm infants with BPD.8–11 Even in their original descrip-
tion of BPD in 1967, Northway and colleagues state that “...(of infants with late
deaths) all patients had striking cardiomegaly and right ventricular hypertrophy
(and that) the pathogenesis of cor pulmonale is puzzling...”1 PH has long been asso-
ciated with poor survival in preterm infants with BPD even beyond the severity of un-
derlying lung disease. A diagnosis of PH that persists beyond the first few months of
life was linked with mortality rates as high as 40% to 50%, in 1980,11 which is iden-
tical to rates that have been reported in very recent studies as well.11–17 Importantly,
prospective cohort studies show the presence of echocardiographic evidence of PH
in 14% to 25% of preterm infants at 36 weeks’ post menstrual age (PMA), with espe-
cially high rates of PH identified in infants with severe BPD (range: 29%–
58%).11,13,14,16 Finally, as highlighted in a report from the registry of the multicenter
Pediatric Pulmonary Hypertension Network, BPD-PH has been recognized as a ma-
jor public health issue as one of the most common causes of pediatric PH, account-
ing for nearly 25% of cases in the Registry.18

Thus, despite major advances in perinatal and NICU care that have led to improved
survival and changes in the nature of BPD over the decades, the diagnosis of PH and
its management continue to be amajor challenge in infants with established BPD.With
evolving or established BPD, PH is often clinically manifested by persistent respiratory
distress, the sustained need for high levels of respiratory support, recurrent cyanotic
episodes, and other signs. In some infants, the presence of PH with milder lung dis-
ease at the time of NICU discharge is associated with high risk for progressive PH,
late respiratory problems, the need for hospital readmissions, exercise intolerance,
and other morbidities. Although recent recommendations from American Heart Asso-
ciation (AHA) and American Thoracic Society (ATS) guidelines,19 the Pediatric Pulmo-
nary Hypertension Network20 and others have outlined current consensus strategies
for the monitoring, evaluation, and care of BPD-associated PH, there remains clear
acknowledgment that the lack of physiologic, pharmacologic, and randomized clinical
trial data limit our current care, and that there is a striking need for further research to
better enhance short-term and long-term outcomes. This review provides a brief over-
view of current understanding of BPD-associated PH, with particular focus on disease
pathogenesis and the important role of defining underlying physiologic phenotypes
that include cardiac, lung, and lung vascular interactions, which lead to targeted stra-
tegies that optimize clinical care.
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PATHOGENESIS OF PULMONARY VASCULAR DISEASE IN BRONCHOPULMONARY
DYSPLASIA

In addition to central and small airways disease, BPD is characterized by an arrest of
vascular and alveolar growth, which contributes to increased susceptibility for the
development of PH. However, mechanisms underlying the pathogenesis of PH in
BPD are likely multifactorial, and reflect the impact of the interplay between antenatal
and postnatal injuries on lung vascular growth, pulmonary arterial remodeling, and
vasoreactivity, and contribute to the “vasculopathy” of BPD, which includes the devel-
opment of early and late PH (Fig. 1).
Laboratory and clinical studies demonstrate that early disruption of angiogenesis

during the critical period of active lung vascular development during late gestation
and after premature birth impairs growth of the distal airspace, leading to high risk
for PH as well as BPD (the “vascular hypothesis” of BPD) (Figs. 2 and 3).21–25 Previous
studies demonstrate that early disruption of lung vascular growth due to hemody-
namic stress in utero or by treatment with anti-angiogenesis agents during the early
postnatal period cause PH and also impair alveolarization.21,26,27 For example, partial
occlusion of the ductus arteriosus in late gestation fetal sheep reduces vessel density
and induces pulmonary artery smooth muscle thickening but also reduces septation
and alveolar growth.28 These changes are associated with severe PH at birth with
poor vasodilator responsiveness to mechanical ventilation and oxygen therapy.28–30
Fig. 1. Diverse histopathologic features of the lung circulation in BPD-associated PH.
Pulmonary vascular pathology includes thickening of the vascular media with adventitial
thickening (A), reduced vascular density with decreased alveolar surface area (B), dysmor-
phic growth of distal lung microvasculature. Arrow indicates small pulmonary artery (C),
and prominent intrapulmonary bronchopulmonary anastomotic vessels (D).
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Fig. 2. Schematic illustration of the role of disruption of endothelial and epithelial cell in-
teractions during lung development in the pathogenesis of BPD. The top panel shows
normal progression of vessel formation through vasculogenesis and angiogenesis. The bot-
tom panel shows the “angiocrine” signaling between endothelium from a developing vessel
and airway. (Image Courtesy of Dr. Satyan Lakshminrusimha.)
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Brief treatment with angiogenesis inhibitors shortly after birth, including drugs that
specifically target vascular endothelial growth factor-A (VEGF-A) signaling, were
shown to cause severe PH.21,27 Thus, in addition to causing PH, early disruption of
lung angiogenesis impairs alveolarization, suggesting an important role of vascular
Fig. 3. Multifactorial mechanisms contributing to the pathogenesis of pulmonary vascular
disease in BPD.
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growth and “angiocrine” signaling for normal development of the distal airspace.26,31

(see Fig. 2; Fig. 4).
Clinically, these laboratory-based findings were reflected from human autopsy find-

ings which demonstrate decreased lung VEGF expression and striking evidence of
lung simplification and a dysmorphic vasculature from preterm infants dying with
BPD, providing clinical evidence supporting the important role for angiogenesis in
the pathobiology of BPD.24 Laboratory studies further show that endothelial-derived
products promote alveolar epithelial growth and septation, highlighting the important
role of “angiocrine signaling” during normal lung development, and support the hy-
pothesis that early therapeutic strategies that preserve lung endothelial survival and
function in at risk infants may decrease the incidence or severity of BPD and BPD-PH.
Such factors as the severity of prematurity, low birthweight, the diagnosis of small

for gestational age, oligohydramnios, and other markers reflecting antenatal stress
have been strongly associated with high risk for BPD-associated PH.32–42 Abnormal
placental vascular structure with evidence of placental hypoperfusion is strongly asso-
ciated with neonatal outcomes of intrauterine growth restriction (IUGR) and increased
risk for the development of BPD and BPD- PH.33–37 Animal models of antenatal stress
that mimic chorioamnionitis (inflammation), preeclampsia, and severe IUGR have
been shown as sufficient to impair vascular growth and induce long-standing post-
natal PH independent of exposure to well-established postnatal stresses, including
hyperoxia and ventilator-induced lung injury.43–45 Clinical studies have further shown
that antenatal factors identified at birth,42,46 cord blood biomarkers of impaired angio-
genesis,47,48 and early echocardiography findings of PH in the days after birth are
strongly linked to high risk of BPD, PH, prolonged NICU days, and even late respira-
tory outcomes during early childhood.49–56 Thus, antenatal determinants not only
cause acute PH and hypoxemic respiratory disease that often contributes to the
need for prolonged invasive ventilation and a severe NICU course, but also injury in
utero can cause sustained disruption of lung and vascular structure throughout in-
fancy, reflecting the sustained impact of fetal programming on the late clinical course.
Antenatal stresses, including chorioamnionitis and preeclampsia, in preterm neonates
contribute to BPD risk.38,39 Multiple molecular mechanisms linking antenatal stress to
BPD pathogenesis have been identified as potential therapeutic targets for disease
Fig. 4. Physiologic mechanisms contributing to pulmonary vascular disease and the develop-
ment of PH in BPD.
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prevention, including the potential role for augmentation of hypoxia-inducible factor
(HIF), insulin-like growth-1 factor (IGF-1), and VEGF signaling pathways.57–60 Overall,
these findings suggest that angiogenesis is necessary for alveolarization during
normal lung development, and that injury to the developing pulmonary circulation dur-
ing a critical period of lung growth can contribute to reduced lung surface area.
Clinically, echocardiography-confirmed signs of early PH and delayed vascular

transition are strongly associated with a higher risk for the subsequent development
of BPD, late PH, and increased mortality.49–57,61,62 A prospective study demonstrated
that early echocardiographic evidence of increased pulmonary artery pressure even
without evidence of severe PH, RV dysfunction, or severe hypoxemia at day 7 is asso-
ciated with high risk for the subsequent development of BPD and its severity, the pres-
ence of PH at 36 weeks’ PMA, and late respiratory outcomes during early
childhood.16,49 The combination of the need for invasive ventilation and PH by echo-
cardiogram at postnatal day 7 is especially strongly associated with late morbidities.49

Thus, early PVD as demonstrated by echocardiographic signs of PH at day 7 of life
may provide a useful “biomarker” for identifying preterm infants at high risk for devel-
oping severe BPD, late PH, and chronic respiratory disease during early childhood.
In a landmark study, Dr Arjaans and colleagues further examined the idea of whether

early PH in preterm infants born at less than 30 weeks gestion during the first week of
life is associated with high risk for BPD and other outcomes.53 This team performed
echocardiograms to examine the incidence and nature of early PH, and to then char-
acterize subsequent outcomes. The diagnosis of early PH was made according to
standard echocardiographic metrics during the first 3–10 days of postnatal life. Early
PH, which was diagnosed in 55% of subjects, was further characterized by 3 pheno-
types: 1) Persistent pulmonary hypertension of the newborn (PPHN), as defined by the
presence of high pulmonary vascular resistance (PVR) with right-to-left extrapulmo-
nary shunting; 2) PH due high flow as reflected by large left-to-right ductal shunts;
and 3) PH without PPHN physiology or high flow. They report that early PH within
each of these physiologic groups was associated with severe BPD and/or death
before 36 weeks’ postmenstrual age, and that the PPHN group had the worst out-
comes. Whether specific therapies to match these distinct physiologies in preterm in-
fants with early PH can reduce BPD or BPD-PH remains unknown, but their findings
lead to the speculation that selective strategies that limit injury to the pulmonary
vasculature during acute hypoxemic respiratory failure may attenuate the subsequent
development of BPD or BPD-PH.
Postnatal lung injury due to inflammation and oxidative stress due to hyperoxia and

ventilator-induced lung injury further impairs growth, structure, and function of the
developing lung circulation after premature birth.63 Endothelial cells are particularly
susceptible to oxidant injury caused by hyperoxia and inflammation, leading to cellular
dysfunction. Small pulmonary arteries rapidly undergo striking changes, with smooth
muscle cell proliferation, maturation of immature pericytes into mature smooth muscle
cells, and increased vascular matrix production from activated fibroblasts.64,65 In
addition to reduced vascular surface area, structural changes in the lung vasculature
due to narrowing of the vessel diameter and decreased vascular compliance
contribute further to high PVR.66,67 (see Fig. 4).
The adverse effects of chronic hypoxia on the progression of PH in diverse settings,

including BPD-PH, are well-established; however, several recent studies now suggest
a strong association of even mild or intermittent hypoxia (IH) in its pathogenesis early
in the postnatal course after birth. In comparison with historic controls, simply
increasing oxygen saturation targets to a slightly higher range (90%–95% vs 88%–
92%) during the first weeks of life was associated with a striking reduction in PH in
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preterm infants.68 Recent studies have further shown that IH beginning in the first
week after birth was associated with an increased risk of developing severe BPD in
a large and multi-center cohort of extremely preterm infants.69 Longer duration of
intermittent hypoxemic events was associated both with a diagnosis of BPD-PH
and with death among infants with BPD-PH. Gentle and co-workers confirmed these
findings in a retrospective case-control single-center study,70 further suggesting that
minimizing the frequency of even brief episodes of hypoxia early in the clinical course
may reduce the risk for BPD-PH and improve long-term respiratory outcomes among
extremely preterm infants.
Similarly, hemodynamic stress is very well-established as a major cause of PH,

especially in the setting of congenital heart disease, but whether high flow through
the patent ductus arteriosus (PDA) increases the risk for BPD or BPD-PH in extremely
low gestational age newborns has been uncertain. Recent studies suggest that early
PH due to high left to right shunt across the PDA is strongly associated with subse-
quent BPD.53 A retrospective case-control study showed that in the setting of
extremely preterm infants on respiratory support on postnatal day 28, both the pres-
ence and a longer duration of a PDA was associated with the development of BPD-PH
at NICU discharge.71 This association of prolonged exposure to a hemodynamically
significant PDA being linked with a greater risk for BPD-PH was demonstrated in
data from a meta-analysis by using a Bayesian approach to data analysis.72 These
studies suggest that early closure of the PDA, especially in the setting of a reduced
pulmonary vascular bed, may be a targetable strategy for attenuating BPD-PH in at-
risk infants.
In addition to the potential adverse pulmonary vascular impact due to high flow

through the PDA, Vyas-Read and colleagues have shown that increased left-to-right
flow through a persistent atrial septal defect (ASD) was more common in preterm in-
fants who developed BPD-PH than matched subjects without an ASD.73 Observa-
tional studies suggest that ASD closures in preterm infants with severe BPD can
lead to improvements in cardiopulmonary course.74,75 Thus, based on data from these
studies and others, the preterm lung circulation as characterized by a reduced surface
area, with increased vascular tone and an enhanced myogenic response, may in-
crease susceptibility for additional vascular injury due to the hemodynamic stress of
prolonged exposure to a PDA or ASD, suggesting that early interventions may poten-
tially prevent the presence or severity of BPD-PH in susceptible preterm infants.
SELECTED PHYSIOLOGIC ASPECTS OF BRONCHOPULMONARY DYSPLASIA-
PULMONARY HYPERTENSION

Although it is plausible that PH is simply a marker of more advanced lung disease, high
pulmonary artery pressure clearly contributes to the disease severity in many infants
with severe BPD, causing poor right ventricular function, impaired cardiac output,
limited oxygen delivery, worsened pulmonary edema, and perhaps a higher risk of
sudden death. Physiologic abnormalities of the pulmonary circulation in BPD include
elevated PVR and abnormal vasoreactivity, as evidenced by the exaggerated vaso-
constrictor response to acute hypoxia (Fig. 5). As studied during cardiac catheteriza-
tion, acute exposure to hypoxia causes large elevations in pulmonary artery pressure,
even in infants with modest basal levels of PH.76 This study further showed that the
degree of hypoxia that increases PH can be fairly modest in many patients, and that
achieving oxygen saturations above 92% to 94% was effective in lowering pulmonary
artery pressure. The current recommendation for treatment of patients with BPD and
PH is to avoid oxygen saturations below 92%, and to maintain levels of 94% to 96%.
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Fig. 5. Schematic diagram showing acute pulmonary vasoreactivity during brief exposure to
hypoxia in patients with BPD-PH demonstrating variability in baseline pulmonary arterial
pressure and response to hypoxemia.76
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Whether the risk of attaining higher oxygen saturations is to induce more lung injury
remains unconfirmed, but the adverse effects of hypoxemia are clear. Strategies
that maintain lower pulmonary artery pressure or limit injury to the pulmonary vascu-
lature during the treatment of acute hypoxemic respiratory failure may attenuate the
subsequent development or contribution of PH to BPD.
In addition to PH, clinical studies have also shown that metabolic function of the lung

circulation is impaired in BPD-PH, as reflected by the lack of pulmonary clearance of
circulating norepinephrine across the lung.77 The lung circulation normally clears 20%
to 40% of circulating norepinephrine during a single passage through the lung, but
transpulmonary measurements of circulating norepinephrine levels in infants with se-
vere BPD performed during cardiac catheterization had negligible clearance and a net
production of norepinephrine across the pulmonary circulation. Whether impaired
metabolic function of the lung contributes to the pathophysiology of BPD by increasing
circulating catecholamine levels, or if it is simply a marker of endothelial dysfunction
due to pulmonary vascular disease, remains unknown. It has been speculated that
high catecholamine levels may lead to LV diastolic dysfunction or hypertrophy (LVH)
or systemic hypertension, which are known complications of BPD.

DIAGNOSTIC STRATEGIES FOR BRONCHOPULMONARY DYSPLASIA-PULMONARY
HYPERTENSION

Due its non-invasive nature, well-standardized approaches and verified metrics, and
the ease of its bedside use, the echocardiogram provides a useful approach for
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diagnosing PH and defining the severity of disease, identifying anatomic defects,
characterizing the presence and nature of shunt lesions and pulmonary vein stenosis
(PVS), and assessing left ventricular size and performance. The striking growth of
world-wide programs in targeted neonatal echocardiography has provided remark-
able opportunities for providing precise and serial physiologic hemodynamic assess-
ments which better define physiologic phenotypes, responses to therapeutic
interventions, and long-term outcomes. Specific echocardiographic parameters and
their relative utility remain under study as discussed in recent review publications.78–84

Recommendations of the PPHNet regarding the timing of obtaining diagnostic or
screening echocardiograms are summarized in Fig. 8 below.
Cardiac catheterization is considered the “gold standard” for more precise charac-

terization of PH and cardiac performance by direct measurements of pulmonary he-
modynamic to better determine disease severity, assess acute vasoreactivity
testing (AVT), and identify associated cardiovascular co-morbidities, such as
anatomic cardiac lesions, systemic-pulmonary collateral vessels, pulmonary venous
obstruction, and left heart dysfunction. Although in experienced centers, the compli-
cation rates of catheterization are relatively low,85 careful consideration must be given
due to its invasive nature and potential risks in sick premature infants and patient se-
lection must be considered carefully. As a result, PH-specific therapy in the BPD-PH
population is most often initiated as based on clinical and echocardiogram-based
findings of PHwithout cardiac catheterization. In the setting of BPD-PH, the procedure
is generally reserved to enhance clinical decision-making in the following settings: 1)
clinical and echocardiogram findings of sustained PH despite optimized respiratory
and cardiac care; 2) considerations of adding another agent in patients already under
treatment with a single initial PH-targeted drug with or without inhaled NO; 3) clinical
suspicions of associated cardiovascular problems, including left ventricular dysfunc-
tion, pulmonary venous obstruction, the need to better define the contributions of high
flow due to left-to-right shunts due to PDA, ASD, arterio-venous malformations, or
other vascular lesions; 4) worsening pulmonary edema and increased diuretic need af-
ter the initiation of PH drug therapy, suggesting left ventricular diastolic dysfunction
and/or pulmonary PVS; and 5) considerations of the need for chronic use of systemic
prostanoid therapy.20

Functional studies such as AVT can help guide the selection of drug therapy, as
older subjects with positive AVT are often preferentially treated with calcium channel
blockade, but experience with AVT is exclusively based on studies in the setting of
World Symposium of Pulmonary Hypertension (WSPH) Group 1 disease. In a recent
study of BPD-PH, positive AVT was more strongly associated with better late out-
comes than baseline pulmonary hemodynamics.86 Cardiovascular MRI has been
used to assess cardiac performance in PH as well, often in conjunction with cardiac
catheterization, and is particularly useful as a non-invasive approach to diagnosing
PVS.87–90

In addition to the use of serial echocardiograms and clinical assessments of cardio-
vascular and pulmonary disease, circulating changes in brain-type natriuretic peptide
(BNP) or N-terminal cleavage product (NT-pro-BNP) levels are useful in monitoring
disease course and the response to clinical therapies over time. In some centers,
serum BNP or NT-pro-BNP levels are used to screen preterm infants for PH, and if
elevated, an echocardiogram is subsequently performed. Most clinicians use changes
in these biomarkers to supplement echocardiogram findings to better enable clinical
decision-making to fine-tune cardiorespiratory and drug interventions. BNP and NT-
pro-BNP are not specific for right ventricular disease alone, however, and may be
elevated in the setting of high-flow shunts or with LV stress.
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SELECTED ASPECTS OF CARE

The management of BPD-associated PH includes defining the relative contributions of
airway, lung, cardiac, and pulmonary vascular disease to the pathophysiology of PH
(Figs. 6 and 7).
Respiratory

An overall approach for screening and managing BPD-PH as developed by the Pedi-
atric Pulmonary Hypertension Network (PPHNet) is outlined in Fig. 8 and is related to
consensus recommendations from joint AHA and ATS guidelines (see Fig. 8).20 The
initial clinical strategy for the management of PH in infants with BPD begins with treat-
ing the underlying lung disease, including an extensive evaluation for chronic reflux
and aspiration, structural airway abnormalities (such as tonsillar and adenoidal hyper-
trophy, vocal cord paralysis, subglottic stenosis, tracheomalacia, and other lesions),
assessments of bronchial reactivity, improving lung edema, airway function, lung me-
chanics and lung volumes, assessing the need for non-invasive or invasive support,
and any other intervening factors. Periods of acute hypoxemia, whether intermittent
or prolonged, can often contribute to late PH in BPD. A sleep study may be necessary
to determine the presence of noteworthy episodes of hypoxemia and whether hypox-
emia has predominantly obstructive, central, or mixed causes. Additional studies that
may be required include flexible bronchoscopy for the diagnosis of anatomic and dy-
namic airway lesions (such as tracheomalacia) that can contribute to hypoxemia and
poor clinical responses to oxygen therapy. Upper gastrointestinal series, pH or imped-
ance probe, and swallow studies may be indicated to evaluate for gastro-esophageal
reflux and aspiration that can contribute to ongoing lung injury. For patients with
BPD and severe PH who fail to maintain near normal ventilation or require high levels
of fraction of inspired oxygen (FiO2) despite conservative treatment, strong consider-
ation should be given to chronic mechanical ventilatory support to halt progression
of PH.
Fig. 6. Pathophysiologic mechanisms underlying BPD-associated PH: potential effects of
heart, lung, and vascular interactions on elevated pulmonary artery pressure. (Image Cour-
tesy of Dr. Satyan Lakshminrusimha.)
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Fig. 7. Schematic illustrating diverse interactive mechanisms that can contribute to the
pathophysiology of BPD-PH. Vascular lesions are shown in pink boxes and airway lesions
are shown in yellow boxes. (Image courtesy of Dr. Satyan Lakshminrusimha.)
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ASSOCIATED CARDIOVASCULAR ABNORMALITIES IN BRONCHOPULMONARY
DYSPLASIA-PULMONARY HYPERTENSION

Cardiovascular abnormalities associated with BPD include (LVH, systemic hyperten-
sion, and the development of prominent systemic to pulmonary collateral vessels (see
Fig. 7). An early report described infants with severe BPD and LVH in the absence of
right ventricular hypertrophy and suggested that left ventricular dysfunction may
contribute to recurrent edema in BPD.91 Systemic steroid treatment can cause LVH,
and in this setting, LVH tends to be transient, resolves with cessation of steroid treat-
ment, and is of uncertain clinical importance. A high incidence of systemic hyperten-
sion has also been recognized as a cardiovascular complication of BPD, but its cause
remains obscure.92 Systemic hypertension may be mild, transient, and respond
readily to pharmacologic treatment; however, the rise in blood pressure can be striking
in some cases. On occasion, further evaluation of such infants shows considerable
renal vascular or urinary tract disease. Whether the high incidence of systemic hyper-
tension in BPD reflects altered neurohumoral regulation or increased catecholamines,
angiotensin, or antidiuretic hormone levels is not known. Prominent bronchial or other
systemic to pulmonary collateral vessels were noted in early morphometric studies of
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Fig. 8. Approach to the diagnosis and management of BPD-associated PH.20
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infants with BPD and can be readily identified in many infants during cardiac catheter-
ization. Although these collateral vessels are generally small, large collaterals may
contribute to appreciable shunting of blood flow to the lung, causing edema and the
need for higher FiO2. Some infants have improved after embolization of large collateral
vessels, as reflected by a reduced need for supplemental oxygen, ventilator support,
or diuretics, but the actual contribution of collateral vessels to the pathophysiology of
BPD is poorly understood.
Although causality cannot be assumed, available data show that prolonged expo-

sure to a post-tricuspid valve high-volume and high-pressure shunt, such as a hemo-
dynamically significant moderate to large left-to-right PDA, ventricular septal defect
(VSD), or ASD, increases the likelihood of the development of PH related to high pul-
monary flow, over-circulation, and pulmonary vascular remodeling. In these patients,
decreasing the PVR by using pulmonary vasodilators can further increase left-to-right
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shunting and induce systemic hypotension with reduced RV perfusion, which can
worsen RV performance. This emphasizes the need for monitoring PH in high-risk pre-
term infants with prolonged exposure to post-tricuspid valve shunts and incorporating
the risk of developing or worsening PH into the clinical decisions regarding the defin-
itive closure by catheter occlusion or surgery.
ASDs are characterized by high-volume and low-pressure pre-tricuspid valve

shunts, and may contribute to late PH.93–95 Some studies have demonstrated
improvement in PH and respiratory signs after ASD closure, suggesting that earlier
closure of ASDs or PDAs may hasten recovery from BPD-PH and reduce the need
for late PH-targeted drug therapies. PVS is an additional cause of late PH in BPD
(Fig. 9), usually presenting beyond term corrected age in premature infants beyond
term corrected age.96,97) PVS can present with the onset or worsening of PH by echo-
cardiogram, which may or may not be initially accompanied by progressive pulmonary
edema with an increasing need for higher FiO2 or diuretic requirement, especially in
Fig. 9. Radiologic and histopathologic features of pulmonary vein stenosis (PVS) in BPD-
associated PH. The upper panel represents CXR signs of pulmonary edema before (A) and
after (B) stent placement. The lower panel shows lung histopathology from an infant
with PVS that demonstrates striking pulmonary arterial remodeling with acute hemorrhage
(C) and muscularization of pulmonary veins (D).
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response to PH vasodilator therapy (Fig. 10). Diagnosis can be suggested by echocar-
diogram, followed by cardiac MRI or catheterization, and PH drugs should be used
very cautiously due to the risk of worsening respiratory distress. Multiple PVS sites
are associated with worse outcomes than single vein involvement.97 Current treatment
approaches include PVS dilation and stenting with close monitoring with serial echo-
cardiograms, imaging scans, and cardiac catheterization to assess disease course. In
some centers, sirolimus therapy has been used to abate progressive pulmonary
venous obstruction after anatomic interventions.
In addition, there has been a growing recognition regarding the role of left ventricular

diastolic dysfunction (LVDD) as a contributor to PH, usually in combination with pre-
capillary disease. LVDD is often clinically suspected in subjects who have persistent
or progressive pulmonary edema requiring increasing amounts of diuretic therapy,
which is worsened with the addition of PH-targeted drug therapy (see Fig. 10).
LVDD can also be associated with a more prolonged ventilator course than patients
with BPD-PH who do not have a poorly compliant LV. Mechanisms contributing to
LVDD in preterm infants are uncertain, but may be related to early myocardial injury,
altered LV development systemic hypertension.98–100 When diagnosed, afterload
reduction of the LV with milrinone followed by chronic angiotensin-converting enzyme
inhibitors (ACEi) are often used.101 Close monitoring of renal function is important to
avoid acute kidney injury, especially in the setting of aggressive diuretic use with
ACEi therapy.

Ambulatory Care Post-Neonatal Intensive Care Unit Discharge

Most patients with “resolving” BPD show progressive increases in growth parameters
and follow their growth curves for body weight and length. Patients who show evi-
dence of poor growth, lack of respiratory improvement, intermittent tachypnea or
cyanosis, or additional signs of PH by echocardiogram may require more extensive
studies. First, prolonged, or intermittent periods of acute hypoxia are often important
causes of late PH in BPD. Clinical evaluations of such patients should include pro-
longed measurements of oxygen saturation by pulse oximeter while awake, asleep,
and during feeds. Brief assessments of oxygenation (“spot checks”) are not sufficient
for decisions on the level of supplemental oxygen needed. As described earlier, tar-
geting oxygen saturations to 92% to 94% should be sufficient to prevent the adverse
Fig. 10. Inhaled NO increases pulmonary edema in a BPD patient with LV diastolic
dysfunction.
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effects of hypoxia in most infants, without increasing the risk of additional lung inflam-
mation and injury. A sleep study may be necessary to determine the presence of note-
worthy episodes of hypoxemia and whether apnea has predominantly obstructive,
central, or mixed causes. It is not uncommon to uncover unsuspected causes of
airway obstruction in patients with BPD and persistent PH, such as tonsillar and
adenoidal hypertrophy, vocal cord paralysis, subglottic stenosis, tracheomalacia,
and others. Additional studies that may be required include flexible bronchoscopy
for the diagnosis of anatomic and dynamic airway lesions (such as tracheomalacia)
that may contribute to hypoxemia and poor clinical responses to oxygen therapy.
Growth failure during home oxygen therapy may be the result of poor parental compli-
ance or premature discontinuation of supplemental oxygen, as previously reported.27

In this study, nearly one-third of families in a home oxygen program had prematurely
discontinued oxygen therapy. Assessments of PH should generally include serial
echocardiograms in infants with the diagnosis of BPD, even if stable or rapidly
improving, to enable safe discontinuation of PH medications.
The authors recommend serial echocardiograms in patients with moderate or se-

vere BPD, or with past echocardiograms showing the presence of PH. Previous
work suggests that with adequate oxygen therapy and related interventions, PH
should progressively improve and resolve in most children by 8 to 12 months of
age. Cardiac catheterization is reserved for patients with the most severe disease
which has not responded to oxygen therapy. The purpose of cardiac catheterization
is to rule out anatomic cardiac lesions, especially associated with high flow due to
left to right shunts.
Experience suggests that infants with BPD do not tolerate even relatively small atrial

or ventricular level shunting and are at high risk of developing more severe PH than
other patients. This may be because of the decrease in vascular surface area relative
to body size and cardiac output in BPD, and the fact that even mild increases in pul-
monary blood flow may represent relatively high shunt. As a result, the authors advise
earlier closure of shunt lesions in patients with BPD, especially with the growing devel-
opment of non-invasive approaches. In addition, cardiac catheterization is useful for
the following: to ensure the absence of pulmonary vein stenosis or veno-occlusion;
to define the level and severity of PH; to assess vasoreactivity to increased oxygen
tension or to assess the response to vasodilator treatment; and to determine whether
large systemic to pulmonary collateral vessels are present. Studies of vasoreactivity
are helpful to determine the relative safety—that is, lack of systemic hypotension
and impaired cardiac contractility—and potential efficacy of PH-targeted drugs, which
would be initiated in patients with exceptional PH despite adequate oxygen therapy.
Clearly, cardiac catheterization is invasive and reserved for the most severely ill infants
who develop PH despite optimal medical management.

Late Pulmonary Hypertension in Adults Born Prematurely

In addition to the need for close follow-up andmonitoring throughout infancy and early
childhood, multiple investigators have noted late echocardiographic markers of PH
that persist into early adulthood.102 There is growing evidence for PVD in older children
and young adults, or “PVD across the lifespan,” in which there has been growing ev-
idence for high risk of development of “borderline” PH and abnormal cardiac structure
and function in young adults who were born preterm. In addition, cardiac imaging
studies of adults born prematurely have shown small LV and RV chamber size with
thickened ventricular walls, along with elevated systemic vascular resistance, and a
high proportion of adults who develop congestive heart failure at a younger age103

Clearly, there is a need for close cardiovascular as well as pulmonary function
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monitoring throughout the life course. Identification of early risk factors for late cardio-
respiratory outcomes is required to design and install personalized preventive treat-
ment strategies.

SUMMARY

In addition to persistent respiratory disease, survivors of premature birth with BPD
are at risk of cardiovascular sequelae, including PH, as well as cardiac dysfunction,
systemic hypertension, exercise intolerance, and related clinical problems. Early
monitoring with serial echocardiograms aids the selection of infants with BPD
who are at high risk of cardiovascular morbidity and allows for earlier initiation of
treatment after a rigorous diagnostic evaluation. The major treatment of PH in
BPD is supplemental oxygen with appropriate levels of respiratory support, but in-
fants with late PH despite adequate treatment require pharmacologic treatment in
addition to careful management of underlying respiratory disease. Despite
increasing experience with PH-targeted drugs for chronic PH management, strong
evidence for selecting specific agents or combinations of agents at diagnosis and
for long-term therapy remains limited. Exciting new data suggest that insights into
physiologic phenotypes of early PH may provide unique opportunities for clinical tri-
als to address novel interventions to reduce the incidence and severity of BPD and
BPD-PH. Finally, better designed and appropriately powered multicenter random-
ized controlled trials are needed to improve our understanding of disease natural
history, response to therapeutic interventions, and optimal endpoints for studies
of BPD-PH over the lifespan.

Best Practice Box
� Extremely preterm infants with lung disease requiring late or sustained levels of high
respiratory support should be screened early with echocardiograms to detect PH.

� Evaluating airway abnormalities, such as tracheobronchiomalacia, vocal cord paralysis,
subglottic stenosis, and small airway hyperreactivity, as well gastroesophageal reflux and
aspiration is part of workup for severe BPD with PH.

� Infants with BPD-PH can have intermittent hypoxemia, which may lead to spikes or
sustained PH due to increased hypoxic pulmonary vascular reactivity. Targeting SpO2 in
the 92% to 94% with continuous or frequent monitoring to minimize hypoxemia may
reduce the risk of PH.

� In addition to strategies that optimize oxygenation, respirator support, and systemic
cardiovascular performance, PH-targeted drug therapy, including PDE5 inhibitors and
endothelin antagonists, is the mainstay of BPD-PH management. Exacerbations are treated
with inhaled nitric oxide and severe and poorly responsive PH despite optimal management
may improve with systemic prostanoid therapy.

� Infants with BPD-PH not responding to initial PH-specific drug therapy may require cardiac
catheterization to assess severity and phenotype of PH and to evaluate shunts, LVDD, and
PVS.

� Preterm infants with BPD-PH have pulmonary vascular disease that persists into adulthood
and requires serial pulmonary function testing and cardiovascular monitoring with serial
echocardiograms.
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86. Frank BS, Schäfer M, Grenolds A, et al. Acute vasoreactivity testing during car-
diac catheterization of neonates with bronchopulmonary dysplasia-associated
pulmonary hypertension. J Pediatr 2019;208:127–33.
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health 
and Social Security de ClinicalKey.es por Elsevier en marzo 15, 2024. Para uso personal exclusivamente. No se 

permiten otros usos sin autorización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0095-5108(23)00117-3/sref69
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref69
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref69
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref70
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref70
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref70
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref71
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref71
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref71
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref72
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref72
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref72
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref72
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref73
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref73
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref74
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref74
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref74
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref75
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref75
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref75
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref75
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref76
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref76
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref77
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref77
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref78
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref78
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref78
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref79
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref79
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref79
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref80
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref80
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref80
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref81
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref81
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref82
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref82
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref82
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref83
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref83
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref83
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref84
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref84
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref84
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref85
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref85
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref85
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref86
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref86
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref86


Abman & Lakshminrusimha216
87. Higano NS, Bates AJ, Gunatilaka CC, et al. Correction to: bronchopulmonary
dysplasia from chest radiographs to magnetic resonance imaging and
computed tomography: adding value. Pediatr Radiol 2022;52(12):2442.

88. Critser PJ, Higano NS, Lang SM, et al. Cardiovascular magnetic resonance im-
aging derived septal curvature in neonates with bronchopulmonary dysplasia
associated pulmonary hypertension. J Cardiovasc Magn Reson 2020;22(1):50.

89. Latus H, Kuehne T, Beerbaum P, et al. Cardiac MR and CT imaging in children
with suspected or confirmed pulmonary hypertension/pulmonary hypertensive
vascular disease. 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): ii30–i35.

90. Moledina S, Pandya B, Bartsota M, et al. Prognostic significance of cardiac
magnetic resonance imaging in children with pulmonary hypertension. Circ Car-
diovasc Imaging 2013;6(3):407–14.

91. Mourani PM, Ivy DD, Rosenberg AA, et al. Left ventricular diastolic dysfunction
in bronchopulmonary dysplasia. J Pediatr 2008;152(2):291–3.

92. Sehgal A, Steenhorst JJ, McLennan DI, et al. The left heart, systemic circulation,
and bronchopulmonary dysplasia: relevance to pathophysiology and therapeu-
tics. J Pediatr 2020;225:13–22.e2.

93. Kumar KR, Clark DA, Kim EM, et al. Association of atrial septal defects and
bronchopulmonary dysplasia in premature infants. J Pediatr 2018;202:
56–62.e2.

94. Thomas VC, Vincent R, Raviele A, et al. Transcatheter closure of secundum atrial
septal defect in infants less than 12 months of age improves symptoms of
chronic lung disease. Congenit Heart Dis 2012;7(3):204–11.

95. Lim DS, Matherne GP. Percutaneous device closure of atrial septal defect in a
premature infant with rapid improvement in pulmonary status. Pediatrics 2007;
119(2):398–400.

96. Drossner DM, Kim DW, Maher KO, et al. Pulmonary vein stenosis: prematurity
and associated conditions. Pediatrics 2008;122(3):e656–61.

97. Mahgoub L, Kaddoura T, Kameny AR, et al. Pulmonary vein stenosis of ex-
premature infants with pulmonary hypertension and bronchopulmonary
dysplasia, epidemiology, and survival from a multicenter cohort. Pediatr Pulmo-
nol 2017;52(8):1063–70.

98. Reyes-Hernandez ME, Bischoff AR, Giesinger RE, et al. Echocardiography
assessment of left ventricular function in extremely preterm infants, born less
than 28 weeks gestation, with bronchopulmonary dysplasia and systemic hyper-
tension. J Am Soc Echocardiogr 2023. S0894-7317–7.

99. Bensley JG, Moore L, De Matteo R, et al. Impact of preterm birth on the devel-
oping myocardium of the neonate. Pediatr Res 2018;83(4):880–8.

100. de Waal K, Costley N, Phad N, et al. Left ventricular diastolic dysfunction and
diastolic heart failure in preterm infants. Pediatr Cardiol 2019;40(8):1709–15.

101. Sehgal A, Krishnamurthy MB, Clark M, et al. ACE inhibition for severe broncho-
pulmonary dysplasia - an approach based on physiology. Phys Rep 2018;6(17):
e13821.

102. Goss KN, Beshish AG, Barton GP, et al. Early pulmonary vascular disease in
young adults born preterm. Am J Respir Crit Care Med 2018;198(12):1549–58.

103. Lewandowski AJ, Raman B, Bertagnolli M, et al. Association of preterm birth
with myocardial fibrosis and diastolic dysfunction in young adulthood. J Am
Coll Cardiol 2021 Aug 17;78(7):683–92.
Descargado para Biblioteca Medica Hospital México (bibliomexico@gmail.com) en National Library of Health 
and Social Security de ClinicalKey.es por Elsevier en marzo 15, 2024. Para uso personal exclusivamente. No se 

permiten otros usos sin autorización. Copyright ©2024. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0095-5108(23)00117-3/sref87
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref87
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref87
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref88
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref88
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref88
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref89
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref90
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref90
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref90
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref91
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref91
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref92
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref92
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref92
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref93
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref93
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref93
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref94
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref94
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref94
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref95
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref95
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref95
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref96
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref96
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref97
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref97
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref97
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref97
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref98
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref98
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref98
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref98
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref99
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref99
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref100
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref100
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref101
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref101
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref101
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref102
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref102
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref103
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref103
http://refhub.elsevier.com/S0095-5108(23)00117-3/sref103

	Pulmonary Hypertension in Established Bronchopulmonary Dysplasia
	Key points
	Introduction
	Pathogenesis of pulmonary vascular disease in bronchopulmonary dysplasia
	Selected physiologic aspects of bronchopulmonary dysplasia-pulmonary hypertension
	Diagnostic strategies for bronchopulmonary dysplasia-pulmonary hypertension
	Selected aspects of care
	Respiratory

	Associated cardiovascular abnormalities in bronchopulmonary dysplasia-pulmonary hypertension
	Ambulatory Care Post-Neonatal Intensive Care Unit Discharge
	Late Pulmonary Hypertension in Adults Born Prematurely

	Summary
	References


