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Introduction

Congenital diaphragmatic hernia (CDH) is a developmental 
defect of the diaphragm that occurs in approximately 1 on 
3,000 live births. There is maldevelopment of the ipsilateral 
and contralateral lung as well as abnormal pulmonary 
vascular growth. There is a high mortality, between 30 
and 50%, due to pulmonary hypoplasia and pulmonary 
hypertension. Infants can suffer ventilator induced injury 
and oxygen toxicity which can result in prolonged oxygen 

dependency. Survivors also have other long term morbidities 
including neurodevelopmental delay, gastroesophageal 
reflux, pulmonary hypertension, and scoliosis. It is therefore 
essential that management strategies are optimized in this 
highly vulnerable population and are shown to improve 
outcome. As a consequence, this narrative review provides an 
update on antenatal and postnatal management strategies 
and current outcomes emphasizing the areas in which further 
research is required.
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Antenatal Care

FETO and surfactant

Fetoscopic Endoluminal Tracheal Occlusion (FETO) is where a 
balloon is fetoscopically placed in the fetus’ trachea inhibiting 
the egress of lung fluid hopefully promoting lung growth [1]. 
In the TOTAL trials fetuses with left sided CDH were randomly 
assigned either to the FETO or non-FETO surgery group. 
In fetuses with moderate left CDH there was no significant 
improvement in survival to discharge [2], but in those with 
severe left CDH, 40% of infants in the FETO group survived to 
discharge, as compared to 15% in the expectant management 
group [3]. There were, however, significant complications, 
including preterm, prolabor rupture of membranes and 
preterm birth [2,3]. FETO is therefore now used routinely only 
in fetuses with severe CDH. Other studies [4,5] have found 
benefits, including in right sided diaphragmatic hernias [6].

Surfactant administration used as part of neonatal 
resuscitation in CDH infants has had mixed efficacy and studies 
have demonstrated that CDH patients do not have inherent 
surfactant deficiency. FETO, however, has been associated with 
a reduction in type two pneumocytes and hence surfactant 
deficiency. Surfactant administration has been shown to be 
useful in the first 48 hours after balloon removal as lavage for 
thick airway secretions [7]. In a retrospective cohort study, 
after controlling for confounders, surfactant recipients who 
had had FETO tended towards improved survival and had a 
reduction in extracorporeal membrane oxygenation (ECMO) 
requirement [8].

Antenatal therapies for CDH associated pulmonary 
hypertension

There have been a number of preclinical studies assessing 
antenatal therapies for CDH-induced pulmonary hypertension 
(PH) [9]. Studies on rats and rabbits with CDH induced by 
nitrofen or olive oil have shown that intra-amniotic sildenafil 
normalizes lung development and reduces resistance in the 
pulmonary arteries, as well as having a good safety profile 
[10–18]. Antenatal sildenafil treatment in lambs was shown 
to lower pulmonary arterial pressure and increase pulmonary 
blood flow [19]. A study protocol for antenatal sildenafil 
administration to prevent PH in CDH has been published, the 
main aim is to assess the transfer of sildenafil through the 
placenta in the second and third trimesters [20]. The STRIDER 
trial (use of sildenafil in pregnancies with poor intrauterine 
growth), however, was stopped when at the interim 
analysis there was increased neonatal mortality following 
administration of sildenafil [21]. A study in rabbits found that 
combining FETO surgery and sildenafil resulted in increased 
bronchiolar density and static elastance [22]. 

In a nitrofen rat model, prenatal exposure to Treprostinil 
reduced medial wall thickness as compared to controls, 

however, pulmonary airway development, lung hypoplasia 
and pulmonary function were unaffected [23]. Nevertheless, 
Treprostinil crossed the placenta, attained fetal target 
concentrations and was well tolerated by mother and 
baby [23]. Selexipag has been shown to decrease the 
number of air saccules in rabbits and, when combined with 
sildenafil, increased mean saccular airspace diameter [22]. A 
combination of intra-amniotic sildenafil and rosiglitazone, 
showed decreased pulmonary vascular muscularization and 
increase in peripheral pulmonary blood flow distribution in 
controls, but not in CDH rats [24]. Sildenafil and 2(S)-amino-
6-boronohexanoic acid (ABH), an arginase inhibitor, increased 
lung nitrite levels by 1.7 times without changes in eNOS 
expression, suggesting that it could reverse some pulmonary 
features in CDH by improving local nitric oxide (NO) synthesis. 
It also prevented pulmonary vascular smooth muscle cell 
hyperproliferation [25]. These results are promising, but 
further data on safety and efficacy are required before there 
can be changes in routine clinical practice. 

Timing of Cord Clamping

Delayed cord clamping (DCC) is now recommended for all 
healthy newborns and has been found to improve outcomes 
in infants born preterm. DCC, however, may not be feasible 
in infants with severe CDH when immediate intervention is 
required [26]. There is, however, a physiological basis for DCC 
in CDH infants; allowing placental transfusion during the 
establishment of a functional residual capacity (FRC) and the 
pulmonary circulation might increase left ventricular preload 
and maintain cardiac output during a critical period following 
birth. Animal studies have shown that intact cord resuscitation 
markedly improved hemodynamic transition after birth [27] 
and in a lamb model of CDH there was benefit in oxygenation 
during transition with intact cord resuscitation [28]. In 
humans, DCC is feasible [29,30] and there are two ongoing 
randomized controlled trials to investigate the potential short 
term benefits of DCC in CDH infants. 

Respiratory Support

Delivery room management

The standard management of prenatally diagnosed CDH used 
to be immediate intubation and ventilation and administration 
of a neuromuscular blocking agent [31]. Dynamic lung 
compliance is low at birth in CDH infants and a prospective 
observational study demonstrated that this was adversely 
affected by administration of a neuromuscular blocking 
agent. Indeed, the median lung compliance was reduced from 
0.22 to 0.16 ml /cmH2O/kg immediately post administration 
of pancuronium [32] and hence the recommendation is no 
longer to routinely administer neuromuscular blocking agents. 
A prospective observational study found that low expiratory 
tidal volume and high end-tidal CO2 levels at 10 minutes 
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after birth were risk factors for deterioration requiring extra 
support, including ECMO [33]. Furthermore, low expiratory 
tidal volumes and lung compliance during the first minute of 
recorded resuscitation were lower in non survivors [34]. The 
achievement of higher maximal preductal oxygen saturation 
prior to transfer to the NICU was associated with greater 
survival in CDH infants. 

There has been concern that intubation and ventilation even 
without administration of a neuromuscular blocking agent 
could increase the risk of adverse effects such as ventilator-
induced lung injury. A spontaneous breathing (SB) approach 
has been considered in order to avoid such issues [35]. A 
retrospective study reported that SB was successful in 6 of 
15 prenatally diagnosed patients with mild CDH. Delayed 
intubation, if required, did not negatively affect outcome (100% 
survival rate in both successful and unsuccessful SB patients) 
[36]. Another single-center retrospective study had success 
with SBA in six of eight patients and this was associated with 
shorter length of stay and fewer days of mechanical ventilation 
and oxygen supplementation [37]. Those studies were carried 
out in high volume CDH centers with multidisciplinary teams 
of specialists; therefore, the practice may not be generalizable 
to all centers. An appropriately sized, randomized controlled 
trial is required to assess the safety of SB compared to standard 
treatment. 

Modes of respiratory support

Gentle ventilation: Gentle ventilation (GV) prioritizes 
lung protection, including permissive hypercapnia to 
avoid increasing tidal volume or ventilator pressures [38]. A 
retrospective study found that overall survival in a GV-group 
was better than a non-GV group (95% versus 62.1%) [39]. 
Another retrospective cohort study also found that survival 
was higher in a GV group compared to a non-GV group (57% 
versus 26%) [40].

Conventional mechanical ventilation (CMV) versus high 
frequency oscillatory ventilation (HFOV): A randomized, 
multicenter trial demonstrated that infants randomized to 
HFOV or CMV had similar results regarding death or BPD, 
but patients initially ventilated by CMV were ventilated for 
fewer days, less often needed ECMO, inhaled nitric oxide 
(iNO) or sildenafil and had a shorter duration of vasoactive 
drugs [41]. The trial did not achieve the calculated sample 
size, nevertheless it was the largest RCT of CDH patients and 
recruited from nine high volume centers across Europe [41]. 
A subsequent retrospective, but smaller study (n=80) also 
found no significant difference between HFOV and CMV with 
regard to the duration of supplementary oxygen dependency 
or death [42]. Furthermore, a multicenter retrospective study 
performed in 15 centers in Japan, with analysis by propensity 
score matching, did not show any significant difference 

in mortality between groups [43]. A French retrospective 
cohort study also found no significant differences between 
CMV and HFOV regarding duration of oxygen therapy or one 
year survival [44]. A systematic review of 15 studies up to 
2017 found that there was higher incidence of chronic lung 
disease and mortality in HFOV patients [45], but stated that 
the evidence was poor and in some studies HFOV was used as 
rescue therapy. 

If conventional ventilation is to be used, then most centers 
would use volume targeted ventilation. Assessment of 
the work of breathing demonstrated that it was higher at a 
volume targeting level of 4 ml/kg compared to 5 or 6 mls/
kg, suggesting the higher targeted volumes within the tidal 
volume range should be used [46].

ECMO

ECMO is a form of extra corporeal life support (ECLS) typically 
used in severe cases of CDH (hypoplastic lungs, refractory 
pulmonary hypertension, ineffective FETO surgery and/or 
congenital heart disease [47]) and stabilization before surgical 
repair [31]. CDH is the most common non-cardiac indication 
for neonatal ECMO [48], however, the benefits are still unclear 
[49]. 

Venoarterial versus venovenous ECMO: Venoarterial 
(VA) ECMO takes blood from the right atrium and returns 
oxygenated blood to the carotid circulation. It provides both 
cardiac and respiratory support. Venovenous (VV) ECMO takes 
from and returns blood to the right atrium via a double lumen 
catheter. VV ECMO provides only respiratory support [50]. 
Many patients with CDH who have the most severe disease 
have associated left ventricular disfunction rendering VV 
ECMO unsuitable [51]. A review of the ECLS registry results 
suggests that VV ECMO is suitable in select cases, such as 
respiratory failure due to pulmonary hypoplasia [52]. In 
comparison to VA ECMO, VV ECMO delivers more oxygenated 
blood to the myocardium. In addition, VA ECMO returns blood 
to the systemic circulation, making embolic events more likely 
than in VV ECMO [50].

Analysis of the ECLS registry results suggests that the 
ECMO mode does not significantly affect mortality or severe 
neurologic injury, however, mortality was higher for VV 
compared to VA if pre-ECMO repair was required [53]. If pre-
ECMO repair was not required, VV ECMO was associated with 
a lower risk of severe neurological injury [53]. A questionnaire 
directed at healthcare professionals of the ELSO CDH interest 
group highlighted that over 60% said that VV ECMO is optimal 
for average-risk neonates, but there was little agreement 
regarding the criteria to choose either VA or VV ECMO with 
wide variation in practice between centers and practitioners 
[54].
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Timing of surgical repair and ECMO

Repair on ECMO may have advantages in the most severely-
affected infants. A retrospective review of results from six 
severely compromised neonates found no intra-operative 
bleeding or clotting complications, five of whom survived 
[55]. Early repair in patients from the CDH study group was 
associated with 87.1% survival compared to 78.4% in those 
who were not repaired on ECMO (p=0.002) [56]. In one 
retrospective review, patients with “super early" repair (within 
24 hours of ECMO initiation) had 71.4% survival compared to 
59.7% in the early repair group [57]. There was also a lower 
mortality rate in early repair compared to delayed repair on 
ECMO [58]. Another study reported a lower bleeding incidence 
(5% versus 36%) [59]. A meta-analysis of non RCTs found that 
early repair reduced mortality [60]. Other studies, however, 
have reported that repair post-decannulation has better 
results. In a retrospective chart review, survival was 100% in 
patients who underwent repair after decannulation with no 
significant bleeding [61]. Other studies found 85% survival 
in patients who underwent repair post-decannulation, as 
opposed to 36% of patients still on ECLS [62]. In another study, 
there was 94.4% survival rate for those decannulated before 
repair, whereas early repair was associated with a prolonged 
ECMO duration and bleeding complications [63]. Data from the 
CDH study group database and ECLS registry support repair 
after decannulation in patients who are stable enough [64,65]. 
A meta-analysis also suggests a reduced mortality and lower 
post-operative bleeding rates in patients who underwent 
repair after being weaned from ECMO as compared to repair 
on ECMO [60].

There is currently no evidence to promote the prophylactic 
use of ECMO in infants with CDH with small studies showing 
no benefit to ‘EXIT ECMO’ in those with the highest risk of 
mortality. There are no randomized studies determining the 
most appropriate timing of repair related to ECMO and clearly 
the timing must be influenced by the acuity of the baby. The 
results of the above, often retrospective, studies suggest 
post-decannulation repair is associated with good outcomes. 
In high-risk patients, repair within 72 hours of cannulation 
may be better than delayed surgery. Accurate predictors 
of delayed ECMO weaning would be important to inform 
decision making.

Mortality and morbidity: The benefit of ECMO on CDH 
mortality is not clear and guidance on which infants are offered 
ECMO vary by center [66]. An early trial randomized infants 
with multiple pathological causes for poor oxygenation and 
included 35 infants with CDH [67]. In that trial, all CDH infants 
in the conventional treatment arm died (17 of 17) compared to 
14 of 18 patients in the ECMO arm. In one study of 120 centers 
providing ECMO for infants with CDH, mortality was reported 
as 50%, the average number of infants who had ECMO per 

center was 3.8±2.4 [68]. Centers with the highest volume of 
cases had the lowest mortality [68].

On ECMO, several factors have been associated with an 
increased mortality. A prospective observation study found 
100% mortality in CDH neonates on ECMO with hemolysis [69]. 
A further prospective study assessing Brain Natriuretic Peptide 
(proBNP, a marker of heart strain) values between days two and 
seven of ECMO demonstrated an overall mortality rate of 63% 
compared to 30.6% for patients without a proBNP increase 
[70]. A multi-center cohort study showed that best preductal 
PaO2 was significantly lower in non-survivors than in survivors 
on ECMO [71]. One national study examined the one year 
mortality of forty six infants with CDH who were successfully 
weaned from ECMO, 19 who died before a year of life [72]. The 
causes of death were reported as sepsis, cardiac arrest, cardiac 
failure, respiratory failure, and 30% as unknown [72]. In a 
single-center retrospective study, guideline changes focusing 
on minimizing stimulation, using preductal saturation and 
less aggressive ventilator/inotrope support were associated 
with decreased ECMO use from 37% to 13% [73]. A cohort 
study from the CDH study group found prostacyclin (PGI2) use 
during the first weeks of life reduced ECLS use (adjusted odds 
ratio (aOR 0.39)), as well as ECLS duration (8.6 versus12.6 days, 
p<0.001) [74].

ECMO is associated with many complications. In a prospective 
study, 48% of patients had an occluded right common carotid 
artery after ECMO and hence reduced perfusion, however, 
there was still sufficient blood flow due to collateral supply 
[75]. An analysis of a children’s hospital database indicated 
that bloodstream infection is rare in CDH infants on ECMO in 
the first week (0.6%), but increases with the duration of ECMO 
(8.6% after three weeks, p=0.002) [76].

Those on ECMO require anticoagulation which increases the 
risk of bleeding intraoperatively and postoperatively. In a study 
of 53 CDH infants who required ECMO, post operative bleeding 
requiring reoperation was identified in 11 patients [77]. The 
addition of anti-fibrinolytic therapy has helped mitigate risk 
of bleeding and significantly improved outcomes of patients 
repaired on ECMO [78]. A review found anticoagulation 
protocols usually include perioperative aminocaproic acid or 
tranexamic acid, as well as close monitoring of coagulation 
parameters [79]. In a single-center retrospective chart review, 
a standardized perioperative bivalirudin (anti-thrombin) 
protocol achieved target anticoagulation within the first 12 
hours [80]. Another found anticoagulation with bivalirudin 
reduced surgical bleeding complications and halved blood 
product requirement when compared to patients on heparin 
[81].

An institutional standardization of anti-coagulation 
management of CDH neonates on ECMO, including use of 
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goal-directed thromboelastography (TEG) and a point of care 
blood test that gave real time information on clotting function, 
led to a reduction in hemothoraces and reduced requirement 
for cryoprecipitate [82].

The level of support required before ECMO is significantly 
associated with level of multi-organ dysfunction, the largest 
contributors being cardiac arrest and hand bagging. This 
suggests initiation of ECMO prior to these events is critical to 
avoid complications [83]. A single-center review suggested 
that metabolic complications were common (48.1%) followed 
by mechanical complications (38.9%) and hemorrhage (22.2%) 
[84]. In a retrospective case series, nearly one in five neonates 
with CDH developed seizures during their ECMO course and 
this was associated with lower survival to discharge (OR 0.10, 
p=0.0006) [85].

Long term neurodevelopmental outcomes: ECMO use in 
CDH infants appears to be associated with negative effects 
on neurodevelopmental outcomes. A prospective study of 
178 infants requiring ECMO showed that at two years of age, 
patients with CDH (36 patients) previously treated on ECMO 
scored significantly lower on IQ testing and selective attention 
assessment compared to patients treated with ECMO for other 
indications [86]. Another study of 162 CDH infants who did 
not require ECMO versus 50 who did showed that at a mean 
of 22 months, the need for ECMO was associated with a score 
of 4.6 points lower on cognitive composite and 9.2 points 
lower on motor composite scores [87]. A further study across 
an 11-year period at a single center showed that of their 142 
patients, 38 required ECMO. In that study, ECMO was also 
associated with a higher chance of deficit using the ‘functional 
status scale’ assessment [88]. One study showed that multiple 
runs were associated with lower motor composite scores as 
compared to neonates with a single ECMO run [89]. Although 
ECMO has been associated with adverse neurodevelopmental 
outcomes those who are offered ECMO are the sicker and have 
the highest risk of mortality. 

Predictors for ECMO requirement: The observed to 
expected lung head ratio (O/E LHR) is associated with the 
need for ECMO in infants with right or left sided CDH (O/E 
LHR less than 32.8% and 47.0% for left and right sided CDH, 
respectively) [90]. In those with an LHR of less than 25% and 
poor intrauterine growth, ECMO was less likely to be required 
compared to infants where growth was adequate [91]. In 
addition to the lung head ratio, a systematic review found 
that liver herniation increased the risk for ECMO in left sided 
diaphragmatic hernias [92]. 

One study which included 2,985 CDH infants found that 
including 1 and 5 minute Apgar scores, as well as the highest 
and lowest post-ductal pCO2 during the first 24 hours of life 
allowed the authors to stratify infants risk of ECMO in to 10 

distinct groups [93]. Another study found that the ‘SNAP-II 
score’, which consists of arterial blood pressure, pH , PaO2:FiO2, 
temperature, diuresis and seizure activity at 12 hours, was 
strongly associated with need for ECMO with a sensitivity and 
specificity for predicting ECMO therapy of 91% and 64% [94].

The compensatory reserve index is derived from advanced 
signal processing of an arterial pulse wave measured non-
invasively via an infrared sensor [95]. A prospective single 
center study found that the compensatory reserve index was 
significantly lower in newborns requiring ECMO compared to 
those who did not [96].

Some cardiac biomarkers and physiological measurements 
have shown to be strong predictors of the requirement 
for ECMO for infants with CDH. Plasma BNP was shown in a 
retrospective chart review to be significantly increased in 
patients with PH and those requiring ECMO [97]. A retrospective 
review found an increased right ventricular eccentricity index 
in ECMO patients as compared to non-ECMO patients [98]. 
Another retrospective chart review found that a decrease in LV 
cardiac index was more strongly associated with need for ECLS 
compared to non-ECLS patients [99]. Another retrospective 
review found biventricular dysfunction had the strongest 
association with ECMO use [100]. Elevated endothelin levels 
during the first 48 hours of life in CDH neonates were also 
significantly associated with increased rates of ECMO in a 
prospective study [101].

Emerging methods of respiratory support

Neurally adjusted ventilator assist (NAVA) uses the electrical 
activity of the diaphragm (Eadi) to trigger and deliver 
ventilatory support, hence it has been thought NAVA may not 
be feasible in CDH infants. The Eadi signal is measured with 
an Eadi catheter which has nine electrodes and is positioned 
in the esophagus at the level of the diaphragm [102]. 
Nevertheless, in a retrospective study of 16 CDH neonates 
NAVA demonstrated improvements in short term respiratory 
outcomes after 72 hours [103]. Another retrospective study 
found that NAVA was successfully used in patients to transition 
after surgery from to SIMV to NAVA and then NIV (non-invasive 
ventilation)—NAVA with a reduction in peak inspiratory 
pressures and mean airway pressures [104]. Furthermore, in 
one study NAVA was used successfully post-operatively to 
wean ventilatory support, but of the infants required a patch 
[105]. There is a crossover study underway comparing NAVA’s 
safety and efficacy including in infants who had undergone 
FETO, which will determine if NAVA is feasible in the most high 
risk patients [106].

Inhalation of a helium-oxygen mixture (heliox therapy), in 
addition to permissive hypercapnia, was shown to improve 
gas exchange including a decrease PaCO2 levels in 27 neonates 
with CDH [107].
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 A randomized crossover trial found that closed-loop 
automated oxygen control (CLAC) in CDH infants was 
associated with an increased time spent in target oxygen 
range by 34% and the median duration of desaturations was 
reduced [108]. 

Flexible bronchoscopy may facilitate ECMO and ventilator 
weaning through diagnosing airway anomalies and removal 
of mucous plugs. A study review found it was safe, with high 
diagnostic and potentially therapeutic value. A trend showing 
higher tidal volumes post-flexible bronchoscopy was noted 
[109].

Pulmonary Vasodilators

Pulmonary hypertension (PH) is a common complication of 
CDH which can result in the preload on the heart increasing 
and ventricular dysfunction [110]. Hence, use of pulmonary 
hypertension medications is common in CDH infants. In one 
series, 68% of neonates with CDH were exposed to at least 
one PH medication and 11.6% were discharged home with 
PH medications [111]. At one year in another series, only 9% 
of infants who had echocardiogram assessments, however, 
had raised pulmonary pressures; this was particularly found 
in those who had required prolonged invasive ventilation 
[112]. There is increasing evidence that fetuses with severe 
CDH are at risk of left ventricle (LV) hypoplasia and decreased 
systolic and diastolic function. Infants with CDH then should 
have an early echocardiography assessment to determine 
the relative contributions of pulmonary vascular disease and 
LV dysfunction to PH. Pharmacological recruitment of the 
arterial duct should be considered if there is ductal dependent 
systemic blood flow and severe LV dysfunction. In such infants 
milrinone should be considered, although there is no evidence 
of efficacy from randomized trials [113].

Inhaled Nitric Oxide (iNO)

iNO is commonly used in CDH infants [35]; it activates the 
cGMP pathway, which ultimately results in smooth muscle 
vasodilation [114]. An observational, retrospective study 
found that iNO use is common amongst different centers 
(mean 62.3%, range 0-100%) but iNO dosage ranged 
anywhere from 0.1 to 80 ppm (median 20 ppm) [115]. Not all 
infants, however, respond to iNO. In a retrospective cohort 
study only 30.9% of patients showed a significant reduction 
in the oxygenation index (OI). Among the iNO responders, 
there was a reduced need for ECMO and reduced mortality 
[116]. Another retrospective review found 40% of patients in 
whom iNO was administered had significant improvements 
in oxygenation: non responders were more likely to have left 
ventricular systolic dysfunction [117]. An observational study 
found that 39% of iNO patients had an improved median 
PaO2/FiO2 ratio, the percentage change post iNO initiation 
was higher in survivors than non survivors [118]. Other studies 

have had more negative findings. The NINOS trial found that 
iNO failed to reduce mortality and led to higher usage of ECMO 
[119]. The CDH Study Group reported their experience from 
70 centers; of 3,367 CDH infants, 2,047 received iNO including 
343 infants who did not have PH. Using propensity score 
matching analysis, iNO use was associated with significantly 
increased mortality [115]. Retrospective analysis of the results 
of CDH patients on ECLS who also received iNO did not show 
a reduced mortality and a significantly higher risk of renal 
complications [120]. A multi-center cohort study found that 
use of iNO in the first three days after birth was associated 
with increased mortality and ECLS use [121].

The American and Canadian professional guidelines now 
only recommend a trial iNO in the absence of LV systolic 
dysfunction and to stop use if no echocardiographic findings 
of improvement are seen within 24 hours [114]. A more 
personalized approach to iNO initiation should be taken and 
not started unless there is echocardiographic evidence that 
it might be efficacious, such as right ventricular dysfunction 
promoting use and not if there is left ventricular dysfunction 
[122].

Sildenafil

Sildenafil is a phosphodiesterase-5 inhibitor stopping the 
breakdown of cGMP [123]. It is being increasingly used in CDH-
PH, especially in severe cases [31]. A retrospective case review 
found that nine infants who received intravenous sildenafil 
had improved oxygenation at 72 to 96 hours post-infusion, 
including a significantly decreased supplementary oxygen 
requirement and an improved OI [124]. Another retrospective 
chart review demonstrated improved oxygenation in 42.3% of 
patients during sildenafil administration during the first days 
of life, but a significant increased requirement for vasopressors 
[125]. Another retrospective cohort showed 50% of CDH 
patients responded to sildenafil but the results were not 
statistically significant [126]. Sildenafil weaned after discharge 
was not associated with a rebound effect on PH [127].

Milrinone

Milrinone is a phosphodiesterase-3 inhibitor and stops the 
breakdown of cAMP. and enhances myocardial contractility 
[114]. It has been shown to improve RV function and relax 
pulmonary arteries [110]. A retrospective analysis of OI 
matched neonates with mild to moderate CDH demonstrated 
that administration of milrinone did not improve OI, 
pulmonary artery pressures, or left ventricular results [128]. 

Prostacyclins

Prostacyclins are synthesized from arachidonic acid. They 
activate the cAMP pathway, which activates protein kinase A 
causing vasodilation and preventing remodeling of smooth 
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muscle [114]. Prostaglandin E (PGE) has been used to maintain 
ductus arteriosus patency and unload the suprasystemic right 
ventricle in neonates with CDH and severe PH. In 57 infants 
with CDH treated with PGE at a mean of seventeen days, there 
was improvement in echocardiographic estimates of severe 
PH. Treatment was not associated with post-ductal hypoxemia 
or systemic hypotension [129]. Epoprostenol and Treprostinil 
are synthetic prostacyclins that act to augment this pathway. 
In a retrospective analysis of the CDH study group registry 
results demonstrated that prostacyclin analogues were used 
at some time in 14% of patients with significant variation in 
timing of initiation and duration of use [130]. Infants, however, 
who received PGI2 in the first week after birth were less likely 
to receive ECLS and if they did, there was a shorter mean 
duration of ECLS [74]. Epoprostenol, also called prostaglandin 
PGI, in a retrospective analysis of the CDH study group registry 
results did not significantly increase survival, however that 
may have been due to limited statistical power [131]. A more 
recent, retrospective review showed that CDH patients who 
were started on both ECLS and epoprostenol and survived 
had shorter time on ECLS [132]. 

A prospective follow-up study found that 14 patients with 
severe CDH and life-threatening PH treated with subcutaneous 
treprostinil had improved pulmonary hemodynamics [133]. 
In infants with 48 hours of persistent clinical instability, 
treprostinil administration was associated with a decrease in 
the OI [134]. A retrospective cohort study found that infants 
treated with treprostinil, had a significant reduction in serum 
B-type natriuretic peptide (BNP) at one week and a reduction 
in severity of PH at one month. Despite those improvements, 
mortality remained high (35%) [135]. Another retrospective 
single-center review again showed decrease in BNP levels 

after one month as well as improved RV and LV function [136]. 
A systematic review of 136 articles of use of treprostinil in 
infants younger than one year of age demonstrated it reduced 
the severity of PH, but had side effects which included 
hypotension and hematoma [137].

Emerging vasodilators

Bosentan is an enterally administered endothelin-1 receptor 
antagonist which reduces pulmonary vascular resistance 
as the endothelin pathway leads to potent pulmonary 
vasoconstriction. In a case series of 50 patients, bosentan 
administered as an adjunct therapy was associated with 
improvements in PH in 72% of patients two weeks after 
initiation [138]. 

Differences have been seen in the NO-cGMP pathway in 
CDH patients, including arteries dilating less to sodium 
nitroprusside, a NO donor [139]. Furthermore, mRNA 
suppression of a guanylate cyclase subunit and a protein 
kinase cGMP subunit were reduced as compared to seen 
in healthy placentae [139]. Riociguat and Cinaciguat are 
stimulators of soluble guanylate cyclase, which can restore the 
NO pathway and exert a vasodilatory effect. They are currently 
only approved for adults [114].

Selexipag, an oral prostacyclin agonist, is a highly selective 
vasodilator currently in phase 3 trials for adult PH [110]. 
Nilotinib may be considered to reverse vascular remodeling 
[110]. Calcium sensitizers, for example levosimendan, have 
shown to improve PH and LV dysfunction [114].

The rho-kinase pathway plays an important role in 
pulmonary vasoconstriction—fasudil, a rho-kinase inhibitor, 

Figure 1. Illustration of the mode of action of the pulmonary vasodilators. 
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may be useful but must be studied in clinical trials [114]. 
Tyrosine kinase inhibition, anti-inflammation, anti-oxidation, 
transcription factor modulation, and epigenetic modulation 
are other areas to be considered for future treatment [114]. 
Use of regenerative stem cells or versatile nanoparticles are 
currently being investigated in other types of PH, they may be 
of use in CDH-PH [9,110,114].

Summary 

Multiple reviews and consensus reports suggest that iNO 
should only be used in infants where there is no evidence of left 
ventricular dysfunction and continued only if an improvement 
is seen within 24 hours of administration [114,123,140,141]. 
Use of Milrinone should be used to treat cardiac dysfunction 
if associated with PH [141]. It has been shown to improve 
oxygenation in iNO-resistant PH [113]. Sildenafil should be 
considered with refractory PH or as an adjunct when weaning 
iNO [114,141,142]. Prostacyclins may be considered as rescue 
therapy prior, during, or after ECLS in infants with severe or 
refractory PH [141–143]. They can also be used to maintain 
patency of ductus arteriosus in infants with severe CDH-PH 
[114] and offload the RV [113]. Bosentan has limited evidence 
[143] but can cause vasorelaxation [110].

Long Term Outcomes 

Although the overall physical health of CDH survivors is 
often reported as good, there are a range of morbidities 
which are significantly higher than in the general population 
[144–146], with chronic lung disease, exertional dyspnea, 
gastroesophageal reflux disease GERD, and scoliosis being the 
most prominent [147]. Given the higher rate of morbidities, 
yet survivors may report few symptoms, well-structured long-
term follow-up programs are required to identify common 
morbidities at the earliest possible stage [148].

Recurrence

Multiple factors contributing to recurring diaphragmatic 
hernia have been identified. A multi-center retrospective 
study identified liver herniation, patch repair and severe defect 
size as the strongest predictors [149]. Database analyses since 
then have suggested that a larger defect size, ECMO use and 
minimally invasive surgical repair, such as thoracoscopy, were 
associated with higher recurrence rates [150–152]. Others 
have identified biological patches, such as porcine dermis 
patches, used during repair increase the risk of recurrence 
compared to synthetic patches such as Gore-tex [153]. A meta-
analysis suggests that overall recurrence rate was higher with 
biological patches [154].

Neurodevelopmental outcomes

Developmental delays, particularly in motor and cognitive 
skills, have been linked to CDH. In a prospective observational 

study most children had normal cognitive and motor function 
at two years of age [155]. Significantly more CDH survivors 
may have borderline and low scores in at least one domain 
compared to controls [156]. Another found 51% of survivors 
had at least a mild delay in one or more domain [157]. 

Several factors relating to both the disease itself 
and its management have been shown to worsen 
neurodevelopmental outcomes [158], with multiple deficits 
occurring in patients requiring ECLS, supplemental oxygen 
at 30 days and patch repair [159]. A prospective longitudinal 
study showed that increased ventilatory time is inversely 
correlated to neurodevelopment at 6 and 12 months [160]. 
Prolonged NICU stay, intubation and supplementary oxygen 
requirement, fundoplication, abnormal brainstem auditory 
evoked responses and tracheostomy were predictive of lower 
scores on the Bayley Scales of Infant and Toddler Development 
3 (BSID-III), with right-sided CDH, male gender, lower 5 min 
APGAR scores, pulmonary hypertension, and delayed start of 
enteral feeding being particularly predictive of lower cognitive 
and/or language scores [156,161]. Children born before 39 
weeks of gestation were at higher risk for neurodevelopmental 
delays [162]. CDH has also been associated with hearing loss, 
found in almost a fifth of CDH survivors in a follow-up study 
[163].

Autism Spectrum Disorder (ASD) was diagnosed in 11% of 
CDH survivors in a follow-up study, which is significantly higher 
than the general population [156]. Another study found a nine 
times higher rate of diagnosis for ASD amongst CDH children 
compared to the general population [164]. A nationwide case-
control study found a higher incidence of ASD and intellectual 
disorders compared to controls [165].

Gastrointestinal, nutrition and growth outcomes

A single-center prospective follow-up at one year 
demonstrated CDH patients had a lower median weight 
z-score (-1.50); failure to thrive and GI issues were mainly 
attributed to gastroesophageal reflux (GER) and a higher 
requirement for tube feeding [166]. GER is a common long-
term morbidity of CDH, affecting 20 to 84% of CDH survivors 
[167,168]. Various factors may contribute to this including 
increased intra-abdominal pressure after repair, intolerance 
of feeds, prolonged hospitalization, duration of ventilatory 
support, size of defect and use of a prosthetic patch [167]. GER 
may be underdiagnosed if systematic esophageal monitoring 
is not performed [168], regardless of the presence of symptoms 
[169]. A retrospective review suggested that a symptom-
driven approach to diagnosis is warranted and that those 
who are diagnosed with GER should attend regular long-term 
follow-up due to early onset of Barret’s Oesophagus. This is a 
change in the distal squamous epithelial lining to metaplastic 
columnar epithelium, predisposing patients to esophageal 
adenocarcinoma (diagnosed in 7% before 18 years of age in 
CDH survivors) [170].
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The frequency of aspiration is high, with 68% of outpatient 
studies identifying it in CDH patients [171]. A video fluoroscopic 
swallow study led to changed management in 8 of 10 patients, 
often altering the consistency of oral feeds [171]. Small bowel 
obstruction is another potential complication which may be 
lower following minimally-invasive repair as opposed to open 
repair [172]. Studies have shown that between 15% and 25% 
of patients require feeding tubes [173,174]. Affected patients 
were lighter and shorter [173]; 69% required fortified feedings 
due to inadequate growth at discharge [174]. High risk CDH 
patients, such as those requiring patch repair, ECMO support, 
prolonged ventilation and an initial pH<7.25, were likely to 
require tube feeding and 33.3% of patients in the same study 
were still tube feeding at their last follow-up appointment 
[175].

Failure to thrive and growth stunting is a recognized 
complication of CDH survivors, found in 14% of clinic visits 
in a single center [173]. It could be due to increased energy 
expenditure, as seen in 58% of patients [173]. Growth 
retardation was found in 22.7% of CDH survivors in a 
multicenter retrospective study, however there was body 
weight improvement between 1.5 and 3 years. Birth weight 
under 2 kg and home oxygen treatment were significant risk 
factors [176]. Another retrospective study suggested patients 
with open repair and prolonged intubation or hospitalization 
were at highest risk of poor nutritional outcomes [174]. Poor 
linear growth has shown to persist even at 12 years of age, 
therefore nutritional assessment and intervention should be 
started early and continued during childhood [177]. Identifying 
high-risk patients early and enacting interventions such 
as minimizing steroid exposure and optimizing nutritional 
support might improve outcome [178].

Pulmonary outcomes

Respiratory problems accounted for half of the readmissions 
in the first year of life in a single center [166]. There is a 
significant correlation between FRC and weight at 12 and 
24 months, suggesting aggressive nutritional support may 
reduce respiratory difficulties as well as failure to thrive. 
CDH survivors have significantly reduced muscle strength 
at birth, but this increases in early life [179]. A randomized 
controlled trial showed respiratory muscle training improved 
respiratory function, maximal exercise capacity and quality 
of life in children [180]. The results of a non-randomized 
trial suggested that a personalized rehabilitation program 
improved respiratory muscle strength and submaximal effort 
capacity in adolescents and adults with repaired CDH [181].

Most CDH patients who survive beyond infancy have PH 
which resolves by five years of age, no matter the initial severity 
[182]. On exercise stress echocardiography, however, 10% had 
moderate or severe exercise-induced PH, suggesting some 
ongoing pulmonary vascular abnormalities [183]. Indications 

for persistent pulmonary hypertension may be preoperative 
pulmonary hypertension, associated malformations, and 
longer invasive ventilation [112].

Almost a quarter of patients were on chronic inhaled 
medication at a one year follow-up clinic [166]. A history of 
CDH is associated with higher rates of inhaled bronchodilator 
prescriptions, inhaled steroids, and asthma related physician 
visits up to 10 years of age [184].

The results of a multicenter retrospective survey suggested 
that a quarter of CDH survivors develop musculoskeletal 
abnormalities. Reduction in OI within 24 hours of birth, large 
diaphragmatic defects and patch repair were predictive for 
scoliosis [185]. A low 5 minute Apgar score was predictive 
of pectus excavatum and large defects predictive of chest 
asymmetry [185]. Fifteen (10.3%) of 145 CDH survivors who 
underwent CDH repair developed scoliosis, with over half 
attributable to multisystem abnormalities [186]. In another 
follow-up study, pectus excavatum was present in 34% of 
patients and thoracic asymmetry towards the right hemithorax 
was present in 45.9% of patients, showing pronounced age-
related progression. Severity of chest wall deformities have 
been linked to prenatal diagnosis, liver herniation, lower LHR, 
fetal relative lung volume, ECMO use, iNO and surgical repair 
[187].

Quality of life

CDH survivors overall may have reassuring quality of life 
scores with a PedsQoL total score of 81 in one series [188]. 
Nevertheless, several factors, including duration of oxygen 
therapy, hospitalization for respiratory disease, exercise 
limitation, inhaled corticosteroid treatment, chest deformity, 
abnormal cardiopulmonary exercise test, lower FEV1, 
bronchopulmonary dysplasia, longer initial hospitalization, 
severe cognitive impairment and orthopedic symptoms were 
associated with lower QoL scores [188,189]. A cross-sectional 
study again found reassuring PedsQoL scores but found a 
significant association between respiratory morbidity and 
lower PedsQoL score [190]. Severe CDH was associated with 
significantly with lower PedsQL scores (86 versus 68%) [191]. 
Furthermore, the quality of life, as assessed by PedsQoL score, 
was significantly lower in in CDH patients at eight years of age 
compared to healthy controls [192].

Predictors of Outcomes

Historically, observed to expected lung area to head 
circumference ratio (O/E LHR) has been used to predict 
survival in fetuses. A recent study found that observed to 
expected contralateral lung volume measured with fetal MRI 
was a more accurate in predicting survival to discharge and 
one year survival compared to O/E LHR [193].
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There are several measures that have been developed in 
the postnatal period to predict mortality. In a retrospective 
study from a tertiary neonatal unit, non-survivors had a 
greater higher mean and highest OI in the first 24 hours after 
birth [194]. A single-center retrospective cohort study also 
found the maximum OI in the first 24 hours was significantly 
associated with mortality [195]. A single center retrospective 
study also showed that chest radiographic thoracic area 
on day one was significantly reduced in severe CDH non-
survivors as compared to survivors [196]. Respiratory support 
at 30 days after birth was significantly associated with future 
pulmonary morbidities: increased use of inhalers and steroids 
and increased severe V/Q mismatch at one year as well as an 
increased risk of asthma at five years [197]. 

Conclusions

Despite advances in antenatal and neonatal care, infants 
with CDH suffer a high mortality and can experience lifelong 
morbidity. There are promising new antenatal therapies 
and forms of postnatal respiratory support, but research is 
hampered by the relatively small number of patients at any 
one center. To improve the care of these vulnerable patients, 
it is essential that multicenter studies are performed and 
international guidelines regularly reviewed.
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