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Management of pulmonary hypertension in infants with
congenital diaphragmatic hernia
J Gien and JP Kinsella

In infants with congenital diaphragmatic hernia (CDH), a posterolateral diaphragmatic defect results in herniation of abdominal
contents into the chest and compression of the intrathoracic structures. In the most severe cases, hypoplasia of the ipsilateral and
contralateral lungs, severe pulmonary hypertension (PH) and left ventricular (LV) hypoplasia/dysfunction all contribute to increased
mortality. The management of PH in CDH is complicated by structural and functional changes in the heart, pulmonary vasculature,
airways and lung parenchyma; consequently, determining optimal management strategies is challenging. Treatment of PH in
patients with CDH changes as the underlying pathophysiology evolves in the days and weeks after birth. During the early transition,
the use of pulmonary vasodilators is limited by LV structural and functional abnormalities, and pulmonary vasodilators such as
inhaled nitric oxide (iNO) may have a limited role (for example, stabilization for extracorporeal membrane oxygenation (ECMO),
treatment of marked preductal desaturation and treatment of PH as LV performance improves). In contrast, subacute treatment of
PH in CDH with iNO has an important role in recurrent or persistent PH and potentially improves survival. Chronic PH and vascular
abnormalities may persist into childhood in patients with CDH, contributing to late mortality. It is unclear how pulmonary
vasodilator therapies, such as iNO, sildenafil and bosentan, will modulate late outcomes in CDH with late/chronic PH.
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INTRODUCTION
Congenital diaphragmatic hernia (CDH) is a severe birth defect
characterized by herniation of abdominal contents into the thorax
caused by a defect in the diaphragm.1 Recent insight into path-
ophysiologic processes responsible for CDH suggests an early role
for environmental and/or genetic factors before the development
of the diaphragm, leading to arrested development of both lungs.
In addition, incomplete closure of the diaphragm results in a
diaphragm defect, herniation of the abdominal contents into the
chest and compression of the intrathoracic structures. Solid organ
herniation exacerbates the degree of lung hypoplasia and the
most severe cases are associated with hypoplasia of the ipsilateral
and contralateral lung (low lung-to-head ratio, LHR).2 Along with
degree of lung hypoplasia, the severity of pulmonary hypertension
(PH) and the presence of left ventricular (LV) hypoplasia all contribute
to the severity of the defect and adverse outcomes.3,4 Overall survival
of infants with CDH has improved in experienced centers, but
mortality and morbidity remain high.
Several individual prenatal prognostic factors have been

identified in CDH that can predict the clinical course after birth
as well as long-term outcomes. These include liver position,
severity of lung hypoplasia (as assessed by fetal lung volume on
magnetic resonance imaging: percent predicted lung volume and
total lung volume; LHR and observed to expected LHR by
ultrasound), LV hypoplasia (right ventricle (RV): left ventricle
disproportion on fetal echocardiogram (ECHO)) and development
and reactivity of the pulmonary vasculature (for example, McGoon
index, in utero hyperoxia test). In addition, the presence of
congenital heart disease or a genetic syndrome5 markedly impact
outcomes. The reliability of each individual parameter to predict
survival and long-term outcome is low, and combining multiple

parameters improves reliability. The CDH congenital prognostic
index (CDH-CPI) is a useful tool that amalgamates 10 prenatal
parameters representing genetic, cardiac, hernia and lung factors
to comprehensively capture the range of severity and associated
anomalies influencing prognosis.5 The CDH-CPI score is correlated
with survival and extracorporeal membrane oxygenation (ECMO)
support, with significantly lower survival at scores below 8.5

PH IN CDH
The classical histological findings of CDH show pulmonary
vascular remodeling superimposed on hypoplasia or pruning of
the pulmonary vascular bed.1 These changes in the pulmonary
vasculature are responsible for increased vascular tone and altered
vasoreactivity after birth.1 Management of PH in the newborn with
CDH is complicated by the structural and functional changes in
the heart, pulmonary circulation, airways and lung parenchyma.
Moreover, the role and selection of pulmonary vasodilator
therapies for treatment of PH changes as the underlying path-
ophysiology evolves in the days and weeks after birth. In response,
management strategies need to adjust as pulmonary vascular
abnormalities progress from the acute to subacute (late) and
finally chronic stages.

ACUTE PH IN CDH
After birth, infants with CDH typically present with severe
hypoxemic respiratory failure and shock. The etiology of
hypoxemia is multifactorial and occurs secondary to intrapulmon-
ary shunt as well as extrapulmonary right-to-left shunting across
fetal conduits (ductus arteriosus (DA) and foramen ovale). New-
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borns with severe CDH often present with left-to-right shunting at
the atrial septum and right-to-left shunting at the DA.6 Differential
shunting across these fetal conduits is responsible for postductal
desaturation and differences in pre- and postductal arterial blood
gas parameters.6 The direction of atrial level shunt is determined
by the relative right and left ventricular end diastolic pressures.
Left-to-right shunting at the atrial septum occurs when LV end
diastolic pressure exceeds right ventricular end diastolic pressures
with impaired LV filling and elevated left atrial pressure.
Structural and functional LV abnormalities are responsible for

impaired LV filling and contribute to the development of
pulmonary venous hypertension. Baumgart et al.7 showed that
ECMO-treated CDH infants (survivors) had significantly smaller LV
mass (Po0.002) than infants requiring ECMO for other diagnoses
and healthy term infants. Moreover, ECMO-treated CDH neonates
who died had significantly smaller LV size than other groups
(Po0.0005) including ECMO-treated CDH survivors (in addition to
CDH and non-CDH ECMO-treated infants and well infants).7 Byrne
et al.8 reported that fetuses with severe left CDH were more likely
to have smaller mitral valve (Po0.001) and aortic valve sizes
(Po0.001), and LV end diastolic volume (P= 0.006) Z-scores than
those with mild left CDH (Figure 1). In addition to the structural
changes in the LV, their percentage LV output was also lower.
Those with severe left CDH trended toward higher risk of neonatal
death compared with those with mild left CDH. Although mitral
and aortic valve dimensions in fetuses with right CDH were larger
than in left CDH, LV outputs were similarly diminished.
The etiology of LV hypoplasia in CDH is almost certainly

multifactorial reflecting mechanical compression by intra-abdo-
minal contents as well as alteration in LV filling hemodynamics
during fetal development due to changes in orientation of the
inferior vena cava and venous return from the placenta. Left heart
underfilling and subsequent underdevelopment may result from
abnormal hemodynamics due to leftward distortion of the ductus
venosus or reduced pulmonary blood flow return to the left
heart.8 In addition, after birth, compression of the LV by the RV in
the presence of elevated RV pressure also impairs LV filling. The
common pathway for these mechanisms is decreased filling of
the left ventricle. Altered hemodynamics and compression of the
heart by herniated abdominal viscera together can create
strikingly abnormal LV structure and function with anomalous
relaxation and small chamber size, even with normal or near-
normal systolic performance. Overall, altered fetal hemodynamics
leading to decreased LV output can occur in both right and left
CDH, but an additional compressive effect on the left heart is seen
in left-sided CDH.8

Echocardiographic findings may be valuable in guiding the
selective use of pulmonary vasodilators in management of early
PH with CDH. For example, ECHO findings in the presence of
severe PH may show right-to-left shunting (caused by suprasys-
temic pulmonary vascular resistance) at the atrial level and DA.
This constellation of echocardiographic findings suggests a favor-
able response to pulmonary vasodilation. However, in the
presence of LV dysfunction, right-to-left DA shunting is seen
along with mitral insufficiency with left-to-right atrial shunting at
the foramen ovale.9 This constellation of findings is again
consistent with suprasystemic right ventricular systolic pressure
(RVSP), but left-to-right atrial shunting suggests the presence of
pulmonary venous hypertension and a poor response to
pulmonary vasodilator therapy. Diastolic dysfunction is difficult
to assess, but can be interpreted from a high LV end diastolic
pressure and manifests as left-to-right shunt at the atrial level.
Pulmonary vasodilator therapy in the setting of left-to-right shunt-
ing at the atrial septum has the potential to exacerbate left arterial
and pulmonary venous hypertension and contribute to pulmonary
hemorrhage. In addition, as preductal saturations are maintained
in this setting, pulmonary vasodilator therapy is unlikely to
improve preductal saturations and may result in only a modest
increase in postductal saturations. Reserving inhaled nitric oxide
(iNO) therapy for infants with right-to-left atrial shunting and
preductal desaturation is recommended early in the clinical course
and has the potential to prevent pulmonary hemorrhage in CDH.
In addition, as right-to-left shunting across the DA causes veno-
arterial admixture, it is common to see significant differences in
pre- and postductal arterial blood gas measurements.6 Determin-
ing the need for ECMO, degree of respiratory support and fraction
of inspired oxygen (FiO2) should be based on measurement of
preductal arterial gases in these infants.6

Overall, acute treatment of PH in CDH with pulmonary
vasodilators is limited by the severity of LV hypoplasia, degree of
impairment of LV filling and LV systolic dysfunction. Because infants
with severe CDH and acute PH are poor responders, iNO should not
be routinely administered in this setting. However, careful ECHO
assessment can help identify limited clinical situations that may
benefit from PH therapies, including iNO, and guide the course of
treatment.9,10 In the acute management of CDH, iNO may have a
selective role in stabilization for ECMO and treatment of marked
preductal desaturation secondary to right-to-left atrial level shunt.
Furthermore, the use of iNO for treatment of PH may be considered
as LV performance improves. LV hypoplasia, and related LV output,
also have a role in the poor response to pulmonary vasodilators as
diminished LV performance results in RV-dependent systemic

Figure 1. Left heart hypoplasia stratified by congenital diaphragmatic hernia (CDH) side and severity at fetal assessment. Left CDH: mild
(n= 42), liver down; moderate (n= 41), lung-to-head ratio (LHR) 1 to 1.4; severe (n= 88), LHR ⩽ 1; Right CDH: mild (n= 2), LHR 41; severe
(n= 15), LHR ⩽ 1. For left heart measurements (mitral and aortic values, left ventricular volume) severity of hypoplasia increased with
increasing severity of hernia, while the effect in the fetus with right CDH was less pronounced. Adapted with permission from Byrne et al.8

L, left; R, right.
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circulation.10 Initiating pulmonary vasodilator therapy in the
presence of an RV-dependent systemic circulation may adversely
affect systemic hemodynamics.
The Neonatal Inhaled Nitric Oxide Study (NINOS) Group

conducted the largest trial of iNO in infants with CDH (N= 53)
who were randomized to 20 p.p.m. iNO or 100% oxygen
(control).11 The oxygenation index was approximately 45 in both
groups, indicating more severe disease. NINOS showed no differ-
ence in the combined endpoint ‘death/ECMO utilization’ between
iNO-treated patients and controls. However, ECMO utilization was
higher in the iNO-treated group (80% vs 54% control, P= 0.043),
pointing to an adverse effect of iNO early in the course of CDH.
These results lend support to the hypothesis that LV systolic and
diastolic dysfunction contribute to morbidity in severe CDH and
limit the efficacy of aggressive pharmacologic pulmonary
vasodilator therapy early in the course of CDH and severe PH.
Indeed, a poor response to pulmonary vasodilation is not

unexpected given the structural and functional abnormalities that
characterize acute CDH. Although speculative, the lack of response
to pulmonary vasodilators is more likely due to left atrial/
pulmonary vein hypertension than functional changes in the
pulmonary arterial vasculature.

SUBACUTE (LATE) PH IN CDH
In addition to complicating the early course of neonates with CDH,
severe PH can be protracted—persisting weeks to months after
improvement in respiratory failure and cardiac performance—
leading to prolonged mechanical ventilation.10 In a multicenter
prospective ECHO study of neonates with CDH (N= 220), mortality
at discharge in newborns with severe PH (RVSP/systolic blood
pressure (SBP) 42/3) was 56.1% compared with 1.4% in infants
with mild PH (RVSP/SBP o1/2) and 7.4% in those with moderate
PH (RVSP/SBP 1/2 to 2/3).4 Recently, Lusk et al.12 reviewed ECHO
results for 140 newborns with CDH and found that although the
majority of infants had resolution of PH between 1 and 3 weeks of
age, at 2 weeks the severity of PH by echocardiogram predicted
mortality and need for prolonged ventilation.12

Treatment strategies for infants with late PH have not been
carefully studied. iNO is usually the first-line therapy for treatment of
PH in CDH. In a subset of newborns with CDH, improvement in
parenchymal lung disease may allow for the use of non-invasive iNO
by continuous positive airway pressure or nasal cannula.13 There is
limited experience with other pharmacologic pulmonary vasodilators
(for example, prostacyclin, endothelin antagonists and phosphodies-
terase inhibitors) in infants with CDH and late PH. Olson et al.14

recently described two infants with CDH and severe PH at 6 weeks of
age who responded favorably to treatment with trepostinil. Clearly,
further investigation is needed to define an approach to the
management of late PH in this population.

CHRONIC PH IN CDH
Chronic PH may persist in CDH over months and years, and
enduring structural and functional abnormalities of pulmonary
circulation in the ipsilateral and contralateral lung can complicate
the course of the disease. Cardiac catheterization of seven patients
with CDH who survived the neonatal period with protracted or
recurrent PH revealed a range of pulmonary vascular abnor-
malities.10 These patients (age range, 3 months to 12 years) had a
history of severe hypoxemic respiratory failure and PH as
newborns. At catheterization, therapies included supplemental
oxygen (n= 7), iNO (n= 2), prostacyclin (n= 2) and bosentan
(n= 1). Three of the seven patients had significant pulmonary
vascular abnormalities in the lung contralateral to the initial
diaphragmatic defect. Major findings at cardiac catheterization
included left pulmonary artery hypoplasia or stenosis in three
patients and pulmonary vein stenosis or delayed venous return in

six patients. Two patients with right-sided diaphragmatic defect
had striking left-sided pulmonary venous abnormalities. One
patient with right-sided CDH was discharged home, but died at
age 5 months with marked pulmonary vascular changes on
autopsy consistent with severe PH. After a median follow-up of
12 months from catheterization, five patients were alive and
discharged from hospital. The two patients with the most severe
PH died from related complications at ages 8 and 19 months.
In some patients with CDH, significant PH, which may be

subclinical, clearly continues beyond the neonatal period,
contributing to morbidity and mortality. Understanding the
pathophysiology underlying these long-term effects will require
a more sophisticated view of CDH than that originating solely
from in utero cardiopulmonary compression. It is possible that the
injury associated with management of hypoxemic respiratory
failure in newborns with CDH may cause previously unrecognized
long-term effects in susceptible individuals, and/or the pulmonary
circulation in patients with severe CDH may be fundamentally
altered in utero, leading to abnormal responses to injury that last
far beyond the newborn period.10

IMPROVING OUTCOMES IN CDH
Treatment strategies for CDH continue to evolve with increasing
clinical experience and greater insight into the underlying nature
of the condition. These strategies include simultaneous postductal
and preductal samples to measure blood gases (adjusting
ventilator support accordingly) (Appendix A). Early ECHO is
essential to define pulmonary artery pressure and assess LV size
and function. It is reasonable to delay the use of pulmonary
vasodilator therapy until there is ECHO evidence of adequate LV
performance. Reducing LV afterload pharmacologically may have
an important role (for example, milrinone), as well as maintaining
ductal patency with prostaglandin E1 if RV-dependent systemic
circulation is demonstrated by ECHO. Adrenal insufficiency also
complicates the course of newborns with severe CDH and
decreases catecholamine drug responsiveness.15

Despite refinement of postnatal interventions, limitations persist
and treatment of CDH and PH remains suboptimal. Consequently,
new therapeutic options such as prenatal intervention or cell-
based therapy are the subject of current investigation. The effects
of LV dysfunction/hypoplasia on the neonatal course in severe CDH
provide a compelling reason to study fetal intervention. The
efficacy of prenatal intervention with percutaneous fetoscopic
endoluminal tracheal occlusion therapy in CDH has been described
in case series and controlled studies.16,17 The potential role of
fetoscopic endoluminal tracheal occlusion is being investigated in
CDH in an European and North American collaboration called the
TOTAL (Tracheal Occlusion To Accelerate Lung Growth) Trial.18

Mesenchymal stem cells also represent an emerging therapeu-
tic approach in CDH. Several experimental studies in animal
models have shown that treatment with mesenchymal stem cells
can reduce pulmonary injury and PH.19,20 A recent study in a rat
model of experimental CDH found that mesenchymal stem cell
transplantation promotes alveolar and pulmonary artery develop-
ment, reducing the severity of pulmonary hypoplasia.21

CONCLUSION
In summary, the early course of CDH is characterized by severe PH,
and cardiac, lung parenchymal and airway abnormalities. Acute
treatment of PH in CDH with pulmonary vasodilator therapy is
limited by structural and functional changes of the left ventricle.
In a significant subset of newborns with severe CDH, late or
protracted PH occurs and may persist weeks to months following
improvement in respiratory failure and cardiac performance. In
contrast to early CDH, pulmonary vasodilator therapy has a critical role
in management of late PH in CDH, and potentially improves survival.
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Despite progress in CDH management, advances have been
limited by the lack of randomized controlled trials to properly test
new treatments. Major differences in clinical practice regarding
the ascertainment and treatment of PH make it difficult to
determine the most effective strategies to manage late PH in CDH
infants. Moreover, institutional practices that lead to ‘improved’
outcomes are slowly adopted and local changes are often guided
only by experience and conviction. To overcome these barriers,
centers with the best outcomes for isolated CDH should be
identified from current databases and their practices disseminated
to the wider community. Improving outcomes in patients with
CDH will require continued vigilance, multidisciplinary collabora-
tion and widespread adoption of best practices.
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APPENDIX
Current approach to optimize management of CDH and related
PH at Children’s Hospital Colorado

Appendix A

Adequate access with preductal arterial line, four central venous ports
Importance of preductal ABG monitoring with R-L PDA
Postductal ABG: 7.30/56/45
Preductal ABG: 7.35/44/136

Early ECHO
Definition of PA pressure
Assessment of LV size and function
LV performance
Atrial shunt

Delayed iNO until ECHO evidence of adequate LV performance
Minimize volutrauma with low TV/PIP; early use of HFOV
LV afterload reduction with milrinone, consider maintenance of ductal
patency with PGE1
Treat adrenal insufficiency
Avoid surfactant treatment
Delayed repair of defect
Achieve hemodynamic stability and decreased PVR

Consider NICU repair
Avoid interruption of ventilatory strategy

ECMO if indicated
Cardiac performance
Preductal desaturation with worsening acidemia

Nasal cannula NO post-extubation for persistent PH

Abbreviations: ABG, arterial blood gas; CDH, congenital diaphrag-
matic hernia; ECHO, echocardiogram; ECMO, extracorporeal
membrane oxygenation; HFOV, high frequency oscillatory ventila-
tion; iNO, inhaled nitric oxide; LV, left ventricle; NICU, neonatal
intensive care unit; NO, nitric oxide; PA, pulmonary artery; PGE1,
prostaglandin E1; PDA, patent ductus arteriosus; PH, pulmonary
hypertension; PVR, pulmonary vascular resistance; TV/PIP, tidal
volume/peak inspiratory pressure.
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