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Summary 

Whilst the transition from fetal to newborn life is uneventful for most babies, some may 

require help to breathe at birth because their underdeveloped lungs are not ready for 

life in the outside world. One devastating cause of impaired lung development is 

congenital diaphragmatic hernia (CDH), which affects 1 in 3000 babies. Early in fetal 

development, a hole in the diaphragm allows abdominal organs to enter the chest and 

impair normal lung development. This abnormal development of the airways and 

pulmonary vasculature is termed lung hypoplasia, and predisposes infants to respiratory 

insufficiency and pulmonary hypertension after birth.1 While the hole in the diaphragm 

can be repaired after birth, survival rates remain less than 15% in babies with the most 

severely underdeveloped lungs, predominantly due to severe pulmonary hypertension 

that is resistant to current neonatal therapies.2, 3  

In this PhD thesis, I aimed to investigate interventions that reduce the severity of 

pulmonary hypertension, by either protecting the vulnerable pulmonary vascular bed 

during the neonatal cardiopulmonary transition at birth or attenuating abnormal 

pulmonary vascular development before birth.  

In Chapter 2, we established a CDH model in fetal sheep, that was based on a previously 

described model. In this experiment, we compared lambs with a diaphragmatic hernia 

(DH) to lambs that underwent a sham operation at the same gestational age (controls). 

We found that while DH lambs had impaired gas exchange and reduced dynamic lung 

compliance, they had similar pulmonary blood flows as control lambs after adjusting for 

lung weight. This unexpected finding prompted us to consider that our neonatal 

resuscitation protocol, which differed from previous studies, may have resulted in 

reduced pulmonary vascular resistance. We hypothesised that, instead of immediate 

cord clamping (ICC) after birth, our approach of deferring umbilical cord clamping until 

after lung aeration (termed physiologically based cord clamping; PBCC) may protect the 

pulmonary vasculature from stress induced by hypoxia and high arterial pressures 

immediately after birth. To further investigate the potential protective effects of PBCC, 

in Chapter 3 we compared the effects of PBCC and ICC on cardiopulmonary physiology 

during the neonatal transition in lambs with a DH. We found that PBCC avoided the 
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severe hypoxia and high arterial blood pressures associated with ICC and resulted in 

higher pulmonary blood flows during the first 2 hours after birth. 

Even with optimal delivery room management, infants with CDH are predisposed to 

pulmonary hypertension due to abnormal pulmonary vascular development in utero. In 

countries that routinely perform a mid-trimester morphology ultrasound scan, between 

70 – 90% of babies with CDH are diagnosed at 20 weeks of pregnancy, which provides 

an opportunity to identify the most severe cases.4, 5 The current antenatal management 

outside of clinical trials is expectant, however it is possible that the severe cases could 

benefit from antenatal interventions that rescue the lung from lethal hypoplasia. To 

specifically target pulmonary hypertension, I aimed to investigate a novel antenatal 

medical therapy, sildenafil, that had previously been shown to attenuate pulmonary 

vascular abnormalities in small animal models of CDH. However, it was unclear if the 

biochemical and structural changes observed in the animal models would translate to 

improved pulmonary haemodynamics after birth. Before translating these preclinical 

data into a clinical trial, in Chapter 4 I aimed to investigate the effect of antenatal 

sildenafil on cardiopulmonary haemodynamics and lung function during the neonatal 

transition in lambs with a DH. We found that antenatal sildenafil treatment was 

associated with lower pulmonary arterial pressure and greater pulmonary blood flow 

during the early neonatal transition period, in lambs with a DH.  

We have demonstrated that DH lambs have abnormal cardiopulmonary 

haemodynamics during the neonatal transition, and that these abnormalities can be 

attenuated by either antenatal sildenafil treatment to improve pulmonary vascular 

development or PBCC to optimise perinatal stabilisation. Our findings suggest that 

these perinatal interventions may prevent or reduce the severity of pulmonary 

hypertension in infants with CDH. 
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Abstract 

Background 

Most infants transition smoothly from life in utero to life after birth, but for infants with 

underdeveloped lungs, such as those with congenital diaphragmatic hernia (CDH), the 

transition to newborn life is far more difficult. The diaphragmatic defect allows 

abdominal organs to herniate into the fetal chest, leading to abnormal development of 

the airways and pulmonary vasculature. This predisposes infants to respiratory 

insufficiency and pulmonary hypertension after birth. We aimed to investigate 

interventions that reduce the severity of pulmonary hypertension, by either attenuating 

abnormal fetal pulmonary vascular development or by protecting the vulnerable 

pulmonary vascular bed during the perinatal stabilisation period.  

Methods 

At ≈80 days of gestational age (dGA; term≈147 dGA) a diaphragmatic hernia (DH) was 

surgically created in fetal lambs (n=35) whereas controls underwent sham surgery 

(n=6). DH fetuses were untreated (n=17) or treated with either fetoscopic endoluminal 

tracheal occlusion (FETO; n=8) or sildenafil (n=7). At ≈138 dGA, all lambs were 

delivered via caesarean section. Immediately before delivery, lambs were instrumented 

to monitor arterial blood gas status, arterial and cerebral oxygen saturation, as well as 

carotid and pulmonary artery blood pressures and flows. After delivery, lambs were 

ventilated for 2 hours using a ventilation protocol designed to reflect clinical practice. 

All physiological variables were continuously recorded and arterial blood gas status was 

regularly assessed. In one group of untreated DH lambs, umbilical cord clamping was 

delayed until after lung aeration was achieved (physiologically based cord clamping, 

PBCC; n=11), whereas the umbilical cord was immediately clamped in the remaining 

DH lambs (ICC; n=6). 

Results 

DH lambs, compared to control lambs, had reduced wet lung-to-body-weight ratio 

(0.016±0.002 vs. 0.033±0.004; p=0.02), dynamic lung compliance (0.4±0.1 vs. 1.2±0.1 

ml/cmH2O; p=0.001), pulmonary blood flow (PBF; 26±2 vs. 61±8 ml/min/kg; p=0.009) 

XXIII 



and cerebral tissue oxygen saturation (SctO2; 56±4 vs. 68±4 %; p=0.039) during the first 

2 hours after birth. 

Compared to DH lambs, DH+FETO lambs had increased wet lung-to-body-weight ratio 

(0.031±0.004 vs. 0.016±0.002; p=0.02) and dynamic lung compliance (0.7±0.1 vs. 

0.4±0.1 ml/cmH2O; p=0.049), however no difference in PBF corrected for lung weight 

(4.2±0.6 vs. 4.1±0.7 ml/min/g; p=0.86) or alveolar-arterial difference in oxygen tension 

(402±41 vs. 401±45 mmHg; p=0.96) during the first 2 hours after birth. 

Compared to DH lambs, DH+sildenafil lambs had reduced pulmonary arterial pressure 

(50±1 vs. 63±2 mmHg; p=0.011), increased PBF (26±3 vs. 13±2 ml/min/kg; p=0.024), 

and lower partial pressure of arterial carbon dioxide adjusted for minute volume (49±8 

vs. 96±24 mmHg∙mL∙bpm; p=0.045) during the first 2 hours after birth. 

Compared to DH+ICC lambs, DH+PBCC lambs had increased SctO2 (59±4 vs. 30±5 %; 

p<0.001) and similar pulmonary arterial pressures (64±3 vs. 77±5 mmHg; p=0.08) 

during the first ten minutes after umbilical cord clamping. However, PBF was threefold 

higher (23±4 vs 8±2 mL/min/kg, p=0.01) and pulmonary vascular resistance was 

threefold lower (0.6±0.1 vs 2.2±0.6 mm Hg/(mL/min), p<0.001) by 2 hours after birth. 

Conclusion 

We have demonstrated that lung hypoplasia, secondary to a DH, has a significant effect 

on cardiopulmonary physiology during the transition from fetal to neonatal life. In 

lambs with DH, improving pulmonary vascular development by fetal therapy and 

protecting the vessels by optimising delivery room management improved neonatal 

cardiopulmonary haemodynamics. In future, infants with CDH may by treated with a 

bundle of care that incorporates FETO to enhance lung growth, antenatal sildenafil to 

promote vascular development, and PBCC to provide perinatal cardiopulmonary 

stability. Together, these therapies may reduce the risk of pulmonary hypertension and 

ensure that each baby born with a CDH is given the best possible start to life. 
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1 Introduction 

Most infants transition smoothly at birth from in utero to ex utero life, but for infants 

with underdeveloped lungs, such as those with congenital diaphragmatic hernia (CDH), 

this fetal to neonatal transition is far more difficult. 

In infants with a CDH, the diaphragm fails to close during embryogenesis, which allows 

abdominal organs to herniate into the thorax and impairs fetal lung development 

(Figure 1). Despite advances in antenatal detection and neonatal management, CDH 

contributes to more than 1% of the infant mortality rate in developed countries such as 

the United States.6, 7 

The morbidity and mortality associated with CDH is predominantly related to abnormal 

lung development, affecting both the airways and the vasculature.8 CDH infants have 

reduced surface area for alveolar gas exchange, reduced pulmonary vascular cross-

sectional area, abnormal pulmonary vascular muscularisation, and altered 

vasoreactivity.9-11 

Most fetuses with isolated CDH survive until term, because their hypoplastic lungs are 

not required for gas exchange during fetal life. However, when the umbilical cord is 

clamped at birth the infant becomes solely dependent on the lungs for gas exchange. If 

cord clamping occurs before lung aeration, the infant loses placental gas exchange 

before pulmonary gas exchange can be established. In preterm infants, this results in a 

prolonged period of hypoxia and reduced cardiac output immediately after birth.12, 13 

An alternative approach to birth, which involves aerating the lungs before clamping the 

umbilical cord (known as physiologically based cord clamping; PBCC), avoids this 

cardiopulmonary instability and hence may also improve the fetal to neonatal transition 

for infants with a CDH.  

CDH is usually diagnosed on routine second trimester ultrasound, providing an 

opportunity to enhance lung growth and development in utero to improve subsequent 

neonatal outcomes.14-16 Antenatal surgical interventions such as fetoscopic 

endoluminal tracheal occlusion (FETO) improve outcomes, however are often 

complicated by preterm birth and have a limited effect on the incidence and severity of 
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pulmonary hypertension.17, 18 Less invasive antenatal medical therapies, such as the 

phosphodiesterase-5 (PDE5) inhibitor sildenafil, therefore represent an important 

opportunity to reduce the risk of severe pulmonary hypertension in infants with a CDH. 

In this thesis, I will first describe the effects of CDH on cardiopulmonary physiology 

during the neonatal transition, in a sheep model. Using this model, I will then describe 

the impact of three management strategies: 

1. occluding the fetal trachea during gestation, to trap lung liquid and hence 

stimulate lung growth (FETO); 

2. delaying umbilical cord clamping until after the lungs have aerated, to allow a 

smoother transition to newborn life (PBCC); and 

3. maternal administration of sildenafil, which is known to cross the placenta, to 

improve pulmonary vascular development and hence reduce the risk of 

developing pulmonary hypertension after birth. 

 

 

Figure 1 – Congenital diaphragmatic hernia  

Diaphragmatic hernia allows abdominal viscera, sometimes including the liver, to herniate into 
the thoracic cavity. The abdominal viscera occupy space in the thoracic cavity, compressing the 
heart and lungs. Original figure. 
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1.2 Congenital diaphragmatic hernia 

1.2.1 Epidemiology and prognosis 

The reported incidence of isolated CDH varies widely, but ranges between 1.6 to 5.7 per 

10,000 births.4, 6, 19-28 The most accurate incidence for the general population is likely 

1.6 per 10,000 births, determined using data from the European Surveillance of 

Congenital Abnormalities (EUROCAT) consortium that combines registries capturing 

~30% of European births.28  

The true mortality of CDH has always been difficult to determine, as historically many 

severe CDH patients would die before neonatal transfer to specialist hospitals, and 

hence were not included in institution-based statistics – termed the “hidden mortality” 

of CDH.24, 29 In the modern era, improved prenatal diagnosis and centralisation of care 

has significantly reduced the number of infants with severe CDH who are born outside 

of specialised hospitals. However, improved prenatal diagnosis has also increased the 

number of pregnancy terminations in response to a CDH diagnosis with poor prognosis. 

Hence, while the proportion of CDH newborns that survive has increased from 56% to 

73% over the past 20 years, when terminations of pregnancy and stillbirths are included 

the proportion of CDH fetuses that survive to 1 month of age remains at 55% in the 

modern era.30 The apparent improvement in survival rates has been largely attributed 

to improvements in neonatal management such as extracorporeal membrane 

oxygenation (ECMO), high-frequency oscillatory ventilation (HFOV) and permissive 

hypercapnia. However, given the true mortality has not changed over the past 20 years, 

there clearly remains scope to improve upon our antenatal and neonatal management 

strategies for infants with a CDH. 

The morbidity of CDH is largely respiratory, with 40% of survivors developing 

bronchopulmonary dysplasia31 and 30% developing pulmonary hypertension that 

persists beyond 2 months of age.2 Survivors also fail to thrive and have high rates of 

neurocognitive deficits.32-34 In adult life, 60% of CDH survivors have impaired 

pulmonary function and most require structured multidisciplinary follow-up.35, 36 
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Standardisation of care and advances in surgical technique have improved survival rates 

(albeit not to the degree described in institution-based studies, as described above)37, 

however, there remains a population of CDH patients with such severely 

underdeveloped lungs that they cannot survive ex utero. For example, neonates with 

severe pulmonary hypertension have mortality rates ranging from 56.1% to 100%.2, 3, 38 

Preventing pulmonary hypertension by identifying and treating these patients in utero 

may improve their survival. 

 

1.2.2 Aetiology and pathogenesis 

The majority of CDH cases (60-70%) are isolated, however some cases are complicated 

by additional structural abnormalities. These complex CDH cases have a higher 

mortality (>80%) and often are associated with genetic abnormalities (such as trisomy 

18) or are part of a syndrome (such as Fryns syndrome).26, 39, 40 

The aetiology of isolated CDH is largely unknown, however appears genetically 

heterogenous, with potential defects in different developmental pathways.40 The 

majority of currently identified genes associated with a CDH are involved in the retinoic 

acid signalling pathway.41-43 Retinoic acid signalling is critical for both diaphragm and 

pulmonary development and appears implicated in CDH pathogenesis.43-45 In the lungs, 

retinoic acid signalling integrates the Wnt and TGF-β regulatory pathways that mediate 

airway branching and pulmonary vasculature muscularisation, both of which are 

disturbed in CDH.46, 47 

Dietary deficiency of Vitamin A (retinoic acid precursor) predisposes offspring to 

diaphragmatic defects in both rodents and humans.48, 49 Other environmental factors 

such as maternal smoking and alcohol use may also contribute to the development of 

CDH.27 

Diaphragm development in normal infants and infants with a CDH 

The diaphragm separates the abdominal and thoracic cavities. From the 4th to 8th week 

of gestation there is fusion of three separate amuscular mesenchymal structures: the 

septum transversum, pleuroperitoneal membranes and oesophageal mesentery.50-53 
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Subsequently, muscular progenitors migrate and proliferate across this structure, with 

later muscular ingrowth from the lateral body wall finalising a tight seal between the 

thorax and abdomen.51 In fetuses with CDH, abnormal development of the amuscular 

mesenchymal component results in an incomplete migration platform for muscular 

progenitors.52 

The defect is predominantly left-sided (LCDH; 85%), uncommonly right-sided (RCDH; 

13%) and rarely bilateral (<1%).54 LCDH and RCDH differ in their natural history55, 56 

and right-sided defects are usually associated with worse prognosis, however their rarity 

makes this difficult to ascertain.56-60 CDH is predominantly posterolateral (90%), and 

less commonly anterior or central.39 

An incomplete diaphragm allows herniation of abdominal contents into the thoracic 

cavity from the embryonic stage, which then leads to impaired lung development. While 

the diaphragmatic defect can be repaired postnatally, it is the impaired lung 

development that underlies the mortality and morbidity associated with a CDH. 

  

1.2.3 Normal lung development and the effects of congenital 

diaphragmatic hernia 

Pulmonary gas exchange requires air to be conducted through the airways into the 

peripheral lung, respiratory gases to efficiently diffuse between the air-spaces and blood 

vessels within the respiratory acini, and blood to perfuse these regions at high rates. 

Hence, the lung consists of conducting airways and respiratory gas exchange regions 

and a dense network of blood vessels that surround these gas exchange regions.  

The conducting (pre-acinar) airways consist of the trachea, bronchi, bronchioles, and 

terminal bronchioles, and do not participate in gas-exchange. The respiratory (intra-

acinar) airways consist of respiratory bronchioles, alveolar ducts, and alveolar sacs.  

Alongside the airways, there is a parallel pulmonary vascular system that consists of pre-

acinar and intra-acinar vessels. The first six generations of pre-acinar vessels are elastic, 

with a higher proportion of elastic laminae than circular muscle in the muscular layer 
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of the vessel wall.61 The next three generations are transitional, and the remaining 

generations of pre-acinar vessels are muscular, with a greater proportion of circular 

muscle than elastic laminae. In contrast, intra-acinar vessels are normally amuscular 

during fetal life.62  

Within the respiratory acinus, capillaries and airways are closely aligned in the mature 

lung, with fusion of the basement membranes underlying the alveolar epithelial cells 

and capillary endothelial cells for up to 50% of the surface area of the lung. As such, gas 

exchange occurs across ultrathin membranes (~200 nm) composed of the cytoplasm of 

type-1 alveolar epithelial cells, a fused basement membrane, and the cytoplasm of the 

capillary endothelial cells.63 

To create this structure normal pulmonary development involves a complex process of 

airway and vascular growth and differentiation. It begins in early embryogenesis and 

continues well into the postnatal period. It can be classified into five overlapping 

periods of embryonic, pseudoglandular, canalicular, saccular and alveolar stages, as 

described in Figure 2.  

The gross structure of the lung develops during the embryonic and pseudoglandular 

stages. In the embryonic stage (the first 7 weeks of gestation), the lung bud evaginates 

from the ventral foregut and divides into two. The close relationship between 

pulmonary airway and vascular development is already evident during the 5th week of 

gestation, with each epithelial lung bud being surrounded by a capillary plexus supplied 

by a pulmonary artery and drained by a pulmonary vein. During the pseudoglandular 

stage (from 7 – 16 weeks of gestation), the entire conducting airway structure (pre-

acinar zone) is formed.64 This requires continuous dichotomous branching of the 

airways, from a single lung bud to thousands of terminal bronchioles, mirrored by the 

formation of all pre-acinar pulmonary arteries. 
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Figure 2 – Pulmonary development throughout gestation 

Key features are described for each overlapping stage of pulmonary development. Gross 
structure is shown for each stage. Histological features are shown for the final three stages: 
capillaries are shown in red, epithelial cells are shown on top transitioning from 
undifferentiated (orange) to differentiated (cream). Dichotomous: dividing into two distinct 
parts. Acinus: the respiratory component of the airway, that forms at the end of terminal 
bronchioles. Septa: the interstitial tissue between airspaces. Original figure, illustrations created 
with BioRender.com 

 

The canalicular stage (from 17 – 28 weeks of gestation) marks the beginning of 

structural maturation to prepare for postnatal gas exchange. Throughout the 

canalicular, saccular and alveolar stages there is progressive thinning of interstitial 

tissue (septa), capillary proliferation, and air-space expansion. Differentiation of 

alveolar epithelial cells into type I and II cells also occurs. Large air sacs are ultimately 

subdivided into numerous, smaller air-spaces (alveoli), between which capillaries 

mature to form a single layer within thin secondary septa (Figure 3).  
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Figure 3 – Process of microvascular maturation during alveolarisation 

A: Initially, primary septa separate air sacs (saccules). B: Secondary septa begin to form in the 
alveolar stage. C: Initially, secondary septa are thick with a capillary bilayer. D: Microvascular 
maturation leads to thin secondary septa with a single layer of capillaries. E – H: Alveolarisation 
continues into adulthood, however when this occurs the alveolar surface opposing the upfolded 
capillary layer is left without capillaries; these are immediately replaced via angiogenesis. 
Reproduced from Schittny et al.65 under the terms of the Creative Commons Attribution 4.0 
International License. 
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Mechanisms underlying pulmonary airway and vascular development 

During early embryogenesis, lung growth primarily involves growth and division of the 

conducting airways. This is driven by growth factors secreted by the mesenchyme, 

which regulate airway branching and cell differentiation.66, 67  

Lung liquid also drives pulmonary development by inducing mechanical stretch. 

Mechanical stretch becomes particularly important during the canalicular stage of lung 

development, when lung liquid secretion significantly increases.68 Continued liquid 

secretion and a high resistance to its efflux via the trachea (the fetal larynx is 

predominantly adducted) causes liquid to accumulate within the fetal airways. This 

provides a mechanical stretch that stimulates cell division and tissue remodelling.68, 69 

To prevent lung liquid loss during fetal breathing movements, rhythmic diaphragmatic 

contractions oppose lung recoil.70, 71 In CDH, this process may be disturbed. 

Deflating the fetal lung by draining it of liquid leads to lung hypoplasia. Conversely, 

occluding the trachea prevents liquid loss from the lungs causing them to expand 

(Figure 4).72 This potent stimulus for lung growth increases alveolar number and surface 

area, promotes mesenchymal and epithelial cell division, and stimulates elastin 

synthesis.73-77 Mechanical stretch induced by tracheal occlusion also stimulates type II 

alveolar epithelial cells to differentiate into type I alveolar epithelial cells.78 Thin type I 

cells allow more efficient gas exchange, however type II cells produce surfactant, which 

reduces surface tension within the lungs after aeration, preventing alveolar collapse. 

Tracheal occlusion seems to promote pulmonary vascular development in parallel by 

increasing vascular endothelial growth factor (VEGF) A mRNA and protein 

expression.79 Tracheal occlusion will be described further in Chapter 1.5.3. 
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Figure 4 – The effect of lung liquid on lung size 

Posterior view of a sheep lung. The right lung is hypoplastic following lung liquid drainage. The 
left lung is hyperplastic following lung liquid retention. Original figure, methods described by 
Moessinger et al.72 

The pulmonary vasculature develops by distal angiogenesis (Figure 5), which involves 

endothelial tubes sprouting from pre-existing vessels at the growing tips of the 

branching epithelium, before being stabilised by pericytes to become functional 

capillaries.80-82 This process is mediated by platelet derived growth factor-β.  

In contrast to classical models of pulmonary vascular development, which describe 

central angiogenesis and distal vasculogenesis (de novo formation of blood vessels from 

endothelial progenitors), distal angiogenesis implies that airways and capillaries 

proliferate in a co-ordinated manner mediated by complex epithelial-endothelial 

interactions throughout gestation (Figure 5).83 Indeed, the pulmonary vasculature is the 

rate-limiting factor in branching morphogenesis.84 Vice-versa, any disruption to airway 

development, such as the mechanical pressure of herniated abdominal organs 

secondary to CDH, will also affect the pulmonary vasculature.85 The airways stimulate 

vascular development by expressing VEGF that acts on capillary VEGF receptors.85, 86 

Mouse studies suggest VEGF is involved in the differentiation and proliferation of 

endothelial cells and vessel formation.87, 88 The carefully balanced expression of TGF-β 

appears to be vital for both airway and vascular development, as alveolarisation is 

arrested when TGF-β is either upregulated or blockaded.89, 90 
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Figure 5 - Distal angiogenesis 

A: Lung vascular morphogenesis models. Model 1, proposed by deMello et al.83, describes 2 
mechanisms of lung vascular morphogenesis, central angiogenesis (sprouting of arteries and 
veins from central vascular trunks) and distal vasculogenesis (development of hematopoietic 
lakes in the mesenchyme). Connection between the 2 vascular beds would occur at embryonic 
day (E)13/14. Model 2, proposed by Hall et al.91, proposes distal vasculogenesis (development 
of new vessels from endothelial cell precursors) as the mechanism of lung vascularization. 
Model 3 explains the newly proposed mechanism of distal angiogenesis as the process to 
develop lung vasculature (formation of new capillaries from preexisting ones). HL, 
hematopoietic lakes; ECP, endothelial cell precursor. B: Distal angiogenesis model. In the model 
Parera et al.80 propose, the formation of new capillaries from preexisting vessels takes place at 
the “tip zone,” where airway and capillary network expand in a coordinated way through 
epithelial-endothelial interactions. Newly formed vessels remodel dynamically as they form part 
of the afferent or efferent component. BA, airway branch A; BA.1, BA1.1, and BA.2, daughter 
branches from branch A. Reproduced with permission from Parera et al.80 
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Pulmonary development across species 

Pulmonary development is similar across mammalian species, however there are 

important differences in the timing of alveolarisation, as shown in Figure 6. In humans, 

rabbits and sheep alveolarisation begins prior to birth, whereas in rats alveolarisation 

begins postnatally.92, 93 Therefore, data from sheep and rabbits are more relevant when 

translating findings into a clinical situation.  

 

Figure 6 - Normal pulmonary development across species 
Pulmonary development in humans, compared to animal models of congenital diaphragmatic 
hernia. Original figure, using data from Pringle et al.92 

 

Pulmonary development in congenital diaphragmatic hernia 

Mechanisms for impaired pulmonary development in CDH 

The mechanisms by which CDH impairs pulmonary development are not entirely 

understood. The classical hypothesis is that herniating abdominal viscera occupy space 

in the thoracic cavity, placing external pressure on the developing lungs.94 This external 

pressure reduces the capacity of continuous secretion of lung liquid into the airways to 

maintain lung distension, hence reduces the imposed mechanical stretch and 

subsequent cell division and tissue remodelling described above.68, 69 Increased 

intrathoracic pressure also increases the volume of lung liquid lost during fetal 

breathing movements, which is further exacerbated by the impaired ability of the 
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defective diaphragm to oppose passive lung recoil.70, 71 Hence, lung liquid volumes are 

significantly reduced in CDH, resulting in significant lung hypoplasia (Figure 4). 

Keijzer et al.95 have proposed the “dual-hit” hypothesis: early in fetal development, the 

same genetic or environmental insult that prevents closure of the diaphragm also 

impairs bilateral pulmonary branching morphogenesis. Following this initial insult, the 

diaphragmatic defect and herniating abdominal viscera impose a “second-hit” on the 

lungs via the mechanisms described above.95  

The dual-hit hypothesis was conceived based upon observations in a rodent model of 

CDH, in which the diaphragmatic defect is induced by maternal treatment with 

nitrofen. Nitrofen is a teratogenic herbicide that causes cardiac, pulmonary and 

diaphragmatic defects, by interfering with retinoic acid signalling.52 Interestingly, 

pulmonary hypoplasia is seen in 100% of the offspring of nitrofen-rats, whereas CDH is 

only seen in 60-90%.95, 96 In addition, when nitrofen is applied in vitro to rat lungs, there 

is reduced dichotomous branching and epithelial cell differentiation.95 Other 

experiments have demonstrated that administering Vitamin A to nitrofen-rats both 

improves lung maturation and decreases diaphragmatic hernia incidence.97-99 Together, 

these findings suggest that disrupted retinoic acid signalling causes pulmonary 

hypoplasia independently of the diaphragmatic defect. 

Yet whilst the “dual-hit” hypothesis certainly explains the mechanism of nitrofen-

induced diaphragmatic hernia, it is unclear whether this applies to naturally occurring 

CDH in humans. There is growing evidence linking the retinoic signalling pathway with 

both diaphragmatic and pulmonary development, but it remains unclear whether it is 

affected in the same way by nitrofen as it is in de novo CDH.45 For example, the 

expression pattern over time of a crucial protein (ALDH1A2) in the retinoic acid 

signalling pathway is identical in both human CDH and surgically induced 

diaphragmatic hernia.44 These findings demonstrate that at least some disruptions in 

retinoic acid signalling are actually a result of the hernia, rather than the cause.   

It is also important to note that subsequent studies have raised issues with Keijzer’s 

definition of “pulmonary hypoplasia”, which is based on lung weight. Whilst lung weight 

decreases following nitrofen exposure, so too does body weight. Mayer et al.50 found 
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that lung-body weight ratio is no different between control rats and nitrofen-exposed 

rats without diaphragmatic hernia, however it is markedly decreased in nitrofen-

exposed rats with diaphragmatic hernia. It has also been shown that appropriately-

timed surgical induction of diaphragmatic hernia in rabbits and sheep replicates the 

clinical phenotype of CDH, including pulmonary hypoplasia.100-103 These results 

indicate that herniation of abdominal viscera alone is sufficient to cause significantly 

impaired pulmonary development. Therefore, surgical CDH models such as rabbits and 

sheep appear relevant to the human disease, with the key limitation that the defect is 

only created during the late pseudoglandular phase of lung development, so earlier 

embryonic changes are not replicated. 

Some also suggest that decreased pulmonary blood flow (PBF) alone causes lung 

parenchymal hypoplasia, as fetal sheep with a ligated left or main pulmonary artery 

develop lung hypoplasia.104, 105 However, it is difficult to extrapolate the consequences 

of pulmonary hypoperfusion due to complete pulmonary artery ligation to the potential 

moderate pulmonary artery compression from herniating abdominal viscera in CDH. 

Aberrations in pulmonary development caused by CDH 

Regardless of the underlying pathogenesis, CDH severely affects the developing lungs.8 

These effects are apparent in post-mortem reports from human fetuses9, 38, 106 and also 

in animal studies.103, 107-115 

Airway 

Arrested pulmonary development begins during the pseudoglandular stage, with a 33-

66% decrease in conducting airway branches and reduced lung size.8, 9, 38, 103, 106, 113-115 

Both lungs are affected, probably because of a left-to-right mediastinal shift, however 

the effects are more severe in the ipsilateral lung.8 Acinar complexity is also reduced, 

with a lower overall number and decreased alveolar size.9, 38, 103, 106, 114, 115 A reduced 

alveolar surface-area and thickened septa (increased air-blood gas barrier) significantly 

impairs gas exchange.103, 106, 112 Increased airway muscularisation has been described in 

CDH infants but is thought to be iatrogenic, as it commonly occurs in infants who 

received significant ventilator assistance but is not seen in infants who die before 24 

hours of age.8, 116 
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Vascular 

The pulmonary vascular abnormalities associated with a CDH were first described by 

Reid et al., in a series of post-mortem studies of infants who died from pulmonary 

hypertension.9, 117 The first post-mortem was performed in a CDH infant that died at 4 

hours after birth.9 Pulmonary arteries were reduced in both size and number, and the 

ipsilateral lung had a reduced number of elastic arteries (in proportion to muscular and 

transitional arteries). Muscularisation was observed in smaller arteries than in normal 

neonates, however the intra-acinar arteries remained amuscular.9 In contrast, in the 

second post-mortem, performed on an infant that died at ~10 weeks after birth, 

muscularised intra-acinar vessels were observed adjacent to the alveolar ducts (distal 

neomuscularisation).117 The absence of this intra-acinar muscularisation shortly after 

birth suggests that neomuscularisation of distal pulmonary blood vessels occurs during 

the neonatal period, in response to the high pulmonary arterial pressures caused by a 

high pulmonary vascular resistance (PVR).118 Hence, preventing increased pulmonary 

arterial pressures during the neonatal transition may reduce the degree of 

neomuscularisation and prevent the cycle of persistent pulmonary hypertension from 

beginning. 

Taira et al. have suggested that intra-acinar vessel neomuscularisation occurs in utero 

in CDH fetuses, and hence is an irreversible factor contributing to pulmonary 

hypertension at birth.119 This is plausible, because the fetal pulmonary vascular 

endothelium and smooth muscle cells are more susceptible to modulation by exogenous 

stimuli than neonatal lungs.120 Hence, a small increase in pulmonary perfusion 

pressures may trigger over-proliferation of vascular smooth muscle cells. However, this 

is unlikely because the open fetal shunts between the systemic and pulmonary 

circulation (ductus arteriosus and foramen ovale) allow any increase in pulmonary 

blood pressure to simply equilibrate to the systemic circulation.  Regardless, compared 

to newborns that died due to sudden infant death syndrome (SIDS), both newborns and 

stillborns with a CDH demonstrated evidence of peripheral pulmonary vascular 

muscularisation.119  

However, Taira et al.119 categorised vessels based on size, whereas Reid et al.9, 117 

categorised vessels based on branching generation number. This is an important 
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distinction, as the diameter of supernumerary arteries can be substantially smaller than 

their parent artery, so pulmonary artery branches of any given diameter are distributed 

over a wide range of generations and small branches are not necessarily intra-acinar.121 

Particularly in CDH infants, the entire pulmonary vascular tree is smaller due to the 

lung hypoplasia. Hence, by comparing vessels based on size, Taira et al. likely compared 

early generation arteries in CDH infants with late generation arteries in SIDS infants. 

The greater degree of muscularisation in small vessels in CDH patients may therefore 

have been appropriate for their position in the pulmonary vascular tree (Figure 7). 

Subsequent neonatal post-mortem studies have consistently demonstrated 

hypermuscularisation and neomuscularisation of the pulmonary vascular tree.122-124 

However, there have been no fetal post-mortem studies that analyse vessels by 

branching generation, so it remains unclear whether neomuscularisation of intra-acinar 

vessels occurs before birth in CDH.  

 

 

Figure 7 - Comparison of normal and CDH pulmonary arteries by size 

Normal and CDH pulmonary arterial trees are depicted, beginning at the 8th generation. Axial 
sections of arteries depicting the lumens and muscular layers are shown beside each tree. In 
this diagram, the 8th generation vessels in the CDH lung are as large as the 10th generation 
vessels in the normal lung. In the normal lung, as generation number increases, vessel and 
luminal diameter decrease along with the proportion of muscularisation. The same is true for 
CDH arteries. Comparing CDH and normal pulmonary arteries by size reveals that CDH 
arteries are more muscular. However, they may be appropriately muscularised for their 
generation number. Figure used with permission from Mr Andrew Stainsby. 
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In addition to hypermuscularisation of pre-acinar vessels and neomuscularisation of 

intra-acinar vessels, the number and diameter of distal vessels are reduced in infants 

with a CDH, which further decreases total vascular cross-sectional area.115, 125
 These 

structural abnormalities are irreversible factors that contribute to increased PVR in 

CDH infants.126 However, there are also reversible factors related to aberrations in the 

biochemical pathways that regulate pulmonary arterial pressure.127 To better 

understand their effect, it is important to first appreciate the mechanisms underlying 

the greatest physiological challenge that a CDH infant will face. This challenge is the 

transition from fetal to neonatal life at birth, when placental support is lost and their 

underdeveloped lungs are required to assume the role of gas exchange for the very first 

time. 

 

1.3 The fetal to neonatal transition: a physiological challenge 

When the fetus is separated from the placenta during the transition from fetal to 

neonatal life, major physiological changes must occur for the infant to survive. The 

lungs must be cleared of liquid and filled with air to enable pulmonary gas exchange, 

the cardiovascular system must rapidly remodel from a parallel to series circulation, and 

oral energy intake must begin. While breastfeeding (or alternative nutrition) should 

begin within an hour of birth, the respiratory and cardiovascular transition must occur 

with far greater urgency. 

 

1.3.1 Respiratory transition at birth 

Before birth, the lungs are filled with liquid and do not perform gas exchange.128 After 

birth, when the umbilical cord is clamped and placental gas exchange is lost, lung liquid 

must be rapidly cleared so that pulmonary gas exchange can commence. Lung liquid 

clearance occurs in two phases, in which liquid is firstly cleared from the airways and 

enters lung tissue, then is secondly cleared from the tissue (Figure 8). Once lung liquid 

clearance is complete, the third phase of the respiratory transition, in which gas 

exchange can be optimised, can begin. 
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Figure 8 - The three phases of the respiratory transition at birth 
The lung passes through three distinct phases as it transitions from a liquid-filled organ with a 
low blood flow into the sole organ of gas exchange after birth. During the first phase, the liquid-
filled airways are cleared of lung liquid so that gas exchange can commence, due to 
transepithelial pressure gradients generated during inspiration. During the second phase, the 
liquid cleared from the airways resides within the interstitial tissue, which increases interstitial 
tissue pressures and increases the likelihood of liquid re-entering the airways at end-expiration 
(ie, at functional residual capacity). The third phase depicts the lung following all airway liquid 
clearance from the chest, resulting in subatmospheric interstitial tissue pressures and end-
expiratory pressure gradients, which assist in keeping the airways cleared of liquid. Al, alveolus; 
BV, blood vessels; P, pressure. Reproduced with permission from Hooper et al.129 

 

During the first phase, liquid is cleared from the airways into the interstitium, which is 

driven by the transpulmonary pressures generated by inspiration.129 Most neonates, 

including very preterm infants, breathe spontaneously at birth, but whether or not they 

clear their airways of liquid depends on the depth and number of inspiratory efforts.130-

132 It is important to note that when the alveoli remain predominantly liquid-filled, gas 

exchange is limited and there is a high risk of ventilation induced injury because a 

seemingly physiologic tidal volume is being forced into only a small proportion of the 

lungs. 
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If infants are not breathing at birth, similar pressure gradients to those that occur during 

breathing can be replicated by applying positive pressure respiratory support, thereby 

assisting infants to clear their airways of liquid. While the optimal approach for 

providing this support is unclear, in view of the known science, there are two important 

considerations.  

1. During the first phase the airways are filled with liquid, so gas exchange is not 

possible. As such it is logical to provide a sustained inflation to optimally clear 

the airways of liquid, as expiration has no purpose.  

If no CO2 exchange can occur because the alveoli are liquid-filled then expiration is 

not required.131, 132 Considering this, the optimal approach to aerate a liquid-filled 

lung is to give a sustained inflation (to optimise lung liquid clearance and achieve 

uniform lung aeration) that is not interrupted to allow for expiration. Some suggest 

that a sustained inflation imitates normal physiology, as an infant’s first breaths after 

birth are generally long and deep, requiring significant effort by the infant.133, 134 

However, spontaneous deep inspiratory efforts (500 – 800 msec) are considerably 

shorter than the inflation times required to aerate the lung.135 Nevertheless, a 

sustained inflation has been shown to be very efficient at uniformly aerating the 

lung.135 Considering this, we provided a sustained inflation to initiate neonatal 

ventilation in our experiments in the lamb model of CDH. The suitability of this is 

discussed further in Chapter 5.3.3. 

2. Pulmonary gas exchange and the supply of oxygen to the newborn cannot 

commence until after the gas exchange regions of the lung have aerated. 

If air cannot reach the alveoli, then there is no pulmonary oxygen uptake and the 

infant must continue to rely on placental gas exchange to maintain oxygenation. 

However, if the umbilical cord is clamped before the lungs have aerated, then the 

infant is left without an oxygen source. As a result, if lung aeration is delayed (for 

instance due to severe lung hypoplasia), it is likely that the infants will become 

hypoxaemic, as has been shown in pre-term lambs.12  

During the second phase of the respiratory transition, lung liquid has been cleared from 

the airways and temporarily accumulates within interstitial lung tissue.129 This has 
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significant consequences for respiratory function in the newborn period. The presence 

of this liquid in lung tissue decreases lung compliance, increases airway resistance, 

reduces functional residual capacity, expands the chest wall and flattens the diaphragm. 

Management during this phase should focus on maintaining positive end-expiratory 

pressure to counteract increased interstitial pressure, to prevent alveolar re-flooding 

and counteract the reduction in functional residual capacity.  

The third phase of the respiratory transition occurs once lung liquid has been 

completely cleared from the airways and tissue, so respiratory support should focus on 

providing uniform ventilation and optimising gas exchange.129 

Most infants navigate the first phase of lung liquid clearance within the first minute 

after birth, however infants with a CDH likely take far longer due to their 

underdeveloped lungs. Furthermore, the presence of abdominal organs in the 

intrathoracic space may contribute to increased interstitial pressures, increasing the 

probability of alveolar re-flooding during expiration and a reduction in functional 

residual capacity. Indeed, intubated rabbits with a surgically-induced diaphragmatic 

hernia take longer to achieve lung aeration after birth than rabbits without a 

diaphragmatic hernia.136 Hence, it is likely that infants with a CDH cannot rely on 

pulmonary gas exchange during the first few minutes after birth. 

 

1.3.2 Cardiovascular transition at birth 

A successful respiratory transition allows pulmonary gas exchange to replace placental 

gas exchange after birth. However, simply aerating the lungs is not sufficient; cardiac 

output must also be redirected through the lungs to facilitate pulmonary gas exchange. 

Hence, the cardiovascular system must also undergo substantial changes for the infant 

to successfully transition to newborn life and these changes are intrinsically linked with 

lung aeration.137 The cardiovascular transition at birth involves removing the placental 

circulation, dilating the pulmonary vasculature, and closing the fetal shunts to separate 

the pulmonary and systemic circulations.  
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Fetal circulation 

During fetal life, PVR is markedly higher than it is after birth, but gradually decreases 

with increasing gestation. While this gradual reduction in PVR is thought to be due to 

growth of the pulmonary vascular bed, the underlying pathways driving high fetal PVR 

are not completely understood. However, they likely relate to a low PO2, an absent gas-

liquid interface, the balance between vasodilatory and vasoconstrictive mediators such 

as endothelin-1 (ET-1), and the hyper-expanded state of liquid-filled fetal lungs.138-145 

In contrast, systemic vascular resistance is low due to the low resistance placental 

circulation. Hence, most right ventricular output (88%) bypasses the lungs and flows 

through the ductus arteriosus into the descending thoracic aorta towards the placenta 

(Figure 9).146 Indeed, during late systole and throughout diastole there is retrograde 

PBF (Figure 10), as blood reflects off the high resistance pulmonary vascular bed and 

instead passes through the ductus arteriosus to the systemic circulation.147, 148  

 

 

Figure 9 - Fetal circulation 

During fetal life, the lungs are filled with liquid and pulmonary vascular resistance is high. 
Hence, most right ventricular output bypasses the lungs and flows through the ductus arteriosus 
towards the placenta. The placenta performs gas exchange, then returns oxygenated blood to 
the fetus via the umbilical vein then ductus venosus. Placental venous return is preferentially 
streamed through the foramen ovale towards the left atrium, which provides the left ventricle 
with oxygenated blood to distribute throughout the body. Original figure. 
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Figure 10 - Blood flow waveforms in the pulmonary artery and ductus arteriosus 

in the fetal and neonatal lamb 
Blood flow waveforms in the left pulmonary artery and ductus arteriosus (DA) in a lamb before 
(Fetus) and after (Newborn) ventilation onset. PBF oscillates around zero before ventilation 
onset (negative flows reflect retrograde flow of blood away from the lungs), but is positive after 
ventilation onset. Before ventilation onset, DA flow is positive. This indicates that blood flows 
right-to-left (R to L), from the pulmonary circulation into the aorta, continuously throughout 
the cardiac cycle. R to L DA flow during diastole before ventilation onset is due to retrograde 
PBF. Following ventilation onset, DA blood flow is predominantly left-to-right (L to R), flowing 
from the aorta and into the lungs, throughout most of the cardiac cycle, except during early 
systole. L to R flow in the DA following ventilation onset significantly contributes to PBF and is 
entirely responsible for PBF during diastole. Reproduced with permission from Hooper et al.149 

While fetal PBF is predominantly low, during accentuated fetal breathing movements 

there is a transient increase in PBF (by 60%) that is closely associated with the 

amplitude of the decrease in tracheal pressure associated with inspiratory efforts (only 

occurring when amplitude >3.5 mm Hg).150 In CDH, disrupted diaphragmatic function 

and increased intrathoracic pressure due to herniating abdominal organs may disrupt 

this normal physiological process. In contrast, when the trachea is occluded, PBF 

paradoxically decreases during accentuated fetal breathing movements.151 This likely 

reflects diaphragmatic eversion related to over-distension of the fetal lungs, which 

results in inspiratory efforts that compress the lungs and the capillaries within them. 

Alternatively, it may occur because total lung capacity is reached during inspiratory 

efforts in an already over-distended lung. When total lung capacity is reached in utero, 

PBF completely ceases.152 
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The shunting of blood from the pulmonary to systemic circulation via the ductus 

arteriosus also ensures that the placenta receives a high proportion of total fetal cardiac 

output, with the right ventricle being the main contributor (Figure 9). As such the right 

ventricle provides most blood flowing through the organ of gas exchange (placenta), 

just like in the adult. Oxygenated blood returning form the placental circulation flows 

through the ductus venosus into the foramen ovale (in humans, flowing via the right 

atrium into the foramen ovale; and in sheep, flowing via the medial wall of the inferior 

vena cava directly into the foramen ovale, as in Figure 11). As very little placental venous 

return enters the right ventricle and is instead preferentially directed into the left atrium 

through the foramen ovale, the left ventricle receives most of its preload from the organ 

of gas exchange (placenta), just like in the adult. These flow dynamics were first 

described by Rudolph et al. using microspheres.153 More recently, Schrauben et al. have 

utilised 4D magnetic resonance imaging (MRI) to obtain particle traces of flow in fetal 

sheep that clearly illustrate blood flowing from the ductus venosus through the foramen 

ovale to the left atrium, without any visible mixing with unoxygenated blood from the 

distal inferior vena cava (Figure 11).154 

 

Figure 11 - Flow dynamics directing placental venous return to the left atrium 
Particle traces in a ventral view showing preferential delivery of DV blood to the left side of the 
heart. DV (red) and IVCd (blue) particles are shown at four time-points over one cardiac cycle. 
The two streams remain well-separated, with blood from the DV primarily entering the left 
heart while IVCd blood passes into the right ventricle and main pulmonary artery. Particle trace 
movies over two cardiac cycles are available as supplementary videos. DV: ductus venosus; 
IVCd: distal inferior vena cava; FO: foramen ovale; RV: right ventricle; LV: left ventricle. 
Reproduced from Schrauben et al.154 under the terms of the Creative Commons Attribution 4.0 
International License http://creativecommons.org/licenses/by/4.0/  

https://static-content.springer.com/esm/art%3A10.1186%2Fs12968-018-0512-5/MediaObjects/12968_2018_512_MOESM4_ESM.gif
http://creativecommons.org/licenses/by/4.0/
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While the left ventricle receives most of its preload from the placental circulation, with 

only a small amount from the pulmonary circulation, there is an inverse relationship 

between PBF and foramen ovale flow. This suggests these two sources of venous return 

compete to supply the left ventricle with preload.155 Some hypothesise that in CDH, the 

herniating abdominal viscera displace and rotate the heart in such a way that 

preferential flow through the foramen ovale is reduced during gestation.156 As PBF is 

also reduced in utero in CDH, according to this hypothesis, both sources of left 

ventricular preload would be reduced, resulting in left ventricular hypoplasia. As a 

result, they suggest that the underdeveloped left heart cannot accept adequate 

pulmonary venous return after birth, leading to pulmonary venous hypertension.157 

Fetal to neonatal cardiovascular transition 

Removing the placental circulation by clamping the umbilical cord at birth increases 

carotid arterial pressure by 30% within 4 heart beats and simultaneously decreases 

cardiac output by 30-50%.158 The reduction in cardiac output reflects both increased 

afterload, due to an increase in systemic vascular resistance when the low-resistance 

placental circulation is removed, and decreased preload, due to the loss of umbilical 

venous return. Cardiac output is only restored when the pulmonary circulation 

vasodilates to accept the entire output of the right ventricle, leading to a large increase 

in PBF that can sustain left ventricular preload.  

This vital increase in PBF at birth is primarily triggered by lung aeration.159 There are a 

number of proposed mechanisms, which include increased oxygenation, vasodilator 

expression, increased lung recoil, and shear stress. Increased oxygenation stimulates 

pulmonary vasodilation directly via mitochondria and through signalling pathways 

related to nitric oxide (NO), vasodilatory prostaglandins and platelet-activating 

factor.160, 161 Replacing lung liquid with air effectively reduces intraluminal lung volume 

(from 45 mL/kg lung liquid in fetal lambs, to 20 – 30 mL/kg functional residual capacity 

in newborn lambs) and creates an air-liquid interface that establishes surface tension. 

Together, increased intraluminal volume and surface tension increase lung recoil, hence 

reducing intraluminal pressure and allowing increased expansion of peri-alveolar 

capillaries.145 The initial increase in PBF is also thought to result in increased shear 
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stress that further increases PBF by stimulating and upregulating endothelial NO 

synthase (eNOS)139, 162, stimulating inducible NOS (iNOS)163, and activating potassium 

channels164.  

Most of these hypotheses are based on mechanisms that regulate regional vascular tone. 

However, an elegant series of studies by Lang et al. suggest that a previously unknown 

global factor is most relevant during the neonatal transition.137, 165, 166 Using 

simultaneous phase contrast X-ray imaging and angiography to visualise lung 

ventilation and perfusion simultaneously, they first demonstrated that the increase in 

PBF at birth is not spatially related to lung aeration in rabbit kittens.137 Secondly, a 

global increase in PBF was induced by partial lung aeration regardless of the oxygen 

content of the inspired gas.165 Thirdly, this process was inhibited by vagal 

denervation.166 Together, these findings suggest that lung aeration triggers a rapid, 

global increase in PBF, via a neurally-mediated mechanism that is potentiated by, but 

not reliant on locally-acting birth-related factors such as increased oxygenation, 

vasodilator release and increased lung recoil.  

The combination of reduced PVR and increased systemic vascular resistance at birth 

leads to the reversal of blood flow through the ductus arteriosus, with left-to-right 

shunting a key contributor to the rise in PBF at birth. Indeed, left to right shunting 

through the ductus arteriosus contributes to 50% of total PBF during the first 30 min 

after birth and maintains high basal PBF during diastole throughout the early neonatal 

period.167 Despite this reversal, there remains some instantaneous right-to-left shunting 

in neonatal life during early systole, because the right ventricle is closer to the ductus 

arteriosus than the left ventricle. 

When should the umbilical cord be clamped at birth? 

The optimal timing of umbilical cord clamping at birth has been debated for millennia, 

with the weight of scientific opinion oscillating from delaying cord clamping “till all 

pulsation in the cord ceases” (Darwin, 1796)168, to immediate clamping with the aim of 

reducing the risk of post-partum haemorrhage169. However, the pendulum has swung 

again due to more recent scientific evidence, and so now most guidelines recommend 

delaying cord clamping for at least 60 seconds after birth in infants not requiring 
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resuscitation.170 These current recommendations are mostly based on evidence 

suggesting that delaying umbilical cord clamping results in net placenta-to-infant blood 

transfusion. If the umbilical cord is clamped immediately after birth, approximately 20-

40% of fetal-placental blood remains in the placenta, whereas if cord clamping is 

delayed then some of this blood is transfused from the placenta to the infant 

(supposedly at a rate of 2 – 3 mL/kg/min during the first 3 min after delivery).171, 172 

This suggestion is consistent with a systematic review of 18 randomised controlled trials 

that found delayed cord clamping is associated with increased neonatal haematocrits 

and a 10% reduction in required blood transfusions for preterm infants.173 

For the net transfusion of blood to occur from placenta to infant, net umbilical venous 

flow must be greater than umbilical arterial flow during the period of delayed cord 

clamping, however it is unclear what factor would differentially affect umbilical arterial 

and venous flow. Gravity does not differentially affect umbilical arterial and venous flow 

in lambs174, and indeed placental transfusion is similar whether a baby is positioned on 

the maternal abdomen/chest or at the level of the introitus.175 Some suggest that uterine 

contractions will drive blood from the placenta to the baby, based on neonatal blood 

volume estimates.176. However, more recent studies that directly assess blood flow have 

shown that uterine contractions cause both umbilical arterial and venous flows to 

cease.177-180 This finding suggests that oxytocin administration, given to stimulate 

uterine contractions and prevent maternal post-partum haemorrhage, should be 

delayed until after umbilical cord clamping.  

Another factor proposed to result in placental transfusion is neonatal breathing. It is 

suggested that decreased intrapleural pressures during inspiration will provide a 

pressure gradient that increases umbilical venous flow while reducing umbilical arterial 

flow, hence creating net placenta-to-infant transfusion. However, in spontaneously 

breathing term lambs, the reduced intrapleural pressures during inspiration were 

associated with decreased umbilical venous flows.181 This suggests that spontaneous 

breathing does not cause net placenta-to-infant transfusion, which may be due to 

diaphragmatic contractions during inspiration occluding the ductus venosus. Indeed, 

the diaphragm is known to constrict the inferior vena cava during fetal breathing 

movements.182 The authors hypothesise that given the high compliance of the venous 
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system, these reductions in flow are slightly delayed relative to the timing of inspiration. 

This explains why inspiration appeared to be associated with increases in umbilical 

venous flow in a study that used Doppler ultrasound to assess flows upstream in the 

umbilical cord.180  

Given that gravity, uterine contractions, and spontaneous breathing do not lead to 

higher umbilical venous flow compared to arterial flow, the mechanisms underlying net 

placenta-to-infant transfusion remain unclear. 

An important caveat to the recommendation to delay umbilical cord clamping for at 

least 60 seconds after birth is that this only applies to vigorously breathing infants who 

do not require respiratory support. Hence, infants with a CDH are excluded, because 

they require immediate intubation at birth to provide respiratory support and avoid 

inadvertent gaseous distension of the intrathoracic stomach.183  

In order to accelerate the placental transfusion process in infants requiring resuscitation 

at birth, umbilical cord milking has been suggested as an alternative to delayed cord 

clamping. This technique involves grasping the unclamped umbilical cord and pushing 

blood towards the infant multiple times; it is designed to provide rapid placental 

transfusion without postponing neonatal resuscitation. While umbilical cord milking 

results in greater systemic blood flow and increased haemoglobin compared to delayed 

cord clamping184, it is also associated with a greater risk of intraventricular haemorrhage 

in extremely premature infants (23-27 weeks GA).185 This increased risk of 

intraventricular haemorrhage is likely related to non-physiological large oscillations in 

cerebral blood flow and pressure associated with each milking action, which have been 

described in preterm lambs.186 This lamb study also raised concerns that a milking 

technique that is commonly performed in clinical trials, repeated milking without 

allowing for placental refill, results in no net placental transfusion.186 

An alternative method for extending the benefits of delayed cord clamping to infants 

requiring resuscitation would be to bring the resuscitation devices to the maternal 

bedside.187-190 There is now an emerging body of evidence that such an approach, 

termed intact-cord resuscitation or physiologically based cord clamping (PBCC), is 

feasible in preterm191 and very preterm13, 192 infants, as well as infants with a CDH193. A 
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remaining barrier is the attitudes of caregivers towards this technique: a study in the 

United States of America found that 50% of caregivers had concerns regarding access 

to the infant during neonatal resuscitation at the maternal bedside, and that 16% felt 

uncomfortable with the family observing the resuscitation.194 Despite caregiver 

concerns, neonatal resuscitation at the maternal bedside was a positive experience for 

most parents.194 Indeed, allowing earlier mother-to-child contact may reduce parental 

stress and improve maternal-infant bonding.195 

Importantly, providing ventilatory support at the maternal bedside allows for a 

physiological, rather than a time-based, approach to cord clamping. Previous delayed 

cord clamping strategies have been time-based, in order to optimise placental 

transfusion. However, the primary benefit of delayed cord clamping may actually relate 

to a more stable cardiopulmonary transition. This is because cord clamping causes a 

reduction in cardiac output that is only restored when PBF increases to replace placental 

venous return as the primary source of preload for the left ventricle. As such, increasing 

PBF before the placental circulation is removed allows a smoother transition from 

placental to pulmonary gas exchange and venous return (Figure 12). Indeed, recent 

evidence suggests that achieving lung aeration before umbilical cord clamping (PBCC) 

can avoid the increase in arterial pressures and reduction in cardiac output associated 

with immediate cord clamping, resulting in improved systemic and cerebral 

oxygenation.158, 196 In order to achieve these physiological benefits, it is suggested that 

the timing of cord clamping should be based on the infant’s clinical condition and 

respiratory stability, rather than on an arbitrary timepoint. In an ongoing randomised 

controlled trial in preterm infants, the definition for “respiratory stability” (lungs ready 

to replace placental gas exchange and venous return) is taken as regular spontaneous 

breathing with oxygen saturation above 90%, heart rate > 100, and oxygen requirements 

< 40%.197  
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Figure 12 - The transition from fetal to neonatal circulation, with immediate or 
physiologically based cord clamping 

A: In the fetal circulation, the lungs are filled with liquid and pulmonary vascular resistance is 
high. Hence, most right ventricular output is diverted through the ductus arteriosus towards 
the placenta. The placenta performs gas exchange, then provides most venous return to the left 
ventricle via the ductus venosus and foramen ovale. B: When immediate cord clamping is 
performed, the placental circulation may be removed before the lungs aerate and pulmonary 
blood flow increases. When this occurs, placental gas exchange and venous return are lost 
before the lungs are ready to take over these roles. C: When physiologically based cord clamping 
is performed, the umbilical cord is clamped only after the lungs are aerated and pulmonary 
blood flow has increased. This allows pulmonary gas exchange and venous return to gradually 
replace placental gas exchange and venous return. Original figure. 
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Closure of fetal cardiovascular shunts 

As described above, the fetal circulation is reliant on several shunts (ductus arteriosus, 

ductus venosus and foramen ovale) in order for the right ventricle to provide the 

majority of blood flow to the organ of gas exchange and, once oxygenated, for this blood 

to return to the left ventricle. 

During fetal life, the ductus arteriosus allows blood to flow from the pulmonary artery 

into the descending aorta, down the pressure gradient between the two circulations. 

While the precise mechanism for ductus arteriosus closure at birth is not clear, it is 

thought that when the umbilical cord is clamped at birth, the placental supply of 

prostaglandin E2 is lost. This suggestion is consistent with the finding that 

prostaglandin synthesis inhibitors (such as indomethacin) can cause ductus arteriosus 

closure in infants with a patent duct. Furthermore, an increase in oxygenation is 

associated with vasoconstriction of the ductus arteriosus, which may be mediated by 

cytochrome P450, ET-1 receptors or voltage-gated K+-channel inhibition.198 However, 

no study has yet been able to determine the direct effect of increased oxygenation on 

the ductus arteriosus without the confounding effects of pulmonary vasodilation.  

It has been suggested that increased oxygenation and reduced circulating PGE2 levels 

lead to a significant reduction in ductal patency within 5 min after birth. However, this 

is clearly not correct as studies in humans199 and sheep167 demonstrate very large left-

to-right (reversed) shunts over the first 10 min after birth. This results from the 

haemodynamic changes associated with birth, in particular the increased systemic 

vascular resistance and decreased PVR, which reverses the pressure gradient across the 

ductus arteriosus leading to a reversal of ductal flow, rather than cessation. Indeed, left-

to-right flow through the ductus arteriosus is an important component of PBF during 

early neonatal life,167 which not only helps to improve the efficiency of gas exchange, 

but also ensures the left ventricle is well supplied with preload, via pulmonary venous 

return.  

Ultimately, functional closure (cessation of ductal flow) is thought to be complete by 

27 hours (median) in male infants and 45 hours in female infants, although the reasons 

for the gender differences are unclear.200 Permanent structural closure eventually 
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occurs due to the ingrowth of intimal cushions, integrin-mediated remodelling driven 

by shear stress stimulation, endothelial cell proliferation driven by hypoxia-inducible 

agents in the widening vessel wall, and platelet-vessel wall interactions.198 

While it is widely considered that the foramen ovale and ductus venosus both close with 

the haemodynamic changes at birth, leading to a cessation rather than a reversal of flow, 

this has not been well demonstrated. Increased pulmonary venous return increases left 

atrial volume, increasing left above right atrial pressure, causing the foramen ovale to 

collapse and fuse with the intra-atrial septa. However, intra-atrial shunting, both left-

to-right and right-to-left, is known to occur after birth and are usually indicative of 

haemodynamic issues such as a large left-to-right ductus arteriosus shunt and/or 

pulmonary hypertension with a significant right-to-left ductus arteriosus shunt.201, 202 

Little is known about the dynamic flow changes through the ductus venosus at birth, 

but presumably it ceases immediately after the umbilical circulation is clamped. 

 

1.3.3 Metabolic transition at birth 

While the respiratory and cardiovascular components of the neonatal transition are 

initially the most pressing issues, the metabolic changes must also be considered. 

During fetal life, the fetus is entirely dependent on transplacental transport of glucose 

from the maternal into the fetal compartment, which occurs by facilitated diffusion 

down its concentration gradient. However, after the placental circulation is lost, 

neonates must meet their metabolic requirements independently via enteral feeding. 

During the first hour after birth, neonatal blood glucose concentrations decrease, but 

then blood glucose concentrations quickly recover due to the mobilisation of hepatic 

glycogen stores.203 These are rapidly depleted during the first 12 hours after birth, hence 

ongoing energy homeostasis requires exogenous nutrients (e.g. breastfeeding).204 
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1.3.4 A successful transition to neonatal life 

Ultimately, an infant has successfully transitioned to neonatal life if they can deliver 

sufficient oxygen and nutrients to their tissues to meet the demands of metabolism and 

growth. Oxygen delivery is the product of cardiac output, which depends upon heart 

rate and stroke volume (determined by pulmonary venous return), and the oxygen 

content of blood, which is mainly depicted by O2 saturation levels resulting from 

pulmonary gas exchange. Hence, to enable a successful neonatal transition, care in the 

delivery room must optimise the physiological processes of lung aeration, pulmonary 

vasodilation, and reorganisation of the cardiovascular system to separate the two 

circulations.  
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1.4 Persistent pulmonary hypertension of the newborn (PPHN) 

in CDH infants 

As described above, the transition to newborn life at birth involves the lungs taking over 

the role of gas exchange from the placenta and the closure of cardiovascular shunts to 

separate the pulmonary and systemic circulations. Central to these cardiopulmonary 

changes is a reduction in PVR, which enables the lung to accept the entire output of the 

right ventricle, while also facilitating a reduction in pulmonary arterial pressure.  

However, PVR remains increased at birth in almost all CDH infants and while it is often 

not clinically obvious immediately after birth, it can be demonstrated on 

echocardiogram.205 Increased PVR leads to significantly elevated pulmonary artery 

pressures (persistently above systemic levels in 20% of CDH infants2), hence right 

ventricular output is preferentially shunted to the systemic circulation via the ductus 

arteriosus.206 This shunting causes severe post-ductal hypoxaemia and significantly 

lower PBF.113, 126 Reduced PBF leads to reduced left ventricular preload, hence reduced 

cardiac output, unless the foramen ovale continues to shunt blood from right to left. 

Together, this physiological maladaptation is referred to as persistent pulmonary 

hypertension of the newborn (PPHN). 

PPHN occurs in CDH infants due to a combination of irreversible abnormalities in 

pulmonary vascular structure and reversible changes in the vasoreactivity of the 

pulmonary vascular bed. 

 

1.4.1 Irreversible contributors to PPHN in CDH infants 

The irreversible contributors to PPHN in CDH were discussed in Chapter 1.1.3. Infants 

with a CDH are born with fewer and smaller distal pulmonary blood vessels, 

hypermuscularisation of pre-acinar arteries, and possibly neomuscularisation of intra-

acinar arteries. This results in a large reduction in the total cross-sectional area of the 

pulmonary vascular bed and therefore increased PVR.9, 115, 117, 122-125  
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Recent evidence suggests that abnormal cardiac development may also contribute to 

PPHN by causing pulmonary venous hypertension. Indeed, both humans207, 208 and 

animals111, 209-211 with diaphragmatic hernia demonstrate significant left ventricular 

hypoplasia and structural immaturity. The most compelling hypothesis is that 

herniating abdominal contents cause myocardial shift and rotation, altering the flow 

mechanics of blood returning from the umbilical circulation and preventing oxygenated 

blood from preferentially flowing through the foramen ovale.157 In this way, preload to 

the left ventricle is reduced and left ventricular hypoplasia ensues. The resulting 

increase in left atrial pressure increases the driving pressure required to adequately 

perfuse the pulmonary circulation, hence further contributing to PPHN. 

 

1.4.2 Reversible contributors to PPHN in CDH infants 

The reversible component of PPHN in CDH describes a hyperresponsiveness of the 

pulmonary vascular bed in response to vasoconstrictive stimuli. This abnormal 

vasoreactivity is believed to be reversible because, hypothetically, dominant 

vasoconstriction can be opposed by pharmacologically-induced vasodilation.  

Preclinical models suggest that the vascular dysfunction in CDH is mediated via 

endothelium-dependent pathways. Firstly, in excised arteries, pulmonary vascular 

contractility is increased in animal models of CDH to a similar degree as that observed 

when the pulmonary arterial endothelium has been mechanically removed.212 Secondly, 

pulmonary vascular relaxation is impaired in response to ACh, an endothelium-

dependent vasodilator, but normal in response to SNP, an endothelium-independent 

vasodilator.111, 212  

Endothelin-1 (ET-1) 

The most potent vasoconstrictor secreted by endothelial cells is ET-1. ET-1 plays a 

significant role in regulating PVR, as it mediates both vasoconstriction (via the ET-A 

receptor, on vascular smooth muscle cells) and vasodilation (via the ET-B receptor, 

primarily on vascular endothelial cells).144 ET-A expression is high throughout fetal life, 

whereas ET-B expression is initially low before significantly increasing during the third 
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trimester, which suggests that this vasoactive peptide plays an important role in the 

transition from high fetal PVR to low neonatal PVR.213, 214 ET-1 appears to adopt a pro-

vasoconstrictive profile in both preclinical CDH models and ex vivo pulmonary arteries 

from CDH infants, with increased ET-A mediated pulmonary vasoconstriction and 

reduced ET-B mediated vasodilation.215-219 In CDH infants, plasma ET-1 levels correlate 

with the severity of both pulmonary hypertension and eventual outcome.127 

An imbalance in ET-1 receptor expression may also mediate the structural remodelling 

of the pulmonary vasculature in utero. ET-1 increases pulmonary vascular smooth 

muscle cell proliferation by inhibiting apoptosis, blockading ET-A decreases distal 

pulmonary arterial muscularisation, and blockading ET-B increases muscularisation.220-222  

Nitric oxide (NO) 

ET-1 partially exerts its vasoactive effects via eNOS, which is inhibited by ET-A and 

stimulated by ET-B. eNOS is an enzyme that catalyses the production of the potent 

vasodilator NO. NO diffuses from the endothelium into smooth muscle cells and 

activates guanylate cyclase, which converts guanosine triphosphate into cyclic 

guanosine monophosphate (cGMP). cGMP exerts its action via a protein kinase (PK-G) 

that reduces intracellular calcium ion concentration, thereby inducing vasodilation. 

cGMP is broken down by the enzyme phosphodiesterase-5 (PDE5). 

CDH is associated with multiple abnormalities in the eNOS-NO-cGMP system. In 

preclinical models, eNOS expression is reduced.111 Interestingly, in CDH infants eNOS 

expression has been reported as decreased223, 224, unchanged225, and increased226. 

However, these studies are likely confounded by the effects of neonatal therapies such 

as oxygen and mechanical ventilation, which upregulate eNOS expression.162 PDE5 

expression is also increased in preclinical CDH models, leading to rapid degradation of 

cGMP, which reduces the efficacy of both endogenous and exogenous NO.111, 227-229  

Neural 

There also appears to be a neural component to pulmonary vascular 

hyperresponsiveness in CDH. CDH infants have decreased peribronchial and 

perivascular innervation, and in nitrofen-induced CDH in rats, sympathetic tone is 
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increased, whereas parasympathetic tone is decreased in peripheral airways.230 This 

imbalance in autonomic innervation may increase pulmonary arterial hyperreactivity in 

CDH infants. This study also reported reduced expression of vasoactive intestinal 

peptide, a vasodilator that is normally present in nerve endings innervating the 

pulmonary airways and vasculature.230 

Muscular 

The pulmonary vasculature of CDH infants also has a higher proportion of contractile 

vascular smooth muscle cells, which likely increases vasoconstriction in response to the 

vasoactive stimuli described above.10 

 

1.4.3 Implications for delivery room management 

Given this pulmonary vascular hyperreactivity, optimal care of CDH infants in the 

delivery room should aim to allow a smooth neonatal transition that does not expose 

these infants to unnecessary hypoxic insults or swings in systemic and pulmonary 

arterial pressures. Indeed, any hypoxia or high pulmonary arterial pressures during the 

neonatal transition may potentially trigger pulmonary vasoconstriction, initiating a 

vicious cycle of PPHN.231, 232 However, in the current guidelines for the standardised 

neonatal care of CDH infants, delivery room management is entirely based on expert 

opinion.183 Clearly, a better understanding of the optimal support required during the 

neonatal cardiopulmonary transition in CDH infants is an area of research that has been 

relatively overlooked. 
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1.5 Neonatal management of CDH 

Given the complex difficulties CDH infants face after birth, the CDH EURO Consortium 

published a consensus statement in 2010 to standardise care of CDH neonates.233 After 

adopting the standardised protocol, two hospitals improved survival rates from 67% to 

88%.37 The 2016 update of this consensus statement recommends that CDH neonates 

should undergo planned delivery after 39 weeks in a specialised hospital, by either 

vaginal or caesarean section delivery.183, 234-236 They are intubated immediately at birth, 

to avoid inadvertent gaseous distension of the intrathoracic stomach. In practice, 

immediate intubation usually translates to immediate umbilical cord clamping, in order 

to move the infant to a resuscitation bed for respiratory support. In normal term infants, 

lung aeration occurs rapidly after cord clamping. Hence, there is only a limited 

interruption to cardiac output and gas exchange at birth as the lung takes over the role 

of gas exchange and provides left ventricular preload. In contrast, CDH infants have 

stiff, hypoplastic lungs which take longer to aerate, as demonstrated in a preclinical 

CDH model.136 As such, immediate cord clamping in infants with a CDH may expose 

them unnecessarily to a prolonged period of hypoxia, reduced cardiac output and 

increased arterial pressures immediately after birth. Hypoxia and high pulmonary 

arterial pressures can both trigger pulmonary vasoconstriction, which may be the first 

insult initiating the viscous cycle of PPHN.231, 232 

Gentle ventilation (peak inspiratory pressure <25cm H2O) with permissive hypercapnia 

(allowing PaCO2 <70 mmHg) is critical because the reduction in lung growth is not 

uniform and so excessive ventilation can cause injury in less hypoplastic lung 

regions.237-239 Whether this is initially achieved with conventional ventilation or high 

frequency oscillatory ventilation does not affect morbidity or mortality.240 

Echocardiography should be performed within the first day of life in order to detect 

cardiac anomalies, assess right heart function and classify pulmonary hypertension 

severity.205, 241 Treatment of pulmonary hypertension begins following signs of 

inadequate organ perfusion or preductal saturations below 85%, and involves 

addressing the reversible vasoconstrictive component to reduce pulmonary arterial 

pressures.183 It is vitally important to reduce pulmonary arterial pressures during the 
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neonatal period, as sustained mechanical stretch causes irreversible vascular 

remodelling and progression to either chronic PPHN or death.232 In most infants with 

PPHN due to other causes, this is accomplished with inhaled NO (iNO), however only 

30% of CDH infants respond to iNO therapy.242 Impaired responsiveness to iNO in CDH 

patients is likely due to irreversible factors, such as a reduced cross sectional area of the 

pulmonary vascular bed. On the other hand, rapid degradation of cGMP by abnormally 

high levels of PDE5 may also contribute to the failure of iNO therapy.227-229 Hence, 

PDE5 inhibitors such as sildenafil are increasingly being used to promote pulmonary 

vasodilation, however their efficacy also appears limited by anatomical deficiencies in 

the pulmonary vascular bed. Intravenous sildenafil and iNO are being compared in a 

large European randomised controlled trial, with the primary outcome of neonatal 

mortality and PPHN incidence at 14 days of life (CoDiNOS, Eudra CT: 2017-000421-13). 

In CDH infants with PPHN who remain hypoxaemic on maximal respiratory support 

despite medical therapy, ECMO can be used to reduce right ventricular afterload and 

maintain adequate tissue oxygen delivery. By reducing ventilation requirements, ECMO 

also prevents lung injury due to barotrauma and oxidative stress. However, CDH 

neonates require ECMO more frequently243 and for longer244 than other infants with 

PPHN, and ECMO itself is associated with significant morbidity and increased 

healthcare costs.31, 245-247 The risks and benefits of ECMO should be carefully 

considered, as in the VICI trial there was no difference in survival between centres with 

and without ECMO.240 Attenuating abnormal pulmonary vascular remodelling in utero 

and enabling a smoother neonatal transition may reduce the severity of pulmonary 

hypertension and hence reduce ECMO requirements in the CDH population.  

It is recommended that surgical repair be performed electively, following stabilisation 

of physiological parameters (blood pressure, preductal oxygen saturation, lactate and 

urine output).183 Whilst a Cochrane Review published in 2000 found no clear evidence 

favouring delayed repair of CDH248, more recent reviews emphasise the survival benefits 

of an initial stabilisation period.245, 249 Some evidence suggests that the question of early 

versus late repair may actually be one of risk stratification; patients with less severe CDH 

benefit from delayed surgery, whereas patients with more severe CDH may require a 

more aggressive approach.250 
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1.6 Antenatal management of CDH 

CDH is commonly diagnosed on prenatal ultrasound, during which the severity of 

abnormal lung development can also be quantified.4 Assessing the severity of CDH 

prenatally allows healthcare providers to counsel parents on the expected prognosis. It 

also provides the exciting opportunity to offer antenatal interventions that may modify 

disease progression in utero and hence improve neonatal outcomes. 

 

1.6.1 Antenatal diagnosis 

In a population-based study using registers from 20 European countries between 1996 

to 1998, CDH was prenatally diagnosed in 59% of cases.4 However, there was a 

significant difference in prenatal detection rates between countries with routine second 

trimester morphology ultrasound screening programs (72%) and those without (30%). 

Given second trimester ultrasound screening is now performed more widely, it is likely 

that the current prenatal detection rate is closer to 72%. Indeed, this is supported by 

data from the European Surveillance of Congenital Anomalies (EUROCAT) register, 

which reports that 70% of CDH cases between 2013 to 2017 were diagnosed prenatally 

with some countries reporting rates as high as 86%.5  

A CDH is diagnosed antenatally by visualising the diaphragmatic defect or by observing 

the stomach (hypoechogenic) or intestines in the thorax.251 It is more difficult to detect 

the liver, as it appears similar to the lungs on ultrasound. Herniating abdominal viscera 

also lead to a detectable mediastinal and cardiac shift to the contralateral side. 

Antenatal diagnosis most commonly occurs between 20-22 weeks of gestational age.4 

However, 40% of CDH cases have increased nuchal translucency on a 10-14 week scan, 

which is routinely assessed as part of Down syndrome screening.252 Increased nuchal 

translucency should therefore prompt sonographers to thoroughly assess the thorax for 

herniated abdominal viscera, which may allow earlier diagnosis.  

Despite allowing centralisation of care, antenatal diagnosis is associated with increased 

mortality because larger defects that are more easily observed on ultrasound have 
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poorer survival and 35% of parents elect to terminate the pregnancy following antenatal 

diagnosis.4, 26 Antenatal diagnosis is also more likely when there are other associated 

anomalies (complex CDH), which further increase mortality.4 

 

1.6.2 Antenatal prediction of outcome 

Following antenatal detection, it is possible to predict neonatal outcomes by evaluating 

fetal lung size and liver position with ultrasound examination or MRI.253-255 A 

combination of liver position and the lung-to-head ratio (adjusted for gestational age) 

is used to classify CDH into mild, moderate, severe and extreme cases (Figure 13).253  

 

 

Figure 13 - Classification of congenital diaphragmatic hernia by prognosis 
Decreased survival correlates with reduced lung size (as measured by O/E LHR) and liver 
herniation (liver in thorax). O/E LHR: observed/expected lung-to-head ratio. Reproduced with 
permission from Deprest et al.253   

Whilst the lung-to-head ratio provides an accurate representation of pulmonary 

hypoplasia, it remains difficult to predict the occurrence and severity of pulmonary 

hypertension.254 Measures of pulmonary arterial blood flow and vascularisation such as 

resistance index, pulsatility index and peak systolic velocity are not used clinically as 

they do not show predictive value and are dependent on the lung-to-head ratio.254 

However, the change in pulsatility index in response to maternal hyperoxygenation can 
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predict PPHN.256 The acceleration time/ejection time ratio has also been shown to 

inversely correlate with risk of pulmonary hypertension, however it lacks 

reproducibility.257 Abnormalities of the main pulmonary arteries appear to correlate 

with pulmonary hypoplasia, rather than pulmonary hypertension.258 Hence, techniques 

that evaluate the distal pulmonary vascular bed are likely required to predict PPHN. 

Evaluation of the vascular bed using 3D power ultrasonography appears promising, with 

vascular indices offering a better prediction of prognosis than lung volume in an initial 

prospective observational study.259 Future advances in this area will help identify which 

cases would benefit most from antenatal medical therapies that attenuate pulmonary 

vascular remodelling. 

 

1.6.3 Antenatal surgical management 

Antenatal prognostic indicators allow early assessment of severity and prediction of 

non-survivors, presenting the opportunity for antenatal interventions to reduce 

morbidity and mortality.  

Antenatal repair of the diaphragmatic defect 

In 1980, Harrison demonstrated that if space occupying abdominal viscera were 

reduced from the chest cavity, then the lungs would grow and develop normally in the 

sheep model.260 These results led to attempts to conduct patch closure of the 

diaphragmatic defect in utero in humans.14, 15 The initial trial was conducted on CDH 

fetuses with liver herniation into the chest (severe CDH).14 Unfortunately, repositioning 

the liver into the abdominal cavity led to umbilical vein kinking and fetal death in 

utero.14 A second clinical trial demonstrated that in fetuses without liver herniation, 

open fetal repair of CDH in utero offered no survival advantage, hence further attempts 

were abandoned.15 

Fetoscopic endoluminal tracheal occlusion (FETO) 

Given that early attempts to surgically repair the diaphragmatic defect in utero were 

unsuccessful, subsequent fetal interventions have focused instead on enhancing 

prenatal lung growth. As described in Chapter 1.1.3, lung growth and development are 
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primarily driven by mechanical stretch exerted by lung liquid, which is continuously 

secreted throughout gestation. When lung liquid is trapped within the airways, such as 

in congenital high airway obstruction syndrome (CHAOS), cell growth and division are 

enhanced, resulting in lung hyperplasia.261 Replicating this condition by obstructing the 

trachea also enhances lung growth, as was first described in 1965 during attempts to 

demonstrate that fetal lung liquid is a secretory product of the lung.262 Subsequent 

studies in fetal sheep demonstrated that the lung growth response to tracheal 

obstruction is rapid, with a peak in DNA synthesis rates (to 777% above baseline) 

occurring within 2 days, resulting in lung size almost doubling within 7 days.263, 264 

However, the type of growth depends on the stage of lung development when the 

obstruction occurred265, 266 and if prolonged, the majority of type-II alveolar epithelial 

cells (surfactant producing) transdifferentiate into type-I cells.78 Benachi et al. used 

transmission electron microscopy to perform an ultrastructural evaluation of the lungs 

of fetal lambs with a DH, and found that the ratio between type-I/type-II cells was ~20-

fold greater (9 vs. 0.45) in DH lambs that underwent tracheal occlusion (from 120 – 

139d GA) compared to those that did not.267 In these DH lambs that underwent tracheal 

occlusion, ~10% of alveolar epithelial cells were in an intermediate state with features 

of both type-I and type-II cells.267 This further supports the concept that the reduction 

in type-II cells is due to transdifferentiation into type-I cells. A reduction in type-II cells 

would make the lung surfactant deficient, hence raising the need for a period of tracheal 

release to allow the type-I cells to transdifferentiate back into type-II cells.75, 78, 268-270 

Tracheal occlusion was first achieved clinically in an open procedure that required 

hysterotomy and fetal neck dissection.271 This open procedure was associated with 

severe neurological morbidity and a survival rate of 33%, so efforts were made to 

develop less invasive approaches. Initially, this included a maternal laparotomy and 

multiple uterine trocar insertions, but gradually this evolved to a percutaneous single 

port procedure in which an inflatable balloon is fetoscopically introduced into the fetal 

trachea.272-274 Fetoscopic endoluminal tracheal occlusion (FETO) is now under 

investigation in two large multicentre randomised trials (www.totaltrial.eu), in which 

the balloon is inserted at 27-30 weeks gestation in severe cases of CDH, and 30-32 

weeks gestation in moderate cases.275-277 

http://www.totaltrial.eu/
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The current clinical strategy includes reversal of tracheal occlusion, in order to reverse 

the transdifferentiation of surfactant-producing type II alveolar epithelial cells into non-

surfactant producing type I cells. This possibility was first demonstrated in animal 

studies demonstrating that, at least in utero, type-I cells are not terminally differentiated 

as first thought, but can transdifferentiate into type-II cells in response to lung 

deflation.270 Elective balloon removal is typically scheduled for 34 weeks gestation 

either by ultrasound-guided percutaneous puncture or by fetoscopy, and in experienced 

centres is successfully performed in 97% of elective cases.278, 279 In 28-43% of all FETO 

cases however, obstetrical complications and in particular threatened preterm labour 

(median GA at delivery: 35.3 weeks), prompt an emergent removal of the balloon.17, 279 

In this emergency setting, if release cannot be performed by percutaneous puncture or 

fetoscopy, balloon extraction may be required while the infant remains on placental 

circulation. Balloon extraction was initially performed as a formal ex utero intrapartum 

procedure, yet now is safely done during a modified caesarean section.17, 279, 280 As a last 

resort, the balloon can be removed postnatally with a specially-designed tracheoscope 

or percutaneous puncture.278 Difficulties in balloon removal were a major contributor 

to neonatal death in 10 of the first 210 cases reported by the FETO consortium, so a 

24/7 team of experienced clinicians should be on-call to deal with emergency balloon 

removal.17, 276 This limits the use of FETO to high-volume tertiary referral centres. 

The success of FETO also appears dependent upon pre-existing lung size, most likely 

because smaller lungs have a reduced epithelial surface area to secrete lung liquid and 

are less compliant.17 The osmotic pressure gradient that drives lung liquid secretion 

equates to a hydrostatic pressure of around 6-7 mmHg.263 Hence, if the pressure 

required to expand the hypoplastic lung exceeds 6-7 mmHg, then lung liquid secretion 

will cease when lung luminal pressure reaches 6-7 mmHg and the lung will not expand 

further. As a result, despite an overall increase in survival, approximately half of infants 

with severe lung hypoplasia do not survive even after FETO treatment and there is 

limited benefit regarding the incidence of PPHN.256, 275, 281, 282 Hence, antenatal 

therapies that specifically address the pulmonary vascular abnormalities associated with 

CDH appear necessary. Preferentially, these should be medical in nature to reduce 

invasiveness and make prenatal therapy more accessible. 
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1.6.4 Antenatal medical management 

There are currently no antenatal medical therapies for CDH used in clinical practice.283 

A randomised clinical trial of antenatal corticosteroids ceased recruiting after interim 

analysis suggested that more than 1700 infants would be required to detect a 10% 

difference in survival.284  In the trial, only 32 infants were recruited in 4 years at 7 

centres, thereby highlighting the difficulties of translating evidence from animal 

research into clinical trials in rare diseases. Other antenatal medical therapies, including 

sildenafil and Vitamin A, have only been investigated in animal models. Recently, there 

have also been promising results using cell-based therapies to improve pulmonary 

development in CDH.285-287 In contrast to medical therapies, cell-based therapies may 

not only prevent further lung injury, but also repair established disease.288 Regenerative 

medicine could contribute to the management of CDH on various levels, as recently 

reviewed by Deprest and De Coppi289, but it is beyond the scope of this thesis.  

My published review of antenatal medical therapies for CDH is attached as Appendix 1. 

In summary, the majority of antenatal medical therapies for CDH display limited benefit 

(such as bosentan110 and Vitamin C290, 291), may be teratogenic (Vitamin A292) or have 

failed to demonstrate benefit in humans despite promising animal trials 

(corticosteroids284). A notable, promising exception is the PDE5 inhibitor sildenafil, 

which will now be discussed. 
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1.7 Sildenafil 

As described above, PPHN in CDH infants is often refractory to treatment with iNO, 

suggesting either a purely anatomical problem (i.e. reduced cross-sectional area of the 

pulmonary vascular bed) or abnormalities in endothelium dependent vasodilatory 

pathways.293 The latter is supported by the finding that CDH is associated with 

pulmonary overexpression of PDE5, which suppresses NO-mediated vasodilation by 

rapidly degrading cGMP.227 By inhibiting PDE5, the medication sildenafil already 

improves outcomes in the neonatal care of CDH infants, but correcting this biochemical 

abnormality in utero may provide further benefit. 

 

1.7.1 Mechanism of Action 

Phosphodiesterases are a group of enzymes that play an important role in regulating 

cardiac smooth muscle tone and vascular smooth muscle contraction.294  Sildenafil is a 

selective inhibitor of one of these enzymes, PDE5, which acts to degrade and thereby 

reduce intracellular cGMP concentrations. As such, PDE5 interferes with NO mediated 

vasodilation and hence results in vasoconstriction, whereas sildenafil-induced PDE5 

inhibition increases the half-life of cGMP, leading to vasodilation and increased blood 

flow (Figure 14). 

PDE5 is the most active phosphodiesterase in the pulmonary vasculature, hence 

sildenafil induces pulmonary vasodilation, a reduction in PVR and an increase in PBF.296 

Indeed, sildenafil is used to treat pulmonary hypertension in adults, children, and 

neonates, particularly as PDE5 is upregulated in pulmonary hypertension and so is very 

sensitive to the effects of sildenafil.296-299  

PDE5 is also upregulated in the lungs of CDH infants at birth, which suggests that CDH 

fetuses may also be sensitive to sildenafil’s effects.227 Sildenafil’s acute vasodilatory 

effect may appear less useful in utero, when the placenta performs gas exchange and 

PBF is minimal. Furthermore, there appear to be remarkably strong autoregulatory 

mechanisms that tightly control PBF in utero; when fetal lambs were continuously 
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infused with sildenafil, there was a transient decrease in PVR and increase in PBF, but 

within 2 hours pulmonary vascular tone had returned to baseline.300 This 

autoregulation, which is also seen in response to other pulmonary vasodilators301, 302, 

likely acts to prevent the pulmonary circulation from “stealing” blood flow from the 

placenta, so as not to impair gas exchange.  

 

Figure 14 - Mechanism of action of sildenafil 

eNOS: endothelial nitric oxide synthase; NO: nitric oxide; GC: guanylate cyclase; GTP: 
guanosine triphosphate; GMP: guanosine triphosphate;  cGMP: cyclic GMP; PDE: 
phosphodiesterase; ATP: adenosine triphosphate; AMP: adenosine monophosphate; cAMP: 
cyclic AMP; PKG: cGMP dependent protein kinase; PKA: cAMP dependent protein kinase. 
Reproduced with permission from Kashyap et al.295 Drawing by Myrthe Boymans, UZ Leuven. 

In contrast to its transient effects on PVR and PBF, antenatal sildenafil also mediates a 

sustained change in vascular reactivity to birth-related stimuli that persists to delivery. 

For example, increasing PaO2 does not change PVR in fetal lambs with chronic 

pulmonary hypertension treated with antenatal saline, but decreases PVR by 60% in 

lambs that have been treated with antenatal sildenafil.300, 303  

Sildenafil also inhibits pulmonary vascular smooth muscle cell proliferation, so may 

attenuate the hypermuscularisation and neomuscularisation of pulmonary blood 

vessels seen in CDH infants.304 This anti-proliferative effect appears to be mediated via 
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cGMP activation of protein kinase A and G (Figure 14), and upregulation of bone 

morphogenetic protein.305-307 cGMP also inhibits phosphodiesterase-3, which increases 

cyclic AMP (cAMP) bioavailability. cAMP is also known to have anti-proliferative effects 

on vascular smooth muscle cells.308 

Furthermore, PDE5 suppresses VEGF expression, so by inhibiting PDE5 sildenafil may 

also improve VEGF-driven angiogenesis and therefore restore the reduced number of 

distal vessels seen in CDH.309 VEGF-driven angiogenesis also creates mature 

alveolocapillary units310 that will appropriately match ventilation and perfusion during 

neonatal life, reflecting the complex interactions between airway and vascular 

pulmonary development discussed earlier.311  

Ultimately, by potentiating pulmonary vasodilation in response to birth-related stimuli, 

inhibiting proliferation of pulmonary vascular smooth muscle cells and stimulating 

pulmonary angiogenesis, antenatal sildenafil treatment may attenuate both the 

reversible and irreversible components of PPHN in CDH infants. 

 

1.7.2 Pharmacokinetics and bioavailability 

The impact of antenatal sildenafil on fetuses with a CDH has been predominantly 

studied in the nitrofen-rat model109-112, 114, 312, 313 and also one rabbit study has been 

published so far.115 An alternative PDE5 inhibitor, tadalafil, has recently been 

investigated in the sheep model, however sildenafil is more likely to be used clinically 

as human neonates are unable to properly metabolise tadalafil due to an immature 

glucuronidation pathway.113, 314  

The first important finding from these studies is that maternal sildenafil successfully 

crosses the placenta in all current animal models. Interestingly, in sheep, fetal tadalafil 

concentrations remain at a steady state despite fluctuating maternal levels.113 This 

steady state may reflect low fetal metabolism of tadalafil in sheep fetuses, as in human 

neonates.314 These steady fetal concentrations are not seen when sildenafil is used in 

the rat111 and rabbit115 models. Sildenafil clearance in human neonates increases three-

fold (to adult levels) during the first week of postnatal life,315 so well-designed fetal 
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pharmacokinetic studies are required to ensure that sildenafil does not accumulate in 

the fetal circulation when administered antenatally. 

It is evident that transplacental sildenafil and tadalafil both exert a biochemical action 

on the fetal lungs, with an increase in pulmonary cGMP concentration following 

maternal administration in both the rat and sheep model.111, 113 

 

1.7.3 Safety 

Human safety data specific to fetuses with a CDH is not available for sildenafil. On the 

other hand, there have been no adverse effects reported in animal models of CDH.111 

In the neonatal population, using sildenafil to treat pulmonary hypertension was not 

associated with higher rates of adverse effects in three small randomised controlled 

trials.316-318 However, a randomised controlled trial investigating sildenafil in the 

paediatric population found that high-dose sildenafil is associated with greater 

mortality than low-dose sildenafil.319 This association led to a United States Food and 

Drug Administration recommendation against the use of sildenafil in the paediatric 

population320. However, a number of expert groups have refuted this recommendation 

due to limitations of the trial, including inconsistent plasma sildenafil concentrations, 

no survival data for the placebo group, and a large number of confounding variables.321, 

322 Furthermore, the European Medicines Agency approved sildenafil use in paediatric 

pulmonary hypertension (while warning against high-doses) based on the same 

evidence.323  

Antenatally administered sildenafil has been investigated in randomised controlled 

trials to determine its effect upon pregnancy duration in women with pre-eclampsia324, 

and on amniotic fluid volume in pregnancies complicated by idiopathic 

oligohydramnios.325 In both trials no differences in adverse effects between sildenafil 

and placebo were observed, in either mother or fetus.  

At the time this thesis was conceived, antenatal sildenafil was also under investigation 

to increase placental blood flow to fetuses with severe intrauterine growth restriction 

(IUGR) in the STRIDER trial, an international consortium of five randomised controlled 
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trials with a planned individual patient data meta-analysis.326, 327  STRIDER recruited 

women with a small for gestational age fetus that had absent or reversed end-diastolic 

umbilical artery blood flow on Doppler ultrasound examination. These fetuses represent 

the most severe end of the IUGR spectrum, and indeed 32% of the STRIDER cohort in 

the United Kingdom (UK) trial died in utero.328 The UK and Australia/New Zealand 

trials were completed in 2018, and while they demonstrated no beneficial effect on fetal 

growth, there was also no evidence of maternal, fetal or neonatal harm.329, 330 

While our experiments were already underway, the Dutch STRIDER trial was suspended 

after interim analysis raised concerns regarding an increased incidence of PPHN (27% 

vs 5%) and neonatal mortality (27% vs 14%) in the sildenafil-treated group.331 Given 

that these adverse effects were not reported in the completed UK and Australia/New 

Zealand trials, it appears prudent to await the results of the planned individual patient 

data meta-analysis before drawing conclusions.329, 330  

Some animal studies that preceded the STRIDER trials demonstrated that sildenafil has 

a beneficial effect on the uteroplacental circulation332, however other animal studies 

suggested it may be detrimental333. A recently published study in the lamb IUGR model 

suggests that by attenuating the brain-sparing cerebral vasodilation and peripheral 

vasoconstriction normally associated with IUGR, antenatal sildenafil may limit acute 

cerebral responses to neonatal challenges.334 While this offers a possible explanation for 

the (non-significantly) increased neonatal mortality in the sildenafil-treated group of 

the Dutch STRIDER trial, the lamb study did not assess the pulmonary vascular bed, so 

the increased incidence of PPHN remains puzzling. A possible explanation may be 

found in the preclinical CDH literature, as described below in Chapter 1.6.4; control 

animals (without CDH, or IUGR) treated with antenatal sildenafil have fewer distal 

pulmonary blood vessels and decreased total vascular volume compared to untreated 

controls.111, 115, 313 

While the concerns raised by the Dutch STRIDER trial are not yet verified by the 

individual patient data meta-analysis and may be specific to IUGR fetuses, it is 

important that a safety profile is established in preclinical CDH models before sildenafil 

is considered for clinical trials in CDH infants. 
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1.7.4 Effect on the lungs in diaphragmatic hernia 

The biomolecular effects of sildenafil are described in Chapter 1.6.1: Mechanism of 

Action. In preclinical CDH models, antenatal sildenafil treatment increases vasodilator 

expression and reduces vasoconstrictor expression111-113, restores the vasodilatory 

response to stimuli such as NO and O2 that is impaired in CDH111, 114, and enhances 

anti-proliferative (bone morphogenic protein) and pro-apoptotic (Bax/Bcl-2 ratio) 

signalling in vascular smooth muscle cells112 (Table 1). Sildenafil also increases 

expression of VEGF in the lung parenchyma, which likely improves angiogenesis.115 

Sildenafil has no effect on PDE5 RNA expression, but decreases the distribution of PDE5 

particularly in distal pulmonary vessels.313  

Table 1 - Antenatal sildenafil mediates biomolecular and physiological changes 

Study Vasodilator 

expression 

Vasoconstrictor 

expression 

Vasoreactivity to 

vasodilatory stimuli 

(Luong, 2011)111 ↑ eNOS  

↑ VEGF  

NA ↑ vasodilatory response 

to NO donor 

(Yamamoto, 2014)114 NA NA ↑ vasodilatory response 

to maternal hyperoxia 

(Makanga, 2015)112 ↑ eNOS 

↑ iNOS 

↑ NO 

↓ ET-1 

↓ ETA 

↓ PPET-1  

NA 

(Shue, 2014)113 ↑ eNOS NA NA 

NO: Nitric oxide. eNOS: endothelial NO synthase. VEGF: Vascular endothelial growth factor. 
iNOS: inducible NO synthase. ET-1: Endothelin-1. ETA: ET-1 receptor A. PPET-1: ET-1 
precursor. PBF: Pulmonary blood flow. NA: Not applicable. 

Sildenafil improves pulmonary vascular development in preclinical CDH models by 

increasing distal vessel number109, 111, 112, 115 and decreasing distal vessel 

muscularisation (Table 2).110-112, 115, 313 Sildenafil does not significantly increase total 

vascular volume, however this is less important than the ratio of distal to proximal 

vessels (as a larger proportion of distal vessels provides greater cross-sectional area, 

therefore lower resistance).313  
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Table 2 - Antenatal sildenafil mediates changes in vascular morphology 

Study Vessel number 

(distal vessel 

number or density) 

Vessel 

muscularisation 

(medial wall thickness) 

Other 

Rat models (sildenafil) 

(Luong, 2011)111 in CDH: ↑ 

in non-CDH: ↓ 

↓ ↓ Right ventricular 

Hypertrophy 

(Kattan, 2014)109 ↑ Proximal vessels: ↑ 

Distal vessels: - 

NA 

(Lemus, 2014)110 NA ↓ NA 

(Makanga, 2015)112 ↑ ↓ ↑ Vessel diameter 

(Burgos, 2016)312 NA No effect NA 

(Mous, 2016)313 NA ↓ ↓ Cellular markers 

of muscularisation 

Rabbit model (sildenafil) 

(Russo, 2016)115 in CDH: ↑ 

in non-CDH: ↓ 

↓ NA 

Sheep model (tadalafil) 

(Shue, 2014)113 NA NA No effect on right 

ventricular 

hypertrophy 

 

It is concerning that when sildenafil was given to control animals (i.e. without CDH), it 

decreased the number of distal vessels111, 115 and decreased total vascular volume.313 

The authors hypothesised that sildenafil-mediated vasodilation was beneficial in lungs 

with increased PVR, but in normal lungs hypoperfusion of the pulmonary vascular bed 

may impair vessel growth.115 These findings could alternatively be explained by the fact 

that while cGMP (increased following sildenafil induced PDE5 inhibition) is important 

for vasodilation and angiogenesis, sustained exposure at high levels can lead to lung 

endothelial cell death and apoptosis.335 While sildenafil may attenuate the reduced 

cGMP levels characteristic of CDH111, its use in healthy fetuses may increase cGMP to 
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toxic levels. These findings may also explain the paradoxical pulmonary hypertension 

observed in IUGR fetuses exposed to sildenafil during the Dutch STRIDER trial.331 

Sildenafil also appears to improve airway development (Table 3). The effect of sildenafil 

on gross lung size is unclear, with most evidence showing no difference111-113, 115, one 

rat model demonstrating a significant decrease312 and two rat models demonstrating a 

significant increase in lung weight.114, 313 At a histological level sildenafil appears to 

increase distal airway complexity.112, 114, 115, 313 On a functional level, rabbit lungs treated 

with sildenafil demonstrate improved static compliance and total lung capacity.115 

Table 3 - Antenatal sildenafil mediates changes in airway histology and function 

Study Gross 

lung size 

Septal 

thickness 

Airway complexity Functional 

Rat models (sildenafil) 

(Luong, 2011)111 No effect ↓ NA NA 

(Lemus, 2014)110 NA No effect No effect NA 

(Yamamoto, 2014)114 ↑ LBWR NA ↑ RAC NA 

(Makanga, 2015)112 No effect No effect ↑ RAC NA 

(Burgos, 2016)312 ↓ LBWR ↓ ↑ Alveolar volume 

density 

No effect on RAC 

↑ PO2 

No effect on 

tidal volume 

(Mous, 2016)313 ↑ LKWR No effect ↑ Alveolar airspace 

diameter 

NA 

Rabbit model (sildenafil) 

(Russo, 2016)115 No effect  No effect ↑ Distal airway 

complexity 

↑ Static 

compliance 

↑ Total lung 

capacity 

Sheep model (tadalafil) 

(Shue, 2014)113 No effect NA NA NA 

LBWR: Lung-to-body weight ratio. LKWR: Lung-to-kidney weight ratio (used because body 
weight was significantly different between groups). NA: Not applicable. PO2: Partial pressure of 
arterial oxygen (from a mixed arteriovenous sample). RAC: Radial alveolar count. 
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1.7.5 Translation from Animal Models to Clinical Practice 

Sildenafil’s extensive use as a penile vasodilator to treat erectile dysfunction336 means 

that it is now available off-label in a much cheaper generic form. Along with consistent 

oral bioavailability337, this would allow antenatal sildenafil to be used in low-resource 

settings, in contrast to the highly-specialised care required for other antenatal CDH 

interventions such as FETO.277, 280 

Most experiments on antenatal sildenafil in CDH have been performed in the nitrofen-

rat model, which does not allow detailed assessment of neonatal physiology during the 

transition at birth. Hence, before sildenafil can be investigated in a clinical trial, the 

results of rodent and rabbit CDH models must be validated in a larger animal model to 

demonstrate that improvements to pulmonary vascular structure translate to improved 

pulmonary vascular function after birth.  
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1.8 Aims 

Infants with a CDH face their greatest physiological challenge during the transition 

from fetal to neonatal life, when placental support is lost and their underdeveloped 

lungs are required to assume the role of gas exchange. However, very little is understood 

regarding the impact that lung hypoplasia, secondary to CDH, has on cardiopulmonary 

physiology during the neonatal transition. Hence, the first aim of this thesis was to 

characterise the changes in cardiopulmonary physiology during the neonatal 

transition in lambs with a DH. I hypothesised that abnormal lung development 

would adversely affect the transition to newborn life, particularly the change in 

respiratory mechanics and the increase in pulmonary blood flow.  

Using this sheep CDH model, I then aimed to investigate interventions that may 

improve neonatal cardiopulmonary haemodynamics and reduce the severity of 

pulmonary hypertension. This may be achieved by either protecting the vulnerable 

pulmonary vascular bed during the neonatal transition at birth or attenuating abnormal 

pulmonary vascular development before birth.  

The second aim of this thesis was to determine the effects of physiologically based 

cord clamping (PBCC) on neonatal cardiopulmonary physiology in lambs with a 

DH. I hypothesised that a physiologically based approach to umbilical cord clamping 

would avoid a prolonged period of hypoxia and low cardiac output at birth and reduce 

the risk of developing pulmonary hypertension after birth.  

The underlying lung hypoplasia and pulmonary vascular abnormalities that afflict CDH 

infants develop in utero. Recent studies have demonstrated that the PDE5 inhibitor 

sildenafil attenuates these pulmonary vascular structural abnormalities, in preclinical 

CDH models. The third aim was to determine the effects of antenatal sildenafil on 

neonatal cardiopulmonary physiology in lambs with a DH. I hypothesised that 

antenatal sildenafil treatment would reduce PVR and increase PBF during the neonatal 

transition at birth. 
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2 Fetal therapy and the neonatal transition in a sheep 

model of congenital diaphragmatic hernia 

In this PhD thesis, I aimed to investigate antenatal and postnatal treatments that 

improve cardiopulmonary haemodynamics during the neonatal transition and reduce 

the severity of pulmonary hypertension. To describe the effects of a DH, and candidate 

treatments, on cardiopulmonary physiology during the neonatal transition, the most 

appropriate animal model is the sheep. Most importantly, the relative large size of lambs 

allows instrumentation to continuously record arterial blood pressures, flows and 

oxygenation, and allows ventilation using standard neonatal equipment. Therefore, in 

Chapter 2.1, I aimed to establish the sheep CDH model at our facility. 

As outlined in Chapter 1.2, the effects of CDH on cardiopulmonary physiology during 

the neonatal transition are not well understood. Hence, in Chapter 2.1 I also aimed to 

describe cardiopulmonary physiology during the neonatal transition in lambs with a 

surgically induced left-sided diaphragmatic hernia (DH). Based on the prior experience 

of the group in delivering and ventilating lambs with lung hypoplasia, our resuscitation 

strategy, developed in consultation with expert neonatologists, involved physiologically 

based umbilical cord clamping and a sustained inflation. 

As I was ultimately interested in the effects of sildenafil on pulmonary vascular function, 

the primary outcome for this study was pulmonary blood flow (PBF). Our study shows 

that despite severe lung hypoplasia and very poor respiratory function, DH lambs had a 

large increase in PBF in response to lung aeration that, per gram of lung weight, was 

identical to sham controls. This indicates that, at least initially, the higher pulmonary 

vascular resistance is simply a consequence of a smaller lung and is not due to abnormal 

pulmonary vascular function.  

I next aimed to use the sheep CDH model to investigate antenatal interventions that 

may rescue the lung from hypoplasia, and directly measure their effects on the neonatal 

cardiopulmonary transition. Before investigating antenatal sildenafil therapy, in 

Chapter 2.2 we first investigated the effect of a fetal intervention that is already under 

investigation in an international randomised controlled trial, FETO. However, virtually 
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no scientific information is available on how FETO affects the physiological transition 

and whether it improves respiratory function postnatally. In this second study, I aimed 

to determine whether FETO improves the cardiopulmonary transition at birth in lambs 

with a DH. We demonstrated that FETO improves lung compliance and CO2 exchange 

and increases PBF in proportion to lung weight, however oxygen exchange is not 

improved. This indicates that the gas barrier/surface area for gas exchange has improved 

sufficiently for CO2 but not O2 exchange. 

While the studies are clearly very complementary, they each contain very significant 

amounts of data, the majority of which is relevant and required to fully explain the 

physiology underpinning the fetal to neonatal transition in these lambs. As such it was 

not possible to combine the studies into one paper, however we requested that they 

were peer-reviewed together. Both manuscripts have now been published back-to-back 

in Archives of Disease in Childhood: Fetal and Neonatal Edition, so they are presented in 

that form in Chapter 2.1 and Chapter 2.2. 
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What is already known on this topic?

 ► Lung hypoplasia and pulmonary hypertension
associated with congenital diaphragmatic
hernia (CDH) contribute to mortality rates
that remain between 30% and 40% despite
centralised, standardised neonatal care.

 ► Normally at birth, lung aeration triggers an
increase in pulmonary blood flow that enables
gas exchange and venous return to the left
ventricle via the pulmonary circulation.

 ► Infants with CDH have small pulmonary
vascular cross-sectional area and increased
distal vessel muscularisation. These structural
changes likely influence cardiopulmonary
physiology during the neonatal transition.

What this study adds?

 ► Lung aeration stimulated a large increase
in pulmonary blood flow (PBF) that was
proportional to lung size in both DH and control
lambs.

 ► PBF indexed to lung weight was similar
between DH and control lambs, indicating that
the lower PBF and higher pulmonary vascular
resistance seen in DH lambs are mostly because
the lung is smaller.

 ► During hypoxaemia, titrating fraction of inspired
oxygen based on oxygen saturation (SpO2)
causes an overshoot in cerebral oxygen delivery
due to increased carotid blood flow.

AbsTrACT
Objective Infants with a congenital diaphragmatic 
hernia (CDH) are at high risk of developing pulmonary 
hypertension after birth, but little is known of their 
physiological transition at birth. We aimed to characterise 
the changes in cardiopulmonary physiology during the 
neonatal transition in an ovine model of CDH.
Methods A diaphragmatic hernia (DH) was surgically 
created at 80 days of gestational age (dGA) in 10 
fetuses, whereas controls underwent sham surgery (n=6). 
At 138 dGA, lambs were delivered via caesarean section 
and ventilated for 2 hours. Physiological and ventilation 
parameters were continuously recorded, and arterial 
blood gas values were measured.
results DH lambs had lower wet lung-to-body-
weight ratio (0.016±0.002vs0.033±0.004), reduced 
dynamic lung compliance (0.4±0.1mL/cmH2O 
vs1.2±0.1 mL/cmH2O) and reduced arterial pH 
(7.11±0.05vs7.26±0.05), compared with controls. 
While measured pulmonary blood flow (PBF) was 
lower in DH lambs, after correction for lung weight, 
PBF was not different between groups (4.05±0.60mL/
min/gvs4.29±0.57 mL/min/g). Cerebral tissue oxygen 
saturation was lower in DH compared with control lambs 
(55.7±3.5vs67.7%±3.9%).
Conclusions Immediately after birth, DH lambs have 
small, non-compliant lungs, respiratory acidosis and poor 
cerebral oxygenation that reflects the clinical phenotype 
of human CDH. PBF (indexed to lung weight) was similar 
in DH and control lambs, suggesting that the reduction 
in PBF associated with CDH is proportional to the degree 
of lung hypoplasia during the neonatal cardiopulmonary 
transition.

InTrOduCTIOn
Congenital diaphragmatic hernia (CDH) is a rare 
birth defect (1 in 2500 live births) caused by the 
failed closure of the diaphragm in the embryonic 
period.1 CDH allows visceral organs to herniate 
into the fetal chest, which disrupts lung develop-
ment. Though surgically correctable, neonates 
with CDH face significant respiratory challenges 
after birth.2 The lungs are smaller and structurally 
abnormal in both airway and vascular development, 
resulting in respiratory insufficiency immediately 
after birth that is often associated with pulmo-
nary hypertension.3–8 Despite early referral to high 
volume care centres for intensive neonatal care, 
neonatal mortality of isolated CDH remains high 
(30%).2 9–11 

Standardised neonatal care for CDH infants is 
largely based on expert opinion, and outside of clin-
ical trials, antenatal management is expectant.8 12 
To further improve antenatal and neonatal manage-
ment of CDH infants, we require a better under-
standing of how CDH affects the physiological 
transition at birth.

The transition to newborn life at birth involves 
the lungs taking over the role of gas exchange from 
the placenta and the closure of cardiovascular shunts 
to separate the pulmonary and systemic circula-
tions. Critical to these cardiopulmonary changes is 
a reduction in pulmonary vascular resistance (PVR), 
which enables the lung to accept the entire output 
of the right ventricle while also facilitating a reduc-
tion in pulmonary arterial pressure (PAP). However, 
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development of the pulmonary vasculature is impaired in infants 
with CDH, resulting in a small cross-sectional area predom-
inantly in the ipsilateral lung.4 Combined with this, infants 
with CDH have abnormal thickening of the smooth muscle 
surrounding small pulmonary arteries. This abnormal develop-
ment, together with an increased sensitivity to vasoactive triggers 
such as hypoxia, are thought to contribute to the maintenance of 
a high PVR in the newborn period, leading to the development 
of persistent pulmonary hypertension of the newborn (PPHN). 
However, it remains unclear what drives this abnormal vascular 
development and whether maladaptation to the cardiopulmo-
nary changes associated with birth may contribute to the devel-
opment of PPHN.

Birth-related cardiopulmonary adaptations are not well 
described in infants with CDH, particularly the capacity for PVR 
to decrease in response to lung aeration. We aimed to describe 
the cardiopulmonary physiology during transition to neonatal 
life in lambs with pulmonary hypoplasia due to a diaphragmatic 
hernia (DH). In DH rabbit kittens, we have recently found that 
the increase in pulmonary arterial blood flow (PBF) induced 
by lung aeration in the normal lung also occurs in the hypo-
plastic lung.13 Therefore, in this study, we hypothesised that 
abnormal lung development may predispose DH lambs to low 
lung compliance and respiratory insufficiency, but any reduction 
in pulmonary blood flow during the transition period will be 
proportional to the reduction in lung size.

MeThOds
Animal surgery and treatment groups
All surgical procedures were performed under general anaes-
thesia using intravenous sodium thiopental (20 mg/kg, Pento-
thal; Jurox, New Zealand) for induction and inhaled isoflurane 
(≈2% in room air; Isoflow, Abbot) for maintenance. Ewes were 
intubated and monitored (ECG, expired CO2 and oxygenation) 
during surgery.

After surgery, the ewes received 3 days of analgesia (trans-
dermal fentanyl patch, 75 µg/hour; Janssen Cilag) and were 
monitored daily until delivery. Before surgery, animals were allo-
cated to control or DH groups.

ultrasound evaluation
Before every procedure, a fetal ultrasound was performed (CX50 
Ultrasound System, Philips) to measure the thoracic and cardiac 
circumference, right and left lung area, midtracheal diameter 
and femur length. The shape of the fetal skull and limited visu-
alisation at later gestational ages precluded reproducible images 
of the fetal head. We calculated the right lung to femur ratio 
(RLFR).

dh creation
A DH was surgically created at ≈80 days of gestational age 
(dGA; term≈147 dGA). The ewe was given cefazolin (intrave-
nous) (1 g, AFT Pharmaceuticals) before a midline laparotomy 
was used to expose the uterus. The fetal head and forelimbs were 
exteriorised via hysterotomy, taking care to avoid placental coty-
ledons. The fetal diaphragm was visualised via a thoracotomy 
through the ninth intercostal space, and the diaphragm was 
incised and resected, enabling the stomach and bowels to be 
repositioned into the fetal chest cavity. The thoracotomy inci-
sion was sutured closed (Maxon 2–0; Covidien) before the fetus 
was returned to the amniotic sac, and the uterus was closed in 
two layers (polysorb 2–0, Covidien); leaked amniotic fluid was 
replaced using warmed saline, and intra-amniotic cefazolin (1 g) 

was given. The maternal fascia, subcutaneous tissue and the skin 
were then closed (Maxon 0, Covidien and Vetafil 2–0; Supr-
amid). In control fetuses the thorax was opened, but there was 
no incision of the diaphragm.

delivery and ventilation
At ≈138 dGA, the ewe was anaesthetised (as above), and the 
fetal head and neck were exposed via hysterotomy. The lamb 
was intubated using a size 4.0 cuffed endotracheal tube. Poly-
vinyl catheters were inserted into the jugular vein and carotid 
artery to allow neonatal drug administration and continuous 
carotid arterial pressure monitoring, respectively. An ultrasonic 
flow probe (Transonic Systems, Ithaca, New York, USA) was 
placed around the contralateral carotid artery to continuously 
record carotid arterial blood flow (CBF). The fetal chest was 
exteriorised, and a thoracotomy was performed through the 
fourth intercostal space. An ultrasonic flow probe was placed 
around the left pulmonary artery to continuously record PBF. 
A non-occlusive catheter was implanted in the main pulmonary 
artery, which was connected to a pressure transducer to continu-
ously record PAP. The thorax was closed (Maxon 2–0) to prevent 
air leakage during ventilation. Pulse-oximeter, near-infrared 
spectroscopy (NIRS) and temperature probe were placed on the 
right forelimb, skull and rectally, respectively. The stomach was 
drained via an orogastric tube. After instrumentation, the lamb 
was delivered from the uterus, dried and carefully positioned on 
the ewe’s abdomen to avoid obstruction of umbilical cord blood 
flow.

After the lung liquid was passively drained, ventilation 
commenced with a 30 s sustained inflation (35 cmH2O, 21% O2) 
followed by intermittent positive pressure ventilation (iPPV) in 
volume guarantee mode using tidal volume of 4 mL/kg (Babylog 
8000, Dräger, Lübeck, Germany). Positive end-expiratory pres-
sure was set at 5 cmH2O and peak inspiratory pressure (PIP) was 
initially limited to 35 cmH2O. If the target tidal volume was not 
reached after 30 s, a second sustained inflation was performed 
followed by iPPV for a total of 120 min. The umbilical cord 
was clamped when a tidal volume of 4 mL/kg was achieved or 
at 10 min after ventilation onset. The lamb was then moved to 
a warming bed, sedated with continuous alfaxalone (10 mg/mL, 
5 mL/hour; Alfaxan, Jurox) and covered with plastic drapes to 
maintain a stable body temperature. Lambs were ventilated with 
warmed and humidified oxygen. Ventilator rate, inspiratory 
and expiratory rate and fraction of inspired oxygen (FiO2) were 
titrated to achieve gas targets for arterial carbon dioxide tension 
(PaCO2) 60–80 mm Hg, arterial oxygen tension (PaO2) >40 mm 
Hg and oxygen saturation (SpO2) of 85%–88%. The lamb was 
euthanised (sodium pentobarbitone intravenous 100 mg/kg) at 
the end of the 2-hour ventilation protocol or earlier in case of 
significant pneumothorax or severe acidosis unresponsive to 
alteration of ventilation parameters.

Outcome measures
Arterial blood samples were analysed every 5 min during the first 
30 min of ventilation and every 10 min thereafter.

Physiological data analysis
Tidal volume, airway pressures, cerebral tissue oxygen saturation 
(SctO2), pulmonary and cerebral perfusion were continuously 
recorded using LabChart (ADInstruments, New South Wales, 
Australia) and analysed offline. Ten heartbeat average data points 
were collected prior to ventilation onset (fetal), immediately at 
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Figure 1 The ratio of fetal right lung area to femur length assessed 
using ultrasound throughout gestation. Groups shown are control 
(white triangles, n=6; thoracotomy only at ≈80 dGA, delivery at 
≈138dGA) and diaphragmatic hernia (DH) (red circles, n=7; DH creation 
at ≈80 dGA, delivery at ≈138 dGA). Presented as mean±SEM and 
significance accepted when p<0.05. Asterisks (***) indicate significant 
difference (p<0.001) between control and DH at delivery. dGA, days of 
gestational age.

Figure 2 (A) Dynamic lung compliance, (B) partial pressure of arterial carbon dioxide (PaCO2), (C) alveolar-arterial difference in oxygen tension 
(AaDO2) and (D) arterial oxygen saturation (SaO2) over the 2 hours following delivery at ≈138 dGA. Groups shown are control (white triangles, n=6; 
thoracotomy only at ≈80 dGA) and diaphragmatic hernia (DH) (red circles, n=7; DH creation at ≈80 dGA). Presented as mean±SEM and significance 
accepted when p<0.05. Asterisk (*) indicates significant differences between groups (*p<0.05, ***p<0.001) at all individual timepoints below 
line. dGA, days of gestational age.

the onset of ventilation (t=0) and every 5 min throughout the 
ventilation period.

Postmortem examination
The presence of a diaphragmatic defect and herniation of 
visceral organs was confirmed during postmortem examina-
tion. The lungs were weighed and expressed as a ratio to the 
body weight (wet lung-to-body weight ratio [LBWR]). Lung 
size (LBWR) was used as a proxy for degree of lung hypoplasia, 

as it has previously been shown to also correlate with radial 
alveolar count and lung DNA content in a similar ovine CDH 
model.14

Calculations
► PVR (mm Hg/[mL/min]): (pulmonary artery pressure – left

atrial pressure)/pulmonary blood flow. Based on previous
studies, the left atrial pressure was assumed to equal
9 mm Hg.15

► Alveolar-arterial difference in oxygen tension (AaDO2;
mm Hg): (FiO2*713−PaCO2/0.8)−PaO2.

► Cerebral oxygen extraction (%): (SaO2−SctO2)/SaO2, where
SaO2 is the arterial oxygen saturation.16

► Arterial oxygen content (CaO2; mL O2/L):
[1.39•Hb•SaO2/100] + [0.03•PaO2]), where Hb is the
haemoglobin concentration (g/L).17

► Cerebral oxygen delivery (DO2; mL/min/kg): (CBF•CaO2).
17

Statistical analysis
Based on power analysis from previous studies, we estimated ≈7 
animals per group and were required to detect minimal biologi-
cally significant differences in PBF and ventilation characteristics 
with a coefficient of variation of ≈25%, assuming an α value of 
0.05 and a power of >0.8.18 Continuous data are expressed as 
means±SEM or medians (IQR) if the data were not normally 
distributed. Dichotomous data are expressed as percentages. 
Differences between control and DH groups were analysed using 
two-way repeated measures analysis of variance combined with 
Holm-Sidak’s multiple comparisons test. A p value below 0.05 
was considered statistically significant.
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Figure 3 Pulmonary blood flow indexed to (A) body weight and (B) left lung weight, and pulmonary vascular resistance indexed to (C) body weight 
and (D) left lung weight over the 2 hours following delivery at ≈138 dGA. Groups shown are control (white triangles, n=6; thoracotomy only at ≈80 
dGA) and diaphragmatic hernia (DH) (red circles, n=7; DH creation at ≈80 dGA). Presented as mean±SEM and significance accepted when p<0.05. 
Asterisk (*) indicates significant differences between groups (**p<0.01, ***p<0.001) at all individual timepoints below line. dGA, days of gestational 
age.

resulTs
Animal surgery
Thirteen (of 16) fetuses survived to delivery: six controls (100%) 
and seven DH lambs (70%). All control lambs survived the 
2-hour ventilation period; however, for two DH lambs, it was
necessary to discontinue the experimental protocol early due to
developing treatment-resistant pneumothoraces (at 70 min and
110 min).

Postmortem examination
A diaphragmatic defect with substantial gastrointestinal hernia-
tion into the thorax was confirmed at postmortem examination 
in all DH lambs. The wet LBWR for DH animals was signifi-
cantly smaller than controls (0.016±0.002 vs 0.033±0.004; 
p=0.02).

ultrasound
In control fetuses, RLFR increased between sham surgery at 
≈80 dGA and delivery at ≈138 dGA (0.48±0.04 vs 0.96±0.13; 
p=0.002, figure 1). In contrast, RLFR in DH fetuses decreased 
between DH creation at ≈80 dGA and delivery at ≈138 dGA 
(0.46±0.06 vs 0.30±0.03; p=0.044).

Ventilation and oxygenation
Only two DH lambs reached the target tidal volume (VT; 4 mL/kg) 
within the 120 min experiment (at 20 min and 25 min), whereas 
control lambs reached target VT at approximately 5 min (IQR 
5–6.25). Hence, the umbilical cord was clamped at t=10 min 
in DH lambs and t≈5 min in control lambs. To obtain these 
tidal volumes, DH lambs required a higher PIP than controls 
(36.9±2.3 cmH2O vs 25.3±2.5 cmH2O; p=0.009); therefore, 
dynamic lung compliance was significantly lower in DH lambs 

throughout the 2-hour ventilation period (0.4±0.1 mL/cmH2O 
vs 1.2±0.1 mL/cmH2O; p=0.001, figure 2A).

Before ventilation onset, DH and control lambs had similar 
PaCO2 and arterial pH and these parameters remained stable 
in both groups during the initial period of ventilation with an 
intact umbilical cord (figure 2A). However, in DH lambs, PaCO2 
increased and arterial pH decreased immediately after the umbil-
ical cord was clamped (t=10 min). In DH lambs, by 40 min after 
ventilation onset, PaCO2 was significantly higher (102.0±16.0 
vs 57.2±3.4 mm Hg; p=0.029) and pH lower (7.08±0.07 vs 
7.28±0.02; p=0.017) than controls, and these differences 
persisted for the remainder of the 2-hour ventilation period 
(figure 2B).

The AaDO2 was similar between DH and control lambs, while 
the umbilical cord remained intact (figure 2C). However, the 
AaDO2 became markedly increased in DH lambs compared 
with controls immediately after the umbilical cord was clamped 
(485±74 mm Hg vs 129±37 mm Hg; p<0.001). Despite 
having a high FiO2 throughout the 2-hour ventilation period 
(0.86±0.08 vs controls 0.36±0.08; p<0.001), DH lambs had a 
lower SaO2 than controls from 80 min after ventilation onset and 
onwards (66.1±12.3 vs 90.7%±1.0%; p=0.025, figure 2D).

Pulmonary perfusion
Mean PBF increased rapidly in both groups, reaching a 
maximum at 20 min following ventilation onset. The rate of PBF 
increase (2.06 mL/min/kg per min vs 5.57 mL/min/kg per min; 
p<0.001) and the maximum PBF reached (41.8±9.1 mL/min/
kg vs 94.6±10.8 mL/min/kg; p<0.001) were lower in DH lambs 
compared with controls. Following this maximum, PBF levels 
stabilised and remained relatively constant although tended to 
gradually decrease in both groups during the remainder of the 
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Figure 4 (A) The difference between pulmonary arterial pressure 
and systemic arterial pressure and (B) end-diastolic pulmonary blood 
flow over the 2 hours following delivery at ≈138 dGA. Groups shown 
are control (white triangles, n=6; thoracotomy only at ≈80 dGA) and 
diaphragmatic hernia (DH) (red circles, n=7; DH creation at ≈80 dGA). 
Presented as mean±SEM and significance accepted when P<0.05. 
Asterisk (*) indicates significant differences between groups (*p<0.05, 
**p<0.01) at all individual timepoints below line. dGA, days of 
gestational age.

2-hour ventilation period (figure 3A). At 2 hours, PBF was signifi-
cantly lower in DH compared with control lambs (21.4±7.2
mL/min/kg vs 50.5±12.7 mL/min/kg; p=0.048).

After correcting for lung weight, the increase in PBF was 
similar in DH and control lambs over the 2-hour ventilation 
period, although the rate of increase was slower in DH lambs. 
PBF (per gram of lung weight) was lower at 10 min (2.95±1.06 
mL/min/g vs 5.83±0.54 mL/min/g; p=0.009) after ventilation 
onset in DH lambs compared with controls but not significantly 
different at any other timepoint (figure 3B).

PAP was similar to systemic arterial pressure in both groups 
before ventilation onset (figure 4A). In control lambs, by 10 min 
after ventilation onset PAP was 3.3±1.8 mm Hg lower than 
systemic arterial pressure and by 60 min was 11.7±3.2 mm Hg 
lower. In contrast, PAP remained similar to systemic arterial pres-
sure throughout the 2-hour experiment in DH lambs (figure 4A).

End-diastolic PBF was retrograde (assigned a negative value) 
in both groups before ventilation onset (figure 4B), which is a 
normal characteristic of PBF in the fetus.19 At 5 min after ventila-
tion onset, when the umbilical cord had been clamped in controls 
but not in DH lambs, end-diastolic flow was positive in controls 
but remained mostly retrograde in DH lambs (18.7±4.8 mL/
min/kg vs −1.9±3.0 mL/min/kg; p=0.004). After umbilical 
cord clamping, end-diastolic flow was positive in both groups 

throughout the 2-hour experiment; however, it was greater in 
controls compared with DH lambs (at 2 hours 25.7±7.7 mL/
min/kg vs 10.0±3.8 mL/min/kg; p=0.024).

PVR was high in both DH lambs and controls before ventilation 
onset (3.37±1.30 vs 2.07±0.77 mm Hg/(mL/min); p=0.068) 
but markedly decreased after ventilation onset in control lambs. 
In contrast, in DH lambs PVR did not decrease until 15 min after 
ventilation onset. As such, at 5 min after ventilation onset PVR 
was significantly greater in DH lambs compared with controls 
(1.95±0.55 vs 0.30±0.05 mm Hg/(mL/min); p=0.014). 
While PVR did eventually decrease in DH lambs (figure 3C), 
from 15 min to 120 min, it remained greater than in controls 
(0.53±0.06 vs 0.20±0.05 mm Hg/(mL/min); p=0.003). After 
correcting for lung weight, PVR was not different between DH 
and control lambs at any timepoint (figure 3D).

Cerebral perfusion
Cerebral DO2 was similar in DH lambs and controls before 
ventilation onset. In control lambs, DO2 remained at ≈2 mL/
min/kg throughout the 2-hour experiment (figure 5B). Despite 
the persistently low SaO2 described above, in DH lambs, 
DO2 initially increased to a maximum at 30 min (3.9±0.5 vs 
controls 2.1±0.5 mL/min/kg; p=0.015) before returning 
to similar levels as controls by the end of the 2-hour experi-
ment (figure 5B). Underlying this, in DH lambs CBF initially 
increased to a maximum at 30 min (30.0±4.5 mL/min/kg vs 
controls 12.7±3.1 mL/min/kg; p=0.002) and remained greater 
than controls throughout the 2-hour experiment (at 2 hours 
21.0±6.2 mL/min/kg vs 10.5±2.6 mL/min/kg; p=0.038, 
figure 5A). Cerebral oxygen extraction was not significantly 
different between groups throughout the 2-hour neonatal venti-
lation (figure 5C). SctO2 was not significantly different between 
groups during the first 60 min of ventilation; however, towards 
the end of the experiment, it was lower in DH lambs compared 
with controls and remained lower until the end of the experi-
ment (figure 5D).

dIsCussIOn
Using this ovine CDH model, we can invasively monitor and 
directly measure the cardiopulmonary changes that are respon-
sible for the clinical challenges associated with supporting an 
infant with CDH through the neonatal transition. Our DH 
lambs demonstrated reduced dynamic lung compliance, low 
tidal volumes and respiratory acidosis that closely reflect the 
clinical experience of supporting CDH infants after birth.20 
Following lung aeration, DH was associated with increased PAP 
compared with controls, and despite higher input pressures, 
PBF was decreased. Low PBF and high PAP is indicative of a 
high PVR that likely contributes to impaired gas exchange and 
subsequent hypoxaemia and hypercapnia observed in DH lambs 
and also in infants with CDH.2 However, after correcting for 
lung weight, we found that PBF was similar in control and DH 
lambs. These observations are similar to those reported by Hill et 
al,21 who observed a decrease in PBF proportional to the degree 
of lung hypoplasia in fetal lambs with DH. Thus, the primary 
mechanism for the higher PVR and lower uncorrected PBF in 
DH lambs seems mostly due to a smaller lung rather than an 
abnormal vasodilatory response. This result is also consistent 
with our previous finding in DH rabbits and indicates that any 
pulmonary vessel smooth muscle hypertrophy and neomuscu-
larisation that may have occurred prenatally does not directly 
impact on the capacity of the vessels to vasodilate in response to 
lung aeration.13
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Figure 5 (A) Carotid blood flow (mL/min/kg), (B) cerebral oxygen delivery (mL/min/kg), (C) cerebral oxygen extraction (%) and (D) cerebral tissue 
oxygen saturation (%) over the 2 hours following delivery at ≈138 dGA. Groups shown are control (white triangles, n=6; thoracotomy only at ≈80 
dGA) and diaphragmatic hernia (DH) (red circles, n=7; DH creation at ≈80 dGA). Presented as mean±SEM and significance accepted when p<0.05. 
Asterisk (*) indicates significant differences between groups (p<0.05) at all individual timepoints below line. dGA, days of gestational age.

It is interesting that O’Toole et al22 previously observed that, 
when corrected for lung weight, DH lambs had reduced PBF 
levels compared with controls following ventilation onset. 
Compared with our DH lambs, their DH lambs were generally 
more hypoxic, hypercapnic and acidotic despite the DH being 
created at a similar timepoint (≈78 dGA). One methodolog-
ical difference between the two studies relates to the timing of 
umbilical cord clamping. We clamped the umbilical cord after 
achieving our target tidal volume, whereas they clamped the 
umbilical cord immediately before ventilation commenced. 
This methodological difference could explain the discrepancy 
between the two experiments because immediate cord clamping 
is known to cause a rapid (within four heart beats) and large 
(30%) increase in afterload for the heart. Due to the presence 
of an open ductus arteriosus (DA), this increased afterload is 
experienced by both the left and right ventricles and must also 
influence PA pressure. However, cord clamping after the lung 
has aerated and PBF has increased greatly reduces this increase in 
afterload, because the pulmonary circulation becomes an alter-
native low resistance pathway for blood to flow via left to right 
shunting through the DA.23 24 While this characteristic is reliant 
on a reduction in PVR, significant left-to-right shunting through 
the DA was observed in all DH lambs following lung aeration, as 
indicated by forward flow into the pulmonary artery throughout 
diastole (figure 4B). Thus, although the reduction in PVR asso-
ciated with lung aeration was delayed and diminished in DH 
lambs, by also delaying cord clamping there was sufficient time 

for PVR to fall, allowing left-to-right DA shunting and thereby 
minimising the increase in ventricular afterload caused by cord 
clamping. These findings suggest that the effect of delayed 
umbilical cord clamping in infants with CDH certainly warrants 
further research in experimental models, and feasibility studies 
for clinical trials have already commenced.25

While PBF increased in DH lambs after ventilation onset, the 
increase occurred later than controls, and the rate of increase 
was much slower. This finding could be the result of impaired 
vasoreactivity; however, we speculate that the greatest contri-
bution is resulting from the slower rate of lung aeration due to 
poor lung compliance. We anticipated this slower rate of lung 
aeration and tried to mitigate the difference by initiating venti-
lation with a sustained inflation, as it has been shown to aerate 
the lungs more rapidly and uniformly and to increase PBF during 
the transition at birth.26

Normally after birth, CBF gradually decreases in response to 
an increase in oxygenation, which is an autoregulatory process 
that has been well described.27 28 In contrast, we observed a 
marked increase in CBF in our DH lambs immediately after 
cord clamping as they rapidly became hypoxaemic after losing 
placental circulatory support. This increase in CBF helped to 
maintain adequate DO2; however, at the same time, we were 
increasing FiO2 in response to rapidly deteriorating SpO2. 
Together, the autoregulatory increased cerebral blood flow and 
iatrogenically improved oxygenation led to a dramatic over-
shoot in oxygen delivery to the brain: DO2 was twofold greater 
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in DH lambs for 30 min of the 2-hour experiment, which may 
have predisposed these lambs to hyperoxia-induced brain injury. 
Clearly, clinicians must consider autoregulatory responses to 
hypoxaemia during the neonatal transition before increasing 
FiO2 in response to low SpO2, and management may be better 
guided by the use of NIRS to directly assess cerebral oxygenation.

Our ovine CDH model demonstrates features of severe lung 
hypoplasia and pulmonary hypertension that are consistent with 
human CDH, and we report the physiology underpinning these 
clinical features during the fetal to neonatal cardiopulmonary 
transition. By understanding these physiological changes, we can 
better target antenatal and neonatal interventions. A potential 
limitation of our study is that the DH was surgically induced 
during the late pseudoglandular/early canalicular stage of lung 
development. In humans, the potential for pulmonary devel-
opment to be disrupted starts from the pseudoglandular stage 
following failure of the diaphragm to close during the embryonic 
stage. As such, the effects of CDH on vascular and airway devel-
opment may commence at an early stage when the larger airways 
and vessels are forming. Nevertheless, we observed significantly 
reduced LBWR, reduced dynamic lung compliance and impaired 
cardiopulmonary physiology in DH lambs that is consistent with 
that observed in humans. While our study is limited by the lack 
of histological data, Pringle et al29 described both hypoplastic 
lung morphology and less prominent alveolar capillaries even 
with a DH creation at ~78 dGA. However, as diaphragmatic 
defects were created at 80 dGA, the effects on lung airway and 
vascular development may be less profound than when the DH 
is induced at ~63 dGA.30

In summary, we have unearthed novel findings related to the 
changes in PBF during the first 2 hours after birth that reshape 
our understanding of how infants with CDH may transition to 
life after birth. Despite small, non-compliant lungs and respi-
ratory acidosis, DH lambs experienced an increase in PBF 
following lung aeration of a similar magnitude to control lambs 
after correcting for lung weight. We now aim to use this model 
to investigate antenatal surgical and medical therapies that aim 
to rescue the lung from hypoplasia, and directly measure their 
effects on the neonatal cardiopulmonary transition.31
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AbsTrACT
Objective Fetoscopic endoluminal tracheal occlusion 
(FETO) aims to reverse pulmonary hypoplasia associated 
with congenital diaphragmatic hernia (CDH) and mitigate 
the associated respiratory insufficiency and pulmonary 
hypertension after birth. We aimed to determine whether 
FETO improves the cardiopulmonary transition at birth in 
an ovine model of CDH.
Methods In 12 ovine fetuses with surgically induced 
diaphragmatic hernia (DH; 80 dGA), an endotracheal 
balloon was placed tracheoscopically at ≈110 dGA 
and removed at ≈131 dGA (DH+FETO), while 10 
were left untreated (DH). At ≈138 dGA, all lambs 
(survival at delivery: 67% [DH+FETO], 70% [DH]) were 
delivered via caesarean section and ventilated for 
2 hours. Physiological and ventilation parameters were 
continuously recorded, and arterial blood-gas values 
were measured.
results Compared with DH, DH+FETO lambs had 
increased wet lung-to-body-weight ratio (0.031±0.004 
vs 0.016±0.002) and dynamic lung compliance 
(0.7±0.1 vs 0.4±0.1 mL/cmH2O). Pulmonary vascular 
resistance was lower in DH+FETO lambs (0.44±0.11 vs 
1.06±0.17 mm Hg/[mL/min]). However, after correction 
for lung weight, pulmonary blood flow was not 
significantly different between the groups (4.19±0.57 
vs 4.05±0.60 mL/min/g). Alveolar–arterial difference in 
oxygen tension was not significantly different between 
DH+FETO and DH (402±41mm Hg vs 401±45 mm Hg).
Conclusions FETO accelerated lung growth in 
fetuses with CDH and improved neonatal respiratory 
function during the cardiopulmonary transition at 
birth. However, despite improved lung compliance and 
reduced pulmonary vascular resistance, there were less 
pronounced benefits for gas exchange during the first 
2 hours of life.

InTrOduCTIOn
Congenital diaphragmatic hernia (CDH) is charac-
terised by failed diaphragm closure during embryo-
genesis, enabling abdominal viscera to herniate and 
impair lung development.1 As the lungs are smaller 
and structurally abnormal, CDH infants often have 
severe respiratory insufficiency immediately after 
birth and develop pulmonary hypertension of the 
newborn, which can be refractory in up to 30% 
of cases.2–7 Neonatal mortality of isolated CDH 

remains high (30%) despite intensive neonatal 
care.8–11 

As lung size is a major determinant of outcome 
in isolated CDH, prenatal lung measurement can 
identify fetuses at risk of severe hypoplasia with 
associated high mortality.8 9 12–15 In fetuses with 
severe CDH, antenatal surgical approaches are 
being investigated to improve postnatal outcomes.16 
Current techniques aim to stimulate lung growth by 
temporary tracheal occlusion, which prevents lung 
liquid egress, expands the lungs and promotes lung 
development.17 18 As sustained occlusion impairs 
type II alveolar epithelial cell development, a 
period of lung deflation is necessary before birth 
to restore type II cell numbers; this is termed the 

What is already known on this topic?

 ► Fetoscopic endoluminal tracheal occlusion
(FETO) aims to correct severe lung hypoplasia
associated with congenital diaphragmatic
hernia (CDH) and hence prevent respiratory
insufficiency at birth.

 ► Infants with severe CDH treated with FETO have
higher survival rates than those expectantly
managed; however, the underlying mechanisms
are unknown, particularly as pulmonary
hypertension continues to complicate CDH
infants treated with FETO.

What this study adds?

 ► Increased total pulmonary blood flow in DH
lambs treated with FETO correlated with the
increase in lung growth, suggesting that the
pulmonary vascular bed grows in proportion
with the lung following FETO.

 ► Despite improved respiratory mechanics and
reduced pulmonary vascular resistance, FETO
did not improve pulmonary gas exchange
during the first 2 hours of life in our model.

 ► Steady improvements in arterial pH, carbon
dioxide tension (PaCO2), oxygen tension
(PaO2) and oxygen saturation in FETO lambs
towards the end of the 2-hour experiment may
reflect either ongoing alveolar recruitment or
overcoming an initial period of lung oedema.
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‘plug and unplug sequence’.17 Clinically, this can be achieved by 
inserting a small balloon inside the fetal trachea at 26–28 weeks 
and removing it at 34 weeks’ gestation, all of this being possible 
by percutaneous techniques.15 Preliminary outcomes following 
fetoscopic endoluminal tracheal occlusion (FETO) are prom-
ising, and randomised clinical trials are ongoing (the ‘Tracheal 
Occlusion to Accelerate Lung growth’ trials for moderate and 
severe lung hypoplasia; NCT01240057/NCT00763737).19–22 
The downside of this approach is the occurrence of preterm 
premature rupture of membranes and preterm birth, which 
are inherent to fetal surgical procedures and offset the possible 
benefits of FETO.21 Furthermore, despite an apparent increase 
in survival, there remains a proportion of neonates not surviving 
after birth.23 The reasons for this are unclear, particularly as little 
is known about how FETO affects the cardiopulmonary changes 
that underpin the transition to newborn life. In the preceding 
article in this edition of Archives, we have described the effects of 
lung hypoplasia on cardiopulmonary physiology during the tran-
sition to newborn life in an ovine diaphragmatic hernia (DH) 
model.24 In this study, we used that DH model to evaluate the 
effect of FETO on the cardiopulmonary adaptations that occur 
immediately after birth.

MeThOds
Animal surgery and treatment groups
All surgical procedures were performed under general anaes-
thesia using intravenous sodium thiopental (Pentothal; Jurox, 
New Zealand) for induction and inhaled isoflurane (≈2% in 
room air; Isoflow, Abbot) for maintenance. Ewes were intu-
bated and monitored (ECG, expired CO2 and oxygenation) 
during surgery. After surgery, the ewes received 3 days of anal-
gesia (transdermal fentanyl patch, 75 µg/hour; Janssen Cilag) 
and were monitored daily until delivery. Before surgery, animals 
were allocated to DH or DH+FETO groups.

ultrasound evaluation
Before every procedure, fetal ultrasound was performed (CX50 
Ultrasound System, Philips) to measure thoracic and cardiac 
circumference, right and left lung area and femur length. The 
shape of the fetal lamb skull and limited visualisation at late 
gestational ages precluded reproducible images of the fetal head. 
We calculated the right lung to femur ratio (RLFR).

dh creation
A DH was surgically created at ≈80 days gestational age (dGA; 
term≈147 dGA), as previously described.24 Briefly, a midline 
laparotomy and hysterotomy allowed exteriorisation of fetal 
forelimbs and chest. The fetal chest was incised through the 
ninth intercostal space to expose and incise the diaphragm, 
allowing the stomach and bowels to be pulled through into the 
fetal thoracic cavity.

FeTO and unplug
At ≈110 dGA, a midline laparotomy was performed using the 
same incision. The fetal head was identified, and a small uterine 
incision was made directly over the fetal mouth. The position 
of the fetal mouth was fixed using two stay sutures (polysorb 
2–0). The fetoscope (11530 AA, 1.3 mm, Karl Storz, Tuttlingen, 
Germany) was placed into the mouth and access to the trachea 
was obtained under direct fetoscopic vision. A detachable balloon 
(Goldbal5, Balt, France) loaded on a microcatheter (BALTAC-
CIBDPE100, Balt, France) was positioned above the carina, 
inflated with 2.5 mL of saline and detached. After the fetoscope 

was removed, the hysterotomy and laparotomy were closed. The 
ewe was given tocolysis (medroxyprogesteron acetate 150 mg, 
Pfizer Australia Pty Ltd.) and antibiotic prophylaxis (cefazolin 
1 g, intra-amniotic and intravenous). At ≈131 dGA, the balloon 
was removed, either by ultrasound guided puncture or direct 
fetoscopic vision.15

delivery and ventilation
At ≈138 dGA, the ewe was anaesthetised to allow fetal instru-
mentation as previously described.24 Briefly, midline laparotomy 
and hysterotomy exposed the fetal head, neck and chest. The 
lamb was intubated (size 4.0 cuffed endotracheal tube). Poly-
vinyl catheters were positioned in the left carotid artery and 
main pulmonary artery to continuously monitor arterial blood 
pressure and in the left jugular vein to allow neonatal intra-
venous sedation. Ultrasonic flow probes (Transonic Systems, 
Ithaca, New York, USA) were placed around the right carotid 
and left pulmonary artery to continuously monitor arterial blood 
flow. Pulse-oximeter, near-infrared spectroscopy and tempera-
ture probe were placed on right forelimb, forehead and rectum, 
respectively. The stomach was drained via an orogastric tube. 
After instrumentation, the lamb was delivered from the uterus, 
dried and carefully positioned on the ewe’s abdomen to avoid 
occluding umbilical cord blood flow.

After passively draining lung liquid and recording the volume 
drained, ventilation commenced with a 30 s sustained inflation 
(35 cmH2O, 21% O2) followed by intermittent positive pressure 
ventilation (iPPV) in volume guarantee mode using a tidal volume 
(VT) of 4 mL/kg (Babylog 8000, Dräger, Lübeck, Germany) and 
heated and humidified gases. Positive end-expiratory pressure 
was set at 5 cmH2O and peak inspiratory pressure (PIP) was 
initially limited to 35 cmH2O. If the target VT was not reached 
after 30 s, a second 30 s sustained inflation was performed. We 
then continued with iPPV for a total of 120 min. The umbilical 
cord was clamped when the target VT was achieved or at 10 min 
after ventilation onset. The lamb was then moved to a warming 
bed, sedated with alfaxalone (50 mg/hr; Alfaxan, Jurox) and 
covered with plastic drapes to maintain body temperature. Venti-
lator rates and fraction of inspired oxygen (FiO2) levels were 
titrated to achieve gas targets for arterial carbon dioxide tension 
(PaCO2) 60–80 mm Hg, arterial oxygen tension (PaO2) >40 mm 
Hg and arterial oxygen saturation (SaO2) of 85%–88%. The lamb 
was euthanised (sodium pentobarbitone intravenous 100 mg/kg) 
after completing the 2-hour ventilation protocol or earlier due 
to ethical endpoints (i.e. severe acidosis or pneumothorax).

Outcome measures
Arterial blood samples were analysed every 5 min during the first 
30 min of ventilation and every 10 min thereafter.

Physiological data analysis
VT, airway pressures, cerebral tissue oxygen saturation (SctO2), 
pulmonary and cerebral perfusion were continuously recorded 
using LabChart (ADInstruments, New South Wales, Australia) 
and analysed offline. Ten heartbeat average data points were 
collected prior to ventilation onset (fetal), immediately at the 
onset of ventilation (0 min) and every 5 min throughout the 
ventilation period.

Postmortem examination
Presence of a diaphragmatic defect and herniation of visceral 
organs was confirmed during postmortem examination. Lungs 
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Figure 1 Ratio of right lung area to femur length (RLFR) in fetal 
lambs with a surgically induced diaphragmatic hernia (DH) treated with 
fetoscopic endoluminal tracheal occlusion (FETO). Timepoints shown 
are DH creation at ≈80 dGA, FETO ‘plug’ procedure at ≈110 dGA, FETO 
‘unplug’ at ≈131 dGA and delivery by caesarean section at ≈138 dGA. 
Presented as mean±SEM and significance accepted when p<0.05. 
**RLFR significantly different (p=0.008) between FETO plug and FETO 
unplug. dGA, days gestational age.

were weighed and expressed as a ratio to the body weight (wet 
lung-to-body weight ratio [LBWR]).

Calculations
► Pulmonary vascular resistance (PVR): (pulmonary artery

pressure – left atrial pressure)/pulmonary blood flow. Based
on previous studies, the left atrial pressure was assumed to
equal 9 mm Hg.25

► Alveolar–arterial difference in oxygen tension (A–aDO2;
mm Hg): (FiO2*713-PaCO2/0.8)−PaO2.

► Cerebral oxygen extraction (%): (SaO2−SctO2)/SaO2.
26

► Arterial oxygen content (CaO2; mL O2/L):
[1.39•Hb•SaO2/100] + [0.03•PaO2]), where Hb is the
haemoglobin concentration (g/L).27

► Cerebral oxygen delivery (DO2; mL/min/kg): (CBF•CaO2).
27

Statistical analysis
Based on power analysis from previous studies, we estimated ~7 
animals per group were required to detect minimal biologically 
significant differences in pulmonary blood flow (PBF) and venti-
lation characteristics with a coefficient of variation of ~25%, 
assuming an α value of 0.05 and a power of >0.8.28

Continuous data are expressed as means±SEM, or medians 
(IQR) if the data were not normally distributed. Dichotomous 
data are expressed as percentages. Differences between DH and 
DH+FETO were analysed using two-way repeated measures 
analysis of variance combined with Holm-Sidak’s multiple 
comparisons test. A p value <0.05 was considered statistically 
significant.

resulTs
Animal surgery
Twenty-two fetuses were operated on at ≈80 dGA and allocated 
to either DH (n=10; data presented in the preceding article in 
this edition of Archives24) or DH+FETO (n=12). Intratracheal 
balloon placement was successful in all DH+FETO animals 
at ≈110 dGA. Intrauterine fetal death or preterm delivery 
occurred in three cases at 4, 4 and 15 days after balloon place-
ment (online supplementary figure 1). Of nine fetuses alive for 
balloon removal, the balloon was successfully punctured under 
ultrasound guidance in five cases (56%). In one case, the balloon 
was not visualised during ultrasound, and it was subsequently 
confirmed at time of delivery that this balloon was dislodged. In 
three fetuses, ultrasound-guided puncture was unsuccessful, and 
instead it was removed fetoscopically. One ewe went into early 
labour 2 days after fetoscopic balloon removal, and the fetus was 
not viable for experimentation.

Fifteen fetuses survived to delivery at ≈138 dGA: seven DH 
lambs (70%) and eight DH+FETO lambs (67%). During the 
2-hour neonatal ventilation, it was necessary to discontinue the
experimental protocol early in two DH lambs (at 70 min and
110 min) due to developing treatment-resistant pneumothoraces
and in one DH+FETO lamb (80 min) due to developing severe
acidosis.

Postmortem examination
A diaphragmatic defect with stomach herniation was confirmed 
at postmortem examination in all lambs and was often combined 
with intrathoracic herniation of small and large intestines. 
Compared with DH, DH+FETO had increased wet LBWR 
at postmortem (0.031±0.004 vs 0.016±0.002; p=0.02) and 
increased lung liquid volume (30 [15–54] vs 10 [2–20] mL; 
p=0.045).

ultrasound
In DH+FETO fetuses, we observed significant increases in 
RLFR between balloon placement and removal (0.41±0.05 vs 
1.05±0.17; p=0.009), followed by a reduction between balloon 
removal and delivery (0.69±0.15; figure 1). In contrast, in the 
DH group, RLFR was significantly lower at delivery compared 
with baseline (0.297±0.03 vs 0.46±0.06; p=0.044).

Ventilation and oxygenation
Only two DH lambs reached the target VT (4 mL/kg) during 
ventilation (at 20 min and 25 min), whereas all DH+FETO 
lambs reached this target VT at median of 5 min (range 5–15) 
after ventilation onset. To achieve these VT, DH+FETO lambs 
required a PIP that was consistently below 35 cmH2O and was 
significantly lower than the DH group (31.4±2.1 vs 39.8±1.8 
cmH2O; p=0.026) at 60 min onwards. Dynamic lung compli-
ance was higher in DH+FETO compared with DH throughout 
the 2-hour ventilation period (0.7±0.1 vs 0.4±0.1 mL/cmH2O; 
p=0.049, figure 2A).

PaCO2 and arterial pH were not significantly different 
between DH+FETO and DH lambs before ventilation onset or 
during the 2-hour ventilation period (figure 2B,C). During the 
first 30 min of ventilation, PaCO2 increased and pH decreased in 
both groups. From 40 min to 120 min, this trend continued in 
DH lambs, whereas in DH+FETO lambs, PaCO2 decreased and 
pH increased (figure 2B,C). At 2 hours, there were no significant 
differences between DH+FETO and DH lambs in PaCO2 (73±8 
vs 100±22 mm Hg; p=0.075) or pH (7.22±0.04 vs 7.06±0.10; 
p=0.059).

SaO2 was 20% higher in DH+FETO compared with DH lambs 
after 2 hours of neonatal ventilation (85.4±1.6 vs 65.5%±12%; 
p=0.049). However, to maintain this arterial oxygenation, 
high FiO2 levels were required for both DH+FETO and DH 
(0.82±0.07 vs 0.85±0.08, p=0.741). Hence, the alveolar-arte-
rial difference in oxygen tension was not significantly different 
between DH+FETO and DH (402±41 vs 401±45 mm Hg, 
p=0.959; figure 2D).
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Figure 2 (A) Dynamic lung compliance, (B) arterial carbon dioxide tension (PaCO2), (C) arterial pH and (D) alveolar-arterial difference in oxygen 
tension (A–aDO2) over the 2 hours following delivery at ≈138 dGA. Groups shown are diaphragmatic hernia (DH) (•, n=7; DH creation at ≈80 dGA) 
and DH+FETO (◊, n=8; DH creation at ≈80 dGA, FETO plug at ≈110 dGA and unplug at ≈131 dGA). Presented as mean±SEM and significance 
accepted when p<0.05. Asterisk (*) indicates significant differences between groups (p<0.05) at all individual timepoints below line. FETO, fetoscopic 
endoluminal tracheal occlusion.

Figure 3 (A) Pulmonary blood flow (PBF) indexed to body weight, (B) PBF indexed to left lung weight, (C) pulmonary vascular resistance 
(PVR) and (D) PVR indexed to left lung weight over the 2 hours following delivery at ≈138 dGA. Groups shown are diaphragmatic hernia (DH) (•, 
n=7; DH creation at ≈80 dGA) and DH+FETO (◊, n=8; DH creation at ≈80 dGA, FETO plug at ≈110 dGA and unplug at ≈131 dGA). Presented as 
mean±SEM and significance accepted when p<0.05. Asterisk (*) indicates significant differences between groups (p<0.05) at all individual timepoints 
below line. dGA, days gestational age; FETO, fetoscopic endoluminal tracheal occlusion.

Pulmonary perfusion
PBF increased rapidly in both groups, reaching a maximum 
at 20 min following ventilation onset (figure 3A). During 
the first 5 min, the rate of PBF increase tended to be higher 
in DH+FETO compared with DH lambs; however, this 
difference was not statistically significant (5.8 vs 1.5 mL/
min/kg per min; p=0.077). The maximum PBF reached, 
at 20 min in both groups, was significantly greater in 
DH+FETO compared with DH lambs (67.9±11.1 vs 
41.8±9.1 mL/min/kg; p=0.038). Following this maximum, 

PBF levels gradually decreased in both groups during the 
remainder of the 2-hour ventilation period but to a greater 
degree in DH+FETO lambs (figure 3A). Hence, at 2 hours, 
there was no longer a significant difference in PBF between 
DH+FETO and DH lambs (32.2±6.8 vs 21.4±7.2 mL/min/
kg, p=0.414).

After correcting for lung weight, the increase in PBF was 
similar in DH and DH+FETO lambs over the 2-hour ventila-
tion period, and there was no significant difference at any time 
(figure 3B).
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Figure 5 Cerebral haemodynamics and oxygenation during the 2-hour ventilation experiment. (A) Carotid blood flow, (B) cerebral oxygen delivery, 
(C) cerebral oxygen extraction and (D) cerebral tissue oxygen saturation (SctO2) over the 2 hours following delivery at ≈138 dGA. Groups shown are
diaphragmatic hernia (DH) (•, n=7; DH creation at ≈80 dGA) and DH+FETO (◊, n=8; DH creation at ≈80 dGA, FETO plug at ≈110 dGA and unplug at
≈131 dGA). Presented as mean±SEM and significance accepted when p<0.05. Asterisk (*) indicates statistically significant differences between DH
and DH+FETO at individual timepoints. dGA, days gestational age; FETO, fetoscopic endoluminal tracheal occlusion.

Figure 4 The difference between pulmonary arterial pressure and 
carotid (systemic) arterial pressure over the 2 hours following delivery 
at ≈138 dGA. Groups shown are diaphragmatic hernia (DH) (•, n=7; 
DH creation at ≈80 dGA) and DH+FETO (◊, n=8; DH creation at ≈80 
dGA, FETO plug at ≈110 dGA and unplug at ≈131 dGA). Presented 
as mean±SEM and significance accepted when p<0.05. Asterisk (*) 
indicates statistically significant differences between DH and DH+FETO 
at individual timepoints below line. dGA, days gestational age; FETO, 
fetoscopic endoluminal tracheal occlusion.

Pulmonary arterial pressure was similar to systemic arterial 
pressure in both groups before ventilation onset (figure 4). In DH 
lambs, pulmonary arterial pressure remained similar to systemic 
arterial pressure throughout the 2-hour ventilation period. In 

contrast, in DH+FETO lambs the pulmonary to systemic pres-
sure gradient increased to a maximum at 80 min (−11.2±2.7 vs 
DH −2.5±1.1 mm Hg; p=0.007) before decreasing towards the 
end of the 2-hour experiment (−6.3±2.9 vs −1.7±0.3 mm Hg; 
p=0.156).

PVR was lower in DH+FETO compared with DH fetuses 
before ventilation onset (1.43±0.38 vs 3.37±1.30 mm Hg/
(mL/min); p<0.001), but relatively high (>1 mm Hg/(mL/
min)) in both groups (figure 3C). In DH lambs, PVR did not 
decrease below 1 mm Hg/(mL/min) until 15 min after ventila-
tion onset. In contrast, in DH+FETO lambs PVR immediately 
decreased after ventilation onset (figure 3C). Throughout 
the 2-hour ventilation period, PVR was lower in DH+FETO 
than DH lambs (0.44±0.11 vs 1.06±0.17 mm Hg/(mL/min); 
p=0.02).

After correcting for lung weight, PVR was not different 
between DH+FETO and DH lambs at any time (figure 3D).

Cerebral perfusion
Cerebral DO2 was similar in DH+FETO and DH lambs before 
ventilation onset (1.7±0.3 vs 2.6±0.2 mL/min; p=0.247) and 
throughout the 2-hour ventilation period (figure 5B). In both 
groups, DO2 increased to a maximum at 30 min (DH+FETO 
3.7±0.4 vs DH 3.9±0.5 mL/min; p=0.661) before returning 
to fetal levels (figure 5B). Cerebral oxygen extraction was not 
significantly different in DH+FETO compared with DH lambs 
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throughout the 2-hour ventilation period (23±6 vs 22%±7%; 
p=0.931 figure 5C). SctO2 was greater in DH+FETO 
compared with DH lambs at 80 min (68±4 vs 49%±7%; 
p=0.034) and 100 min but at no other timepoints (figure 5D).

dIsCussIOn
We describe the effects of FETO on the pulmonary circula-
tion and respiratory function during the neonatal transition 
in lambs with DH. Despite marked improvements in lung 
growth, compliance and overall perfusion, persistently high 
PaCO2 and A–aDO2 suggest that FETO did not significantly 
improve pulmonary gas exchange in this model of CDH.

In our study, FETO was associated with increased lung size 
and significant improvements in lung compliance, as described 
in other animal models of CDH.18 Improved compliance 
allowed us to achieve target VT at lower PIP, reducing the risk 
of ventilator-induced lung injury (VILI). VILI is an important 
risk factor for the development of bronchopulmonary 
dysplasia (BPD) in CDH infants, and before the widespread 
introduction of ‘gentle ventilation’, may have contributed to 
up to 25% of CDH mortality.29 However, exposure to high 
levels of supplemental oxygen also plays a role in developing 
BPD.30 31 In our study, FETO did not reduce the high FiO2

requirements associated with DH.
High FiO2 requirements despite adequate VT and overall 

perfusion, along with high PaCO2, suggest there may be 
persistent problems with the alveolar–capillary interface in 
DH animals treated with FETO. Increased alveoli septal wall 
thickness that limits gas exchange in CDH is reversed after 
6 weeks of tracheal occlusion in a lamb model, but this was 
less pronounced after a 2-week occlusion period.32 Nardo et 
al similarly demonstrated a time-dependent benefit of tracheal 
occlusion, including alveolar wall thinning and increased 
luminal surface area for gas exchange.33 In this experiment, 
we occluded the trachea for 3 weeks before reversal during a 
similar stage of lung development to the clinical application 
of this technique. Nevertheless, this may not be adequate to 
promote thinning of the alveolar septal walls. Davey et al also 
performed tracheal occlusion and reversal at similar timepoints 
to our study and also observed persistently increased septal 
wall thickness with no significant benefits to gas exchange.34

Alternatively, poor gas exchange may suggest persistently 
impaired perfusion of fifth and sixth generation pulmo-
nary vessels that are important for gas exchange. In CDH, 
reduced pulmonary vascular cross-sectional area in combi-
nation with extensive hypermuscularisation and neomuscu-
larisation of distal pulmonary vessels is thought to lead to 
higher resistance within peripheral pulmonary vessels.35 Luks 
et al suggested that short-term tracheal occlusion (2 weeks) 
reduces abnormal muscularisation of pulmonary arterioles; 
however, their histological analysis defined distal vessels by 
size, rather than branching generation.36 Conversely, others 
have found that releasing the tracheal occlusion 1 week prior 
to delivery abolishes the tracheal occlusion-induced thinning 
of the abnormally thick pulmonary artery medial area in DH.37 
Our current study demonstrates that despite the increase in 
lung size and overall increase in PBF in response to FETO, 
PBF corrected for lung weight was not different from DH 
animals. However, this is not surprising as we have previously 
found that, corrected for lung weight, PBF is also similar in 
DH and control lambs.24 This finding indicates that pulmo-
nary vascular growth occurs in proportion with lung tissue 
growth and that, if present, abnormally thickened pulmonary 

arterial walls may have little functional consequences, at least 
not during the first 2 hours after birth. These findings are 
consistent with the observation that infants with severe CDH 
(observed/expected lung-to-head ratio (O/E LHR) <25%) 
treated with FETO had similar rates of pulmonary hyper-
tension to moderate cases (O/E LHR 25%–45%) that were 
expectantly managed.38

An important limitation of our study is that the experiment 
only lasted for 2 hours after birth. In a similar lamb DH model 
with tracheal occlusion at 108–129 dGA and delivery at 136 dGA, 
Bratu et al observed improved gas exchange only emerging after 
3 hours of neonatal ventilation.39 These authors hypothesised that 
ongoing alveolar recruitment eventually matched ventilation and 
perfusion after prolonged ventilation. This hypothesis is supported 
by our previous observation that functional residual capacity and 
VT recruitment are significantly slower in DH lungs.40 Further-
more, in this study, we observed a steady improvement in arterial 
pH values (and declining trend in PaCO2 and A–aDO2) at the end 
of the experiment in FETO lambs, in contrast to the progressive 
decline observed in DH lambs. However, if alveolar recruitment 
was improving over this time, we would also expect a simultaneous 
increase in lung compliance to reflect the overall increase in lung 
gas volume. It is also possible that FETO lambs had greater airway 
liquid volumes at birth, resulting in greater lung oedema following 
lung aeration.41 42 We passively drained greater lung liquid volumes 
in DH lambs treated with FETO, which suggests residual lung 
liquid volumes may also be greater. Recent studies have demon-
strated the adverse effects of elevated airway liquid volumes on 
lung mechanics and respiratory function following lung aeration 
at birth.43

Our experimental approach was not designed to completely 
duplicate current clinical practice but was a pragmatic 
approach to meet feasibility and ethical requirements. In 
humans, the FETO procedure is performed via a percutaneous 
approach, whereas we performed a maternal laparotomy and 
created a small uterine incision in order to introduce the fetal 
tracheal balloon via fetoscope. While this procedure is more 
invasive for the ewe, it is not more invasive for the fetus and 
is unlikely to have influenced fetal development any more 
than the minimally invasive FETO procedure. In the delivery 
room, CDH infants usually undergo immediate cord clamping, 
are resuscitated with higher FiO2 values and do not receive a 
sustained inflation. In contrast, we performed delayed cord 
clamping and began ventilation with a sustained inflation. We 
have previously shown that cord clamping after the lung is 
aerated allows PBF to increase before the placental circulation 
is lost and that a sustained inflation aerates the lungs more 
uniformly while not affecting the increase in PBF following 
lung aeration.44 45 The effects of delayed cord clamping and a 
sustained inflation in our CDH model are discussed in more 
detail in our preceding article.24 Regardless, the approach to 
neonatal resuscitation was consistent between the two exper-
imental groups.

In conclusion, we found that while FETO increases lung 
size and PBF in proportion with lung size, it appears to have 
minimal benefit for pulmonary gas exchange during the 
cardiopulmonary transition at birth. Clinically, arterial blood 
gas status during the transition to newborn life is an important 
predictor of long-term survival.46 To further improve outcomes 
for CDH infants, novel therapies, including antenatal medical 
therapies, should target improvements in pulmonary gas 
exchange efficiency, such as the stimulation of pulmonary 
microvascular development.47
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3 Physiologically based cord clamping improves 

cardiopulmonary haemodynamics in lambs with a 

diaphragmatic hernia 

In Chapter 2.1, despite severe lung hypoplasia and very poor respiratory function in 

lambs with DH, we found that the increase in PBF per gram of lung tissue at birth was 

similar to control lambs, suggesting that the overall reduction in PBF was simply due to 

a reduction in lung size. This finding contradicted the commonly accepted 

understanding that CDH infants are born with neomuscularisation of the intra-acinar 

pulmonary vasculature that manifests as pulmonary hypertension after birth, and 

indeed the anatomical evidence upon which this theory is based is unconvincing 

(discussed in Chapter 1.1). This result was also inconsistent with previous work done 

by others using the same sheep CDH model.338 However, in the previous study they 

performed immediate cord clamping, whereas in Chapter 2.1 we performed 

physiologically based cord clamping (PBCC). As discussed in Chapter 1.2, the timing of 

umbilical cord clamping has a significant impact on cardiopulmonary haemodynamics 

during the neonatal transition.  

Current guidelines recommend CDH infants are intubated immediately after birth, 

which in practice usually translates to immediate cord clamping (ICC).183 An alternative 

strategy, as we used in Chapter 2.1, is to aerate the lung before removing placental 

support (PBCC). In Chapter 3.1 I aimed to provide a detailed description of the effects 

of PBCC, compared to ICC, on cardiopulmonary physiology during the fetal to neonatal 

transition in lambs with a DH. I hypothesised that PBCC would avoid a prolonged 

period of hypoxaemia and low cardiac output in the newborn period, leading to greatly 

improved cardiopulmonary haemodynamics and gas exchange immediately after birth. 

We found that establishing lung aeration prior to umbilical cord clamping avoids 

transient, severe hypoxia at birth and enables increased PBF in lambs with a DH for at 

least the first 120 min after birth. However, despite improved pulmonary perfusion, 

PBCC lambs had persistent hypoxia and hypercapnia, similar to ICC lambs, suggesting 

that the underlying lung hypoplasia was primarily responsible for the impaired gas 
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exchange. Overall, our findings suggest that a physiological approach to umbilical cord 

clamping will enable a better transition to newborn life for infants with a CDH. 

In Chapter 3.2, I compared our lambs with DH that underwent ICC to historical control 

lambs that also underwent ICC, in order to describe the effects of DH in the current 

clinical context of ICC. 
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AbsTrACT
Objective Lung hypoplasia associated with congenital 
diaphragmatic hernia (CDH) results in respiratory 
insufficiency and pulmonary hypertension after birth. 
We have investigated whether aerating the lung before 
removing placental support (physiologically based 
cord clamping (PBCC)), improves the cardiopulmonary 
transition in lambs with a CDH.
Methods At ≈138 days of gestational age, 17 lambs 
with surgically induced left-sided diaphragmatic hernia 
(≈d80) were delivered via caesarean section. The 
umbilical cord was clamped either immediately prior 
to ventilation onset (immediate cord clamping (ICC); 
n=6) or after achieving a target tidal volume of 4 mL/kg, 
with a maximum delay of 10 min (PBCC; n=11). Lambs 
were ventilated for 120 min and physiological changes 
recorded.
results Pulmonary blood flow (PBF) increased 
following ventilation onset in both groups, but was 
19-fold greater in PBCC compared with ICC lambs at
cord clamping (19±6.3 vs 1.0±0.5 mL/min/kg, p<0.001). 
Cerebral tissue oxygenation was higher in PBCC than
ICC lambs during the first 10 min after cord clamping
(59%±4% vs 30%±5%, p<0.001). PBF was threefold
higher (23±4 vs 8±2 mL/min/kg, p=0.01) and pulmonary
vascular resistance (PVR) was threefold lower (0.6±0.1
vs 2.2±0.6 mm Hg/(mL/min), p<0.001) in PBCC lambs
compared with ICC lambs at 120 min after ventilation
onset.
Conclusions Compared with ICC, PBCC prevented the
severe asphyxia immediately after birth and resulted in
a higher PBF due to a lower PVR, which persisted for at
least 120 min after birth in CDH lambs.

InTrOduCTIOn
Congenital diaphragmatic hernia (CDH) is a birth 
defect that affects 1 in 3000 live births and is 
responsible for >1% of the infant mortality rate 
in the USA.1 2 The diaphragm fails to close during 
embryogenesis, which allows abdominal organs 
to herniate into the chest and disrupt fetal lung 
development.

The majority of fetuses with isolated CDH 
survive until term, because their hypoplastic lungs 
are not required for gas exchange during fetal life. 
However, when the umbilical cord is clamped at 
birth the infant becomes solely dependent on the 
lungs for gas exchange. The lungs of CDH infants 

are small, with a reduced surface area for gas 
exchange and reduced pulmonary vascular devel-
opment, resulting in respiratory insufficiency and 
pulmonary hypertension soon after birth.3

Current guidelines recommend that CDH infants 
should be intubated immediately at birth, to avoid 
inadvertent gaseous distension of the intrathoracic 
stomach.4 In practice, immediate intubation usually 
translates to immediate umbilical cord clamping at 
delivery, in order to move the infant to a resuscita-
tion bed for respiratory support. However, we have 
previously shown that in preterm lambs that require 
respiratory support, immediate cord clamping 
(ICC) leads to a transient reduction in cardiac 
output, marked swings in arterial blood pressures 
and flows as well as hypoxaemia.5 6

During fetal life, the placental circulation 
provides the majority of venous return to the left 

What is already known on this topic?

 ► Umbilical cord clamping stops placental gas
exchange and reduces venous return to the
heart; lung aeration triggers an increase in
pulmonary blood flow (PBF) that restores gas
exchange and venous return.

 ► Infants with congenital diaphragmatic hernia
(CDH) have severely hypoplastic lungs and
abnormal pulmonary vasculature, which delays
the normal increase in PBF after birth, resulting
in hypoxia and hypercarbia.

 ► Physiologically based cord clamping (PBCC)
prevents the loss in cardiac output and
reduction in oxygenation caused by immediate
cord clamping (ICC) in preterm lambs.

What this study adds?

 ► PBCC in lambs with a diaphragmatic hernia
avoided the severe hypoxia associated with ICC
and resulted in higher PBFs during the first 2
hours after birth.

 ► Compared with PBCC, ICC was associated with
transient asphyxia, tachycardia and increases in
systemic and pulmonary arterial pressures.

 ► PBCC may improve the cardiopulmonary
transition at birth in newborns with a CDH.
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heart (preload) via the foramen ovale, as pulmonary blood 
flow (PBF) is low, due to a high pulmonary vascular resis-
tance (PVR), and unable to sustain left ventricular preload.7 
Removing the low-resistance placental circulation by clamping 
the umbilical cord removes this important source of preload, 
and also increases systemic vascular resistance (afterload). The 
concurrent increase in afterload and decrease in preload imme-
diately after cord clamping therefore reduces cardiac output.8 
Cardiac output is only restored when the pulmonary circulation 
vasodilates (following lung aeration) to accept the entire output 
of the right ventricle, leading to a large increase in PBF that 
can sustain left ventricular preload.9 10 On the other hand, if 
lung aeration precedes umbilical cord clamping, PBF increases 
before umbilical venous return is lost and as a result there is no 
loss in cardiac output following cord clamping. This has been 
termed physiologically based cord clamping (PBCC).11

In normal term infants, lung aeration occurs rapidly and so 
ICC results in only a limited interruption to cardiac output 
and gas exchange at birth. In contrast, CDH infants have 
stiff, hypoplastic lungs which are likely to take much longer 
to aerate, as has been demonstrated experimentally.12 As lung 
aeration stimulates the increase in PBF, it is not surprising that 
the increase in PBF is also delayed in newborn lambs with 
lung hypoplasia.13 As such, ICC in infants with a CDH may 
expose them unnecessarily to a prolonged period of hypoxia 
and reduced cardiac output immediately after birth.

We hypothesise that PBCC in lambs with a diaphragmatic 
hernia (DH) will avoid a prolonged period of hypoxia and 
low cardiac output in the newborn period, leading to greatly 
improved cardiopulmonary haemodynamics and gas exchange 
immediately after birth. We aimed to provide a detailed 
description of the effects of PBCC on cardiopulmonary phys-
iology during the fetal to neonatal transition in lambs with a 
DH.

MeThOds
ethics statement
All procedures in animals were performed in accordance 
with the National Health and Medical Research Council of 
Australia guidelines for care and use of experimental animals.

General surgical methods
All surgical procedures were performed under general anaes-
thesia using intravenous sodium thiopental (Pentothal; Jurox, 
New Zealand) for induction and inhaled isoflurane (≈2% in 
room air; Isoflow, Abbot) for maintenance. Ewes (Merino 
X Border-Leicester) were intubated and monitored (ECG, 
expired CO2, arterial oxygen saturation (SaO2)) during 
surgery.14

diaphragmatic hernia creation
At ≈80 days gestational age (dGA; term≈147 dGA), a DH 
was surgically created in fetal lambs as previously described.14 
Following maternal midline laparotomy and hysterotomy, 
the fetal chest was exteriorised and incised through the left 
ninth intercostal space. A small incision was made in the fetal 
diaphragm, through which the stomach and bowels were pulled 
into the thoracic cavity. Ewes received 3 days of postoperative 
analgesia (transdermal fentanyl patch, 75 µg/hour; Janssen Cilag) 
and were monitored daily until delivery.

delivery and ventilation
Fetal instrumentation
At ≈138 dGA, ewes and their fetuses were anaesthetised and 
the lambs instrumented prior to caesarean section delivery as 

previously described.14 Briefly, lambs were partially exteriorised 
and intubated with a clamped endotracheal tube (size 4.0) prior 
to instrumentation to prevent lung aeration. Polyvinyl catheters 
were positioned in the left carotid artery and main pulmonary 
artery to allow continuous arterial pressure monitoring, and in 
the left jugular vein to allow neonatal sedation. Ultrasonic flow 
probes (Transonic Systems, Ithaca, New York, USA) were placed 
around the right carotid and left pulmonary artery, to contin-
uously record blood flow. A pulse-oximeter (Masimo, Radical 
7, California, USA), near-infrared spectroscopy (Casmed Fore-
sight, CAS Medical Systems, Branford, Connecticut, USA) and 
temperature probe were placed on right forelimb, forehead and 
rectum, respectively. The stomach was drained via an orogas-
tric tube. After instrumentation, lambs were delivered from the 
uterus, dried and carefully positioned on the maternal abdomen 
to avoid occluding the umbilical cord blood flow. The endotra-
cheal tube was unclamped and lung liquid was passively drained.

Each fetus was allocated to either ICC (n=6) or PBCC (n=11) 
groups. In ICC lambs, the umbilical cord was immediately 
clamped and cut before ventilation commenced. In PBCC lambs, 
ventilation commenced first, and umbilical cord clamping was 
delayed until after a target tidal volume (VT) of 4 mL/kg was 
achieved (maximum delay of 10 min).

Ventilation
In both groups, ventilation commenced with a 30 s sustained 
inflation (35 cmH2O, 21% O2) followed by intermittent posi-
tive pressure ventilation (iPPV) in volume guarantee mode using 
a VT of 4 mL/kg (Babylog 8000, Dräger, Lübeck, Germany), 
peak inspiratory pressure (PIP) limit of 35 cmH2O and positive 
end-expiratory pressure of 5 cmH2O. If the target VT was not 
reached after 30 s, a second sustained inflation was performed 
followed by iPPV for a total of 120 min. After umbilical cord 
clamping, lambs were moved to a warming bed (CosyCot, Fisher 
and Paykel, Auckland, New Zealand), and sedated with alfax-
alone (10 mg/kg/hour; Alfaxan, Jurox). Respiratory support was 
titrated to achieve PaCO2 60–80 mm Hg, PaO2 >40 mm Hg 
and SaO2 85%–88% to allow gentle ventilation. Lambs were 
euthanised (sodium pentobarbitone intravenous 100 mg/kg) 
after completing the 120 min ventilation protocol or earlier due 
to ethical end points (ie, treatment-resistant pneumothorax).

Outcome measures
Physiological data collection
Pulmonary and carotid arterial blood flows and pressures, cere-
bral tissue oxygen saturation (SctO2), VT and airway pressures 
were continuously recorded using LabChart (ADInstruments, 
New South Wales, Australia) and analysed offline in 20 s epochs. 
Arterial blood gas tensions were assessed every 5 min during 
the first 30 min of ventilation and every 10 min thereafter. 
PVR, alveolar-arterial difference in oxygen tension and cerebral 
oxygen delivery were calculated using equations listed in table 1.

Postmortem examination
Presence of a diaphragmatic defect and herniation of visceral 
organs were confirmed during post-mortem examination. Lungs 
were weighed and expressed as a ratio to the body weight (wet 
lung-to-body weight ratio).

Statistical analysis
Data are expressed as means±SEM, or medians (IQR) if the 
data were not normally distributed. The effect of group (ICC 
vs PBCC), time and interaction between these two effects were 
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analysed using two-way repeated measures analysis of variance 
with post hoc analysis (Holm-Sidak) determining simple effects 
if an interaction was present (SigmaPlot V.13.0, Systat Software). 
Statistical significance was accepted when p value was <0.05.

resulTs
baseline fetal characteristics
Fetal body weight (4.1±0.2 vs 4.5±0.3 kg; p=0.21), lung-to-
body weight ratio (0.017±0.002 vs 0.013±0.001; p=0.06) 
and percentage of male lambs (46% vs 50%; p=0.99) were not 
significantly different between PBCC and ICC groups. Before 
delivery, SaO2 was greater in PBCC compared with ICC lambs 
(61%±3% vs 48%±4%; p=0.02), but both were within normal 
range. There was no significant difference in any other arterial 
blood gas or haemodynamic parameter between groups before 
delivery (table 2).

It was necessary to discontinue the experimental protocol early 
in one ICC lamb (at 80 min) and two PBCC lambs (at 70 and 
100 min) due to developing treatment-resistant pneumothoraces.

Arterial blood gas status and cardiopulmonary physiology in 
the first 10 min after clamping
In the PBCC group, the median period between ventilation 
onset and cord clamping was 10 min (range: 3.5–10 min). PaO2 
and SaO2 values increased following cord clamping in PBCC 
lambs, whereas values decreased in ICC lambs (figure 1A and 
B). By 5 min after cord clamping, PaO2 (45±12 vs 11±1.9 mm 
Hg, p=0.006) and SaO2 (70%±8.4% vs 17%±6.6%, p<0.001) 
were significantly higher in PBCC compared with ICC lambs. 
PaCO2 increased and arterial pH decreased during the 10 min 
following cord clamping in both groups (figure 1C and D).

PBF was 19-fold greater in the ventilated PBCC lambs 
compared with the unventilated ICC lambs at the time of cord 
clamping (19.0±6.3 vs 1.0±0.5 mL/min/kg, p<0.001). PBF 
increased following cord clamping in both groups, however 
remained threefold greater in PBCC compared with ICC lambs 
at 10 min after cord clamping (51±7.8 vs 18±4.2 mL/min/kg, 
p=0.009; figure 1E). Pulmonary arterial pressure increased 
following cord clamping in both groups (figure 1F), and while 
was not significantly different, tended to be lower in PBCC 
compared with ICC lambs at 10 min after cord clamping (64±2.6 
vs 77±5.1 mm Hg, p=0.08).

Carotid blood flow increased during the 10 min following 
umbilical cord clamping in ICC lambs (0 min 19±1.7 vs 10 min 
33±5.0 mL/min/kg, p=0.002; figure 1G), however did not 
significantly change in PBCC lambs (0 min 18±2 vs 10 min 
24±3.0 mL/min/kg, p>0.99). Carotid arterial pressure increased 
following cord clamping in both groups, but to a lesser degree 
in PBCC lambs (figure 1H). By 10 min following cord clamping, 
carotid arterial pressure was 20 mm Hg lower in PBCC compared 
with ICC lambs (61±3.8 vs 80±5.2 mm Hg, p=0.02). Heart 
rate increased following cord clamping in ICC lambs, but did not 
significantly change in PBCC lambs (figure 1I). At 10 min after 

Table 1 Calculations for derived measures

Measure Calculation

Pulmonary vascular resistance (PAP−LAP)/PBF

Dynamic lung compliance VT / (PIP−PEEP)

Arterial oxygen content (CaO2)
35 1.39×Hb×SaO2/100+0.003×PaO2

Cerebral oxygen delivery35 Carotid arterial blood flow×CaO2

 Hb, arterial haemoglobin concentration (g/L); LAP, left atrial pressure, assumed to 
equal 9 mm Hg based on previous studies36; PAP, pulmonary arterial pressure (mm 
Hg); PaO2, partial pressure of arterial oxygen (mm Hg); PBF, pulmonary blood flow 
(mL/min); PEEP, positive end expiratory pressure (cmH2O); PIP, peak inspiratory 
pressure (cmH2O); SaO2, arterial oxygen saturation; VT, tidal volume (mL).

Table 2 Ventilation parameters, arterial blood gas status and cardiopulmonary physiology at fetal baseline and during the 120 min neonatal 
ventilation

Fetal 60 min 120 min

ICC PbCC p value ICC PbCC p value ICC PbCC p value

DLC (mL/cmH2O) – – – 0.6±0.1 0.5±0.1 0.23 0.7±0.2 0.6±0.1 0.32

FiO2 – – – 0.6±0.2 0.8±0.1 0.34 0.5±0.2 0.7±0.1 0.21

Hb (g/L) 119±7 134±4 0.07 123±8 137±4 0.09 131±10 143±5 0.10

Hct (%) 37±2 41±1 0.11 38±2 42±1 0.09 40±3 44±2 0.08

PaO2 (mm Hg) 21±2 25±1 0.38 34±7 43±4 0.09 34±7 40±4 0.36

SaO2 (%) 48±4 61±3 0.02* 58±14 76±7 0.11 59±14 73±10 0.30

PaCO2 (mm Hg) 64±2 66±3 0.95 92±21 95±15 0.90 90±28 95±16 0.92

pH 7.26±0.02 7.24±0.01 0.79 7.10±0.10 7.12±0.06 0.85 7.11±0.15 7.09±0.07 0.85

Heart rate 147±11 144±6 0.95 184±11 168±7 0.23 180±21 171±8 0.38

PAP (mm Hg) 47±3 52±4 0.33 55±6 57±3 0.70 55±5 58±2 0.33

Mean PBF (mL/min/kg) 1±0.3 1.4±1 0.69 12±5 29±5 0.01* 8±2 23±4 0.01*

PBF/g lung weight 0.3±0.1 0.6±0.3 0.81 3.5±1.5 5.2±0.6 0.34 1.8±0.5 4.0±0.4 0.04*

End-diastolic PBF −9±1 −12±2 0.45 4±4 12±3 0.02* 0.6±1 11±3 0.02*

PVR (mm Hg)/(L/min) 6.1±0.7 5.2±0.7 0.25 1.7±0.6 0.5±0.1 <0.01* 2.2±0.6 0.6±0.1 <0.01*

PVR×g lung weight 123±24 119±17 0.89 30±9 11±2 <0.01* 37±8 15±2 <0.01*

CAP (mm Hg) 46±2 53±3 0.24 56±7 60±3 0.49 56±6 60±3 0.26

CBF (mL/min/kg) 17±2 22±1 0.16 18±3 20±4 0.97 14±3 19±4 0.62

SctO2 (%) 43±6 56±2 0.32 50±10 60±5 0.23 55±10 62±5 0.51

*p<0.05. Two-way repeated measures  analysis of variance (group, time) with post hoc analysis (Holm-Sidak) determining differences between groups at each timepoint. 
CAP, carotid arterial pressure; ICC, immediate cord clamping; CBF, carotid arterial blood flow; DLC, dynamic lung compliance; FiO2, fraction of inspired oxygen; Hb, 
arterial haemoglobin concentration; Hct, haematocrit; PaCO2, partial pressure of arterial carbon dioxide; PaO2, partial pressure of arterial oxygen; PAP, pulmonary arterial pressure; 
PBCC, physiologically based cord clamping; PBF, pulmonary arterial blood flow; PVR, pulmonary vascular resistance; SaO2, arterial oxygen saturation; SctO2, cerebral tissue oxygen 
saturation.
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Figure 1 Arterial blood gas status and cardiopulmonary haemodynamics following umbilical cord clamping. (A) Partial pressure of arterial oxygen 
(PaO2; mm Hg), (B) arterial oxygen saturation (SaO2; %), (C) partial pressure of arterial carbon dioxide (PaCO2; mm Hg), (D) arterial pH, (E) pulmonary 
arterial blood flow (PBF; mL/min/kg), (F) pulmonary arterial blood pressure (PAP; mm Hg), (G) carotid arterial blood flow (CBF; mL/min/kg), (H) carotid 
arterial blood pressure (CAP; mm Hg, no data obtained while catheter used to obtain arterial blood gas sample), (I) heart rate (bpm) and (J) cerebral 
tissue oxygen saturation (SctO2; %) during the 10 min following umbilical cord clamping in immediate cord clamping (ICC; black circles, n=6) and 
physiologically based cord clamping (PBCC; white squares, n=11) groups. Two-way repeated measures analysis of variance (group, time) with Holm-
Sidak’s multiple comparisons test. *p<0.05 for effect of treatment (ICC vs PBCC) at each timepoint below line. t p<0.05 for main effect of time. 
#p<0.05 for effect of time between the two indicated timepoints in ICC lambs, ^p<0.05 for effect of time between the two indicated timepoints in 
PBCC lambs.
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cord clamping, heart rate was slower in PBCC compared with 
ICC lambs (160±6 vs 202±16 bpm, p=0.01).

Cerebral oxygen delivery was greater in PBCC compared 
with ICC lambs at 5 min following cord clamping (2.6±0.5 vs 
0.6±0.2 mL/min/kg, p=0.005), however by 10 min there was no 
significant difference between groups (3.2±0.5 vs 2.5±0.8 mL/
min/kg, p=0.25). In ICC lambs, SctO2 decreased to a minimum 
of 23% at 2 min following cord clamping, whereas in PBCC 
lambs there was no significant change in SctO2 following cord 
clamping (figure 1J). During the first 10 min after cord clamping, 
mean SctO2 was significantly greater in PBCC compared with 
ICC lambs (59%±4% vs 30%±5%, p<0.001).

Arterial blood gas status and cardiopulmonary physiology 
throughout the 120 min neonatal ventilation
The target VT (4 mL/kg) was achieved in 6 PBCC lambs (55%; 
median 26 min, range 3–100 min after ventilation onset) and 3 
ICC lambs (50%; median 30 min, range 3–80 min after ventila-
tion onset). Dynamic lung compliance, FiO2 and arterial blood 
gas parameters were not significantly different between PBCC 
and ICC lambs after 60 and 120 min of neonatal ventilation 
(table 2).

PBF (corrected for body weight) increased in both groups 
following ventilation onset, however to a greater degree in 
PBCC lambs (figure 2A). PBF was twofold greater in PBCC 
lambs compared with ICC lambs by 20 min after ventilation 

onset (47±7 vs 22±3 mL/min/kg, p=0.002) and remained 
threefold greater at 120 min (23±4 vs 8±2 mL/min/kg, 
p=0.01).

As PBF was measured in the left pulmonary artery, we also 
corrected PBF for left lung weight (figure 2B). Despite there 
being no significant difference in left lung weight between PBCC 
and ICC lambs (24±6 vs 20±9 g, p=0.28), after correcting for 
left lung weight, the difference in PBF between PBCC lambs 
and ICC lambs was no longer significant at 20 min (7.7±1.0 vs 
5.7±1.1 mL/min/g, p=0.21), but remained significantly greater 
in PBCC lambs at 120 min (4.0±0.4 vs 1.8±0.5 mL/min/g, 
p=0.04).

Pulmonary arterial pressure increased immediately after 
ventilation onset in ICC lambs (figure 2C), and at 10 min after 
ventilation onset was significantly lower in PBCC lambs (48±3 
vs 77±6 mm Hg, p<0.001). By 20 min after ventilation onset, 
pulmonary arterial pressure was similar between PBCC lambs 
and ICC lambs (63±3 vs 68±4, p=0.38).

PVR decreased in both groups following ventilation onset 
(figure 2D), however to a greater degree in PBCC lambs (at 
20 min 0.4±0.1 vs 0.7±0.1 mm Hg/(mL/min), p=0.02). PVR 
subsequently increased in ICC lambs, yet remained low in PBCC 
lambs. By 120 min after ventilation onset, PVR was threefold 
lower in PBCC lambs compared with ICC lambs (0.6±0.1 vs 
2.2±0.6 mm Hg/(mL/min), p<0.001). After correcting for left 
lung weight, PVR remained significantly lower in PBCC lambs 

Figure 2 Pulmonary haemodynamics during the 120 min neonatal ventilation. The timing of umbilical cord clamping relative to ventilation onset 
is shown at the top of the figure, in immediate cord clamping (ICC; cord clamped immediately prior to ventilation onset) and physiologically based 
cord clamping (PBCC; cord clamped when target tidal volume of 4 mL/kg achieved, up to a maximum of 10 min after ventilation onset) groups. (A) 
Pulmonary arterial blood flow corrected for body weight (PBF; mL/min/kg), (B) PBF corrected for left lung weight (mL/min/g),(C) pulmonary arterial 
blood pressure (PAP; mm Hg), (D) pulmonary vascular resistance (PVR; mm Hg/(mL/min)) presented on a logarithmic (base 2) scale, (E) PVR corrected 
for left lung weight (mm Hg/(mL/min/g)) presented on a logarithmic (base 2) scale and (F) end-diastolic pulmonary blood flow (EDF; mL/min/kg) 
during the 120 min following ventilation onset in ICC (black circles, n=6) and PBCC (white squares, n=11) groups. Two-way repeated measures 
analysis of variance (group, time) with Holm-Sidak multiple comparisons test. *p<0.05 for effect of treatment (ICC vs PBCC) at each timepoint below 
line. #p<0.05 for effect of time between the two indicated timepoints in ICC lambs, ^p<0.05 for effect of time between the two indicated timepoints 
in PBCC lambs.
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compared with ICC lambs at 120 min (15±2 vs 35±10 mm Hg/
(mL/min/g), p<0.001; figure 2E).

End-diastolic PBF, which inversely correlates with PVR, was 
retrograde (assigned a negative value) in both PBCC and ICC 
groups before ventilation onset (−12±2 vs −9±1 mL/min/kg, 
p=0.45). At 60 min, end-diastolic PBF was positive in both 
groups but greater in PBCC compared with ICC lambs (12±3 
vs 4±4 mL/min/kg, p=0.02). By 120 min, end-diastolic PBF 
remained positive in PBCC lambs but approached 0 in ICC 
lambs (11±3 vs 0.6±1 mL/min/kg, p=0.02; figure 2F).

dIsCussIOn
During the transition from fetal to neonatal life, major physi-
ological changes must occur for the infant to survive, which is 
particularly challenging for infants with underdeveloped lungs. 
In this study, we demonstrate that, in DH lambs, establishing 
lung aeration prior to umbilical cord clamping prevents severe 
transient hypoxia and facilitates a greater increase in PBF during 
the first 120 min of neonatal life, compared with ICC. These 
findings suggest that a physiological approach to umbilical cord 
clamping may improve the neonatal transition for infants with 
a CDH.

When umbilical cord clamping occurs before lung aeration, 
neonates are separated from the fetal oxygen source (placenta) 
and progressively become more hypoxaemic until adequate 
pulmonary gas exchange is established. Most infants avoid severe 
hypoxia at birth, because they rapidly aerate their lungs, which 
triggers a large increase in PBF. This facilitates a rapid switch to 
pulmonary gas exchange, and ensures maintenance of cardiac 
output.10 All of the DH lambs had severely hypoplastic lungs 
that were difficult to ventilate, and as a result the increase in PBF 
was delayed and remained low for the first few minutes after 
ventilation onset. Thus, during this time, as ICC lambs had lost 
the placenta as an oxygen source, they gradually became very 
hypoxaemic with markedly reduced cerebral oxygen delivery. 
On the other hand, as placental gas exchange continued while 
lung aeration was gradually established in PBCC lambs, oxygen-
ation levels gradually increased over the same time period and 
remained stable after cord clamping (figure 1J). The transient 
severe cerebral hypoxia we observed in ICC lambs is concerning, 
given the well-described neuropathological impact of perinatal 
asphyxia.15 16 Neurodevelopmental dysfunction is increasingly 
being recognised in the long-term follow-up of infants with 
CDH, and while there are many potential causative factors, the 
role of transient neonatal hypoxia related to ICC may warrant 
further study.17

The most striking and unexpected finding of this study 
was the difference in PBF between ICC and PBCC lambs 
throughout the ventilation period. This difference was statis-
tically significant from 15 to 120 min after ventilation onset. 
However, during the first 15 min, ICC lambs required driving 
pressures (pulmonary arterial pressures) that were 20–25 mm 
Hg greater than PBCC lambs to achieve similar or slightly 
reduced PBFs. This finding indicates that PBCC had an imme-
diate beneficial effect on PVR that persisted well into the 
newborn period. In our previous study, in which all DH lambs 
had PBCC, we found that the increase in PBF per gram of lung 
tissue at birth was similar to control lambs, suggesting that the 
overall reduction in PBF was simply due to a reduction in lung 
size.14 As this was not consistent with a previous study in DH 
lambs that received ICC, we considered that this unexpectedly 
high PBF in DH lambs might be due to PBCC, which we have 
now confirmed.

The mechanisms underlying the higher PVR in ICC DH lambs 
are unknown, but cannot be due to a reduced cross-sectional 
area of the pulmonary vascular bed as the reduction in lung 
sizes were similar. It has recently been shown that lung aeration 
causes a global reduction in PVR that, at least initially, is inde-
pendent of oxygen and is thought to be mediated by a neural 
reflex.18 As this reflex can be activated by partial lung aeration, 
we would expect a similar response (per gram of tissue) in all 
lambs. However, after ventilation onset, PVR was different in 
PBCC and ICC lambs, although PBF was not different due to 
the higher driving pressure in ICC lambs. Thus, ICC in CDH 
lambs may activate specific vasoconstrictive responses within 
the pulmonary vascular bed. Initially, this vasoconstrictive 
response may be caused by hypoxia, as pulmonary vessels in 
infants with CDH are thought to be highly responsive to vaso-
constrictive stimuli such as hypoxia.19–21 As such, the difference 
in PVR would be expected to gradually disappear as oxygen-
ation levels between the two groups equalise, which is consis-
tent with the finding of similar PVRs at 10 min after ventilation 
onset. However, after 15 min it diverges again, despite oxygen-
ation levels being similar. This secondary phase of higher PVRs 
may reflect the gradual onset of persistent pulmonary hyper-
tension of the newborn (PPHN) and while the mechanisms are 
unknown, it is very interesting that it occurred in most ICC 
lambs but in no PBCC lambs.

Despite improved pulmonary perfusion, PBCC lambs had 
persistent hypoxia and hypercapnia, similar to ICC lambs, 
suggesting that gas exchange remained impaired by the under-
lying lung hypoplasia. Indeed, in infants with CDH with rela-
tively mild lung hypoplasia, resuscitation with an intact umbilical 
cord for ~7 min increased pH and reduced pCO2 levels in the 
first 30 min after birth.22 While survival rates and length of 
hospital stay were similar, the study only assessed feasibility 
in infants with relatively mild lung hypoplasia. In more severe 
cases, a smoother cardiopulmonary transition may avoid reac-
tive vasoconstriction to the severe asphyxia caused by ICC and 
reduce the incidence and/or severity of PPHN.

The increase in carotid arterial pressure following ICC results 
from a sudden increase in systemic vascular resistance caused by 
removal of the low resistance placental circulation. However, 
if PVR decreases before cord clamping, the pulmonary circula-
tion becomes an alternative low resistance pathway for blood 
flow due to the onset of left-to-right flow through the ductus 
arteriosus.5 8 As a result, when cord clamping follows lung aera-
tion (PBCC), the rapid increase in arterial pressure caused by 
cord clamping is greatly reduced. As PVR remained relatively 
high in ICC, and to a lesser extent, in PBCC lambs, arterial pres-
sures increased in both groups in response to cord clamping, 
although to a greater degree in ICC lambs. ICC (but not PBCC) 
lambs also experienced transient tachycardia and hypertension at 
approximately 2–3 min following cord clamping. These findings 
likely result from a sympathetic response to low oxygen tensions 
immediately following cord clamping that was largely absent 
in PBCC lambs.23 24 PBCC lambs were able to maintain cere-
bral oxygen delivery without tachycardia or a pressure-driven 
increase in carotid blood flow.

End-diastolic PBF, which reflects left-to-right shunting 
through the ductus arteriosus, was present in PBCC lambs, but 
largely absent in ICC lambs by the end of the 120 min neonatal 
ventilation period. The loss of left-to-right shunting and the 
re-emergence of right-to-left shunting (as occurs prenatally) 
during diastole, suggests that PVR was progressively increasing 
back to fetal levels. In contrast, in PBCC lambs end-diastolic 
PBF remained positive, suggesting that the higher PBF in PBCC 
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lambs partially reflects a continuing contribution of flow from 
the systemic circulation, via the ductus arteriosus, at 120 min.

Although our lambs were delivered via caesarean section 
in a controlled environment, the feasibility of replicating this 
approach clinically in the delivery room is slowly being real-
ised.25 26 Several studies have now assessed the feasibility of 
assessing, resuscitating and ventilating infants at the maternal 
bedside in preterm27 and very preterm28 29 infants, as well as 
infants with CDH.22 30 However, other confounding factors such 
as labour and oxytocin administration and their potential effects 
on umbilical blood flow and cardiopulmonary haemodynamics 
have not been assessed.31 On the other hand, it is possible that 
our findings underestimate the beneficial effects of PBCC in 
clinical practice, because we were able to commence ventila-
tion within 10 s of cord clamping in ICC lambs. This is because 
the lambs had already been intubated (with a clamped endotra-
cheal tube) during fetal instrumentation. Clinically, respiratory 
support may be delayed for up to 60 s, so the hypoxic period 
between cord clamping and lung aeration would presumably be 
much longer than demonstrated in our lamb study.32

Our study adds to the growing consensus that a physiological 
approach to umbilical cord clamping, which includes resuscita-
tion on the cord if required, is preferable to immediate, or even 
time-based delayed cord clamping.5 11 22 25–29 33 The majority 
of our PBCC lambs did not achieve their target VT, so umbil-
ical cord clamping was delayed until our arbitrary maximum of 
10 min. If cord clamping had occurred at 3 min after ventilation 
onset, merely to optimise placental transfusion, many of the 
benefits of PBCC would not have been realised, as both VT and 
PBF remained low (figure 2B).34 As our PBCC lambs did not 
experience transient hypoxia despite not achieving their target 
VT, this target may have been an overly conservative target to 
guide cord clamping. It is possible that similar benefits could 
have been achieved at an earlier timepoint and so alternative 
targets, such as exhaled CO2 may prove more useful for guiding 
cord clamping time.27

In conclusion, we found that establishing lung aeration prior 
to umbilical cord clamping avoids transient, severe hypoxia at 
birth and enables increased PBF in lambs with a DH for at least 
the first 120 min after birth. Our findings suggest that a physio-
logical approach to umbilical cord clamping will enable a better 
transition to newborn life for infants with a CDH.
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Abstract 

Background 

Infants with congenital diaphragmatic hernia (CDH) have small, stiff lungs that do not 

rapidly aerate at birth. In newborn lambs with DH, compared to control lambs, we 

hypothesised that the period between umbilical cord clamping and achieving lung 

aeration would be associated with transient severe hypoxaemia and subsequent 

disturbances to cardiopulmonary physiology. 

Methods 

A retrospective analysis was performed using two experimental groups previously 

reported by our laboratory. At ≈138 days of gestational age, 6 lambs with surgically 

induced left-sided diaphragmatic hernia (≈d80) and 6 control lambs were delivered via 

caesarean section. After immediate umbilical cord clamping, lambs were ventilated for 

120 min with real-time physiological monitoring and intermittent arterial blood-gas 

measurement. 

Results 

At 5 min after birth, DH lambs had lower PBF (7  2 vs. 62  9 mL/min/kg, p<0.001), 

arterial oxygen saturation (17  7 vs. 84  8 %, p<0.001) and cerebral tissue oxygen 

saturation (24  4 vs. 59  12 %, p<0.001) than control lambs. At 10 min after birth, DH 

lambs had greater HR (202  16 vs. 145  5 bpm, p<0.001), carotid blood flow (33  5 

vs. 15  2 mL/min/kg, p=0.003) and carotid arterial pressure (78  4 vs. 53  2 mmHg, 

p<0.001) than control lambs. At 120 min after birth, DH lambs had 2-fold lower PBF 

adjusted for lung weight (2  1 vs. 4  1 mL/min/g, p=0.03).   

Conclusions 

Lambs with DH have hypoplastic lungs that are slow to achieve adequate aeration and 

perfusion after birth. When placental support is removed by immediate cord clamping, 

this leads to severe, transient hypoxemia and cardiovascular compromise during the 

neonatal transition. 
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Introduction 

Congenital diaphragmatic hernia (CDH) affects 1 in 3000 live births and describes 

incomplete closure of the diaphragm during embryogenesis.1 The subsequent 

intrathoracic displacement of abdominal organs disrupts lung development, resulting 

in smaller lungs with abnormal airway and vascular structure (lung hypoplasia).2 

Lung hypoplasia does not adversely affect the developing fetus in utero, as the placenta 

provides oxygen and eliminates carbon dioxide. In contrast, when placental support is 

lost at birth, the incompliant, hypoplastic lungs are frequently unable to support 

neonatal respiratory needs.3 The neonatal course of CDH is also complicated by 

pulmonary hypertension, caused by reduced vascular cross-sectional area and raised 

vascular tone due to increased vascular muscularisation.2, 4 The smaller and structurally 

abnormal pulmonary vascular bed is unable to accept complete right ventricular output 

and return adequate flows of oxygenated blood to the left atrium. This reduced 

pulmonary blood flow (PBF) further exacerbates the respiratory insufficiency and forces 

the infant to rely on a persistent atrial shunt (foramen ovale) to maintain cardiac output 

during the neonatal transition at birth.  

We have previously described respiratory function and cardiopulmonary physiology 

during the neonatal transition in lambs with and without a diaphragmatic hernia (DH).5 

However, in that study we performed physiologically based cord clamping (PBCC; 

clamping the umbilical cord after achieving adequate lung aeration). The timing of 

umbilical cord clamping has a significant impact on cardiopulmonary haemodynamics 

during the neonatal transition, and current guidelines recommend CDH infants are 

intubated immediately after birth, which in practice usually translates to immediate 

cord clamping.6, 7 In this study, we aimed to describe neonatal cardiopulmonary 

physiology in lambs with DH that underwent immediate cord clamping. We 

hypothesised that in addition to respiratory insufficiency, lambs with DH would 

experience severe hypoxaemia during the period between clamping the umbilical cord 

and achieving adequate lung aeration, and that this would adversely affect 

cardiopulmonary haemodynamics during the neonatal transition.  
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Methods 

Ethical Approval 

All procedures in animals were performed in accordance with the National Health and 

Medical Research Council of Australia guidelines for care and use of experimental 

animals, were approved by the relevant animal ethics committee at Monash University, 

and comply with the ARRIVE guidelines (Animal Research: Reporting In Vivo 

Experiments).8  

To reduce animal use, the research question was answered by comparing two animal 

groups that have been previously reported in separate publications.9, 10 Both groups 

were taken from the same cohort of Merino X Border-Leicester ewes, housed in the 

same animal facility in individual pens with a 12:12 hr light:dark cycle, fed twice daily 

with water ad libitum, and cared for by the same research staff. Lambs allocated to the 

DH group (n=8) are previously reported by Kashyap et al.9 and lambs allocated to the 

control group (n=6) are previously reported by McGillick & Davies et al.10 The raw data 

obtained from physiological recordings was reanalysed in the same manner for both 

groups, by the same investigator (AK). 

Diaphragmatic hernia creation 

In lambs allocated to DH, a DH was surgically created at ≈80 days gestational age (dGA; 

term≈147 dGA) as previously described.5 Briefly, general anaesthesia of the ewe was 

induced using intravenous sodium thiopental (Pentothal; Jurox, New Zealand) and 

maintained with inhaled isoflurane (≈2% in room air; Isoflow, Abbot). Following 

maternal midline laparotomy and hysterotomy, the fetal chest was exteriorised and a 

small incision was made through the left ninth intercostal space. The fetal diaphragm 

was incised, and the stomach and bowels were pulled into the thoracic cavity. Ewes 

received three days of post-operative analgesia (transdermal fentanyl patch, 75 µg/hr; 

Janssen Cilag) and were monitored daily until delivery. 
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Delivery and ventilation 

Fetal instrumentation 

At ≈138 dGA, ewes were anaesthetised (as above) and a caesarean section was 

performed. Fetal lambs in both groups were instrumented prior to delivery as previously 

described.5 Briefly, exteriorised fetal lambs were intubated with a clamped endotracheal 

tube (size 4.0). Polyvinyl catheters were positioned in the left carotid artery to allow 

continuous carotid arterial pressure monitoring, and in the left jugular vein to allow 

neonatal intravenous sedation. In the DH lambs only, a catheter was also positioned in 

the main pulmonary artery to allow continuous pulmonary arterial pressure 

monitoring. Ultrasonic flow probes (Transonic Systems, Ithaca, NY, USA) were placed 

around the right carotid and left pulmonary artery, to continuously record blood flow. 

Pulse-oximeter (Masimo, Radical 7, CA, USA), near-infrared spectroscopy (NIRS; 

Casmed Foresight, CAS Medical Systems Inc., Branford, CT, USA) and temperature 

probe were placed on right forelimb, forehead and rectum respectively. The stomach 

was drained via an orogastric tube. After instrumentation, lambs were delivered from 

the uterus, dried with a warm towel and carefully positioned on the maternal abdomen 

adjacent to a hot water bottle. The endotracheal tube was unclamped, lung liquid was 

passively drained and the umbilical cord was immediately clamped and cut. Ventilation 

commenced on the maternal abdomen, then the lambs were transferred to a warming 

bed (CosyCot, Fisher and Paykel, Auckland, New Zealand) and sedated with alfaxalone 

(10 mg/kg/hr; Alfaxan, Jurox). 

Ventilation 

In both groups, ventilation commenced with a 30 sec sustained inflation (35 cmH2O, 

21% O2) followed by intermittent positive pressure ventilation (iPPV) in volume 

guarantee mode using a tidal volume (VT) of 4 mL/kg for DH lambs and 7 mL/kg for 

control lambs (Babylog 8000, Dräger, Lübeck, Germany), peak inspiratory pressure 

(PIP) limit of 35 cmH2O, and positive end-expiratory pressure (PEEP) of 5 cmH2O. If 

the target VT was not reached after 30 sec, a second sustained inflation was performed 

followed by iPPV for a total of 120 min. A gentle ventilation strategy was employed for 

DH lambs, with respiratory support titrated to achieve PaCO2 60-80 mmHg, PaO2 >40 
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mmHg and arterial oxygen saturation (SaO2) 85-88%. Control lambs were supported to 

achieve PaCO2 40-50 mmHg and SaO2 90-95%. Lambs were euthanised (sodium 

pentobarbitone i.v. 100 mg/kg) after completing the 2 hr ventilation protocol or earlier 

due to ethical endpoints (i.e. severe acidosis or pneumothorax).  

Physiological data collection 

PBF, carotid blood flow, carotid arterial pressure, cerebral tissue oxygen saturation 

(SctO2), VT and airway pressures were continuously recorded using LabChart 

(ADInstruments, NSW, Australia) and analysed offline in 20 sec epochs for the first 20 

min after birth, and every 5 min thereafter. In DH lambs only, pulmonary arterial 

pressure was also recorded. Arterial blood gas tensions were assessed every 5 min during 

the first 30 min of ventilation and every 10 min thereafter. Pulmonary vascular 

resistance (PVR), alveolar-arterial difference in oxygen tension (AaDO2) and cerebral 

oxygen delivery (DO2) were calculated using equations listed in Table 1.  

Table 1 – Calculations for derived measures 

Measure Calculation 

Pulmonary vascular resistance (PAP – LAP) / PBF 

Dynamic lung compliance VT / (PIP – PEEP) 

Arterial oxygen content (CaO2)11 1.39 x Hb x SaO2/100 + 0.003 x PaO2 

Cerebral oxygen delivery11 carotid arterial blood flow x CaO2 

PAP = pulmonary arterial pressure (mmHg); LAP = left atrial pressure, assumed to equal 
9 mmHg based on previous studies10; PBF = pulmonary blood flow (mL/min); VT = tidal 
volume (mL); PIP = peak inspiratory pressure (cmH2O); PEEP = positive end expiratory 
pressure (cmH2O); PaO2 = partial pressure of arterial oxygen (mmHg); Hb = arterial 
haemoglobin concentration (g/dL); SaO2 = arterial oxygen saturation. 
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Postmortem examination 

In DH lambs, presence of a diaphragmatic defect and herniation of visceral organs were 

confirmed during post-mortem examination. Lungs were weighed and expressed as a 

ratio to the body weight (wet lung-to-body weight ratio; LBWR). 

 

Statistical analysis 

Data are expressed as means ± standard error of the mean, or medians (interquartile 

range) if the data were not normally distributed. Before retrospectively comparing DH 

and control lambs, we determined that a minimum of five animals per group would 

provide power of ≥90% (α=0.05) to detect a 20% difference in arterial oxygen tension 

during the first 20 min after birth, based on our previous experiment.5, 13 We compared 

DH and control lambs over time using a mixed model fitted by the restricted maximum 

likelihood (REML) method with a compound symmetry covariance matrix (GraphPad 

Prism 8). Pairwise comparisons were made at specific timepoints defined a priori 

(immediately before birth (fetal) and 5, 10, 20, 60 & 120 min after birth) and adjusted 

for multiple comparisons by controlling the experiment-wise maximum false discovery 

rate (FDR) to 0.05 using the two-stage linear step-up procedure described by Benjamini, 

Kreiger and Yekutieli.14, 15 Statistical significance was accepted when the FDR-adjusted 

p <0.05.  
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Results 

Morbidity and mortality 

Twelve (of 14) fetuses survived to delivery; six controls (100%) and six DH lambs (75%). 

All control lambs survived the 2 hr ventilation period, however for one DH lamb it was 

necessary to discontinue the experimental protocol early due to developing treatment-

resistant pneumothorax (at 80 min). At post-mortem examination a diaphragmatic 

defect with substantial gastrointestinal herniation into the thorax was confirmed in all 

DH lambs, and small pneumothoraces that were not clinically apparent were discovered 

in three DH lambs. 

Lung size and ventilation 

The wet LBWR was lower in DH lambs than controls (0.013  0.001 vs 0.032  0.002; 

p<0.001).  

After the initial 30 sec sustained inflation, one DH lamb and all control lambs achieved 

their target VT within the next 30 sec of iPPV. A second sustained inflation was 

performed for animals that did not achieve their target VT; after this, one additional DH 

lamb achieved target VT. During the neonatal ventilation, VT increased more gradually 

in DH lambs than in control lambs, reaching a plateau in DH lambs within 60 min and 

control lambs within 10 min (Figure 1a). At 60 min after birth, VT was 2-fold lower in 

DH lambs compared to controls (3.6  0.6 vs. 7.1  0.8 mL/kg, p<0.001). Peak 

inspiratory pressure (PIP) was set at 35 cmH2O at birth and was automatically 

decreased by the ventilator when a lower pressure could achieve the target volume 

(Figure 1b). By the end of the 120 min ventilation period, the required PIP was 8 mmHg 

greater in DH lambs than control lambs (31  5 vs. 23  2 cmH2O, p=0.005). 

Dynamic lung compliance gradually increased throughout the neonatal ventilation in 

both groups, however was 2-fold lower in DH lambs at both 10 min (0.36  0.07 vs. 0.89 

 0.09, p<0.001) and 120 min after birth (0.70  0.17 vs. 1.37  0.17, p<0.001; Figure 

1c).  
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Figure 1 

(A) Tidal volume (VT; mL/kg), (B) peak inspiratory pressure (PIP; cmH2O) and positive end-
expiratory pressure (PEEP; cmH2O) and (C) dynamic lung compliance (mL/cmH2O) during the
120 min neonatal ventilation in lambs with a diaphragmatic hernia (DH; black squares, n=6)
and control lambs (white circles, n=6). Linear mixed model fit using restricted maximum
likelihood. * p<0.05 for an a priori pairwise comparison between DH and control lamb, after
adjustment to control the experiment-wise maximum false discovery rate to 0.05.
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Pulmonary perfusion 

PBF increased after birth more gradually in DH lambs than control lambs (1.1 vs. 10.5 

mL/min/kg per min, p=0.006) and to a lesser degree (at 20 min 22  2.7 vs. 73  7.4 

mL/min/kg, p<0.001). Indeed, in DH lambs PBF remained ~0 mL/min/kg for the first 2 

min after birth (Figure 2a). At 120 min after birth, PBF was 5-fold lower in DH lambs 

compared to control lambs (9  2 vs. 47  11 mL/min/kg, p<0.001).  

PBF corrected for left lung weight was lower in DH lambs compared to control lambs at 

5 min (2  1 vs. 7  1 mL/min/g, p<0.001) and 10 min after birth (4  1 vs. 8  1 

mL/min/kg, p=0.01), but there was no significant difference between groups at 20 and 

60 min after birth (Figure 2b). However, by 120 min after birth PBF corrected for left 

lung weight was again lower in DH lambs compared to control lambs (2  1 vs. 4  1 

mL/min/g, p=0.03). 

End-diastolic PBF (EDF), which inversely correlates with pulmonary vascular resistance, 

was retrograde (assigned a negative value) in both DH and control lambs before birth 

(Figure 2c). By 5 min after birth, EDF remained retrograde in DH lambs but was positive 

in control lambs (-4.3  1.9 vs. 39  6.6 mL/min/kg, p<0.001). By 10 min after birth, 

EDF was positive in both groups but lower in DH lambs (7.7  3.2 vs. 43  6.0 

mL/min/kg, p<0.001). By 120 min after birth, EDF approached 0 in DH lambs but 

remained positive in control lambs (0.6  1.2 vs. 22  7.7 mL/min/kg, p=0.001). 

Pulmonary arterial pressure was measured in DH, but not in control lambs. In DH 

lambs, pulmonary arterial pressure increased between birth and 10 min after birth (47 

 3 vs. 77  6 mmHg, p<0.0001), then gradually decreased between 10 min and 120 

min after birth (77  6 vs. 59  2 mmHg, p=0.0034; Figure 2d). In DH lambs, pulmonary 

vascular resistance decreased between birth and 20 min after birth (6.5  0.9 vs. 0.7  

0.1 mmHg/(mL/min), p<0.0001), then gradually increased again between 20 min and 

120 min after birth (0.7  0.1 vs. 2.2  0.6, p=0.031; Figure 2e). 
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Figure 2 

(A) Pulmonary arterial blood flow adjusted for body weight (PBF; mL/min/kg), (B) PBF adjusted 
for lung weight (mL/min/g), (C) end-diastolic pulmonary blood flow (EDF; mL/min/kg), (D) 
pulmonary arterial pressure (PAP; mmHg) and (E) pulmonary vascular resistance (PVR; 
mmHg/(mL/min)) during the 120 min neonatal ventilation in lambs with a diaphragmatic 
hernia (DH; black squares, n=6) and control lambs (white circles, n=6). Linear mixed model fit 
using restricted maximum likelihood. * p<0.05 for an a priori pairwise comparison between DH 
and control lamb, after adjustment to control the experiment-wise maximum false discovery 
rate to 0.05.   
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Gas exchange 

PaCO2 was greater in DH lambs than control lambs before birth (64  2 vs. 49  2 

mmHg, p=0.4; Figure 3a), however arterial pH was not significantly different (7.26  

0.02 vs. 7.25  0.02, p=0.89; Figure 3b). By 10 min after birth, PaCO2 was 60 mmHg 

greater in DH lambs than control lambs (92  11 vs. 34  6 mmHg, p=0.003) and arterial 

pH was lower (7.07  0.06 vs. 7.29  0.05, p=0.03). These differences between DH lambs 

and control lambs persisted until 120 min after birth for both PaCO2 (90  28 vs. 42  

6 mmHg, p=0.005) and arterial pH (7.10  0.15 vs. 7.37  0.05, p=0.008).  

PaO2 (Figure 3c) and SaO2 (Figure 3d) were similar between DH lambs and control 

lambs before birth (PaO2: 21  2 vs. 19  1 mmHg, p=0.89 and SaO2: 48  4 vs. 48  4 

%, p=0.99), however both were severely lower in DH lambs at 5 min (PaO2: 11  2 vs. 

49  8 mmHg, p=0.004 and SaO2: 17  7 vs. 84  8 %, p<0.001) and 10 min after birth 

(PaO2: 24  5 vs. 61  12 mmHg, p=0.004 and SaO2: 44  12 vs. 93  4 %, p<0.001). By 

20 min after birth, both PaO2 and SaO2 were not significantly different between DH 

lambs and control lambs (PaO2: 76  26 vs. 57  10 mmHg, p=0.15 and SaO2: 81  8 vs. 

93  3 %, p=0.3). SaO2 was again lower in DH lambs compared to control lambs at 60 

min (58  14 vs. 92  3 %, p=0.005) and 120 min after birth (65  12 vs. 91  4 %, 

p=0.02). In contrast, PaO2 remained not significantly different between DH and control 

lambs at 120 min after birth (38  7 vs. 48  5 mmHg, p=0.42). However, to maintain 

these PaO2, DH lambs required greater FiO2 than control lambs from 10 min (76  11 

vs. 22  2 %, p=0.0005) to 120 min after birth (53  18 vs. 26  5 %, p=0.03). Hence, 

the AaDO2 was greater in DH lambs compared to control lambs from 10 min (405  74 

vs. 65  16 mmHg, p=0.001) to 120 min after birth (280  130 vs. 49  7 mmHg, p=0.03; 

Figure 3e).  
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Figure 3 

(A) Partial pressure of arterial carbon dioxide (PaCO2; mmHg, with a target range of 60 – 80 
mmHg), (B) arterial pH, (C) Partial pressure of arterial oxygen (PaCO2; mmHg), (D) arterial 
oxygen saturation (SaO2; %) and (E) alveolar-arterial difference in oxygen tension (AaDO2; 
mmHg) during the 120 min neonatal ventilation in lambs with a diaphragmatic hernia (DH; 
black squares, n=6) and control lambs (white circles, n=6). Linear mixed model fit using 
restricted maximum likelihood. * p<0.05 for an a priori pairwise comparison between DH and 
control lamb, after adjustment to control the experiment-wise maximum false discovery rate to 
0.05.   
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Cerebral perfusion 

Heart rate remained stable after birth in control lambs (Figure 4a), but varied in DH 

lambs throughout the 2 hr ventilation period: at 10 min after birth heart rate was greater 

in DH lambs than control lambs (202  16 vs. 145  5 bpm, p<0.001), at 20 min groups 

were not significantly different (169  12 vs. 146  6 bpm, p=0.14), and by 60 min heart 

rate was again greater in DH lambs (184  11 vs. 149  10, p=0.02).  

Carotid arterial pressure increased after birth in both groups (Figure 4b), however to a 

greater degree in DH lambs than control lambs (at 10 min 78  4 vs. 53  2 mmHg, 

p<0.001). By 20 min after birth, carotid arterial pressure was not significantly different 

between DH lambs and control lambs (69  3 vs. 58  4 mmHg, p=0.1).  

Carotid arterial blood flow increased after birth in both groups (Figure 4c), and at 5 min 

after birth was not significantly different between DH lambs and control lambs (30  3 

vs. 30  6 mL/min/kg, p=0.92). However, carotid arterial blood flow remained 

persistently high in DH lambs and at 10 min after birth was 2-fold greater than in 

control lambs (33  5 vs. 15  2 mL/min/kg, p=0.003). By 20 min after birth, carotid 

arterial blood flow was not significantly different between DH lambs and control lambs 

(25  5 vs. 15  2 mL/min/kg, p=0.09) and there remained no significant difference at 

120 min after birth (14  3 vs. 15  1 mL/min/kg, p=0.94).  

Cerebral oxygen delivery was not significantly different between DH lambs and control 

lambs before birth (132  16 vs. 189  23 mL/min/kg, p=0.40), however by 5 min after birth 

was severely lower in DH lambs (61  16 vs. 447  90 mL/min/kg, p<0.001; Figure 4d). By 

10 min after birth, cerebral oxygen delivery was not significantly different between groups 

(249  80 vs. 246  39 mL/min/kg, p=0.96).  

SctO2 sharply decreased after birth in both groups, however rapidly recovered in control 

lambs (Figure 4e). SctO2 was lower in DH lambs compared to control lambs at 5 min (24  

4 vs. 59  12 %, p<0.001) and 10 min (41  7 vs. 76  6 %, p<0.002). By 20 min after birth, 

SctO2 was not significantly different between DH lambs and control lambs (69  6 vs. 75  

6 %, p=0.52). At 60 min after birth, SctO2 was again lower in DH lambs than control lambs 

(50  10 vs. 70  5 %, p=0.02), however this difference was not significant at 120 min after 

birth (55  10 vs. 71  5 %, p=0.052).  
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Figure 4 

(A) Heart rate (bpm), (B) carotid arterial pressure (CAP; mmHg), (C) carotid arterial blood flow 
(CBF; mL/min/kg), (D) cerebral oxygen delivery (DO2; mL/kg/min) and (E) cerebral tissue 
oxygen saturation (SctO2; %) during the 120 min neonatal ventilation in lambs with a 
diaphragmatic hernia (DH; black squares, n=6) and control lambs (white circles, n=6). Linear 
mixed model fit using restricted maximum likelihood. * p<0.05 for an a priori pairwise 
comparison between DH and control lamb, after adjustment to control the experiment-wise 
maximum false discovery rate to 0.05.   
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Discussion 

Our study demonstrates that the neonatal transition at birth is an especially challenging 

period for infants with a CDH. As our lambs with DH transitioned from placental to 

pulmonary gas exchange, their hypoplastic and poorly perfused lungs were unable to 

maintain adequate arterial oxygenation during the first 10 min after birth. 

Consequently, DH lambs experienced sympathetic tachycardia, hypertension, and an 

autoregulatory increase in carotid blood flow to maintain cerebral oxygen delivery. We 

also observed gradually increasing pulmonary vascular resistance in DH lambs during 

the 2nd hour of neonatal ventilation, that likely reflects vasoconstriction in response to 

the initial period of transient, severe hypoxia or to the elevated pulmonary arterial 

pressures experienced during the first 20 min after birth.  

Normally at birth, rapid lung aeration triggers an increase in PBF that allows the lungs 

to begin performing gas exchange and providing left ventricular preload. In our lambs 

with DH, lung aeration was slow and PBF did not even begin to increase until ~2 min 

after birth. We observed similarly low PBF at birth in our previous study, however in 

that study we delayed umbilical cord clamping, so the placenta continued to perform 

gas exchange and provide preload while PBF gradually increased.5 In contrast, in this 

study we clamped the umbilical cord before ventilation began. By removing placental 

support, we can now describe the true physiological effects of inadequate PBF during 

the neonatal transition: insufficient gas exchange and impaired cardiovascular function. 

These results are more relevant to current clinical practice, as most centres continue to 

perform immediate cord clamping for CDH infants.  

After losing placental support and with the lungs not yet adequately perfused, arterial 

oxygen saturation became severely low (<20%) in DH lambs and did not recover until 

at least 10 min after birth. This poor oxygenation likely further restricted PBF, as 

hypoxia is a strong stimulus for pulmonary vasoconstriction, particularly in CDH.16 

Indeed, pulmonary arterial pressure gradually increased in DH lambs during the first 

10 min after birth. The extremely low cerebral oxygen delivery at 5 min after birth and 

subsequent autoregulatory increase in carotid blood flow also raises concerns regarding 

neurological injury, particularly given recent clinical studies that have identified long-
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term neurological dysfunction in CDH survivors.17 We discuss the impact of this 10 min 

period of severe cerebral hypoxia (SctO2 <30%) in more detail elsewhere.9 

Delayed pulmonary vasodilation in DH lambs also had important cardiovascular effects. 

We have previously shown that removing the low-resistance placental circulation by 

clamping the umbilical cord rapidly increases afterload for the heart, which is only 

reduced when the pulmonary circulation vasodilates and allows the ductus arteriosus 

to act as a pressure relief valve.18, 19 When this occurs, blood begins to flow from the 

systemic circulation to the pulmonary circulation at the end of diastole (defined as 

positive EDF). In control lambs, this occurred within the first 5 min after birth. In DH 

lambs, EDF only became weakly positive at 10 min after birth. Hence, the high afterload 

(reflected by high carotid arterial pressure) was sustained for longer in DH lambs than 

controls.  

The tachycardia observed in our DH lambs that underwent immediate cord clamping is 

interesting, as in preterm lambs immediate cord clamping is associated with profound 

bradycardia.19 Indeed, increased afterload should stimulate arterial baroreceptors and 

hence reduce heart rate (albeit to a lesser degree in the fetus and neonate than in the 

adult), decreased preload should reduce heart rate via the reverse Bainbridge reflex, and 

hypoxia should reduce heart rate in the fetus and neonate due to the diving reflex.20-22 

Yet in the setting of increased afterload, reduced preload and severe hypoxia, our 

neonatal lambs with DH experienced significant tachycardia. On the other hand, we 

began the neonatal ventilation with one or two 30 sec sustained inflations, which may 

have increased heart rate via the Hering-Breuer inflation reflex.23 Hypercapnia, seen to 

a greater degree in DH lambs, also stimulates an increase in heart rate, likely by 

provoking catecholamine release from the cardiac sympathetic nerve.24 The interaction 

between these factors affecting heart rate during the neonatal transition in DH lambs 

certainly warrants further study. 

PBF was lower in DH lambs throughout the neonatal ventilation period, although after 

correcting PBF for lung weight there was no difference between groups between 20-60 

min after birth. However, during the second hour of ventilation PBF adjusted for lung 

weight began to decrease in DH lambs while remaining stable in control lambs. In DH 

lambs, this coincided with an increase in calculated pulmonary vascular resistance. 
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Unfortunately, we were unable to calculate pulmonary vascular resistance in control 

lambs because pulmonary arterial pressure was not recorded. However, as described 

above, EDF reflects shunting from the systemic to pulmonary circulation, which is 

dependent on pulmonary vascular resistance. Hence, EDF can be used to indirectly 

reflect pulmonary vascular resistance (for correlation using historical data, see 

Supplementary Figure 1). In our study, EDF decreases towards 0 as pulmonary vascular 

resistance rises in DH lambs. In contrast, EDF remains positive in control lambs, which 

suggests pulmonary vascular resistance remains low in control lambs. Together, these 

results suggest that DH lambs began to develop pulmonary hypertension between 60 

and 120 min after birth. Future animal studies should extend the neonatal ventilation 

period to determine the extent of this pulmonary hypertension, and should consider 

incorporating pulmonary vasodilators used in clinical practice such as inhaled nitric 

oxide and sildenafil. 

We did not confirm lung hypoplasia using histology, which may limit the interpretation 

of our study. However, Pringle et al. have previously described hypoplastic lung 

morphology in a lamb model with DH creation at a similar gestation (~78d GA) with 

similar lung weights.25 Furthermore, in normal fetal lamb development, the greatest 

increase in pulmonary vascular bed cross-sectional area occurs between 85 to 140d 

GA.26 Nevertheless, the effects on lung airway and vascular development may be less 

profound than when the DH is induced at ~63 dGA.27 The severity of lung hypoplasia 

may also be reflected by the high rate of (often not clinically apparent) pneumothoraces 

in our DH lambs, however this also demonstrates the limitations of our ventilation 

strategy. While our gentle ventilation strategy using conventional iPPV is the 

recommended starting point in clinical guidelines for CDH infants, high-frequency 

oscillatory ventilation should be considered when high inspiratory pressures are 

insufficient to maintain blood gas parameters within the target range.7 We did not have 

access to high-frequency oscillatory ventilation, and despite causing pneumothoraces, 

the inspiratory pressures and VT delivered by conventional iPPV were not sufficient to 

maintain PaCO2 within the target range. In DH lambs, PaCO2 increased above our 

permissive hypercapnia range (>80 mmHg) within 10 min after birth and remained 

greater throughout the 2 hr ventilation period, as in CDH infants with severe lung 
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hypoplasia.28 The inconsistency between normal PaO2 and low SaO2 simply reflects 

increased dissociation of Hb and O2 due to high CO2 and low pH (Bohr effect).   

In conclusion, lambs with DH have hypoplastic lungs that are slow to achieve adequate 

aeration and perfusion after birth. When placental support is removed by immediate 

cord clamping, this leads to severe, transient hypoxia and cardiovascular compromise 

during the neonatal transition. Future therapies should aim to extend placental support 

until lung aeration is achieved, by performing physiologically based cord clamping, or 

improve the capacity of the pulmonary vascular bed to accept cardiac output after birth, 

by using antenatal therapies such as sildenafil.9, 29 
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Supplementary Figure 1 

Correlation between pulmonary vascular resistance (PVR; mmHg/(mL/min)) and end-diastolic 
pulmonary blood flow (EDF; mL/min/kg) in newborn lambs with and without diaphragmatic 
hernia during the first 120 min after ventilation onset. Model: PVR = 10-0.03 * EDF + 0.16; R2 = 0.68 
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4 Antenatal sildenafil treatment improves neonatal 

pulmonary haemodynamics and gas exchange in lambs 

with diaphragmatic hernia 

As shown in Chapter 3.2, when ICC is performed, the hypoplastic and poorly perfused 

lungs of DH lambs are unable to maintain adequate arterial oxygenation during the first 

10 min after birth as they transition from placental to pulmonary gas exchange. We also 

observed a gradually increasing PVR during the two hour ventilation period after birth. 

This likely reflects vasoconstriction in response to the transient severe hypoxia that 

occurred initially or to the high pulmonary arterial pressures experienced during the 

first 20 min after birth. 

These results suggest that our DH lambs were developing pulmonary hypertension 

toward the end of the 2 hour ventilation period, which is consistent with previous lamb 

experiments and what is seen clinically.125, 205 This reinforced our hypothesis that the 

unexpected findings in our original study (Chapter 2.1) were at least partially due to 

PBCC. Hence, I decided to perform ICC for our sildenafil study in Chapter 4.1, to isolate 

the effects of antenatal sildenafil therapy.  

As described in Chapter 1.6 and detailed further in my review published in the American 

Journal of Perinatology (Appendix 1), numerous preclinical studies in rodent and rabbit 

models have demonstrated that antenatal sildenafil treatment attenuates pulmonary 

vascular abnormalities associated with CDH. However, it is unclear if these biochemical 

and structural changes will translate to improved cardiopulmonary haemodynamics 

after birth. Before translating these preclinical data into a clinical trial, I aimed to 

investigate the effect of antenatal sildenafil on cardiopulmonary haemodynamics and 

lung function during the neonatal transition in lambs with diaphragmatic hernia. Before 

beginning this experiment, a significant volume of work was required to optimise the 

route of administration for antenatal sildenafil in our model. This preliminary work is 

described in Appendix 2. 
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CONTRIBUTION

What are the novel findings of this work?
Antenatal sildenafil treatment improves neonatal pul-
monary hemodynamics and gas exchange in a lamb model
of congenital diaphragmatic hernia (CDH), which corre-
lates with previous work in rodents demonstrating that
antenatal sildenafil treatment improves pulmonary vascu-
lar structure.

What are the clinical implications of this work?
Antenatal sildenafil treatment should be investigated in a
clinical trial for fetuses with CDH, in order to reduce
the incidence and/or severity of persistent pulmonary
hypertension in the newborn.

ABSTRACT

Objectives Infants with congenital diaphragmatic hernia
(CDH) are predisposed to pulmonary hypertension after
birth, owing to lung hypoplasia that impairs fetal
pulmonary vascular development. Antenatal sildenafil
treatment attenuates abnormal pulmonary vascular and
alveolar development in rabbit and rodent CDH
models, but whether this translates to functional
improvements after birth remains unknown. We aimed
to evaluate the effect of antenatal sildenafil on neonatal
pulmonary hemodynamics and lung function in lambs
with diaphragmatic hernia (DH).
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246 Clayton Road, Clayton, Victoria 3168, Australia (e-mail: ryan.hodges@monash.edu)

#K.J.C. and R.J.H. are joint senior authors.
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Methods DH was surgically induced at approximately
80 days’ gestation in 16 lamb fetuses (term in lambs is
approximately 147 days). From 105 days’ gestation, ewes
received either sildenafil (0.21 mg/kg/h intravenously) or
saline infusion until delivery (n = 8 fetuses in each group).
At approximately 138 days’ gestation, all lambs were
instrumented and then delivered via Cesarean section.
The lambs were ventilated for 120 min with continuous
recording of physiological (pulmonary and carotid
artery blood flow and pressure; cerebral oxygenation)
and ventilatory parameters, and regular assessment of
arterial blood gas tensions. Only lambs that survived
until delivery and with a confirmed diaphragmatic
defect at postmortem examination were included in the
analysis; these comprised six DH-sildenafil lambs and six
DH-saline control lambs.

Results Lung-to-body-weight ratio (0.016 ± 0.001 vs
0.013 ± 0.001; P = 0.06) and dynamic lung compliance
(0.8 ± 0.2 vs 0.7 ± 0.2 mL/cmH2O; P = 0.72) were similar
in DH-sildenafil lambs and controls. Pulmonary vascular
resistance decreased following lung aeration to a greater
degree in DH-sildenafil lambs, and was 4-fold lower by
120 min after cord clamping than in controls (0.6 ± 0.1
vs 2.2 ± 0.6 mmHg/(mL/min); P = 0.002). Pulmonary
arterial pressure was also lower (46 ± 2 vs 59 ± 2 mmHg;
P = 0.048) and pulmonary blood flow higher (25 ± 3
vs 8 ± 2 mL/min/kg; P = 0.02) in DH-sildenafil than in
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DH-saline lambs at 120 min. Throughout the 120-min
ventilation period, the partial pressure of arterial carbon
dioxide tended to be lower in DH-sildenafil lambs than in
controls (63 ± 8 vs 87 ± 8 mmHg; P = 0.057), and there
was no significant difference in partial pressure of arterial
oxygen between the two groups.

Conclusions Sustained maternal antenatal sildenafil infu-
sion reduced pulmonary arterial pressure and increased
pulmonary blood flow in DH lambs for the first 120 min
after birth. These findings of improved pulmonary vas-
cular function are consistent with improved pulmonary
vascular structure seen in two previous animal models.
The data support the rationale for a clinical trial investi-
gating the effect of antenatal sildenafil in reducing the risk
of neonatal pulmonary hypertension in infants with CDH.
Copyright © 2019 ISUOG. Published by John Wiley &
Sons Ltd.

INTRODUCTION

In congenital diaphragmatic hernia (CDH), abdominal
organs herniate into the thorax during embryogenesis,
interfering with fetal lung development and resulting in
severe pulmonary hypoplasia. While CDH is considered
a rare disease, it continues to account for more than 1%
of infant mortality in the USA1,2. This is despite recent
advances in the antenatal diagnosis of CDH and neonatal
care at birth, and it relates primarily to the degree of
lung hypoplasia that affects both airway and vascular
development3. CDH infants are born with small stiff
lungs with a reduced gas-exchange surface area and fewer
pulmonary vessels with altered vasoreactivity4,5. These
changes predispose infants to respiratory insufficiency
and pulmonary hypertension immediately after birth.

Early attempts to repair the diaphragmatic defect
surgically in utero were unsuccessful, so subsequent
fetal interventions have instead focused on enhancing
prenatal lung growth6,7. This approach is feasible
owing to improved assessment of fetal morphology
on antenatal ultrasound, which allows quantification
of the severity of abnormal lung development8. One
potential strategy for improving lung growth is to increase
the volume of lung liquid retained within the future
airways by occluding the fetal trachea9–11. The clinical
evolution of this technique, named fetoscopic endoluminal
tracheal occlusion (FETO)12, has shown some promising
preliminary outcomes13–15, and there are two ongoing
randomized clinical trials in CDH fetuses at risk for
severe and moderate lung hypoplasia (both known by the
acronym Tracheal Occlusion to Accelerate Lung growth,
TOTAL)16. Nevertheless, despite an apparent increase
in survival following FETO, approximately half of the
infants with severe lung hypoplasia do not survive, and
there is limited benefit regarding the incidence of persistent
pulmonary hypertension (PPHN) of the newborn17–19.
Hence, antenatal therapies that specifically address the
pulmonary vascular abnormalities associated with CDH
appear necessary20–22.

PPHN in CDH infants is often refractory to treatment
with inhaled nitric oxide (NO), suggesting abnormalities
in the endothelium-dependent vasodilatory pathways23.
This is supported by the finding that phosphodiesterase-5
(PDE-5) is upregulated in neonatal CDH lungs;
PDE-5 suppresses NO-mediated vasodilatation by rapidly
degrading cyclic guanosine monophosphate (cGMP)24.
Furthermore, antenatal treatment with the PDE-5
inhibitor sildenafil has been shown to attenuate pul-
monary vascular abnormalities in both a nitrofen-induced
CDH rodent model and a surgery-induced CDH rabbit
model, which is more clinically relevant in terms of lung
development25–33. In these animal studies, antenatal silde-
nafil treatment increased cGMP and vascular endothelial
growth factor expression in lung tissue, increased distal
pulmonary vessel density, decreased pulmonary vascular
muscularization, reduced right ventricular wall thickness
and increased distal airway complexity25–33. However,
it is unclear if these improvements in pulmonary vas-
cular structure and biochemistry translate to improved
pulmonary hemodynamics after birth.

Our aim in this study was to investigate the phys-
iological effects of antenatal sildenafil on pulmonary
hemodynamics and lung function during neonatal
transition in lambs with diaphragmatic hernia (DH).

METHODS

Animal model

General surgical methods

This experiment was performed in accordance with
guidelines established by the National Health and
Medical Research Council of Australia and was approved
by the Monash University animal ethics committee. For
the surgical procedures, eight Merino X Border-Leicester
ewes carrying twin pregnancies were anesthetized by
administration of an intravenous bolus of sodium thiopen-
tone (1 g in 20 mL (Pentothal; Jurox, New Zealand)),
intubated with an 8-mm endotracheal tube (Portex Ltd,
Kent, England), and maintained with inhaled isoflurane
(∼2% in room air/oxygen (IsoFlo; Abbott Laboratories,
North Chicago, IL, USA)) administered via a positive-
pressure ventilator (EV500 Anaesthesia Ventilator;
ULCO Medical Engineering, NSW, Australia). In addi-
tion to absence of a corneal reflex, end-tidal carbon
dioxide (CO2), tidal volume, heart rate and oxygen
saturation were continuously monitored (SurgiVet Vital
Signs Monitor; Smiths Medical, USA), to ensure adequate
analgesia and maternal wellbeing.

Induction of diaphragmatic hernia

At approximately 80 days’ gestation (term in lambs is
approximately 147 days), a DH was surgically created
in 16 lamb fetuses, as described previously34. Briefly,
maternal midline laparotomy and hysterotomy allowed
the fetal chest to be exposed and incised through the

Copyright © 2019 ISUOG. Published by John Wiley & Sons Ltd. Ultrasound Obstet Gynecol 2019; 54: 506–516.
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ninth intercostal space. A small segment of the fetal
diaphragm was excised and the stomach and bowels
were pulled into the thoracic cavity. The amniotic
fluid content was restored and 1000 mg Cefazolin was
administered directly into the amniotic sac as antibiotic
prophylaxis (Cefazolin-AFT 1000 mg in 5 mL sterile
water; AFT Pharmaceuticals Pty Ltd, Australia). Ewes
received postoperative analgesia (transdermal fentanyl
patch, 75 μg/h; Janssen-Cilag Pty Ltd, NSW, Australia)
for 3 days and were monitored daily until delivery at
138 days’ gestation.

Sildenafil infusion

At 103 days’ gestation, catheters were placed in the
maternal right jugular vein and carotid artery under gen-
eral anesthesia. The jugular vein catheter was connected
to an infusion pump (CADD-Legacy 1 Ambulatory
Infusion Pump Model 6400; Smiths Medical Australasia
Pty Ltd, Australia), which was secured to the ewe’s back
using netting (Tubular-Net; Sutherland Medical Pty Ltd,
Australia).

At 105 days’ gestation (equivalent to human fetal lung
development at 22 weeks), eight ewes carrying twins were
allocated to either DH-sildenafil or DH-saline. In four
ewes (n = 8 fetuses; DH-sildenafil), the infusion pump
administered sildenafil (2.8 mg/mL sildenafil citrate in
0.9% sodium chloride; Fagron, Belgium) via continuous
intravenous infusion at a dose of 0.21 mg/kg/h until
delivery. In the other four ewes (n = 8 fetuses; DH-saline),
the infusion pump administered an equivalent volume of
0.9% sodium chloride.

Delivery and ventilation

At approximately 138 days’ gestation (near-term), the
lamb fetuses were instrumented prior to Cesarean deliv-
ery, as described previously34. Briefly, the fetuses were
exteriorized and intubated with a clamped endotracheal
tube (size 4.0). Polyvinyl chloride catheters were placed
in the left carotid artery and main pulmonary artery
to allow continuous arterial pressure monitoring, and
in the left jugular vein to allow neonatal drug admin-
istration if required. Ultrasonic flow probes (Transonic
Systems, Ithaca, NY, USA) were placed around the right
carotid and left pulmonary arteries, to allow continuous
recording of blood flow. A pulse oximeter (Radical-7;
Masimo Corp., Irvine, CA, USA) was placed on the
right forelimb, a near-infrared spectroscopy probe (NIRS;
Casmed Foresight, CAS Medical Systems Inc., Bran-
ford, CT, USA) on the forehead and a temperature
probe in the rectum. The stomach was drained via an
orogastric tube. After instrumentation, the lambs were
delivered from the uterus and the endotracheal tube was
unclamped.

The umbilical cord was immediately clamped and
ventilation was commenced with 30-s sustained inflation
(35 cmH2O, 21% oxygen) followed by intermittent
positive-pressure ventilation (iPPV) in volume guarantee

mode using a target tidal volume of 4 mL/kg (Babylog
8000; Dräger, Lübeck, Germany), peak inspiratory
pressure limit of 35 cmH2O, and positive end-expiratory
pressure of 5 cmH2O. If the target tidal volume was
not reached after 30 s, a second sustained inflation was
performed followed by iPPV for a total of 120 min.

The lambs were moved to a warming bed (CosyCot;
Fisher and Paykel, Auckland, New Zealand) and sedated
using alfaxalone (10 mg/kg/h (Alfaxan; Jurox)). Respira-
tory support was titrated to achieve a partial pressure of
arterial CO2 (PaCO2) of 60–80 mmHg, partial pressure
of arterial oxygen (PaO2) of > 40 mmHg and oxygen
saturation (SaO2) of 85–88%, as previously described34.
The lambs were euthanized (intravenous sodium pen-
tobarbitone, 100 mg/kg) after completing the 120-min
ventilation protocol or earlier owing to ethical endpoints
(i.e. in case of severe acidosis or pneumothorax).

Outcome measures

Sildenafil concentration in plasma

Maternal arterial blood samples were obtained at 1,
7 and 21 days after the antenatal infusion of sildenafil
or saline commenced. At delivery, paired maternal and
fetal arterial blood samples were obtained. Plasma
from these samples was isolated via centrifugation
(3000 rpm for 10 min). Total sildenafil concentration
(calculated as sildenafil concentration + 50% of its
active metabolite N-desmethyl-sildenafil35) was analyzed
using ultra-high-performance liquid chromatography
(Vanquish Flex Quaternary; ThermoFisher Scientific,
Australia) in tandem with mass spectrometry (TSQ
Quantiva; ThermoFisher Scientific).

Neonatal cardiopulmonary hemodynamics and lung
function

Pulmonary and carotid arterial blood flow and pressure,
cerebral tissue oxygen saturation (SctO2), tidal volume
and airway pressures were recorded continuously using
LabChart data analysis software (ADInstruments, NSW,
Australia) and analyzed offline in 20-s epochs. Arterial
blood gas tensions were assessed every 5 min during
the first 30 min of ventilation and every 10 min
thereafter.

Pulmonary vascular resistance (PVR), dynamic lung
compliance, alveolar–arterial difference in oxygen tension
(AaDO2) and cerebral oxygen delivery were calculated
using the equations listed in Table 1.

Postmortem examination

The presence of a diaphragmatic defect and herniation
of visceral organs was confirmed during postmortem
examination. Both lungs were weighed, and lung
weight was expressed as a ratio to body weight (fresh
lung-to-body-weight ratio; LBWR).

Copyright © 2019 ISUOG. Published by John Wiley & Sons Ltd. Ultrasound Obstet Gynecol 2019; 54: 506–516.
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Table 1 Equations used for calculation of derived measures

Parameter Equation

PVR (PAP – LAP)/PBF
DLC VT/(PIP – PEEP)
AaDO2 (FiO2 × (Patm – PH2O) – PaCO2/0.8) – PaO2

CaO2
46 (1.39 × Hb × (SaO2/100)) + (0.003 × PaO2)

DO2
46 Carotid arterial blood flow × (CaO2/100)

AaDO2, alveolar–arterial difference in oxygen tension;
CaO2, arterial oxygen content; DLC, dynamic lung compliance;
DO2, cerebral oxygen delivery (mL/min/kg); FiO2, fraction of
inspired oxygen (%); Hb, arterial hemoglobin concentration (g/dL);
LAP, left atrial pressure, assumed to equal 9 mmHg based on
previous studies47; PaCO2, partial pressure of arterial carbon
dioxide (mmHg); PaO2, partial pressure of arterial oxygen (mmHg);
PAP, pulmonary arterial pressure (mmHg); Patm, atmospheric
pressure (760 mmHg); PBF, pulmonary blood flow (mL/min);
PEEP, positive end-expiratory pressure (cmH2O); PH2O, water
vapor pressure (47 mmHg); PIP, peak inspiratory pressure (cmH2O);
PVR, pulmonary vascular resistance; SaO2, arterial oxygen
saturation; VT, tidal volume (mL).

Statistical analysis

We have previously shown that pulmonary blood flow
(PBF) in sham-operated controls is 2.4-fold greater
than in DH lambs34. Based on the variability in that
study, we determined that at least six successful ani-
mals per group would provide power of ≥ 80% with
a two-sided type-I error of 5% to detect a 1.5-fold
increase in PBF in DH-sildenafil lambs compared with
DH-saline lambs. The Shapiro–Wilk test was used to
assess frequency distributions. Normally distributed data
are expressed as mean ± standard error of the mean
(SEM), and non-normally distributed data are presented
as median (interquartile range). For physiological data,
differences between DH-sildenafil and DH-saline lambs
were analyzed over time and between groups using
two-way repeated-measures ANOVA with post-hoc anal-
ysis (Holm–Sidak) determining the time that differences
were evident (SigmaPlot v13.0; Systat Software Inc., San
José, CA, USA); P < 0.05 was taken to indicate a statisti-
cally significant difference.

Data from historical controls (no DH and ventilated
using the same protocol) are displayed in the figures
to provide a physiological context for the ovine model;
however, no statistical comparisons with these historical
controls were made36.

RESULTS

Sildenafil concentration in plasma

Maternal plasma sildenafil concentration was 68 ±
20 ng/mL after 24 h of continuous intravenous infusion,
69 ± 17 ng/mL after 7 days and 79 ± 9 ng/mL after
21 days. Immediately prior to delivery (∼33 days after the
infusion began), maternal plasma sildenafil concentration
was 118 ± 50 ng/mL and fetal plasma sildenafil concen-
tration was 3 ± 0.5 ng/mL. After 120 min of ventilation,
neonatal plasma sildenafil concentration remained at

3 ± 0.5 ng/mL. Sildenafil was not detected in maternal or
fetal plasma samples from DH-saline animals.

Animal groups and gross morphology

Fourteen (of 16) fetuses survived to delivery: seven (88%)
DH-sildenafil lambs and seven (88%) DH-saline ones.
All DH-sildenafil lambs survived the 120-min neonatal
ventilation, however, it was necessary to humanely
euthanize one DH-saline lamb at 90 min after birth
owing to the development of treatment-resistant pneu-
mothorax. Only lambs with a confirmed diaphragmatic
defect at postmortem examination were included in the
analysis; these comprised six DH-sildenafil lambs and six
DH-saline lambs.

Body weight was not significantly different between
DH-sildenafil and DH-saline lambs (4.14 ± 0.25 vs 4.49 ±
0.34 kg; P = 0.43) and neither was LBWR (0.016 ± 0.001
vs 0.013 ± 0.001; P = 0.06).

Ventilation parameters and arterial blood gas tensions

Peak inspiratory pressure and positive end-expiratory
pressure were not significantly different between the
two groups throughout the 120-min ventilation period
(Figure 1a). However, tidal volume (VT) was significantly
greater in DH-sildenafil lambs than in DH-saline lambs at
15 min after cord clamping (4.1 ± 0.5 vs 2.5 ± 0.5 mL/kg;
P = 0.03) (Figure 1b). At the end of the 120-min
ventilation period, there was no significant difference in
VT (4.1 ± 0.4 vs 3.7 ± 0.5 mL/kg; P = 0.45) or dynamic
lung compliance (0.8 ± 0.2 vs 0.7 ± 0.2 mL/cmH2O;
P = 0.72) between the two groups.

PaO2 and SaO2 increased more rapidly after cord
clamping in DH-sildenafil lambs. At 10 min after cord
clamping, both PaO2 (57 ± 18 vs 24 ± 5 mmHg; P = 0.02)
and SaO2 (80 ± 8 vs 44 ± 12%; P = 0.009) were greater
in DH-sildenafil than in DH-saline lambs, despite
having similar fraction of inspired oxygen (62 ± 14 vs
76 ± 11%; P = 0.48). However, after 15 min, PaO2 and
SaO2 were no longer significantly different between the
two groups (Figure 2a,b). AaDO2 was not significantly
different between DH-sildenafil and DH-saline lambs
throughout the 120-min ventilation period (288 ± 84
vs 308 ± 87 mmHg; P = 0.88), nor was the oxygenation
index (23 ± 10 vs 33 ± 10; P = 0.46).

Mean PaCO2 tended to be lower in DH-sildenafil
lambs than in DH-saline lambs throughout the 120-min
ventilation period (63 ± 8 vs 87 ± 8 mmHg; P = 0.057)
(Figure 2c). As minute volume (MV) and PaCO2 are
inversely related, we calculated the product of the
two (MV × PaCO2) to help explain any differences in
PaCO2 levels. This product was initially not different
between the groups, which demonstrates that lower
PaCO2 in DH-sildenafil lambs was associated with
better ventilation. However, by 60 min after cord
clamping MV × PaCO2 was significantly lower in
DH-sildenafil lambs than in DH-saline lambs (49 ± 8
vs 96 ± 24 mL × heart rate × mmHg; P = 0.045), which
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Figure 1 Peak inspiratory pressure (a) and tidal volume (VT) (b), during 120-min ventilation after cord clamping (timepoint 0) in lambs with
diaphragmatic hernia (DH) that received sildenafil ( , n = 6) or saline ( , n = 6) antenatally. Data are mean ± standard error of mean.
Differences between two DH groups analyzed over time and between groups by two-way repeated-measures ANOVA with Holm–Sidak’s
multiple-comparisons test. *P < 0.05 for effect of treatment at timepoint below horizontal line. Data from historical controls without DH
( , n = 6) are displayed to provide physiological context for ovine model, but no statistical comparisons with these historical controls were
made.

shows that PaCO2 was lower in DH-sildenafil lambs
despite similar ventilation. pH was not significantly
different between the two groups throughout the 120-min
ventilation period (7.22 ± 0.05 vs 7.11 ± 0.06; P = 0.18)
(Figure 2d).

Pulmonary perfusion

PBF increased to a greater degree after cord clamping in
DH-sildenafil than it did in DH-saline lambs (Figure 3a),
and at 20 min after cord clamping PBF was 2-fold greater
(42 ± 4 vs 22 ± 3 mL/min/kg; P = 0.006) in DH-sildenafil
lambs. By the end of the 120-min ventilation period, PBF
was 3-fold greater in DH-sildenafil than in DH-saline
lambs (25 ± 3 vs 8 ± 2 mL/min/kg; P = 0.02). Pulmonary
arterial pressure increased rapidly after cord clamping
in both groups, but to a lesser degree in DH-sildenafil
lambs (Figure 3b). By the end of the 120-min ventilation
period, pulmonary arterial pressure was significantly
lower in DH-sildenafil than in DH-saline lambs (46 ± 2
vs 59 ± 2 mmHg; P = 0.048).

PVR was lower in DH-sildenafil lambs before cord
clamping (3.2 ± 0.7 vs 6.5 ± 0.9 mmHg/(mL/min);
P < 0.001) and throughout the 120-min neonatal
ventilation (Figure 3c). The magnitude of the differ-
ence in PVR between DH-sildenafil and DH-saline

lambs increased between 20 min (0.33 ± 0.08 vs 0.71 ±
0.08 mmHg/(mL/min); P = 0.007), 60 min (0.45 ± 0.08
vs 1.86 ± 0.54 mmHg/(mL/min); P = 0.008) and 120 min
(0.60 ± 0.13 vs 2.17 ± 0.58 mmHg/(mL/min); P = 0.002)
after cord clamping. PBF at the end of diastole
(end-diastolic pulmonary blood flow (EDF)) was negative
in both DH-sildenafil and DH-saline lambs before
cord clamping (–14.2 ± 4.2 vs –8.7 ± 1.3 mL/min/kg;
P = 0.46), and became positive within 10 min after cord
clamping (14.4 ± 6.1 vs 7.7 ± 3.2 mL/min/kg; P = 0.179).
In DH-saline lambs, EDF subsequently decreased during
the neonatal ventilation and ultimately returned to
about 0 mL/min/kg by 120 min (Figure 3d). In contrast,
EDF remained positive in DH-sildenafil lambs, and
at the end of the 120-min neonatal ventilation it was
significantly greater than in DH-saline lambs (10.2 ± 1.6
vs 0.6 ± 1.3 mL/min/kg; P = 0.036).

Cerebral perfusion and oxygenation

Carotid arterial blood pressure (CAP) and blood flow
(CBF) increased rapidly within 5 min after cord clamping
in both groups, although the increase was smaller in
DH-sildenafil lambs (Figure 4a,b). At 10 min after cord
clamping, DH-sildenafil lambs had ∼20% lower CAP
(61 ± 6 vs 78 ± 4 mmHg; P = 0.046) and ∼33% lower
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CBF (20.4 ± 4.5 vs 32.9 ± 4.9 mL/min/kg; P = 0.042)
compared with DH-saline lambs. From 10 to 120 min
after cord clamping, both CAP and CBF gradually
decreased in both groups. At the end of the experimental
period, both CAP (49 ± 6 vs 56 ± 6 mmHg; P = 0.42) and
CBF (12.4 ± 2.0 vs 14.3 ± 2.8 mL/min/kg; P = 0.78) were
similar in both DH-sildenafil and DH-saline lambs.

Heart rate was lower in DH-sildenafil lambs than in
DH-saline lambs between 5 min (141 ± 10 vs 181 ± 11
beats per min (bpm); P = 0.02) and 10 min (153 ± 15 vs
202 ± 16 bpm; P = 0.005) after cord clamping, but it was
not significantly different at 20 min after cord clamping
(152 ± 9 vs 169 ± 12 bpm; P = 0.34) or thereafter
(Figure 4c).
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Figure 2 Partial pressure of arterial oxygen (PaO2) (a), arterial oxygen saturation (SaO2) (b), partial pressure of arterial carbon dioxide
(PaCO2) (c) and arterial pH (d), during 120-min ventilation after cord clamping (timepoint 0) in lambs with diaphragmatic hernia (DH) that
received sildenafil ( , n = 6) or saline ( , n = 6) antenatally. Data are mean ± standard error of mean. Differences between two DH groups
analyzed over time and between groups by two-way repeated-measures ANOVA with Holm–Sidak’s multiple-comparisons test. *P < 0.05
for effect of treatment. In all DH lambs, respiratory support was titrated to achieve a PaCO2 of 60–80 mmHg (shaded area in (c)). Data
from historical controls without DH ( , n = 6) are displayed to provide physiological context for ovine model, but no statistical
comparisons with these historical controls were made.
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Cerebral oxygen delivery was greater in DH-sildenafil
lambs than in DH-saline lambs at 5 min after cord
clamping (1.7 ± 0.4 vs 0.6 ± 0.2 mL/min/kg; P = 0.04),
but was not significantly different at 10 min after cord
clamping (2.6 ± 0.6 vs 2.5 ± 0.8 mL/min/kg; P = 0.89) or
thereafter.

SctO2 decreased rapidly in both groups after cord
clamping, but recovered more rapidly in DH-sildenafil
lambs than it did in DH-saline lambs (Figure 4d). SctO2

was significantly greater in DH-sildenafil lambs than in
DH-saline lambs between 7 and 14 min after cord clamp-
ing (at 10 min: 65 ± 5 vs 41 ± 7%; P = 0.007). At the end
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Figure 3 Pulmonary arterial blood flow (PBF) corrected for body weight (a), pulmonary arterial blood pressure (PAP) (b), pulmonary
vascular resistance (PVR) presented on log2 scale (c) and end-diastolic pulmonary blood flow (EDF) corrected for body weight (d), during
120-min ventilation after cord clamping (timepoint 0) in lambs with diaphragmatic hernia (DH) that received sildenafil ( , n = 6) or saline
( , n = 6) antenatally. Data are mean ± standard error of mean. Differences between two DH groups analyzed over time and between groups
by two-way repeated-measures ANOVA with Holm–Sidak’s multiple-comparisons test. *P < 0.05 for effect of treatment at each timepoint
below horizontal line. In (a) and (d), data from historical controls without DH ( , n = 6) are displayed to provide physiological context for
ovine model, but no statistical comparisons with these historical controls were made.
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Figure 4 Carotid arterial blood pressure (CAP) (a), carotid arterial blood flow (CBF) corrected for body weight (b), heart rate (c) and
cerebral tissue oxygen saturation (SctO2) (d), during 120-min ventilation after cord clamping (timepoint 0) in lambs with diaphragmatic
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test. *P < 0.05 for effect of treatment at each timepoint below horizontal line. Data from historical controls without DH ( , n = 6) are
displayed to provide physiological context for ovine model, but no statistical comparisons with these historical controls were made.

of the experimental period, SctO2 was not significantly dif-
ferent between the groups (65 ± 4 vs 55 ± 10%; P = 0.18).

DISCUSSION

We have shown that antenatal sildenafil treatment causes
a greater reduction in PVR after birth in DH lambs,

resulting in higher PBF with lower pulmonary arterial
pressures.

We have shown previously that DH lambs experi-
ence severe hypoxia at birth if the umbilical cord is
immediately clamped37. This is because the hypoplastic
lungs of DH lambs are slow to aerate and perfuse at
birth, so they cannot take over the role of gas exchange
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from the placenta as rapidly as can age-matched control
lambs. Our sildenafil-treated DH lambs also experienced
a hypoxic period immediately after birth; however, as
tidal volumes and PBF increased more rapidly, cerebral
oxygenation recovered considerably faster than in DH
lambs that did not receive antenatal sildenafil treatment.

Compared with DH-saline lambs, antenatal sildenafil-
treated DH lambs maintained higher PBF throughout the
120-min ventilation period despite reduced pulmonary
arterial pressure, which reflects a considerably lower
PVR. PVR was lower in DH-sildenafil, compared with
DH-saline, lambs during the fetal instrumentation period
immediately before birth. This finding is consistent with
those of previous studies in DH rabbits receiving antenatal
sildenafil treatment33, in which lower PVR was attributed
to an improvement in fixed structural factors such as
the density of distal pulmonary blood vessels25,29,31,33.
However, the magnitude of the difference in PVR between
DH-sildenafil and DH-saline lambs increased after birth,
which may reflect a greater vasodilatory response to
lung aeration and ongoing ventilation. The mechanisms
involved are unknown, but may include decreased
muscularization of the pulmonary arteries and increased
expression of vasodilatory mediators, as shown in rodent
DH models25,26,28,29,33. Alternatively, antenatal sildenafil
may enhance the vasodilatory response to birth-related
stimuli such as increased oxygenation38.

Despite higher PBF in DH-sildenafil lambs, oxygen gas
exchange was not different between the two DH groups
during the 120-min neonatal ventilation period. How-
ever, PaCO2 could be maintained more easily within or
below the permissive hypercapnia range (60–80 mmHg),
reflected by a significantly lower MV × PaCO2 product
and indicating improved CO2 gas exchange in ante-
natal sildenafil-treated DH lambs. This inconsistency
in improvements between oxygen and CO2 exchange
probably reflects the higher solubility and hence greater
diffusion capacity of CO2 across the alveolar–capillary
membrane39. Antenatal sildenafil therapy increases distal
airway complexity and gas exchange surface area in
rodent DH models, which, combined with higher PBF,
may have improved CO2 exchange without being suffi-
cient to significantly improve oxygen exchange26,29,30,33.

Reverse (away from the lungs) flow in the pulmonary
arteries during diastole is a common feature of PBF before
birth, resulting in continuous right-to-left shunting via
the ductus arteriosus throughout the cardiac cycle. After
lung aeration, the large decrease in PVR rapidly changes
the PBF waveform. Reverse-flow PBF is abolished and
forward flow into the lung becomes continuous, resulting
in positive EDF. In untreated DH lambs, EDF was lower
and returned to near 0 towards the end of the ventilation
period (Figure 3d), suggesting that right-to-left shunting,
a common feature of PPHN, may have soon re-emerged.
In contrast, in DH lambs treated with sildenafil, higher
EDF and lower PVR make it less likely that right-to-left
shunting would have re-emerged.

In rodent models, the effect of antenatal sildenafil on
gross lung size is unclear. Most studies have found no

difference25,29,33,40, one reported a decrease27 and two
studies reported an increase in lung weight26,30. While
there was no significant difference between the two
groups in our study, we found that DH lambs treated
with sildenafil tended (P = 0.06) to have greater LBWR
than did untreated DH lambs, but the lungs were still
markedly hypoplastic in both treated (48% of historical
controls) and untreated (39%) DH lambs34. Indeed, while
dynamic lung compliance was initially (during the first
20 min) better in sildenafil-treated DH lambs, by the
end of the 120-min ventilation period it was no longer
different between the two groups. These findings suggest
that antenatal sildenafil treatment does not improve lung
parenchymal growth to the same degree as it improves
pulmonary vascular development and function. Hence,
combining antenatal sildenafil therapy with FETO, which
significantly improves lung growth but has limited effect
on the pulmonary vasculature, could provide a synergistic
benefit for fetuses with severe CDH, as demonstrated in
the rabbit CDH model41.

Strengths and limitations

We focused primarily on the physiological effects of
antenatal sildenafil treatment in DH lambs, so our study is
limited by the absence of histological evidence to confirm
the morphological and biochemical features underlying
the observed physiology. However, the effects of sildenafil
on pulmonary vascular development have been well
described in other animal models of CDH and correlate
well with our current findings25–33. Interestingly, fetal
plasma sildenafil concentrations in our lambs immediately
prior to delivery (2–5 ng/mL) were similar to those
obtained in rats by Mous et al.26, but lower than those
obtained in rats by Luong et al.25 and in rabbits by Russo
et al.33. As plasma concentrations of sildenafil persisted in
the same range until the end of the ventilation experiment,
residual effects of sildenafil on pulmonary arterial pressure
and PVR may have confounded our results42. However,
the magnitude of the reduction in PVR seen in our study
(360%) is significantly greater than when sildenafil is
administered only after birth to the neonate (18%)42.
Nevertheless, in future studies it will be important to
clarify whether the observed benefits of sildenafil persist
once it has been cleared from the circulation.

Another limitation of our study is that we did not
investigate the effect of antenatal sildenafil treatment on
lambs without DH. When sildenafil was given to rodents
and rabbits without DH, it decreased the number of
distal vessels and decreased total vascular volume25,26,33.
Given the recent safety concerns regarding the use of
antenatal sildenafil to treat intrauterine growth restriction
(STRIDER)43,44, these worrying findings in rodents and
rabbits may require further investigation in the lamb DH
model before antenatal sildenafil treatment is considered
for mild and moderate CDH cases that may not have
significantly abnormal pulmonary vascular development.
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Conclusions

We have shown that antenatal sildenafil treatment
improves neonatal pulmonary hemodynamics in lambs
with DH. These promising findings correlate with
previous work demonstrating that sildenafil attenuates
abnormal pulmonary vascular development in DH, and
provide evidence for investigating sildenafil in a clinical
setting for fetuses with severe CDH, as is currently
underway in Belgium and France45.
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JM, Jani J, Van Mieghem T, Greenough A, Gomez O, Lewi P, Deprest J. Predictors
of neonatal morbidity in fetuses with severe isolated congenital diaphragmatic hernia
undergoing fetoscopic tracheal occlusion. Ultrasound Obstet Gynecol 2013; 42:
77–83.

20. Kashyap A, DeKoninck P, Crossley K, Thio M, Polglase G, Russo FM, Deprest J,
Hooper S, Hodges R. Antenatal Medical Therapies to Improve Lung Development
in Congenital Diaphragmatic Hernia. Am J Perinatol 2018; 35: 823–836.

21. Eastwood MP, Russo FM, Toelen J, Deprest J. Medical interventions to reverse
pulmonary hypoplasia in the animal model of congenital diaphragmatic hernia: A
systematic review. Pediatr Pulmonol 2015; 50: 820–838.

22. van der Veeken L, Russo FM, van der Merwe J, Basurto D, Sharma D, Nguyen T,
Eastwood MP, Khoshgoo N, Toelen J, Allegaert K, Dekoninck P, Hooper SB,
Keijzer R, De Coppi P, Deprest J. Antenatal management of congenital diaphragmatic
hernia today and tomorrow. Minerva Pediatr 2018; 70: 270–280.

23. Travadi JN, Patole SK. Phosphodiesterase inhibitors for persistent pulmonary
hypertension of the newborn: a review. Pediatr Pulmonol 2003; 36: 529–535.

24. Vukcevic Z, Coppola CP, Hults C, Gosche JR. Nitrovasodilator responses in
pulmonary arterioles from rats with nitrofen-induced congenital diaphragmatic
hernia. J Pediatr Surg 2005; 40: 1706–1711.

25. Luong C, Rey-Perra J, Vadivel A, Gilmour G, Sauve Y, Koonen D, Walker D,
Todd KG, Gressens P, Kassiri Z, Nadeem K, Morgan B, Eaton F, Dyck JR,
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5 General discussion 

5.1 Summary of findings 

In this thesis we have demonstrated that lung hypoplasia, secondary to a DH, has a 

significant effect on cardiopulmonary physiology during the transition from fetal to 

neonatal life. The development of PPHN is one of the most important factors that 

influences survival for CDH infants. We observed that improving pulmonary vascular 

development with fetal therapy or protecting the vessels by optimising delivery room 

management could prevent setting these infants on a path towards PPHN.  

In Chapter 2, we found that while our lambs with a DH had similarly poor respiratory 

outcomes to previous studies using the same model, PBF was similar between DH and 

control lambs after adjusting for lung weight.338, 339 We hypothesised that, in contrast 

to previous studies in which the umbilical cord was clamped immediately at birth, our 

physiological approach to umbilical cord clamping protected the pulmonary 

vasculature from stresses induced by hypoxia and high arterial pressures during the fetal 

to neonatal transition.338, 339 We also demonstrated that the only fetal intervention for 

CDH currently in clinical trials, FETO, increases lung size and increases PBF in 

proportion with lung size, but has minimal benefit on pulmonary gas exchange during 

the first 2 hours after birth.340 

In Chapter 3, we described the effects of physiologically based cord clamping (PBCC) 

on neonatal physiology in lambs with DH, compared to immediate cord clamping (ICC). 

We found that in DH lambs, establishing lung aeration prior to umbilical cord clamping 

prevents severe transient hypoxia at birth and facilitates a greater increase in PBF during 

the first 120 min of neonatal life, compared with ICC.341 However, in Chapter 3.2, 

comparing DH and control lambs that received ICC demonstrated that an irreversible 

factor, such as reduced cross-sectional area of the pulmonary vascular bed, contributed 

to the raised PVR in DH lambs. We hypothesised that this irreversible factor reflected 

abnormal pulmonary vascular development, and hence neonatal PBF may be improved 

by an antenatal medical therapy that attenuates pulmonary vascular abnormalities 

associated with CDH. 
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In Chapter 4, we investigated the effect of antenatal sildenafil treatment on neonatal 

cardiopulmonary physiology in lambs with a DH. We found that antenatal sildenafil 

treatment was associated with lower pulmonary arterial pressures and greater PBF 

during the neonatal transition. However, while antenatal sildenafil treatment resulted 

in a more rapid pulmonary vasodilation, it did not totally prevent the severe transient 

hypoxia immediately after birth and did not increase lung size. Hence, it is possible that 

infants with a CDH will receive synergistic benefits from a combination of FETO to 

increase lung size, sildenafil to improve pulmonary vascular development, and PBCC to 

provide perinatal cardiopulmonary stability.  

 

5.2 The sheep model of congenital diaphragmatic hernia 

In order to investigate novel fetal and neonatal therapies to prevent pulmonary 

hypertension, I first aimed to establish the sheep CDH model at our institution (Chapter 

2). Establishing this model also allowed us to characterise the effect of CDH on neonatal 

cardiopulmonary haemodynamics in more detail than previous studies, given our well-

established techniques for physiological monitoring in neonatal lambs.338, 342, 343 

To model CDH, a diaphragmatic hernia is surgically induced in lambs at ~80d GA 

(equivalent human fetal lung development to 11 weeks of gestation). We chose to use 

sheep, rather than the nitrofen-rat or another surgical model such as the rabbit, because 

their large size permits fetal and neonatal catheterisation, regular arterial blood gas 

monitoring, and the use of equipment designed for human neonates. This allowed us to 

invasively monitor and directly measure pulmonary and systemic blood pressures and 

flows during the cardiopulmonary transition at birth. Furthermore, fetal lung 

development is similar in sheep and humans, and the associated fetal and neonatal 

pulmonary physiology has been well characterised.76, 92, 128, 344  

However, a major limitation of the sheep CDH model is that the hernia is induced 

during the late pseudoglandular stage of lung development, so any pulmonary changes 

that occur in human CDH during the embryonic or early pseudoglandular stage are not 

accounted for. Given the proposed “dual-hit” hypothesis for lung hypoplasia in CDH, 
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some suggest that surgical models are less useful in studying the aetiology and early 

pathogenesis of CDH than pharmacological or transgenic models.95 However, due to its 

large size and similar pattern of lung development, the sheep CDH model remains 

useful for assessing the effects of fetal interventions and neonatal ventilation strategies 

in the context of severe lung hypoplasia before they are considered in humans. 

The timing of DH induction in fetal sheep has varied from 63 to 95d GA in different 

studies.345-347 In our studies, we surgically induced DHs at 80d GA because at earlier 

gestational ages the fetal skin was too fragile to safely perform a reproducible procedure. 

Indeed, our extremely low intraoperative mortality rate across all studies (5%) 

demonstrates the improved safety associated with later surgery as inducing the DH at 

60 – 63d GA reportedly caused a 30% intraoperative mortality rate.345 While our studies 

are limited by a lack of histological data, the morphology of the hypoplastic lung 

secondary to a DH created at ~78 dGA has been described previously.346 They found 

less prominent alveolar capillaries, which is consistent with the finding that the greatest 

increase in pulmonary vascular bed cross-sectional area occurs between 85 to 140d GA 

in fetal sheep (the number of fifth and sixth generation vessels increases from 7.2 x 103 

to 61.8 x 103).348 Hence, inducing a hernia at ~80d GA is early enough to disrupt this 

aspect of pulmonary vascular development. 

All lambs were delivered by caesarean section at ~138d GA (near-term) to avoid both 

lung immaturity associated with early delivery and the complications associated with 

spontaneous vaginal delivery. Indeed, caesarean section delivery allows for the lamb to 

be exteriorised and catheterised in a controlled environment before it is fully 

delivered.349 

Another limitation of the sheep CDH model is that the placenta is synepitheliochorial, 

whereby the fetal and maternal capillaries are separated by a bilayer of uterine epithelial 

cells and syncytotrophoblasts. In contrast, the human placenta is haemomonochorial, 

with only a monolayer of syncytotrophoblasts separating fetal capillaries from maternal 

blood. Hence, the placental transfer of any maternally administered medical therapy, 

such as sildenafil, must be investigated in humans before clinical trials are considered. 

Russo et al. have already demonstrated that sildenafil crosses the human placenta ex 

vivo at a therapeutic level (50 ng/mL) with a fetomaternal concentration ratio of 0.95, 
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and are now investigating the in vivo placental transfer and safety in a phase I/IIb 

study.350, 351 

A final limitation of our sheep experiments is that the neonatal ventilation component 

of our study only continued for 2 hours and so we can only speculate as to the long-

term effects of our fetal and neonatal therapies. Indeed, in our experiment, FETO did 

not improve neonatal gas exchange, yet in a similar experiment in the sheep CDH 

model, FETO was associated with improved gas exchange only after 3 hours of neonatal 

ventilation.342 Future experiments should continue the neonatal ventilation period for 

longer, but this raises additional challenges that include the confounding effects of 

neonatal therapies that are necessary for survival. Indeed, these include therapies such 

as ionotropes (to maintain cardiopulmonary perfusion) and high-frequency oscillatory 

ventilation (to avoid ventilation-induced lung injury and pneumothoraces), which have 

known independent effects of neonatal physiology. Regardless, some suggest that 

arterial blood gas status during the neonatal transition may predict long-term survival, 

hence our results do have some generalisability to longer-term outcomes.352 

During each neonatal ventilation, a large volume of continuous physiological data was 

generated. Given respiratory and cardiovascular variables were dynamically changing 

during the neonatal transition, analysing outcomes solely at one arbitrarily chosen 

timepoint (such as the end of the experimental period) would not convey the entire 

physiological picture. Instead, differences between groups for each variable were 

analysed over time using a 2-way repeated measures analysis of variance, as performed 

extensively in previous studies.167, 196, 344, 353, 354 However, this approach is limited 

because it considers time as a categorical nominal variable (rather than continuous, or 

at least ordinal), it can only correct for missing timepoints by excluding an entire 

animal, and sphericity is assumed. In future experiments, as was performed in Chapter 

3.2, a mixed model fitted by the restricted maximum likelihood method is likely more 

appropriate. 

Given the large number of timepoints and physiological variables analysed, the issue of 

multiple comparisons also becomes important. If 100 variables are compared in samples 

taken from two populations that are not truly different in any way, by chance alone 

there will be a statistically significant difference in 5 variables at the p<0.05 level. There 
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are two approaches to controlling this Type I error. The first, proposed by Bonferroni 

and subsequently developed by Holm and Sidak, aims to ensure that the chance of 

making any Type I error remains below 5%.355 However, this approach results in the 

paradoxical situation in which reporting a continuous variable at a greater number of 

discrete time points results in a significant reduction in statistical power. Consider the 

following situation. If PBF is averaged every 10 sec for 20 min, there are 120 data points, 

and therefore the difference between each group at each time point must have a p-value 

of <0.0005 to be statistically significant after adjusting for multiple comparisons. If PBF 

is averaged every 2 min for 20 min, there are 10 data points, and therefore the difference 

between each group at each time point must have a p-value of <0.005 to be statistically 

significant after adjusting for multiple comparisons. Hence, more comparisons are 

described as significant when fewer time points are assessed, despite the underlying 

physiological data not changing. To prevent this situation, an alternative approach to 

correcting for multiple comparisons is required, such as controlling the false-discovery 

rate (FDR). Controlling the FDR, proposed by Benjamini and Hochberg, aims to ensure 

that the total number of false-discoveries (Type I errors) remains less than 5% of 

all discoveries.356 In this way, increasing the number of sampled time points does 

not reduce statistical power.  

Analysing physiological data at multiple time points also reduces the number of animals 

required to achieve adequate statistical power. By estimating the variance and 

correlation patterns not only between subjects, but also of repeated measures of the 

same physiological variable in the same subject, a given statistical power can be 

achieved with less subjects than if groups were compared at a single time point.357, 358 

This has important ethical considerations. 
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5.3 Preventing pulmonary hypertension in congenital 

diaphragmatic hernia 

As described in Chapter 1.3, PPHN occurs in CDH infants due to a combination of 

irreversible abnormalities in pulmonary vascular structure and reversible changes in the 

vasoreactivity of the pulmonary vascular bed.  

Aside from a smaller lung, the irreversible components of PPHN appear less important 

during the neonatal transition than has previously been assumed, given that there was 

no difference in PBF corrected for lung weight between lambs with and without a DH 

when PBCC was performed (Chapter 2). This finding is consistent with our discussion 

in Chapter 1.1.3. In the post-mortem studies that categorised pulmonary vessels by 

branching generation rather than size, neomuscularisation of intra-acinar vessels that 

was observed at 10 weeks of postnatal age was not evident immediately after birth.9, 117 

Together with our findings, this suggests that abnormal structural development and 

vasoreactivity is more important initially and then the subsequent physiological 

changes cause pulmonary vascular remodelling and significant neomuscularisation 

after birth. However, this remains only a hypothesis because histological analysis was 

not performed in our study. We did not perform histological analysis because we are 

developing X-ray imaging and analytical techniques to create 3D-reconstructions of the 

pulmonary vasculature (Figure 15). We will use these reconstructions to investigate the 

impact of DH on pulmonary vascular morphology and determine whether any 

abnormalities in vascular branching, arterial generations, cross-sectional area, 

tortuosity and density are attenuated by antenatal sildenafil. To prepare the lungs for 

imaging, we perfused the pulmonary vasculature with the contrast agent Microfil 

immediately at post-mortem, which precludes traditional histology and 

immunohistochemistry analyses. We have already captured these images at the 

Australian Synchrotron, as described in Appendix 3, however the reconstruction and 

analysis of these images is ongoing and will be published separately. 
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Figure 15 - The process to reconstruct the pulmonary vasculature for analysis, in 
the left lung of a rabbit kitten with a diaphragmatic hernia.  

(A) The contrast agent Microfil is perfused into the pulmonary vasculature immediately at post-
mortem. (B) The pulmonary vasculature is imaged using computated tomography to obtain a
series of 2D projections. (C) The 2D projections are then segmented, combined and rendered
as a mesh in 3D space. (D) The mesh of the pulmonary vasculature tree is then converted to a
skeleton, wherein nodes (yellow) and edges (blue) are defined. This allows analysis of vessel
generation numbers, branching angles, tortuosity, vessel length, vessel radius and cumulative
vessel volume. Images used with permission from Mr Andrew Stainsby.

Our experiments suggest that a component of the PPHN that develops after birth is 

avoidable and potentially commences during the neonatal transition. We found that 

PVR at 2 hours after birth was lower in DH lambs that underwent PBCC compared to 

those that underwent ICC. We hypothesise that this lower PVR occurred because PBCC 

lambs gradually transitioned from placental to pulmonary gas exchange without rapid 

swings in arterial pressures, blood flows, or oxygenation. A higher PVR in ICC lambs 

suggests that an initial period of severe hypoxia and elevated pulmonary arterial 

pressures at birth may be the initial trigger for pulmonary vasoconstriction in infants 

with a CDH who undergo ICC. Indeed, hypoxia is a strong stimulus for pulmonary 

vasoconstriction, particularly in CDH infants.219, 359-361  

If hypoxia and raised intravascular pressure related to ICC is the initial trigger for 

pulmonary hypertension in CDH infants, this may explain why PPHN is so difficult to 

predict prenatally. That is, rather than depending on prenatal factors, it may also 

depend on how the infant is managed at birth, and particularly the delay between cord 

clamping and establishing pulmonary gas exchange in the delivery room; this is not 

reported in prenatal prognosis studies.362 The most promising avenue for future 

prenatal predictors of pulmonary hypertension may in fact be the fetal response to 
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maternal hyperoxygenation, as this reflects the response of the pulmonary vasculature 

to birth-related vasoactive stimuli.363 While measurements obtained via Doppler 

ultrasound are too variable to be clinically useful, ongoing advances in phase-contrast 

MRI imaging may allow more accurate measurements of PBF to be obtained in utero.364 

This technique will also allow operators to determine flow patterns from the umbilical 

circulation through the foramen ovale to the left ventricle, which may contribute to 

PPHN in CDH infants by causing left ventricular hypoplasia and subsequent pulmonary 

venous hypertension.157 

While the physiological benefits of PBCC appear important, merely avoiding an initial 

period of hypoxia and raised intravascular pressure at birth is unlikely to completely 

prevent PPHN. Indeed, the neonate will encounter future vasoconstrictive stimuli and 

the underlying structural abnormalities remain, although they would be expected to 

subside as the lung grows postnatally.9, 117 Hence, antenatal therapies such as sildenafil, 

that increase pulmonary vascular angiogenesis, reduce pulmonary vascular 

muscularisation and alter the pulmonary vascular response to vasoactive stimuli, are 

also required. Indeed, our DH lambs treated with antenatal sildenafil still experienced 

a hypoxic period with raised intravascular pressures following immediate cord 

clamping. However, they recovered more rapidly than lambs not exposed to antenatal 

sildenafil and this initial insult did not appear to trigger the same degree of pulmonary 

vasoconstriction. Another promising antenatal medical therapy which acts earlier in the 

endothelium-dependent vasodilation pathway and also has anti-proliferative effects is 

the ET-1 inhibitor bosentan. This may provide some synergistic benefit in combination 

with sildenafil, as shown in a rat CDH model.110 Targeting a different pathway, the 

prostacyclin receptor agonist selexipag also reduces pulmonary vascular wall thickness 

in the rat CDH model, however does not have any synergistic effect with sildenafil.365 

Given our experiments suggest that raised pulmonary arterial pressure during the initial 

neonatal transition may contribute to pulmonary vascular remodelling, reducing this 

pressure with early administration of pulmonary vasodilators (immediately at birth) 

such as iNO, sildenafil and milrinone may also reduce the incidence of subsequent 

PPHN. A further reduction in pulmonary arterial pressures could be achieved by 

allowing some degree of right-to-left shunting, as this would reduce the volume of blood 
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flowing through the high-resistance pulmonary circulation. To achieve this, ductal 

patency could be maintained using prostaglandin E1. 

Throughout this thesis, PVR was calculated based on measured PBF and pulmonary 

arterial pressure. To determine the driving pressure for this calculation, left atrial 

pressure was assumed to equal 9 mmHg based on previous studies.150, 366, 367 However, 

left atrial pressure is likely to vary between lambs, and also to dynamically change 

during the neonatal cardiopulmonary transition. Hence, the calculated PVR may not 

accurately reflect true PVR, particularly in the context of increased PBF flow, such as in 

lambs that received antenatal sildenafil treatment. Hence, we also assessed PVR by 

measuring end-diastolic PBF, a sensitive indicator of downstream resistance.367 

Reassuringly, there was a strong correlation between end-diastolic PBF and calculated 

PVR across all experiments (Chapter 3.2, Supplementary Figure 1). 

5.4 Future directions 

In this thesis I have described the effects of lung hypoplasia secondary to a DH on 

cardiopulmonary physiology during the neonatal transition and investigated fetal and 

neonatal approaches to ensure that PBF and gas exchange is optimised during this 

period. Our experiments have also suggested future directions for research in this field, 

regarding case selection for fetal therapy and optimising the neonatal transition in 

clinical practice. 

5.4.1 Determining candidates for fetal therapy 

If fetal therapy is to be offered for CDH patients, prenatal imaging should provide an 

accurate prognosis so that parents can make an informed decision. However, at least 70 

scans are required for an inexperienced trainee to become competent in measuring the 

lung-to-head ratio (the most accurate prenatal predictor of neonatal outcome).368 

Previously, fetal therapy for CDH has been limited to high-resource settings, as FETO 

requires highly-experienced operators and access to significant medical resources and 
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equipment. In these settings, there is enough case-volume for sonographers and 

maternal fetal medicine specialists to become competent in measuring lung-to-head 

ratio and determining prognosis. In contrast, an antenatal medical therapy such as 

sildenafil would allow fetal therapy for CDH in low-resource settings, such as 

developing countries, and countries with low population density, such as Australia. 

Given the relative rarity of CDH (1 in 3000), many practitioners in these settings may 

not see 70 cases in their entire career. Hence, a new method for prenatal 

prognostication with a more rapid learning curve would be desirable. A promising 

method appears to be grading stomach position on antenatal ultrasound, given the 

hypoechoic stomach can be easily visualised369, 370 

 

5.4.2 Establishing the safety profile of sildenafil during pregnancy  

To attenuate the pulmonary vascular abnormalities associated with CDH and hence 

improve neonatal pulmonary haemodynamics, we investigated antenatal treatment 

with the PDE5 inhibitor, sildenafil. A number of antenatal medical therapies for CDH 

have been investigated in pre-clinical models, however, we chose to investigate 

sildenafil because it was already widely used to treat pulmonary hypertension in adults 

and children. At the time this thesis commenced the literature suggested that sildenafil 

could be used in pregnant women without maternal or fetal side effects298, 319, 324, 371-373 

and it had also been used off-label in neonates with a CDH, to treat pulmonary 

hypertension (CoDiNOS, Eudra CT: 2017-000421-13). There was also excellent 

placental transfusion data in an ex vivo model, with a fetomaternal concentration ratio 

of 0.95.350  

The safety of sildenafil in pregnancy was recently called into question following an 

interim analysis of the Dutch STRIDER trial.331 As described in Chapter 1.6.3, STRIDER 

is an international consortium of five randomised controlled trials (Netherlands, UK, 

Australia/New Zealand, Canada, Ireland), that aimed to determine if maternal sildenafil 

treatment increases gestation length, placental function and fetal growth in pregnancies 

with dismal prognosis early-onset IUGR. Each site agreed to follow the same protocol 

and to subsequently conduct a planned individual patient data meta-analysis. After 
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interim analysis of the Dutch trial, the study was suspended due to a likely lack of 

efficacy and potential harm relating to an increased incidence of PPHN and neonatal 

mortality.331 Of the first 183 patients recruited, 134 survived to birth. Of these 

neonates, 17 (27%) of 71 in the sildenafil group died prior to discharge compared to 

only 9 (14%) of 63 in the placebo group, hence the relative risk of neonatal death 

associated with antenatal sildenafil treatment was 1.87 (95% CI: 0.91 – 3.84).328, 331 

Furthermore, PPHN was observed in 27% of sildenafil neonates compared to only 5% 

of placebo neonates.328, 331  

Interestingly, an association between antenatal sildenafil treatment and increased 

neonatal mortality or PPHN was not observed in the completed UK or Australia/New 

Zealand trials. In the UK trial, sildenafil and placebo groups had similar rates of fetal 

mortality (21/70 [30%] vs. 22/65 [34%]), neonatal mortality (10/49 [20%] vs. 7/43 

[16%]), and only one neonatal death was attributed to PPHN in each group.329 In the 

Australia/New Zealand trial, sildenafil and placebo groups also had similar rates of fetal 

mortality (7/63 [11%] vs. 12/59 [20%]), neonatal mortality (5/56 [9%] vs. 4/47 [9%]), 

and PPHN (1/56 [2%] vs. 1/47 [2%]).330   

While the planned individual patient data meta-analysis of all five sites has not yet been 

reported, a preliminary report combining the Dutch, UK and Australia/New Zealand 

trials shows that antenatal sildenafil treatment is associated with a 1.49-fold increased 

risk of neonatal mortality, but this is not statistically significant (95% CI: 0.90 – 2.47).328 

Despite the lack of statistical significance, caution is clearly required when considering 

sildenafil for use in any human pregnancy, particularly for fetuses with severe IUGR.  

A mechanism for the increased neonatal mortality in the Dutch trial has been proposed 

in a recently published study in a sheep model of fetal growth restriction. Inocencio et 

al. found that antenatal sildenafil attenuated the brain-sparing cerebral vasodilation 

and peripheral vasoconstriction that normally follows growth restriction, which may 

limit acute cerebral responses to neonatal challenges.334 However, that study did not 

assess the pulmonary vascular bed. Interestingly, the CDH literature provides some 

evidence to support the association between antenatal sildenafil and neonatal 

pulmonary hypertension reported in the Dutch STRIDER trial. In rodents and rabbits 

with normally developed lungs (control animals for CDH experiments), antenatal 
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sildenafil treatment reduces pulmonary vascular branching and increases vessel wall 

thickness.111, 115, 313  

Together, these studies suggest that sildenafil exerts a different action on the lungs of 

growth-restricted fetuses, healthy fetuses, and fetuses with a CDH. Given these 

differential effects, the negative findings in the Dutch STRIDER trial should not be 

extrapolated to other indications for the use of sildenafil during pregnancy. The 

significantly improved pulmonary haemodynamics we observed in sildenafil-treated 

CDH lambs in Chapter 4 suggest that antenatal sildenafil may decrease the incidence of 

PPHN in the CDH cohort, rather than increasing risk.  

The maternal and fetal safety profile for antenatal sildenafil treatment is also under 

investigation by Russo et al. in a Phase I/IIb clinical trial.351 The next step will be to 

translate our findings into a randomised controlled trial that assesses the efficacy of 

antenatal sildenafil in preventing and/or reducing the severity of PPHN in CDH infants. 

Given that antenatal sildenafil treatment adversely affected the pulmonary vasculature 

of control animals in rodent and rabbit studies, such a trial would likely first recruit 

moderate-severe CDH cases.111, 115, 313 This raises the question of whether fetuses 

enrolled in this trial should also be offered FETO (pending TOTAL trial results). As we 

demonstrated in Chapter 2.2, FETO predominantly improves lung size, compliance and 

ventilation, with limited benefit to neonatal pulmonary haemodynamics. Given that 

sildenafil primarily improves pulmonary vascular development, without increasing lung 

size, the two fetal therapies appear likely to have synergistic benefit. Indeed, in rabbit 

DH kittens the combination of maternal sildenafil treatment and FETO was more 

effective in improving pulmonary vascular and alveolar development than either 

therapy alone. 374 In this study, sildenafil also restored normal surfactant protein 

expression in kittens exposed to FETO, which suggests that adjuvant sildenafil 

treatment may absolve the need for balloon removal prior to delivery. Sildenafil may 

mediate this effect by inhibiting TGF-β, as this factor is increased after prolonged 

tracheal occlusion, inhibits surfactant protein expression, and is inhibited by 

sildenafil.375-379 Restoring surfactant expression will significantly improve outcomes for 

the 20% of CDH fetuses treated with FETO who do not undergo planned balloon 

removal due to pre-term premature rupture of membranes and/or pre-term delivery. 
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Furthermore, if PBCC becomes routine care for CDH infants, balloon retrieval in the 

delivery room can be calmly performed while placental gas exchange continues through 

the intact umbilical cord. 

If antenatal sildenafil is trialled for CDH fetuses, the earliest point at which it could be 

routinely initiated would be at 22 weeks of gestation, as most CDH cases are diagnosed 

on routine obstetric morphology ultrasound scans between 18 – 22 weeks.4 At this 

gestational age, fetal lung development is midway through the canalicular stage, when 

progressive thinning of interstitial tissue (septa), capillary proliferation and air-space 

expansion occurs. The equivalent stage of lung development in the fetal sheep occurs at 

105d GA, which is when we began our continuous maternal sildenafil infusion. We 

continued the infusion until immediately prior to planned delivery by caesarean section 

at ~138d GA, however did not administer any neonatal sildenafil infusion. A possible 

explanation for the pulmonary hypertension observed in the Dutch STRIDER trial is 

that the fetuses became dependent on sildenafil-mediated PDE5 inhibition, so when 

this was withdrawn after birth they were left in a pro-vasoconstrictive state. Hence, 

future studies should investigate administering neonatal sildenafil in the delivery room 

and slowly weaning the dose after birth. 

At a maternal dose of 0.21 mg/kg/hour, we achieved a steady state of 3 ng/mL sildenafil 

in the fetal plasma. This is well below the established therapeutic range (47 – 500 

ng/mL), however we did observe a significant improvement in neonatal pulmonary 

haemodynamics. This suggests that the plasma concentration required for sildenafil to 

exert chronic anti-proliferative and angiogenic effects may be lower than that required 

to stimulate acute vasodilation; less than 50% inhibition of PDE5 activity may still 

improve vascular development, particularly if baseline PDE5 activity is abnormally 

increased.380, 381 Our fetal plasma sildenafil concentrations were similar to those 

obtained in the nitrofen-rat by Mous et al., yet significantly lower than those obtained 

in rabbits by Russo et al.115, 313 Furthermore, the fetomaternal concentration ratio in our 

study was 0.03, whereas in ex vivo perfused human placental cotyledons it is 0.95.350 In 

that placental transfusion study, sildenafil was found to saturate all cotyledon binding 

sites before fetal transfer began.350 Given their epitheliochorial placenta and multiple 

discrete cotyledons, it is possible that sheep have more placental binding sites for 
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sildenafil than humans, which may explain the reduced placental transfer. 

Unfortunately, the discrepancy between our fetal plasma sildenafil concentrations in 

lambs and those obtained by Russo et al. in rabbits make it difficult to recommend the 

ideal target therapeutic range for human trials.115 

 

5.4.3 Achieving a physiological approach to birth in clinical practice 

Our study in Chapter 3 joins a large body of research suggesting that PBCC is the 

appropriate strategy for managing neonates requiring resuscitation at birth.12, 13, 158, 187, 

191-193, 354, 382-384 While ICC is standard clinical practice for infants requiring 

resuscitation at birth, this is merely based on expert opinion.183 In the absence of high 

quality clinical evidence, guidelines should consider scientific knowledge from high 

quality animal research. As such, we suggest that PBCC should now be considered in 

CDH infants where resuscitation at the maternal bedside is feasible. 

Feasibility of delaying cord clamping in infants that require resuscitation 

The remaining barrier to performing PBCC in infants with a CDH is the feasibility of 

providing neonatal respiratory support at the maternal bedside. To achieve this, 

neonatologists are designing resuscitation equipment that can be used non-obtrusively 

at the maternal bedside. These range from simple mobile platforms that can be covered 

with a sterile drape (Baby-DUCC191) to complete resuscitation modules with in-built 

physiological monitoring devices, such as the Concord Birth Flow197. We are working 

closely with the group of Prof Arjan te Pas at Leiden University Medical Centre and Dr 

Philip DeKoninck at Erasmus MC to develop a clinical trial for PBCC in CDH infants 

using this Concord Birth Flow device, which has already been successfully used for pre-

term infants (NL69575.078.19).13  

In a small pilot study, Lefebvre et al. have already demonstrated that PBCC (termed 

intact-cord resuscitation in their study) is feasible for CDH infants.193 Their preliminary 

results are consistent with our findings; PaCO2 was lower in infants that underwent 

intact cord resuscitation compared to those that underwent ICC and there was no 

significant difference in SpO2, however pre- and post-ductal SpO2 were maintained in 
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the target range in both groups by using high FiO2. As we described in Chapter 3, the 

discrepancy between O2 and CO2 can be partially explained by the high FiO2 and 

airway pressures used in all groups to maintain relatively normal PaO2, but also by the 

higher solubility and hence greater diffusion capacity of CO2 across the alveolar-

capillary membrane.385  

Very recently, Foglia et al. have also demonstrated that PBCC is feasible for CDH infants 

with more severe prognostic parameters (median observed/expected lung-to-head ratio 

30.1%; intrathoracic liver in 70%).384 The primary outcome of this pilot study was 

successful intubation prior to umbilical cord clamping within 3 minutes after birth, 

which occurred in 17 of 20 infants. Intubation was not possible in 3 infants due to infant 

positioning, so the umbilical cord was clamped, and they were transferred to a warming 

bed before ventilation commenced. The study was not powered to detect differences in 

physiological or clinical outcomes. Regardless, compared to matched historical 

controls, CDH infants that were intubated and ventilated prior to umbilical cord 

clamping had higher haemoglobin and mean arterial pressure at 1 hour after birth, and 

no difference in blood gas parameters or oxygenation indices within the first 48 hours 

after birth. All infants had evidence of pulmonary hypertension on echocardiograms 

conducted at a mean of 13 hours after birth, with no difference in severity between 

infants in the trial arm and matched historical controls. In contrast, in our lamb study 

(Chapter 3), PVR was lower in PBCC lambs at 2 hours after birth, compared to ICC. This 

discrepancy may be due to the shorter duration of intact-cord resuscitation in the Foglia 

et al. study compared to our lamb study, as the umbilical cord was clamped after 

consistent qualitative colorimetric CO2 detection, which occurred after a median 

ventilation duration of only 14 (IQR 11-19) seconds. Alternatively, it may suggest that 

the cardiopulmonary benefits we observed are less apparent beyond the first 2 hours 

after birth. We anticipate that these questions will be answered in an appropriately 

powered randomised study, as is currently underway in The Netherlands and Belgium 

led by DeKoninck et al. (NL69575.078.19). 
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Further investigating the unique impacts of immediate cord clamping on 

infants with hypoplastic lungs 

In Chapter 3.2, we demonstrated that DH lambs responded to ICC with significantly 

greater physiological disturbances than healthy control lambs, including sympathetic 

tachycardia, hypertension, and an autoregulatory increase in carotid blood flow to 

maintain cerebral oxygen delivery.  

The tachycardia observed in our DH lambs that underwent ICC is interesting, as in 

preterm lambs ICC is associated with profound bradycardia.158 Indeed, increased 

afterload should stimulate arterial baroreceptors and hence reduce heart rate (albeit to 

a lesser degree in the fetus and neonate than in the adult), decreased preload should 

reduce heart rate via the reverse Bainbridge reflex, and hypoxia should reduce heart rate 

in the fetus and neonate due to the “diving reflex”.386-388 Yet in the setting of increased 

afterload, reduced preload and severe hypoxia, our neonatal lambs with DH experienced 

significant tachycardia. However, we began the neonatal ventilation with one or two 30 

sec sustained inflations, which may have increased heart rate via the Hering-Breuer 

inflation reflex.389 Hypercapnia, seen to a greater degree in DH lambs, also stimulates 

an increase in heart rate, likely by provoking catecholamine release from the cardiac 

sympathetic nerve.390 The interaction between these factors affecting heart rate during 

the neonatal transition in DH lambs certainly warrants further study.  

Sustained inflations to initiate respiratory support for infants with a 

CDH 

In our PBCC strategy, we began neonatal ventilation with a 30 sec sustained inflation, 

as we have previously shown that this allows more rapid alveolar recruitment and a 

faster increase in PBF at birth.391-393 Hence, we may have underestimated the benefits 

of PBCC, as our ICC lambs reached tidal volume and established pulmonary gas 

exchange more rapidly than if a sustained inflation had not been used (as occurs 

clinically). However, the sustained inflation was performed using room air, so ICC lambs 

did not receive supplemental oxygen until at least 90 sec after the umbilical cord was 

clamped. In contrast, as PBCC lambs were already on intermittent positive pressure 
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ventilation at the time of umbilical cord clamping. Hence, PBCC lambs could 

immediately receive supplemental oxygen when the cord was clamped and they became 

solely reliant on pulmonary gas exchange. This raises the important question of whether 

a sustained inflation should be performed with supplemental oxygen, which is 

particularly relevant after ICC as there is no supplemental placental gas exchange.  

While a sustained inflation results in better lung mechanics at birth, a recent study in 

pre-term lambs suggests that it is associated with long-term lung injury compared to 

initiating the respiratory transition with conventional ventilation.394 In that study, 

Tingay et al. propose that a sustained inflation preferentially aerates more compliant 

regions, creating injury within the non-dependent lung due to continuous stretch at 

high distending pressure, and leading to atelectasis within the dependent lung. 394 

Instead, they suggest that a gradual aeration strategy with dynamic positive end-

expiratory pressure is a more appropriate initial ventilation strategy. However, the 

inflations performed in that study were sustained for up to 180 sec, so our 30 sec 

sustained inflation likely did not cause the same degree of stretch-related injury.  

While the lamb study by Tingay et al. raises concerns regarding the use of sustained 

inflations in CDH infants, the recent SAIL trial (Sustained Aeration of Infant Lungs) 

appears less relevant to the CDH population.395 The increased early mortality in the 

sustained inflation group of the SAIL trial (7.5% vs 1.4% died within 48 hours of birth, 

p=0.002) likely reflects the failure of non-invasive ventilation against an actively 

adducted glottis immediately at birth, rather than an inherent failure of sustained 

inflation. Indeed, a sustained inflation, when delivered non-invasively, is only effective 

if the infants are breathing.396 Animal experiments suggest this is due to active glottic 

adduction, as the glottis and epiglottis are predominantly closed until a stable breathing 

pattern is established.397   

Supplemental oxygen requirements during PBCC 

Standardised guidelines for neonatal management of infants with a CDH suggest that 

FiO2 should begin at 100% and be titrated to achieve preductal oxygen saturations 

between 80 – 95%.183 As we demonstrated that PBCC avoids the severe, transient 

hypoxia associated with ICC, infants managed with PBCC may not require supplemental 
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oxygen initially. As placental gas exchange continues while the umbilical cord remains 

unclamped, arterial oxygenation remains at normal fetal levels regardless of alveolar 

oxygenation. Our group has previously shown that alveolar oxygenation is not required 

to induce the increase in PBF at birth, despite concerns that alveolar hypoxia may 

induce local pulmonary vasoconstriction.165 Indeed, unnecessary alveolar hyperoxia 

may simply induce reactive oxygen species that damage the pulmonary vasculature. 

Furthermore, while the normal fetal PaO2 inhibits respiratory drive, infants with a CDH 

are intubated and hence are not required to spontaneously breathe at birth.398 Clearly 

this is an area that requires further study, and we have already designed preclinical 

experiments to address the question of supplemental oxygen requirements during 

PBCC. 

The optimal moment of umbilical cord clamping 

As discussed in Chapter 1.2, the moment of umbilical cord clamping should not be 

based on an arbitrary timepoint. Instead, the umbilical cord should be clamped when 

the infant is ready to transition from placental to pulmonary gas exchange. We used 

tidal volume as a proxy for this moment, believing that if the lungs are fully aerated, 

then the lamb is ready to transition to pulmonary gas exchange. However, pulmonary 

perfusion is also important for gas exchange. 3 of our 11 PBCC lambs reached their 

target tidal volume within 210 sec, however, all DH lambs had low PBF at this timepoint 

(Chapter 3, Figure 2b). This suggests that for these 3 animals, we clamped the umbilical 

cord before their lungs were adequately perfused. On the other hand, the remaining 8 

PBCC lambs did not experience hypoxia despite not achieving their target tidal volume 

when their umbilical cords were clamped at 10 min after birth, so we may have clamped 

their umbilical cords later than necessary. This experience suggests that determining 

the moment of cord clamping based on PBF would be superior. Unfortunately, it is 

difficult to assess PBF in human neonates. Instead, we propose using a combined 

measure of pulmonary ventilation and perfusion, such as the expired CO2, or waiting 

until the infant is stable, defined as achieving pre-ductal oxygen saturation of over 85% 

with less than 40% FiO2.191, 197, 384 
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Regardless, current protocols that emphasise 1 – 3 min of delayed cord clamping clearly 

need revising. In lambs, our group has shown that it takes up to 20 min to establish a 

stable breathing pattern and for the PBF waveform to adopt the neonatal phenotype 

after birth, and that umbilical cord clamping can be safely delayed for this duration.181 

A study of over 15,000 healthy term births in a rural Tanzanian hospital found that the 

risk of death or admission to the neonatal care unit decreased by 20% for every 10-

second delay in umbilical cord clamping after the onset of spontaneous respirations.399 

The timing of umbilical cord clamping should not be based upon optimising placental 

transfusion, as emerging evidence suggests that the primary benefit for delaying 

umbilical cord clamping relates to achieving a more stable cardiopulmonary transition 

rather than placental transfusion.382 Indeed, we did not observe any difference in 

neonatal haemoglobin concentration or haematocrit between DH lambs that 

underwent PBCC compared to ICC. However, this may be due to our mode of delivery, 

as all lambs were delivered by caesarean section. When twins are born vaginally, first-

born twins have significantly lower haemoglobin levels than second-born twins.400, 401 

This difference is not evident in twins delivered by caesarean section, suggesting that 

placental transfusion only occurs during spontaneous vaginal births. Alternatively, the 

absence of an observed placental transfusion may relate to our mechanical ventilation 

strategy, as intermittent increases in intrathoracic pressure and positive end-expiratory 

pressures may restrict placental transfusion. However, a recent study in spontaneously 

breathing preterm lambs also did not find evidence of any placental transfusion.181  

From the preceding discussion, it is clear that our approach to delivery room 

management should be re-defined as a period of perinatal stabilisation, rather than 

neonatal resuscitation. Rather than dictating the time at which a fetus must become a 

newborn, we should respond to the infant’s physiological needs during this complex 

transition and establish a continuous flow of management that involves collaboration 

between obstetricians, midwives, neonatologists and neonatal nurses. By enhancing 

normal physiology, such as providing a sustained inflation to initiate ventilation, and 

optimising physiological resources, such as allowing placental gas exchange to continue 

while lung aeration is established, we can provide infants with a CDH a smoother 

transition to newborn life. 
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5.4.4 Conclusion 

Ultimately, we envisage a future for CDH management in which effective interventions 

can be offered at each stage of the patient’s journey, for each aspect of the infant’s 

condition. After diagnosis on routine obstetric morphology ultrasound at 20 weeks of 

gestation, the mother could be offered a daily sildenafil tablet to improve fetal 

pulmonary vascular development. If the severity of CDH is classified as moderate or 

severe on prenatal imaging, FETO could be employed to improve lung growth and 

airway development. In the delivery room, all infants with a CDH could remain 

connected to their mother via the umbilical cord while their lungs are gradually aerated 

and perfused, so that they experience a smooth transition from placental to pulmonary 

gas exchange. By addressing both the irreversible and reversible components of PPHN, 

optimising lung development in utero and enabling a smooth transition in the delivery 

room, we believe that each baby born with a CDH will be given the best possible start 

to life.  

  



151 

This page is intentionally blank. 



6
References



153 

6 References 

1. Mous DS, Kool HM, Wijnen R, Tibboel D, Rottier RJ. Pulmonary vascular

development in congenital diaphragmatic hernia. Eur Respir Rev. 2018;27(147). 

2. Dillon PW, Cilley RE, Mauger D, Zachary C, Meier A. The relationship of

pulmonary artery pressure and survival in congenital diaphragmatic hernia. J Pediatr 

Surg. 2004;39(3):307-12; discussion -12. 

3. Wynn J, Krishnan U, Aspelund G, Zhang Y, Duong J, Stolar CJ, Hahn E, Pietsch J,

Chung D, Moore D, Austin E, Mychaliska G, Gajarski R, Foong YL, Michelfelder E, 

Potolka D, Bucher B, Warner B, Grady M, Azarow K, Fletcher SE, Kutty S, Delaney J, 

Crombleholme T, Rosenzweig E, Chung W, Arkovitz MS. Outcomes of congenital 

diaphragmatic hernia in the modern era of management. J Pediatr. 2013;163(1):114-

9.e1.

4. Garne E, Haeusler M, Barisic I, Gjergja R, Stoll C, Clementi M. Congenital

diaphragmatic hernia: evaluation of prenatal diagnosis in 20 European regions. 

Ultrasound Obstet Gynecol. 2002;19(4):329-33. 

5. EUROCAT. European Surveillance of Congenital Anomalies. Prenatal detection

rates of diaphragmatic hernia: 2013-2017. 2019. 

6. Langham MR, Jr., Kays DW, Ledbetter DJ, Frentzen B, Sanford LL, Richards DS.

Congenital diaphragmatic hernia. Epidemiology and outcome. Clin Perinatol. 

1996;23(4):671-88. 

7. Lally KP. Congenital diaphragmatic hernia; the past 25 (or so) years. J Pediatr

Surg. 2016;51(5):695-8. 

8. Keller RL. Antenatal and postnatal lung and vascular anatomic and functional

studies in congenital diaphragmatic hernia: implications for clinical management. Am 

J Med Genet C Semin Med Genet. 2007;145c(2):184-200. 

9. Kitagawa M, Hislop A, Boyden EA, Reid L. Lung hypoplasia in congenital

diaphragmatic hernia a quantitative study of airway, artery, and alveolar development. 

Br J Surg. 1971;58(5):342-6. 



154 

 

10. Sluiter I, van der Horst I, van der Voorn P, Boerema-de Munck A, Buscop-van 

Kempen M, de Krijger R, Tibboel D, Reiss I, Rottier RJ. Premature differentiation of 

vascular smooth muscle cells in human congenital diaphragmatic hernia. Exp Mol 

Pathol. 2013;94(1):195-202. 

11. de Lagausie P, de Buys-Roessingh A, Ferkdadji L, Saada J, Aisenfisz S, Martinez-

Vinson C, Fund X, Cayuela JM, Peuchmaur M, Mercier JC, Berrebi D. Endothelin 

receptor expression in human lungs of newborns with congenital diaphragmatic hernia. 

The Journal of Pathology. 2005;205(1):112-8. 

12. Bhatt S, Polglase GR, Wallace EM, Te Pas AB, Hooper SB. Ventilation before 

Umbilical Cord Clamping Improves the Physiological Transition at Birth. Front Pediatr. 

2014;2:113. 

13. Brouwer E, Knol R, Vernooij ASN, van den Akker T, Vlasman PE, Klumper FJCM, 

DeKoninck P, Polglase GR, Hooper SB, te Pas AB. Physiological-based cord clamping in 

preterm infants using a new purpose-built resuscitation table: a feasibility study. 

Archives of Disease in Childhood - Fetal and Neonatal Edition. 2018:fetalneonatal-

2018-315483. 

14. Harrison MR, Adzick NS, Flake AW, Jennings RW, Estes JM, MacGillivray TE, 

Chueh JT, Goldberg JD, Filly RA, Goldstein RB, et al. Correction of congenital 

diaphragmatic hernia in utero: VI. Hard-earned lessons. J Pediatr Surg. 

1993;28(10):1411-7; discussion 7-8. 

15. Harrison MR, Adzick NS, Bullard KM, Farrell JA, Howell LJ, Rosen MA, Sola A, 

Goldberg JD, Filly RA. Correction of congenital diaphragmatic hernia in utero VII: a 

prospective trial. J Pediatr Surg. 1997;32(11):1637-42. 

16. Russo FM, Cordier AG, De Catte L, Saada J, Benachi A, Deprest J. Proposal for 

standardized prenatal ultrasound assessment of the fetus with congenital 

diaphragmatic hernia by the European reference network on rare inherited and 

congenital anomalies (ERNICA). Prenat Diagn. 2018;38(9):629-37. 



155 

 

17. Jani JC, Nicolaides KH, Gratacos E, Valencia CM, Done E, Martinez JM, Gucciardo 

L, Cruz R, Deprest JA. Severe diaphragmatic hernia treated by fetal endoscopic tracheal 

occlusion. Ultrasound Obstet Gynecol. 2009;34(3):304-10. 

18. Ruano R, Yoshisaki CT, da Silva MM, Ceccon ME, Grasi MS, Tannuri U, Zugaib 

M. A randomized controlled trial of fetal endoscopic tracheal occlusion versus postnatal 

management of severe isolated congenital diaphragmatic hernia. Ultrasound Obstet 

Gynecol. 2012;39(1):20-7. 

19. Wright JC, Budd JL, Field DJ, Draper ES. Epidemiology and outcome of 

congenital diaphragmatic hernia: a 9-year experience. Paediatr Perinat Epidemiol. 

2011;25(2):144-9. 

20. Philip N, Gambarelli D, Guys JM, Camboulives J, Ayme S. Epidemiological study 

of congenital diaphragmatic defects with special reference to aetiology. Eur J Pediatr. 

1991;150(10):726-9. 

21. Dott MM, Wong LY, Rasmussen SA. Population-based study of congenital 

diaphragmatic hernia: risk factors and survival in Metropolitan Atlanta, 1968-1999. 

Birth Defects Res A Clin Mol Teratol. 2003;67(4):261-7. 

22. Tonks A, Wyldes M, Somerset DA, Dent K, Abhyankar A, Bagchi I, Lander A, 

Roberts E, Kilby MD. Congenital malformations of the diaphragm: findings of the West 

Midlands Congenital Anomaly Register 1995 to 2000. Prenat Diagn. 2004;24(8):596-

604. 

23. Dillon E, Renwick M, Wright C. Congenital diaphragmatic herniation: antenatal 

detection and outcome. Br J Radiol. 2000;73(868):360-5. 

24. Colvin J, Bower C, Dickinson JE, Sokol J. Outcomes of congenital diaphragmatic 

hernia: a population-based study in Western Australia. Pediatrics. 2005;116(3):e356-

63. 

25. Levison J, Halliday R, Holland AJ, Walker K, Williams G, Shi E, Badawi N. A 

population-based study of congenital diaphragmatic hernia outcome in New South 

Wales and the Australian Capital Territory, Australia, 1992-2001. J Pediatr Surg. 

2006;41(6):1049-53. 



156 

 

26. Skari H, Bjornland K, Haugen G, Egeland T, Emblem R. Congenital 

diaphragmatic hernia: a meta-analysis of mortality factors. J Pediatr Surg. 

2000;35(8):1187-97. 

27. Balayla J, Abenhaim HA. Incidence, predictors and outcomes of congenital 

diaphragmatic hernia: a population-based study of 32 million births in the United 

States. J Matern Fetal Neonatal Med. 2014;27(14):1438-44. 

28. McGivern MR, Best KE, Rankin J, Wellesley D, Greenlees R, Addor M-C, Arriola 

L, de Walle H, Barisic I, Beres J, Bianchi F, Calzolari E, Doray B, Draper ES, Garne E, Gatt 

M, Haeusler M, Khoshnood B, Klungsoyr K, Latos-Bielenska A, O'Mahony M, Braz P, 

McDonnell B, Mullaney C, Nelen V, Queisser-Luft A, Randrianaivo H, Rissmann A, 

Rounding C, Sipek A, Thompson R, Tucker D, Wertelecki W, Martos C. Epidemiology 

of congenital diaphragmatic hernia in Europe: a register-based study. Archives of 

Disease in Childhood - Fetal and Neonatal Edition. 2015;100(2):F137-F44. 

29. Harrison MR, Bjordal RI, Langmark F, Knutrud O. Congenital diaphragmatic 

hernia: the hidden mortality. J Pediatr Surg. 1978;13(3):227-30. 

30. Burgos CM, Frenckner B. Addressing the hidden mortality in CDH: A population-

based study. J Pediatr Surg. 2017;52(4):522-5. 

31. van den Hout L, Reiss I, Felix JF, Hop WCJ, Lally PA, Lally KP, Tibboel D. Risk 

Factors for Chronic Lung Disease and Mortality in Newborns with Congenital 

Diaphragmatic Hernia. Neonatology. 2010;98(4):370-80. 

32. Roehr CC, Proquitte H, Jung A, Ackert U, Bamberg C, Degenhardt P, Hammer H, 

Wauer RR, Schmalisch G. Impaired somatic growth and delayed lung development in 

infants with congenital diaphragmatic hernia--evidence from a 10-year, single center 

prospective follow-up study. J Pediatr Surg. 2009;44(7):1309-14. 

33. Peetsold MG, Heij HA, Kneepkens CM, Nagelkerke AF, Huisman J, Gemke RJ. 

The long-term follow-up of patients with a congenital diaphragmatic hernia: a broad 

spectrum of morbidity. Pediatr Surg Int. 2009;25(1):1-17. 



157 

 

34. Hunt RW, Kean MJ, Stewart MJ, Inder TE. Patterns of cerebral injury in a series 

of infants with congenital diaphragmatic hernia utilizing magnetic resonance imaging. 

J Pediatr Surg. 2004;39(1):31-6. 

35. Delacourt C, Hadchouel A, Toelen J, Rayyan M, de Blic J, Deprest J. Long term 

respiratory outcomes of congenital diaphragmatic hernia, esophageal atresia, and 

cardiovascular anomalies. Semin Fetal Neonatal Med. 2012;17(2):105-11. 

36. Peetsold MG, Vonk-Noordegraaf A, Heij HH, Gemke RJ. Pulmonary function and 

exercise testing in adult survivors of congenital diaphragmatic hernia. Pediatr 

Pulmonol. 2007;42(4):325-31. 

37. van den Hout L, Schaible T, Cohen-Overbeek TE, Hop W, Siemer J, van de Ven 

K, Wessel L, Tibboel D, Reiss I. Actual outcome in infants with congenital 

diaphragmatic hernia: the role of a standardized postnatal treatment protocol. Fetal 

Diagn Ther. 2011;29(1):55-63. 

38. Geggel RL, Murphy JD, Langleben D, Crone RK, Vacanti JP, Reid LM. Congenital 

diaphragmatic hernia: arterial structural changes and persistent pulmonary 

hypertension after surgical repair. J Pediatr. 1985;107(3):457-64. 

39. Pober BR. Overview of epidemiology, genetics, birth defects, and chromosome 

abnormalities associated with CDH. Am J Med Genet C Semin Med Genet. 

2007;145c(2):158-71. 

40. Brady PD, DeKoninck P, Fryns JP, Devriendt K, Deprest JA, Vermeesch JR. 

Identification of dosage-sensitive genes in fetuses referred with severe isolated 

congenital diaphragmatic hernia. Prenat Diagn. 2013;33(13):1283-92. 

41. Sluiter I, Veenma D, van Loenhout R, Rottier R, de Klein A, Keijzer R, Post M, 

Tibboel D. Etiological and pathogenic factors in congenital diaphragmatic hernia. Eur J 

Pediatr Surg. 2012;22(5):345-54. 

42. Holder AM, Klaassens M, Tibboel D, de Klein A, Lee B, Scott DA. Genetic factors 

in congenital diaphragmatic hernia. Am J Hum Genet. 2007;80(5):825-45. 



158 

 

43. Greer JJ, Babiuk RP, Thebaud B. Etiology of congenital diaphragmatic hernia: the 

retinoid hypothesis. Pediatr Res. 2003;53(5):726-30. 

44. Coste K, Beurskens LW, Blanc P, Gallot D, Delabaere A, Blanchon L, Tibboel D, 

Labbe A, Rottier RJ, Sapin V. Metabolic disturbances of the vitamin A pathway in human 

diaphragmatic hernia. Am J Physiol Lung Cell Mol Physiol. 2015;308(2):L147-57. 

45. Montedonico S, Nakazawa N, Puri P. Congenital diaphragmatic hernia and 

retinoids: searching for an etiology. Pediatr Surg Int. 2008;24(7):755-61. 

46. Malpel S, Mendelsohn C, Cardoso WV. Regulation of retinoic acid signaling 

during lung morphogenesis. Development. 2000;127(14):3057-67. 

47. Chen F, Desai TJ, Qian J, Niederreither K, Lü J, Cardoso WV. Inhibition of Tgfβ 

signaling by endogenous retinoic acid is essential for primary lung bud induction. 

Development. 2007;134(16):2969-79. 

48. Wilson JG, Roth CB, Warkany J. An analysis of the syndrome of malformations 

induced by maternal vitamin A deficiency. Effects of restoration of vitamin A at various 

times during gestation. Am J Anat. 1953;92(2):189-217. 

49. Beurskens LW, Schrijver LH, Tibboel D, Wildhagen MF, Knapen MF, Lindemans 

J, de Vries J, Steegers-Theunissen RP. Dietary vitamin A intake below the recommended 

daily intake during pregnancy and the risk of congenital diaphragmatic hernia in the 

offspring. Birth Defects Res A Clin Mol Teratol. 2013;97(1):60-6. 

50. Mayer S, Metzger R, Kluth D. The embryology of the diaphragm. Semin Pediatr 

Surg. 2011;20(3):161-9. 

51. Greer JJ, Cote D, Allan DW, Zhang W, Babiuk RP, Ly L, Lemke RP, Bagnall K. 

Structure of the primordial diaphragm and defects associated with nitrofen-induced 

CDH. J Appl Physiol (1985). 2000;89(6):2123-9. 

52. Greer JJ. Current concepts on the pathogenesis and etiology of congenital 

diaphragmatic hernia. Respir Physiol Neurobiol. 2013;189(2):232-40. 

53. Iritani I. Experimental study on embryogenesis of congenital diaphragmatic 

hernia. Anat Embryol (Berl). 1984;169(2):133-9. 



159 

54. Deprest JA, Gratacos E, Nicolaides K, Done E, Van Mieghem T, Gucciardo L,

Claus F, Debeer A, Allegaert K, Reiss I, Tibboel D. Changing perspectives on the 

perinatal management of isolated congenital diaphragmatic hernia in Europe. Clin 

Perinatol. 2009;36(2):329-47, ix. 

55. Jani J, Nicolaides KH, Keller RL, Benachi A, Peralta CF, Favre R, Moreno O,

Tibboel D, Lipitz S, Eggink A, Vaast P, Allegaert K, Harrison M, Deprest J. Observed to 

expected lung area to head circumference ratio in the prediction of survival in fetuses 

with isolated diaphragmatic hernia. Ultrasound Obstet Gynecol. 2007;30(1):67-71. 

56. Hedrick HL, Crombleholme TM, Flake AW, Nance ML, von Allmen D, Howell

LJ, Johnson MP, Wilson RD, Adzick NS. Right congenital diaphragmatic hernia: Prenatal 

assessment and outcome. J Pediatr Surg. 2004;39(3):319-23; discussion -23. 

57. Fisher JC, Jefferson RA, Arkovitz MS, Stolar CJ. Redefining outcomes in right

congenital diaphragmatic hernia. J Pediatr Surg. 2008;43(2):373-9. 

58. Mayer S, Klaritsch P, Petersen S, Done E, Sandaite I, Till H, Claus F, Deprest JA.

The correlation between lung volume and liver herniation measurements by fetal MRI 

in isolated congenital diaphragmatic hernia: a systematic review and meta-analysis of 

observational studies. Prenat Diagn. 2011;31(11):1086-96. 

59. Berdan EA, Saltzman DA. Right- versus left-sided congenital diaphragmatic

hernia--can we trust the data? Pediatr Crit Care Med. 2012;13(1):103-4. 

60. Schaible T, Kohl T, Reinshagen K, Brade J, Neff KW, Stressig R, Busing KA. Right- 

versus left-sided congenital diaphragmatic hernia: postnatal outcome at a specialized 

tertiary care center. Pediatr Crit Care Med. 2012;13(1):66-71. 

61. Elliott FM, Reid L. Some new facts about the pulmonary artery and its branching

pattern. Clin Radiol. 1965;16(3):193-8. 

62. Haworth SG, Hislop AA. Pulmonary vascular development: normal values of

peripheral vascular structure. Am J Cardiol. 1983;52(5):578-83. 

63. Gehr P, Bachofen M, Weibel ER. The normal human lung: ultrastructure and

morphometric estimation of diffusion capacity. Respir Physiol. 1978;32(2):121-40. 



160 

 

64. Warburton D, El-Hashash A, Carraro G, Tiozzo C, Sala F, Rogers O, De Langhe 

S, Kemp PJ, Riccardi D, Torday J, Bellusci S, Shi W, Lubkin SR, Jesudason E. Lung 

organogenesis. Curr Top Dev Biol. 2010;90:73-158. 

65. Schittny JC. Development of the lung. Cell Tissue Res. 2017;367(3):427-44. 

66. Warburton D, Schwarz M, Tefft D, Flores-Delgado G, Anderson KD, Cardoso 

WV. The molecular basis of lung morphogenesis. Mech Dev. 2000;92(1):55-81. 

67. Alescio T, Cassini A. Induction in vitro of tracheal buds by pulmonary 

mesenchyme grafted on tracheal epithelium. J Exp Zool. 1962;150:83-94. 

68. Harding R, Hooper SB. Regulation of lung expansion and lung growth before 

birth. J Appl Physiol (1985). 1996;81(1):209-24. 

69. Khan PA, Cloutier M, Piedboeuf B. Tracheal occlusion: a review of obstructing 

fetal lungs to make them grow and mature. Am J Med Genet C Semin Med Genet. 

2007;145c(2):125-38. 

70. Harding R, Hooper SB, Han VK. Abolition of fetal breathing movements by spinal 

cord transection leads to reductions in fetal lung liquid volume, lung growth, and IGF-

II gene expression. Pediatr Res. 1993;34(2):148-53. 

71. Miller AA, Hooper SB, Harding R. Role of fetal breathing movements in control 

of fetal lung distension. J Appl Physiol (1985). 1993;75(6):2711-7. 

72. Moessinger AC, Harding R, Adamson TM, Singh M, Kiu GT. Role of lung fluid 

volume in growth and maturation of the fetal sheep lung. J Clin Invest. 

1990;86(4):1270-7. 

73. Benachi A, Chailley-Heu B, Delezoide AL, Dommergues M, Brunelle F, Dumez Y, 

Bourbon JR. Lung growth and maturation after tracheal occlusion in diaphragmatic 

hernia. Am J Respir Crit Care Med. 1998;157(3 Pt 1):921-7. 

74. De Paepe ME, Papadakis K, Johnson BD, Luks FI. Fate of the type II pneumocyte 

following tracheal occlusion in utero: a time-course study in fetal sheep. Virchows Arch. 

1998;432(1):7-16. 



161 

 

75. Nardo L, Maritz G, Harding R, Hooper SB. Changes in lung structure and cellular 

division induced by tracheal obstruction in fetal sheep. Exp Lung Res. 2000;26(2):105-

19. 

76. Hooper SB, Wallace MJ. Role of the physicochemical environment in lung 

development. Clin Exp Pharmacol Physiol. 2006;33(3):273-9. 

77. Joyce BJ, Wallace MJ, Pierce RA, Harding R, Hooper SB. Sustained changes in 

lung expansion alter tropoelastin mRNA levels and elastin content in fetal sheep lungs. 

Am J Physiol Lung Cell Mol Physiol. 2003;284(4):L643-9. 

78. Flecknoe S, Harding R, Maritz G, Hooper SB. Increased lung expansion alters the 

proportions of type I and type II alveolar epithelial cells in fetal sheep. Am J Physiol 

Lung Cell Mol Physiol. 2000;278(6):L1180-5. 

79. Hara A, Chapin CJ, Ertsey R, Kitterman JA. Changes in fetal lung distension alter 

expression of vascular endothelial growth factor and its isoforms in developing rat lung. 

Pediatr Res. 2005;58(1):30-7. 

80. Parera MC, van Dooren M, van Kempen M, de Krijger R, Grosveld F, Tibboel D, 

Rottier R. Distal angiogenesis: a new concept for lung vascular morphogenesis. Am J 

Physiol Lung Cell Mol Physiol. 2005;288(1):L141-9. 

81. Hellstrom M, Kalen M, Lindahl P, Abramsson A, Betsholtz C. Role of PDGF-B 

and PDGFR-beta in recruitment of vascular smooth muscle cells and pericytes during 

embryonic blood vessel formation in the mouse. Development. 1999;126(14):3047-55. 

82. Armulik A, Abramsson A, Betsholtz C. Endothelial/pericyte interactions. Circ 

Res. 2005;97(6):512-23. 

83. deMello DE, Sawyer D, Galvin N, Reid LM. Early fetal development of lung 

vasculature. Am J Respir Cell Mol Biol. 1997;16(5):568-81. 

84. van Tuyl M, Liu J, Wang J, Kuliszewski M, Tibboel D, Post M. Role of oxygen and 

vascular development in epithelial branching morphogenesis of the developing mouse 

lung. Am J Physiol Lung Cell Mol Physiol. 2005;288(1):L167-78. 



162 

 

85. Stenmark KR, Abman SH. Lung vascular development: implications for the 

pathogenesis of bronchopulmonary dysplasia. Annu Rev Physiol. 2005;67:623-61. 

86. Kumar VH, Ryan RM. Growth factors in the fetal and neonatal lung. Front Biosci. 

2004;9:464-80. 

87. Shalaby F, Ho J, Stanford WL, Fischer KD, Schuh AC, Schwartz L, Bernstein A, 

Rossant J. A requirement for Flk1 in primitive and definitive hematopoiesis and 

vasculogenesis. Cell. 1997;89(6):981-90. 

88. Le Cras TD, Markham NE, Tuder RM, Voelkel NF, Abman SH. Treatment of 

newborn rats with a VEGF receptor inhibitor causes pulmonary hypertension and 

abnormal lung structure. Am J Physiol Lung Cell Mol Physiol. 2002;283(3):L555-62. 

89. Alejandre-Alcazar MA, Kwapiszewska G, Reiss I, Amarie OV, Marsh LM, Sevilla-

Perez J, Wygrecka M, Eul B, Kobrich S, Hesse M, Schermuly RT, Seeger W, Eickelberg 

O, Morty RE. Hyperoxia modulates TGF-beta/BMP signaling in a mouse model of 

bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol. 2007;292(2):L537-

49. 

90. Chen H, Sun J, Buckley S, Chen C, Warburton D, Wang XF, Shi W. Abnormal 

mouse lung alveolarization caused by Smad3 deficiency is a developmental antecedent 

of centrilobular emphysema. Am J Physiol Lung Cell Mol Physiol. 2005;288(4):L683-

91. 

91. Hall SM, Hislop AA, Pierce CM, Haworth SG. Prenatal origins of human 

intrapulmonary arteries: formation and smooth muscle maturation. Am J Respir Cell 

Mol Biol. 2000;23(2):194-203. 

92. Pringle KC. Human fetal lung development and related animal models. Clin 

Obstet Gynecol. 1986;29(3):502-13. 

93. Yamada T, Suzuki E, Gejyo F, Ushiki T. Developmental changes in the structure 

of the rat fetal lung, with special reference to the airway smooth muscle and vasculature. 

Arch Histol Cytol. 2002;65(1):55-69. 



163 

94. Puri P, Wester T. Historical aspects of congenital diaphragmatic hernia. Pediatr

Surg Int. 1997;12(2):95-100. 

95. Keijzer R, Liu J, Deimling J, Tibboel D, Post M. Dual-hit hypothesis explains

pulmonary hypoplasia in the nitrofen model of congenital diaphragmatic hernia. Am J 

Pathol. 2000;156(4):1299-306. 

96. Allan DW, Greer JJ. Pathogenesis of nitrofen-induced congenital diaphragmatic

hernia in fetal rats. J Appl Physiol (1985). 1997;83(2):338-47. 

97. Thebaud B, Barlier-Mur AM, Chailley-Heu B, Henrion-Caude A, Tibboel D,

Dinh-Xuan AT, Bourbon JR. Restoring effects of vitamin A on surfactant synthesis in 

nitrofen-induced congenital diaphragmatic hernia in rats. Am J Respir Crit Care Med. 

2001;164(6):1083-9. 

98. Thebaud B, Tibboel D, Rambaud C, Mercier JC, Bourbon JR, Dinh-Xuan AT,

Archer SL. Vitamin A decreases the incidence and severity of nitrofen-induced 

congenital diaphragmatic hernia in rats. Am J Physiol. 1999;277(2 Pt 1):L423-9. 

99. Babiuk RP, Thebaud B, Greer JJ. Reductions in the incidence of nitrofen-induced

diaphragmatic hernia by vitamin A and retinoic acid. Am J Physiol Lung Cell Mol 

Physiol. 2004;286(5):L970-3. 

100. de Lorimier AA TD, Parker HR. Hypoplastic lungs in fetal lambs with surgically

produced congenital diaphragmatic hernia. Surgery. 1967;62:12-7. 

101. Roubliova XI, Deprest JA, Biard JM, Ophalvens L, Gallot D, Jani JC, Van de Ven

CP, Tibboel D, Verbeken EK. Morphologic changes and methodological issues in the 

rabbit experimental model for diaphragmatic hernia. Histol Histopathol. 

2010;25(9):1105-16. 

102. Adzick NS, Harrison MR, Glick PL, Nakayama DK, Manning FA, deLorimier AA.

Diaphragmatic hernia in the fetus: prenatal diagnosis and outcome in 94 cases. J Pediatr 

Surg. 1985;20(4):357-61. 



164 

 

103. Wu J, Yamamoto H, Gratacos E, Ge X, Verbeken E, Sueishi K, Hashimoto S, 

Vanamo K, Lerut T, Deprest J. Lung development following diaphragmatic hernia in the 

fetal rabbit. Hum Reprod. 2000;15(12):2483-8. 

104. Tajchman UW, Tuder RM, Horan M, Parker TA, Abman SH. Persistent eNOS in 

lung hypoplasia caused by left pulmonary artery ligation in the ovine fetus. Am J Physiol. 

1997;272(5 Pt 1):L969-78. 

105. Wallen LD, Kulisz E, Maloney JE. Main pulmonary artery ligation reduces lung 

fluid production in fetal sheep. J Dev Physiol. 1991;16(3):173-9. 

106. Areechon W, Reid L. Hypoplasia Of Lung With Congenital Diaphragmatic 

Hernia. The British Medical Journal. 1963;1(5325):230-3. 

107. Larson JE, Cohen JC. Improvement of pulmonary hypoplasia associated with 

congenital diaphragmatic hernia by in utero CFTR gene therapy. Am J Physiol Lung Cell 

Mol Physiol. 2006;291(1):L4-10. 

108. Luks FI, Wild YK, Piasecki GJ, De Paepe ME. Short-term tracheal occlusion 

corrects pulmonary vascular anomalies in the fetal lamb with diaphragmatic hernia.  

Surgery. 2000;128(2):266-72. 

109. Kattan J, Cespedes C, Gonzalez A, Vio CP. Sildenafil stimulates and 

dexamethasone inhibits pulmonary vascular development in congenital diaphragmatic 

hernia rat lungs. Neonatology. 2014;106(1):74-80. 

110. Lemus-Varela Mde L, Soliz A, Gomez-Meda BC, Zamora-Perez AL, Ornelas-

Aguirre JM, Melnikov V, Torres-Mendoza BM, Zuniga-Gonzalez GM. Antenatal use of 

bosentan and/or sildenafil attenuates pulmonary features in rats with congenital 

diaphragmatic hernia. World J Pediatr. 2014;10(4):354-9. 

111. Luong C, Rey-Perra J, Vadivel A, Gilmour G, Sauve Y, Koonen D, Walker D, Todd 

KG, Gressens P, Kassiri Z, Nadeem K, Morgan B, Eaton F, Dyck JR, Archer SL, Thebaud 

B. Antenatal sildenafil treatment attenuates pulmonary hypertension in experimental 

congenital diaphragmatic hernia. Circulation. 2011;123(19):2120-31. 



165 

112. Makanga M, Maruyama H, Dewachter C, Da Costa AM, Hupkens E, de Medina

G, Naeije R, Dewachter L. Prevention of pulmonary hypoplasia and pulmonary vascular 

remodeling by antenatal simvastatin treatment in nitrofen-induced congenital 

diaphragmatic hernia. American Journal of Physiology - Lung Cellular & Molecular 

Physiology. 2015;308(7):L672-82. 

113. Shue EH, Schecter SC, Gong W, Etemadi M, Johengen M, Iqbal C, Derderian SC,

Oishi P, Fineman JR, Miniati D. Antenatal maternally-administered phosphodiesterase 

type 5 inhibitors normalize eNOS expression in the fetal lamb model of congenital 

diaphragmatic hernia. J Pediatr Surg. 2014;49(1):39-45; discussion  

114. Yamamoto Y, Thebaud B, Vadivel A, Eaton F, Jain V, Hornberger LK. Doppler

parameters of fetal lung hypoplasia and impact of sildenafil. Am J Obstet Gynecol. 

2014;211(3):263.e1-8. 

115. Russo FM, Toelen J, Eastwood MP, Jimenez J, Miyague AH, Vande Velde G,

DeKoninck P, Himmelreich U, Vergani P, Allegaert K, Deprest J. Transplacental 

sildenafil rescues lung abnormalities in the rabbit model of diaphragmatic hernia. 

Thorax. 2016. 

116. Broughton AR, Thibeault DW, Mabry SM, Truog WE. Airway muscle in infants

with congenital diaphragmatic hernia: response to treatment. J Pediatr Surg. 

1998;33(10):1471-5. 

117. Hislop A, Reid L. Persistent hypoplasia of the lung after repair of congenital

diaphragmatic hernia. Thorax. 1976;31(4):450-5. 

118. Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial mechanics.

Physiol Rev. 2009;89(3):957-89. 

119. Taira Y, Yamataka T, Miyazaki E, Puri P. Comparison of the pulmonary

vasculature in newborns and stillborns with congenital diaphragmatic hernia. Pediatr 

Surg Int. 1998;14(1-2):30-5. 

120. Gao Y, Cornfield DN, Stenmark KR, Thébaud B, Abman SH, Raj JU. Unique

Aspects of the Developing Lung Circulation: Structural Development and Regulation of 

Vasomotor Tone. Pulmonary Circulation. 2016;6(4):407-25. 



166 

 

121. Townsley MI. Structure and composition of pulmonary arteries, capillaries, and 

veins. Comprehensive Physiology. 2012;2(1):675-709. 

122. Rottier R, Tibboel D. Fetal lung and diaphragm development in congenital 

diaphragmatic hernia. Semin Perinatol. 2005;29(2):86-93. 

123. Shehata SM, Sharma HS, van der Staak FH, van de Kaa-Hulsbergen C, Mooi WJ, 

Tibboel D. Remodeling of pulmonary arteries in human congenital diaphragmatic 

hernia with or without extracorporeal membrane oxygenation. J Pediatr Surg. 

2000;35(2):208-15. 

124. Shehata SM, Tibboel D, Sharma HS, Mooi WJ. Impaired structural remodelling 

of pulmonary arteries in newborns with congenital diaphragmatic hernia: a histological 

study of 29 cases. J Pathol. 1999;189(1):112-8. 

125. O'Toole SJ, Irish MS, Holm BA, Glick PL. Pulmonary vascular abnormalities in 

congenital diaphragmatic hernia. Clin Perinatol. 1996;23(4):781-94. 

126. Zussman ME, Bagby M, Benson DW, Gupta R, Hirsch R. Pulmonary vascular 

resistance in repaired congenital diaphragmatic hernia vs. age-matched controls. 

Pediatr Res. 2012;71(6):697-700. 

127. Keller RL, Tacy TA, Hendricks-Munoz K, Xu J, Moon-Grady AJ, Neuhaus J, Moore 

P, Nobuhara KK, Hawgood S, Fineman JR. Congenital Diaphragmatic Hernia. Am J 

Respir Crit Care Med. 2010;182(4):555-61. 

128. Hooper SB, Harding R. Fetal lung liquid: a major determinant of the growth and 

functional development of the fetal lung. Clin Exp Pharmacol Physiol. 1995;22(4):235-

47. 

129. Hooper SB, Te Pas AB, Kitchen MJ. Respiratory transition in the newborn: a 

three-phase process. Arch Dis Child Fetal Neonatal Ed. 2016;101(3):F266-71. 

130. Hooper SB, Kitchen MJ, Wallace MJ, Yagi N, Uesugi K, Morgan MJ, Hall C, Siu 

KK, Williams IM, Siew M, Irvine SC, Pavlov K, Lewis RA. Imaging lung aeration and lung 

liquid clearance at birth. FASEB J. 2007;21(12):3329-37. 



167 

131. Ullrich JR, Ackerman BD. Changes in umbilical artery blood gas values with the

onset of respiration. Biol Neonate. 1972;20(5):466-74. 

132. Chou PJ, Ullrich JR, Ackerman BD. Time of onset of effective ventilation at birth.

Biol Neonate. 1974;24(1):74-81. 

133. Fisher JT, Mortola JP, Smith JB, Fox GS, Weeks S. Respiration in newborns:

development of the control of breathing. Am Rev Respir Dis. 1982;125(6):650-7. 

134. KARLBERG P, CHERRY RB, ESCARDÓ FE, KOC G. Respiratory Studies in

Newborn Infants. II: Pulmonary Ventilation and Mechanics of Breathing in the First 

Minutes of Life, Including the Onset of Respiratio1. Acta Paediatr. 1962;51(2):121-36. 

135. te Pas AB, Kitchen MJ, Lee K, Wallace MJ, Fouras A, Lewis RA, Yagi N, Uesugi K,

Hooper SB. Optimizing lung aeration at birth using a sustained inflation and positive 

pressure ventilation in preterm rabbits. Pediatr Res. 2016;80:85.  

136. Flemmer AW, Thio M, Wallace MJ, Lee K, Kitchen MJ, Kerr L, Roehr CC, Fouras

A, Carnibella R, Jani JC, DeKoninck P, Te Pas AB, Pearson JT, Hooper SB. Lung 

hypoplasia in newborn rabbits with a diaphragmatic hernia affects pulmonary 

ventilation but not perfusion. Pediatr Res. 2017;82(3):536-43. 

137. Lang JA, Pearson JT, te Pas AB, Wallace MJ, Siew ML, Kitchen MJ, Fouras A, Lewis

RA, Wheeler KI, Polglase GR, Shirai M, Sonobe T, Hooper SB. Ventilation/perfusion 

mismatch during lung aeration at birth. J Appl Physiol (1985). 2014;117(5):535-43. 

138. Rudolph AM, Heymann MA. Pulmonary circulation in fetal lambs. Pediatr Res.

1972;6:341. 

139. Cornfield DN, Chatfield BA, McQueston JA, McMurtry IF, Abman SH. Effects of

birth-related stimuli on L-arginine-dependent pulmonary vasodilation in ovine fetus. 

American Journal of Physiology-Heart and Circulatory Physiology. 1992;262(5):H1474-

H81. 

140. Rairigh RL, Storme L, Parker TA, Le Cras TD, Markham N, Jakkula M, Abman

SH. Role of neuronal nitric oxide synthase in regulation of vascular and ductus 



168 

 

arteriosus tone in the ovine fetus. Am J Physiol Lung Cell Mol Physiol. 

2000;278(1):L105-10. 

141. Heymann MA. Control of the pulmonary circulation in the fetus and during the 

transitional period to air breathing. Eur J Obstet Gynecol Reprod Biol. 1999;84(2):127-

32. 

142. Wong J, Fineman JR, Heymann MA. The role of endothelin and endothelin 

receptor subtypes in regulation of fetal pulmonary vascular tone. Pediatr Res. 

1994;35(6):664-70. 

143. Cassin S. The role of eicosanoids and endothelium-dependent factors in 

regulation of the fetal pulmonary circulation. J Lipid Mediat. 1993;6(1-3):477-85. 

144. Ivy DD, Kinsella JP, Abman SH. Physiologic characterization of endothelin A and 

B receptor activity in the ovine fetal pulmonary circulation. J Clin Invest. 

1994;93(5):2141-8. 

145. Hooper S. Role of luminal volume changes in the increase in pulmonary blood 

flow at birth in sheep. Exp Physiol. 1998;83(6):833-42. 

146. Friedman AH, Fahey JT. The transition from fetal to neonatal circulation: normal 

responses and implications for infants with heart disease. Semin Perinatol. 

1993;17(2):106-21. 

147. Rudolph AM. Fetal and neonatal pulmonary circulation. Annu Rev Physiol. 

1979;41:383-95. 

148. Grant DA, Hollander E, Skuza EM, Fauchere JC. Interactions between the right 

ventricle and pulmonary vasculature in the fetus. J Appl Physiol (1985). 

1999;87(5):1637-43. 

149. Hooper SB, te Pas AB, Lang J, van Vonderen JJ, Roehr CC, Kluckow M, Gill AW, 

Wallace EM, Polglase GR. Cardiovascular transition at birth: a physiological sequence. 

Pediatr Res. 2015;77:608. 



169 

150. Polglase GR, Wallace MJ, Grant DA, Hooper SB. Influence of Fetal Breathing

Movements on Pulmonary Hemodynamics in Fetal Sheep. Pediatr Res. 2004;56(6):932-

8. 

151. Polglase GR, Wallace MJ, Morgan DL, Hooper SB. Increases in lung expansion

alter pulmonary hemodynamics in fetal sheep. J Appl Physiol. 2006;101(1):273-82. 

152. Walker AM, Ritchie BC, Adamson TM, Maloney JE. Effect of changing lung liquid

volume on the pulmonary circulation of fetal lambs. J Appl Physiol (1985). 

1988;64(1):61-7. 

153. Edelstone DI, Rudolph AM. Preferential streaming of ductus venosus blood to

the brain and heart in fetal lambs. Am J Physiol. 1979;237(6):H724-9. 

154. Schrauben EM, Saini BS, Darby JRT, Soo JY, Lock MC, Stirrat E, Stortz G, Sled JG,

Morrison JL, Seed M, Macgowan CK. Fetal hemodynamics and cardiac streaming 

assessed by 4D flow cardiovascular magnetic resonance in fetal sheep. J Cardiovasc 

Magn Reson. 2019;21(1):8. 

155. Seed M, F P van Amerom J, Yoo S-J, Al Nafisi B, Grosse-Wortmann L, Jaeggi E,

Jansz MS, Macgowan CK. Feasibility of quantification of the distribution of blood flow 

in the normal human fetal circulation using CMR: a cross-sectional study. J Cardiovasc 

Magn Reson. 2012;14(1):79. 

156. Stressig R, Fimmers R, Eising K, Gembruch U, Kohl T. Preferential streaming of

the ductus venosus and inferior caval vein towards the right heart is associated with left 

heart underdevelopment in human fetuses with left-sided diaphragmatic hernia. Heart. 

2010;96(19):1564-8. 

157. Kinsella JP, Steinhorn RH, Mullen MP, Hopper RK, Keller RL, Ivy DD, Austin ED,

Krishnan US, Rosenzweig EB, Fineman JR, Everett AD, Hanna BD, Humpl T, Raj JU, 

Abman SH. The Left Ventricle in Congenital Diaphragmatic Hernia: Implications for 

the Management of Pulmonary Hypertension. The Journal of Pediatrics. 2018;197:17-

22. 

158. Bhatt S, Alison BJ, Wallace EM, Crossley KJ, Gill AW, Kluckow M, te Pas AB,

Morley CJ, Polglase GR, Hooper SB. Delaying cord clamping until ventilation onset 



170 

 

improves cardiovascular function at birth in preterm lambs. J Physiol. 

2013;591(8):2113-26. 

159. Hooper S, Harding R. Role of Aeration in the Physiological Adaptation of the 

Lung to Air- Breathing at Birth. Curr Respir Med Rev. 2005;1(2):11. 

160. Tiktinsky MH, Morin FC, 3rd. Increasing oxygen tension dilates fetal pulmonary 

circulation via endothelium-derived relaxing factor. Am J Physiol. 1993;265(1 Pt 

2):H376-80. 

161. Ibe BO, Portugal AM, Chaturvedi S, Raj JU. Oxygen-dependent PAF receptor 

binding and intracellular signaling in ovine fetal pulmonary vascular smooth muscle. 

American Journal of Physiology-Lung Cellular and Molecular Physiology. 

2005;288(5):L879-L86. 

162. Black SM, Johengen MJ, Ma ZD, Bristow J, Soifer SJ. Ventilation and oxygenation 

induce endothelial nitric oxide synthase gene expression in the lungs of fetal lambs. J 

Clin Invest. 1997;100(6):1448-58. 

163. Rairigh RL, Storme L, Parker TA, Cras TDl, Kinsella JP, Jakkula M, Abman SH. 

Inducible NO synthase inhibition attenuates shear stress-induced pulmonary 

vasodilation in the ovine fetus. American Journal of Physiology-Lung Cellular and 

Molecular Physiology. 1999;276(3):L513-L21. 

164. Storme L, Rairigh RL, Parker TA, Cornfield DN, Kinsella JP, Abman SH. K+-

channel blockade inhibits shear stress-induced pulmonary vasodilation in the ovine 

fetus. American Journal of Physiology-Lung Cellular and Molecular Physiology. 

1999;276(2):L220-L8. 

165. Lang JAR, Pearson JT, Binder-Heschl C, Wallace MJ, Siew ML, Kitchen MJ, te Pas 

AB, Fouras A, Lewis RA, Polglase GR, Shirai M, Hooper SB. Increase in pulmonary blood 

flow at birth: role of oxygen and lung aeration. The Journal of Physiology. 

2016;594(5):1389-98. 

166. Lang JAR, Pearson JT, Binder-Heschl C, Wallace MJ, Siew ML, Kitchen MJ, Te Pas 

AB, Lewis RA, Polglase GR, Shirai M, Hooper SB. Vagal denervation inhibits the increase 



171 

in pulmonary blood flow during partial lung aeration at birth. The Journal of physiology. 

2017;595(5):1593-606. 

167. Crossley KJ, Allison BJ, Polglase GR, Morley CJ, Davis PG, Hooper SB. Dynamic

changes in the direction of blood flow through the ductus arteriosus at birth. J Physiol. 

2009;587(Pt 19):4695-704. 

168. Darwin E. Zoonomia; or, The laws of organic life, Vol 2.  Zoonomia; or, The laws

of organic life, Vol 2. London, England: J Johnson; 1796. p. 2-762. 

169. Begley CM, Gyte GM, Murphy DJ, Devane D, McDonald SJ, McGuire W. Active

versus expectant management for women in the third stage of labour. Cochrane 

Database Syst Rev. 2010(7):Cd007412. 

170. Organisation WH. Guideline: Delayed Umbilical Cord Clamping for Improved

Maternal and Infant Health and Nutrition Outcomes. Geneva2014.  

171. Yao AC, Moinian M, Lind J. Distribution of blood between infant and placenta

after birth. Lancet. 1969;2(7626):871-3. 

172. Farrar D, Airey R, Law GR, Tuffnell D, Cattle B, Duley L. Measuring placental

transfusion for term births: weighing babies with cord intact. BJOG. 2011;118(1):70-5. 

173. Fogarty M, Osborn DA, Askie L, Seidler AL, Hunter K, Lui K, Simes J, Tarnow-

Mordi W. Delayed vs early umbilical cord clamping for preterm infants: a systematic 

review and meta-analysis. Am J Obstet Gynecol. 2018;218(1):1-18. 

174. Hooper SB, Crossley KJ, Zahra VA, van Vonderen J, Moxham A, Gill AW, Kluckow

M, Te Pas AB, Wallace EM, Polglase GR. Effect of body position and ventilation on 

umbilical artery and venous blood flows during delayed umbilical cord clamping in 

preterm lambs. Arch Dis Child Fetal Neonatal Ed. 2017;102(4):F312-f9. 

175. Vain NE, Satragno DS, Gorenstein AN, Gordillo JE, Berazategui JP, Alda MG,

Prudent LM. Effect of gravity on volume of placental transfusion: a multicentre, 

randomised, non-inferiority trial. Lancet. 2014;384(9939):235-40. 

176. Yao AC, Hirvensalo M, Lind J. Placental transfusion-rate and uterine contraction.

Lancet. 1968;1(7539):380-3. 



172 

 

177. Sakai M, Kozuma S, Okai T, Kagawa H, Ryo E, Taketani Y. Doppler blood flow 

velocity waveforms of the umbilical artery during variable decelerations in labor. Int J 

Gynaecol Obstet. 1997;59(3):207-11. 

178. Bleul U, Lejeune B, Schwantag S, Kahn W. Ultrasonic transit-time measurement 

of blood flow in the umbilical arteries and veins in the bovine fetus during stage II of 

labor. Theriogenology. 2007;67(6):1123-33. 

179. Olofsson P, Thuring-Jonsson A, Marsal K. Uterine and umbilical circulation 

during the oxytocin challenge test. Ultrasound Obstet Gynecol. 1996;8(4):247-51. 

180. Boere I, Roest AAW, Wallace E, ten Harkel ADJ, Haak MC, Morley CJ, Hooper 

SB, te Pas AB. Umbilical blood flow patterns directly after birth before delayed cord 

clamping. Archives of Disease in Childhood - Fetal and Neonatal Edition. 

2015;100(2):F121-F5. 

181. Brouwer E, te Pas AB, Polglase GR, McGillick EV, Böhringer S, Crossley KJ, 

Rodgers K, Blank D, Yamaoka S, Gill AW, Kluckow M, Hooper SB. Effect of spontaneous 

breathing on umbilical venous blood flow and during delayed cord clamping in preterm 

lambs. Archives of Disease in Childhood - Fetal and Neonatal Edition. 

2019:fetalneonatal-2018-316044. 

182. Nyberg MK, Johnsen SL, Rasmussen S, Kiserud T. Hemodynamics of fetal 

breathing movements: the inferior vena cava. Ultrasound Obstet Gynecol. 

2011;38(6):658-64. 

183. Snoek KG, Reiss IK, Greenough A, Capolupo I, Urlesberger B, Wessel L, Storme 

L, Deprest J, Schaible T, van Heijst A, Tibboel D. Standardized Postnatal Management 

of Infants with Congenital Diaphragmatic Hernia in Europe: The CDH EURO 

Consortium Consensus - 2015 Update. Neonatology. 2016;110(1):66-74. 

184. Katheria AC, Truong G, Cousins L, Oshiro B, Finer NN. Umbilical Cord Milking 

Versus Delayed Cord Clamping in Preterm Infants. Pediatrics. 2015;136(1):61-9. 

185. Katheria AC, Reister F, Hummler H, Essers J, Mendler M, Truong G, Davis-

Nelson S, Subramaniam A, Carlo W, Yankowitz TD, Simhan H, Beck S, Kaempf J, 

Tomlinson M, Schmolzer G, Chari R, Dempsey E, O’Donoghue K, Bhat S, Hoffman M, 



173 

 

Faksh A, Vaucher Y, Szychowski J, Cutter G, Varner M, Finer N. LB 1: Premature Infants 

Receiving Cord Milking or Delayed Cord Clamping: A Randomized Controlled Non-

inferiority Trial. Am J Obstet Gynecol. 2019;220(1):S682. 

186. Blank DA, Polglase GR, Kluckow M, Gill AW, Crossley KJ, Moxham A, Rodgers 

K, Zahra V, Inocencio I, Stenning F, LaRosa DA, Davis PG, Hooper SB. Haemodynamic 

effects of umbilical cord milking in premature sheep during the neonatal transition. 

Archives of Disease in Childhood - Fetal and Neonatal Edition. 2018;103(6):F539-F46. 

187. Knol R, Brouwer E, Vernooij ASN, Klumper FJCM, DeKoninck P, Hooper SB, te 

Pas AB. Clinical aspects of incorporating cord clamping into stabilisation of preterm 

infants. Archives of Disease in Childhood - Fetal and Neonatal Edition. 

2018;103(5):F493-F7. 

188. Thomas MR, Yoxall CW, Weeks AD, Duley L. Providing newborn resuscitation 

at the mother's bedside: assessing the safety, usability and acceptability of a mobile 

trolley. BMC Pediatr. 2014;14:135. 

189. Katheria A, Poeltler D, Durham J, Steen J, Rich W, Arnell K, Maldonado M, 

Cousins L, Finer N. Neonatal Resuscitation with an Intact Cord: A Randomized Clinical 

Trial. J Pediatr. 2016;178:75-80.e3. 

190. Winter J, Kattwinkel J, Chisholm C, Blackman A, Wilson S, Fairchild K. 

Ventilation of Preterm Infants during Delayed Cord Clamping (VentFirst): A Pilot Study 

of Feasibility and Safety. Am J Perinatol. 2017;34(2):111-6. 

191. Blank DA, Badurdeen S, Omar FKC, Jacobs SE, Thio M, Dawson JA, Kane SC, 

Dennis AT, Polglase GR, Hooper SB, Davis PG. Baby-directed umbilical cord clamping: 

A feasibility study. Resuscitation. 2018;131:1-7. 

192. Duley L, Dorling J, Pushpa-Rajah A, Oddie SJ, Yoxall CW, Schoonakker B, 

Bradshaw L, Mitchell EJ, Fawke JA. Randomised trial of cord clamping and initial 

stabilisation at very preterm birth. Archives of Disease in Childhood - Fetal and 

Neonatal Edition. 2018;103(1):F6-F14. 



174 

 

193. Lefebvre C, Rakza T, Weslinck N, Vaast P, Houfflin-Debarge V, Mur S, Storme L. 

Feasibility and safety of intact cord resuscitation in newborn infants with congenital 

diaphragmatic hernia (CDH). Resuscitation. 2017;120:20-5. 

194. Katheria AC, Sorkhi SR, Hassen K, Faksh A, Ghorishi Z, Poeltler D. Acceptability 

of Bedside Resuscitation With Intact Umbilical Cord to Clinicians and Patients’ Families 

in the United States. Frontiers in Pediatrics. 2018;6(100). 

195. Sawyer A, Rabe H, Abbott J, Gyte G, Duley L, Ayers S. Parents' experiences and 

satisfaction with care during the birth of their very preterm baby: a qualitative study. 

BJOG. 2013;120(5):637-43. 

196. Polglase GR, Dawson JA, Kluckow M, Gill AW, Davis PG, Te Pas AB, Crossley KJ, 

McDougall A, Wallace EM, Hooper SB. Ventilation onset prior to umbilical cord 

clamping (physiological-based cord clamping) improves systemic and cerebral 

oxygenation in preterm lambs. PLoS One. 2015;10(2):e0117504.  

197. Knol R, Brouwer E, Klumper FJCM, van den Akker T, DeKoninck P, Hutten GJ, 

Lopriore E, van Kaam AH, Polglase GR, Reiss IKM, Hooper SB, te Pas AB. Effectiveness 

of Stabilization of Preterm Infants With Intact Umbilical Cord Using a Purpose-Built 

Resuscitation Table—Study Protocol for a Randomized Controlled Trial. Frontiers in 

Pediatrics. 2019;7(134). 

198. Coceani F, Baragatti B. Mechanisms for Ductus Arteriosus Closure. Semin 

Perinatol. 2012;36(2):92-7. 

199. van Vonderen JJ, te Pas AB, Kolster-Bijdevaate C, van Lith JM, Blom NA, Hooper 

SB, Roest AA. Non-invasive measurements of ductus arteriosus flow directly after birth. 

Arch Dis Child Fetal Neonatal Ed. 2014;99(5):F408-12. 

200. Nagasawa H, Hamada C, Wakabayashi M, Nakagawa Y, Nomura S, Kohno Y. 

Time to spontaneous ductus arteriosus closure in full-term neonates. Open Heart. 

2016;3(1):e000413. 

201. Evans N, Iyer P. Incompetence of the foramen ovale in preterm infants supported 

by mechanical ventilation. J Pediatr. 1994;125(5 Pt 1):786-92. 



175 

202. Evans N, Iyer P. Assessment of ductus arteriosus shunt in preterm infants

supported by mechanical ventilation: effect of interatrial shunting. J Pediatr. 

1994;125(5 Pt 1):778-85. 

203. Srinivasan G, Pildes RS, Cattamanchi G, Voora S, Lilien LD. Plasma glucose

values in normal neonates: A new look. The Journal of Pediatrics. 1986;109(1):114-7. 

204. Hj S. Glycogen reserves and their changes at birth and in anoxia1961. 134-43 p.

205. Mohseni-Bod H, Bohn D. Pulmonary hypertension in congenital diaphragmatic

hernia. Semin Pediatr Surg. 2007;16(2):126-33. 

206. Moreno-Alvarez O, Hernandez-Andrade E, Oros D, Jani J, Deprest J, Gratacos E.

Association between intrapulmonary arterial Doppler parameters and degree of lung 

growth as measured by lung-to-head ratio in fetuses with congenital diaphragmatic 

hernia. Ultrasound Obstet Gynecol. 2008;31(2):164-70. 

207. Siebert JR, Haas JE, Beckwith JB. Left ventricular hypoplasia in congenital

diaphragmatic hernia. J Pediatr Surg. 1984;19(5):567-71. 

208. Vogel M, McElhinney DB, Marcus E, Morash D, Jennings RW, Tworetzky W.

Significance and outcome of left heart hypoplasia in fetal congenital diaphragmatic 

hernia. Ultrasound Obstet Gynecol. 2010;35(3):310-7. 

209. Momma K, Ando M, Mori Y, Ito T. Hypoplasia of the lung and heart in fetal rats

with diaphragmatic hernia. Fetal Diagn Ther. 1992;7(1):46-52. 

210. Karamanoukian HL, Glick PL, Wilcox DT, O'Toole SJ, Rossman JE, Azizkhan RG.

Pathophysiology of congenital diaphragmatic hernia. XI: Anatomic and biochemical 

characterization of the heart in the fetal lamb CDH model. J Pediatr Surg. 

1995;30(7):925-8; discussion 9. 

211. Guarino N, Shima H, Puri P. Structural immaturity of the heart in congenital

diaphragmatic hernia in rats. J Pediatr Surg. 2001;36(5):770-3. 

212. Schmidt AF, Rojas-Moscoso JA, Goncalves FL, Gallindo RM, Monica FZ, Antunes

E, Figueira RL, Sbragia L. Increased contractility and impaired relaxation of the left 



176 

 

pulmonary artery in a rabbit model of congenital diaphragmatic hernia. Pediatr Surg 

Int. 2013;29(5):489-94. 

213. Levy M, Maurey C, Chailley-Heu B, Martinovic J, Jaubert F, Israel-Biet D. 

Developmental changes in endothelial vasoactive and angiogenic growth factors in the 

human perinatal lung. Pediatr Res. 2005;57(2):248-53. 

214. Ivy DD, Lee DS, Rairigh RL, Parker TA, Abman SH. Endothelin B receptor 

blockade attenuates pulmonary vasodilation in oxygen-ventilated fetal lambs. Biol 

Neonate. 2004;86(3):155-9. 

215. Okazaki T, Sharma HS, McCune SK, Tibboel D. Pulmonary vascular balance in 

congenital diaphragmatic hernia: enhanced endothelin-1 gene expression as a possible 

cause of pulmonary vasoconstriction. J Pediatr Surg. 1998;33(1):81-4. 

216. Coppola CP, Au-Fliegner M, Gosche JR. Endothelin-1 pulmonary 

vasoconstriction in rats with diaphragmatic hernia. J Surg Res. 1998;76(1):74-8. 

217. Thébaud B, Lagausie Pd, Forgues D, Aigrain Y, Mercier J-C, Dinh-Xuan AT. ETA-

receptor blockade and ETB-receptor stimulation in experimental congenital 

diaphragmatic hernia. American Journal of Physiology-Lung Cellular and Molecular 

Physiology. 2000;278(5):L923-L32. 

218. Shinkai T, Shima H, Solari V, Puri P. Expression of vasoactive mediators during 

mechanical ventilation in nitrofen-induced diaphragmatic hernia in rats. Pediatr Surg 

Int. 2005;21(3):143-7. 

219. de Lagausie P, de Buys-Roessingh A, Ferkdadji L, Saada J, Aisenfisz S, Martinez-

Vinson C, Fund X, Cayuela JM, Peuchmaur M, Mercier JC, Berrebi D. Endothelin 

receptor expression in human lungs of newborns with congenital diaphragmatic hernia. 

J Pathol. 2005;205(1):112-8. 

220. Jankov RP, Kantores C, Belcastro R, Yi M, Tanswell AK. Endothelin-1 inhibits 

apoptosis of pulmonary arterial smooth muscle in the neonatal rat. Pediatr Res. 

2006;60(3):245-51. 



177 

221. Ivy DD, Parker TA, Abman SH. Prolonged endothelin B receptor blockade causes

pulmonary hypertension in the ovine fetus. Am J Physiol Lung Cell Mol Physiol. 

2000;279(4):L758-65. 

222. Ivy DD, Parker TA, Ziegler JW, Galan HL, Kinsella JP, Tuder RM, Abman SH.

Prolonged endothelin A receptor blockade attenuates chronic pulmonary hypertension 

in the ovine fetus. J Clin Invest. 1997;99(6):1179-86. 

223. Shehata SM, Sharma HS, Mooi WJ, Tibboel D. Pulmonary hypertension in

human newborns with congenital diaphragmatic hernia is associated with decreased 

vascular expression of nitric-oxide synthase. Cell Biochem Biophys. 2006;44(1):147-55. 

224. Solari V, Piotrowska AP, Puri P. Expression of heme oxygenase-1 and endothelial

nitric oxide synthase in the lung of newborns with congenital diaphragmatic hernia and 

persistent pulmonary hypertension. J Pediatr Surg. 2003;38(5):808-13. 

225. de Rooij JD, Hosgor M, Ijzendoorn Y, Rottier R, Groenman FA, Tibboel D, de

Krijger RR. Expression of angiogenesis-related factors in lungs of patients with 

congenital diaphragmatic hernia and pulmonary hypoplasia of other causes. Pediatr Dev 

Pathol. 2004;7(5):468-77. 

226. Sood BG, Wykes S, Landa M, De Jesus L, Rabah R. Expression of eNOS in the

lungs of neonates with pulmonary hypertension. Exp Mol Pathol. 2011;90(1):9-12. 

227. Vukcevic Z, Coppola CP, Hults C, Gosche JR. Nitrovasodilator responses in

pulmonary arterioles from rats with nitrofen-induced congenital diaphragmatic hernia. 

J Pediatr Surg. 2005;40(11):1706-11. 

228. de Buys Roessingh A, Fouquet V, Aigrain Y, Mercier JC, de Lagausie P, Dinh-Xuan

AT. Nitric oxide activity through guanylate cyclase and phosphodiesterase modulation 

is impaired in fetal lambs with congenital diaphragmatic hernia. J Pediatr Surg. 

2011;46(8):1516-22. 

229. Thebaud B, Petit T, De Lagausie P, Dall'Ava-Santucci J, Mercier JC, Dinh-Xuan

AT. Altered guanylyl-cyclase activity in vitro of pulmonary arteries from fetal lambs with 

congenital diaphragmatic hernia. Am J Respir Cell Mol Biol. 2002;27(1):42-7. 



178 

 

230. Lath NR, Galambos C, Rocha AB, Malek M, Gittes GK, Potoka DA. Defective 

pulmonary innervation and autonomic imbalance in congenital diaphragmatic hernia. 

Am J Physiol Lung Cell Mol Physiol. 2012;302(4):L390-8. 

231. Sylvester JT, Shimoda LA, Aaronson PI, Ward JP. Hypoxic pulmonary 

vasoconstriction. Physiol Rev. 2012;92(1):367-520. 

232. Storme L, Rairigh RL, Parker TA, Kinsella JP, Abman SH. In vivo evidence for a 

myogenic response in the fetal pulmonary circulation. Pediatr Res. 1999;45(3):425-31. 

233. Reiss I, Schaible T, van den Hout L, Capolupo I, Allegaert K, van Heijst A, Gorett 

Silva M, Greenough A, Tibboel D. Standardized postnatal management of infants with 

congenital diaphragmatic hernia in Europe: the CDH EURO Consortium consensus. 

Neonatology. 2010;98(4):354-64. 

234. Betremieux P, Gaillot T, de la Pintiere A, Beuchee A, Pasquier L, Habonimana E, 

Le Bouar G, Branger B, Milon J, Fremond B, Wodey E, Odent S, Poulain P, Pladys P. 

Congenital diaphragmatic hernia: prenatal diagnosis permits immediate intensive care 

with high survival rate in isolated cases. A population-based study. Prenat Diagn. 

2004;24(7):487-93. 

235. Hutcheon JA, Butler B, Lisonkova S, Marquette GP, Mayer C, Skoll A, Joseph KS. 

Timing of delivery for pregnancies with congenital diaphragmatic hernia. BJOG. 

2010;117(13):1658-62. 

236. Safavi A, Lin Y, Skarsgard ED. Perinatal management of congenital 

diaphragmatic hernia: when and how should babies be delivered? Results from the 

Canadian Pediatric Surgery Network. J Pediatr Surg. 2010;45(12):2334-9. 

237. Logan JW, Cotten CM, Goldberg RN, Clark RH. Mechanical ventilation strategies 

in the management of congenital diaphragmatic hernia. Semin Pediatr Surg. 

2007;16(2):115-25. 

238. Sakurai Y, Azarow K, Cutz E, Messineo A, Pearl R, Bohn D. Pulmonary 

barotrauma in congenital diaphragmatic hernia: a clinicopathological correlation. J 

Pediatr Surg. 1999;34(12):1813-7. 



179 

 

239. Puligandla PS, Grabowski J, Austin M, Hedrick H, Renaud E, Arnold M, Williams 

RF, Graziano K, Dasgupta R, McKee M, Lopez ME, Jancelewicz T, Goldin A, Downard 

CD, Islam S. Management of congenital diaphragmatic hernia: A systematic review from 

the APSA outcomes and evidence based practice committee. J Pediatr Surg. 

2015;50(11):1958-70. 

240. Snoek KG, Capolupo I, van Rosmalen J, Hout Lde J, Vijfhuize S, Greenough A, 

Wijnen RM, Tibboel D, Reiss IK. Conventional Mechanical Ventilation Versus High-

frequency Oscillatory Ventilation for Congenital Diaphragmatic Hernia: A Randomized 

Clinical Trial (The VICI-trial). Ann Surg. 2016;263(5):867-74. 

241. Patel N, Mills JF, Cheung MM. Assessment of right ventricular function using 

tissue Doppler imaging in infants with pulmonary hypertension. Neonatology. 

2009;96(3):193-9; discussion 200-2. 

242. Finer NN, Barrington KJ. Nitric oxide for respiratory failure in infants born at or 

near term. Cochrane Database Syst Rev. 2006(4):Cd000399. 

243. Clark RH, Kueser TJ, Walker MW, Southgate WM, Huckaby JL, Perez JA, Roy BJ, 

Keszler M, Kinsella JP. Low-dose nitric oxide therapy for persistent pulmonary 

hypertension of the newborn. Clinical Inhaled Nitric Oxide Research Group. N Engl J 

Med. 2000;342(7):469-74. 

244. Prodhan P, Stroud M, El-Hassan N, Peeples S, Rycus P, Brogan TV, Tang X. 

Prolonged extracorporeal membrane oxygenator support among neonates with acute 

respiratory failure: a review of the Extracorporeal Life Support Organization registry. 

ASAIO J. 2014;60(1):63-9. 

245. Chiu P, Hedrick HL. Postnatal management and long-term outcome for survivors 

with congenital diaphragmatic hernia. Prenat Diagn. 2008;28(7):592-603. 

246. Jaillard SM, Pierrat V, Dubois A, Truffert P, Lequien P, Wurtz AJ, Storme L. 

Outcome at 2 years of infants with congenital diaphragmatic hernia: a population-based 

study. Ann Thorac Surg. 2003;75(1):250-6. 



180 

 

247. Raval MV, Wang X, Reynolds M, Fischer AC. Costs of congenital diaphragmatic 

hernia repair in the United States-extracorporeal membrane oxygenation foots the bill. 

J Pediatr Surg. 2011;46(4):617-24. 

248. Moyer V, Moya F, Tibboel R, Losty P, Nagaya M, Lally KP. Late versus early 

surgical correction for congenital diaphragmatic hernia in newborn infants. Cochrane 

Database Syst Rev. 2002(3):Cd001695. 

249. Haroon J, Chamberlain RS. An evidence-based review of the current treatment 

of congenital diaphragmatic hernia. Clin Pediatr (Phila). 2013;52(2):115-24. 

250. Kays DW, Islam S, Larson SD, Perkins J, Talbert JL. Long-term maturation of 

congenital diaphragmatic hernia treatment results: toward development of a severity-

specific treatment algorithm. Ann Surg. 2013;258(4):638-44; discussion 44-5. 

251. Done E, Gucciardo L, Van Mieghem T, Jani J, Cannie M, Van Schoubroeck D, 

Devlieger R, Catte LD, Klaritsch P, Mayer S, Beck V, Debeer A, Gratacos E, Nicolaides 

K, Deprest J. Prenatal diagnosis, prediction of outcome and in utero therapy of isolated 

congenital diaphragmatic hernia. Prenat Diagn. 2008;28(7):581-91. 

252. Sebire NJ, Snijders RJ, Davenport M, Greenough A, Nicolaides KH. Fetal nuchal 

translucency thickness at 10-14 weeks' gestation and congenital diaphragmatic hernia. 

Obstet Gynecol. 1997;90(6):943-6. 

253. Deprest JA, Flemmer AW, Gratacos E, Nicolaides K. Antenatal prediction of lung 

volume and in-utero treatment by fetal endoscopic tracheal occlusion in severe isolated 

congenital diaphragmatic hernia. Semin Fetal Neonatal Med. 2009;14(1):8-13. 

254. Benachi A, Cordier AG, Cannie M, Jani J. Advances in prenatal diagnosis of 

congenital diaphragmatic hernia. Semin Fetal Neonatal Med. 2014;19(6):331-7. 

255. Nawapun K, Sandaite I, Dekoninck P, Claus F, Richter J, De Catte L, Deprest J. 

Comparison of matching by body volume or gestational age for calculation of observed 

to expected total lung volume in fetuses with isolated congenital diaphragmatic hernia. 

Ultrasound Obstet Gynecol. 2014;44(6):655-60. 



181 

256. Done E, Debeer A, Gucciardo L, Van Mieghem T, Lewi P, Devlieger R, De Catte

L, Lewi L, Allegaert K, Deprest J. Prediction of neonatal respiratory function and 

pulmonary hypertension in fetuses with isolated congenital diaphragmatic hernia in the 

fetal endoscopic tracleal occlusion era: a single-center study. Fetal Diagn Ther. 

2015;37(1):24-32. 

257. Fuke S, Kanzaki T, Mu J, Wasada K, Takemura M, Mitsuda N, Murata Y.

Antenatal prediction of pulmonary hypoplasia by acceleration time/ejection time ratio 

of fetal pulmonary arteries by Doppler blood flow velocimetry. Am J Obstet Gynecol. 

2003;188(1):228-33. 

258. Ruano R, Aubry MC, Barthe B, Mitanchez D, Dumez Y, Benachi A. Predicting

perinatal outcome in isolated congenital diaphragmatic hernia using fetal pulmonary 

artery diameters. J Pediatr Surg. 2008;43(4):606-11. 

259. Ruano R, Aubry MC, Barthe B, Mitanchez D, Dumez Y, Benachi A. Quantitative

analysis of fetal pulmonary vasculature by 3-dimensional power Doppler 

ultrasonography in isolated congenital diaphragmatic hernia. Am J Obstet Gynecol. 

2006;195(6):1720-8. 

260. Harrison MR, Bressack MA, Churg AM, de Lorimier AA. Correction of congenital

diaphragmatic hernia in utero. II. Simulated correction permits fetal lung growth with 

survival at birth. Surgery. 1980;88(2):260-8. 

261. Hedrick MH, Ferro MM, Filly RA, Flake AW, Harrison MR, Scott Adzick N.

Congenital high airway obstruction syndrome (CHAOS): A potential for perinatal 

intervention. J Pediatr Surg. 1994;29(2):271-4. 

262. Carmel JA, Friedman F, Adams FH. FETAL TRACHEAL LIGATION AND LUNG

DEVELOPMENT. Am J Dis Child. 1965;109:452-6. 

263. Nardo L, Hooper SB, Harding R. Stimulation of lung growth by tracheal

obstruction in fetal sheep: relation to luminal pressure and lung liquid volume. Pediatr 

Res. 1998;43(2):184-90. 



182 

 

264. Hooper SB, Han VK, Harding R. Changes in lung expansion alter pulmonary 

DNA synthesis and IGF-II gene expression in fetal sheep. Am J Physiol. 1993;265(4 Pt 

1):L403-9. 

265. Keramidaris E, Hooper SB, Harding R. Effect of Gestational Age on the Increase 

in Fetal Lung Growth Following Tracheal Obstruction. Exp Lung Res. 1996;22(3):283-

98. 

266. Probyn ME, Wallace MJ, Hooper SB. Effect of Increased Lung Expansion on Lung 

Growth and Development Near Midgestation in Fetal Sheep. Pediatr Res. 2000;47:806. 

267. Benachi A, Delezoide A-L, Chailley-Heu B, Preece M, Bourbon JR, Ryder T. 

Ultrastructural Evaluation of Lung Maturation in a Sheep Model of Diaphragmatic 

Hernia and Tracheal Occlusion. Am J Respir Cell Mol Biol. 1999;20(4):805-12. 

268. Lines A, Nardo L, Phillips ID, Possmayer F, Hooper SB. Alterations in lung 

expansion affect surfactant protein A, B, and C mRNA levels in fetal sheep. American 

Journal of Physiology-Lung Cellular and Molecular Physiology. 1999;276(2):L239-L45. 

269. Lines A, Gillett AM, Phillips ID, Wallace MJ, Hooper SB. Re-expression of 

pulmonary surfactant proteins following tracheal obstruction in fetal sheep. Exp 

Physiol. 2001;86(1):55-63. 

270. Flecknoe SJ, Wallace MJ, Harding R, Hooper SB. Determination of alveolar 

epithelial cell phenotypes in fetal sheep: evidence for the involvement of basal lung 

expansion. J Physiol. 2002;542(Pt 1):245-53. 

271. Flake AW, Crombleholme TM, Johnson MP, Howell LJ, Adzick NS. Treatment of 

severe congenital diaphragmatic hernia by fetal tracheal occlusion: Clinical experience 

with fifteen cases. Am J Obstet Gynecol. 2000;183(5):1059-66. 

272. Deprest J, Gratacos E, Nicolaides KH. Fetoscopic tracheal occlusion (FETO) for 

severe congenital diaphragmatic hernia: evolution of a technique and preliminary 

results. Ultrasound Obstet Gynecol. 2004;24(2):121-6. 

273. Harrison MR, Keller RL, Hawgood SB, Kitterman JA, Sandberg PL, Farmer DL, 

Lee H, Filly RA, Farrell JA, Albanese CT. A randomized trial of fetal endoscopic tracheal 



183 

occlusion for severe fetal congenital diaphragmatic hernia. N Engl J Med. 

2003;349(20):1916-24. 

274. Deprest JA, Nicolaides K, Gratacos E. Fetal surgery for congenital diaphragmatic

hernia is back from never gone. Fetal Diagn Ther. 2011;29(1):6-17. 

275. Al-Maary J, Eastwood MP, Russo FM, Deprest JA, Keijzer R. Fetal Tracheal

Occlusion for Severe Pulmonary Hypoplasia in Isolated Congenital Diaphragmatic 

Hernia: A Systematic Review and Meta-analysis of Survival. Ann Surg. 2016;264(6):929-

33. 

276. Dekoninck P, Gratacos E, Van Mieghem T, Richter J, Lewi P, Ancel AM, Allegaert

K, Nicolaides K, Deprest J. Results of fetal endoscopic tracheal occlusion for congenital 

diaphragmatic hernia and the set up of the randomized controlled TOTAL trial. Early 

Hum Dev. 2011;87(9):619-24. 

277. Deprest J, Brady P, Nicolaides K, Benachi A, Berg C, Vermeesch J, Gardener G,

Gratacos E. Prenatal management of the fetus with isolated congenital diaphragmatic 

hernia in the era of the TOTAL trial. Semin Fetal Neonatal Med. 2014;19(6):338-48. 

278. Deprest J, Nicolaides K, Done E, Lewi P, Barki G, Largen E, DeKoninck P,

Sandaite I, Ville Y, Benachi A, Jani J, Amat-Roldan I, Gratacos E. Technical aspects of 

fetal endoscopic tracheal occlusion for congenital diaphragmatic hernia. J Pediatr Surg. 

2011;46(1):22-32. 

279. Jimenez JA, Eixarch E, DeKoninck P, Bennini JR, Devlieger R, Peralta CF,

Gratacos E, Deprest J. Balloon removal after fetoscopic endoluminal tracheal occlusion 

for congenital diaphragmatic hernia. Am J Obstet Gynecol. 2017;217(1):78.e1-.e11. 

280. Wegrzyn P, Weigl W, Szymusik I, Ejmocka-Ambroziak A, Kaminska A, Dziadecki

W, Lazowski T, Wielgos M. Premature labor after fetal endoscopic tracheal occlusion 

for congenital diaphragmatic hernia: post-procedure management problems. 

Ultrasound Obstet Gynecol. 2010;36(1):124-5. 

281. Style CC, Olutoye OO, Belfort MA, Ayres NA, Cruz SM, Lau PE, Shamshirsaz AA,

Lee TC, Olutoye OA, Fernandes CJ, Sanz-Cortes M, Keswani SG, Espinoza J. Fetal 



184 

 

endoscopic tracheal occlusion reduces pulmonary hypertension in severe congenital 

diaphragmatic hernia. Ultrasound Obstet Gynecol. 2019;0(ja).  

282. Done E, Gratacos E, Nicolaides KH, Allegaert K, Valencia C, Castanon M, 

Martinez JM, Jani J, Van Mieghem T, Greenough A, Gomez O, Lewi P, Deprest J. 

Predictors of neonatal morbidity in fetuses with severe isolated congenital 

diaphragmatic hernia undergoing fetoscopic tracheal occlusion. Ultrasound Obstet 

Gynecol. 2013;42(1):77-83. 

283. Grivell RM, Andersen C, Dodd JM. Prenatal interventions for congenital 

diaphragmatic hernia for improving outcomes. Cochrane Database Syst Rev 

2015(11):Cd008925. doi: 10.1002/14651858.CD008925.pub2  

284. Lally KP, Bagolan P, Hosie S, Lally PA, Stewart M, Cotten CM, Van Meurs KP, 

Alexander G. Corticosteroids for fetuses with congenital diaphragmatic hernia: can we 

show benefit? J Pediatr Surg. 2006;41(4):668-74; discussion -74. 

285. Pederiva F, Ghionzoli M, Pierro A, De Coppi P, Tovar JA. Amniotic fluid stem 

cells rescue both in vitro and in vivo growth, innervation, and motility in nitrofen-

exposed hypoplastic rat lungs through paracrine effects. Cell Transplant. 

2013;22(9):1683-94. 

286. Yuniartha R, Alatas FS, Nagata K, Kuda M, Yanagi Y, Esumi G, Yamaza T, 

Kinoshita Y, Taguchi T. Therapeutic potential of mesenchymal stem cell transplantation 

in a nitrofen-induced congenital diaphragmatic hernia rat model. Pediatr Surg Int. 

2014;30(9):907-14. 

287. DeKoninck P, Toelen J, Roubliova X, Carter S, Pozzobon M, Russo FM, Richter J, 

Vandersloten PJ, Verbeken E, De Coppi P, Deprest J. The use of human amniotic fluid 

stem cells as an adjunct to promote pulmonary development in a rabbit model for 

congenital diaphragmatic hernia. Prenat Diagn. 2015;35(9):833-40. 

288. Hodges RJ, Lim R, Jenkin G, Wallace EM. Amnion Epithelial Cells as a Candidate 

Therapy for Acute and Chronic Lung Injury. Stem Cells Int. 2012;2012:7. 

289. De Coppi P, Deprest J. Regenerative Medicine Solutions in Congenital 

Diaphragmatic Hernia. Semin Pediatr Surg. 2017. 



185 

 

290. Gonzalez-Reyes S, Martinez L, Martinez-Calonge W, Fernandez-Dumont V, 

Tovar JA. Effects of antioxidant vitamins on molecular regulators involved in lung 

hypoplasia induced by nitrofen. J Pediatr Surg. 2006;41(8):1446-52. 

291. Cigdem MK, Kizil G, Onen A, Kizil M, Nergiz Y, Celik Y. Is there a role for 

antioxidants in prevention of pulmonary hypoplasia in nitrofen-induced rat model of 

congenital diaphragmatic hernia? Pediatr Surg Int. 2010;26(4):401-6. 

292. Tzimas G, Nau H. The role of metabolism and toxicokinetics in retinoid 

teratogenesis. Curr Pharm Des. 2001;7(9):803-31. 

293. Travadi JN, Patole SK. Phosphodiesterase inhibitors for persistent pulmonary 

hypertension of the newborn: a review. Pediatr Pulmonol. 2003;36(6):529-35. 

294. Kass DA, Takimoto E, Nagayama T, Champion HC. Phosphodiesterase regulation 

of nitric oxide signaling. Cardiovasc Res. 2007;75(2):303-14. 

295. Kashyap A, DeKoninck P, Crossley K, Thio M, Polglase G, Russo FM, Deprest J, 

Hooper S, Hodges R. Antenatal Medical Therapies to Improve Lung Development in 

Congenital Diaphragmatic Hernia. Am J Perinatol. 2018;35(9):823-36. 

296. Corbin JD, Beasley A, Blount MA, Francis SH. High lung PDE5: a strong basis for 

treating pulmonary hypertension with PDE5 inhibitors. Biochem Biophys Res Commun. 

2005;334(3):930-8. 

297. Galie N, Ghofrani HA, Torbicki A, Barst RJ, Rubin LJ, Badesch D, Fleming T, 

Parpia T, Burgess G, Branzi A, Grimminger F, Kurzyna M, Simonneau G. Sildenafil 

citrate therapy for pulmonary arterial hypertension. N Engl J Med. 2005;353(20):2148-

57. 

298. Barst RJ, Ivy DD, Gaitan G, Szatmari A, Rudzinski A, Garcia AE, Sastry BK, Pulido 

T, Layton GR, Serdarevic-Pehar M, Wessel DL. A randomized, double-blind, placebo-

controlled, dose-ranging study of oral sildenafil citrate in treatment-naive children with 

pulmonary arterial hypertension. Circulation. 2012;125(2):324-34. 

299. Shah PS, Ohlsson A. Sildenafil for pulmonary hypertension in neonates. 

Cochrane Database Syst Rev. 2011(8):Cd005494. 



186 

 

300. Jaillard S, Larrue B, Deruelle P, Delelis A, Rakza T, Butrous G, Storme L. Effects 

of phosphodiesterase 5 inhibitor on pulmonary vascular reactivity in the fetal lamb. Ann 

Thorac Surg. 2006;81(3):935-42. 

301. Ziegler JW, Ivy DD, Fox JJ, Kinsella JP, Clarke WR, Abman SH. Dipyridamole 

potentiates pulmonary vasodilation induced by acetylcholine and nitric oxide in the 

ovine fetus. Am J Respir Crit Care Med. 1998;157(4 Pt 1):1104-10. 

302. Jaillard S, Houfflin-Debarge V, Riou Y, Rakza T, Klosowski S, Lequien P, Storme 

L. Effects of catecholamines on the pulmonary circulation in the ovine fetus. Am J 

Physiol Regul Integr Comp Physiol. 2001;281(2):R607-14. 

303. Larrue B, Jaillard S, Lorthioir M, Roubliova X, Butrous G, Rakza T, Warembourg 

H, Storme L. Pulmonary vascular effects of sildenafil on the development of chronic 

pulmonary hypertension in the ovine fetus. Am J Physiol Lung Cell Mol Physiol. 

2005;288(6):L1193-200. 

304. Tantini B, Manes A, Fiumana E, Pignatti C, Guarnieri C, Zannoli R, Branzi A, 

Galie N. Antiproliferative effect of sildenafil on human pulmonary artery smooth muscle 

cells. Basic Res Cardiol. 2005;100(2):131-8. 

305. Yang J, Li X, Al-Lamki RS, Wu C, Weiss A, Berk J, Schermuly RT, Morrell NW. 

Sildenafil potentiates bone morphogenetic protein signaling in pulmonary arterial 

smooth muscle cells and in experimental pulmonary hypertension. Arterioscler Thromb 

Vasc Biol. 2013;33(1):34-42. 

306. Osinski MT, Rauch BH, Schror K. Antimitogenic actions of organic nitrates are 

potentiated by sildenafil and mediated via activation of protein kinase A. Mol 

Pharmacol. 2001;59(5):1044-50. 

307. Chiche JD, Schlutsmeyer SM, Bloch DB, de la Monte SM, Roberts JD, Jr., Filippov 

G, Janssens SP, Rosenzweig A, Bloch KD. Adenovirus-mediated gene transfer of cGMP-

dependent protein kinase increases the sensitivity of cultured vascular smooth muscle 

cells to the antiproliferative and pro-apoptotic effects of nitric oxide/cGMP. J Biol Chem. 

1998;273(51):34263-71. 



187 

308. Koyama H, Bornfeldt KE, Fukumoto S, Nishizawa Y. Molecular pathways of cyclic

nucleotide-induced inhibition of arterial smooth muscle cell proliferation. J Cell 

Physiol. 2001;186(1):1-10. 

309. Ladha F, Bonnet S, Eaton F, Hashimoto K, Korbutt G, Thebaud B. Sildenafil

improves alveolar growth and pulmonary hypertension in hyperoxia-induced lung 

injury. Am J Respir Crit Care Med. 2005;172(6):750-6. 

310. Park HS, Park JW, Kim HJ, Choi CW, Lee HJ, Kim BI, Chun YS. Sildenafil

alleviates bronchopulmonary dysplasia in neonatal rats by activating the hypoxia-

inducible factor signaling pathway. Am J Respir Cell Mol Biol. 2013;48(1):105-13. 

311. Aman J, Bogaard HJ, Vonk Noordegraaf A. Why vessels do matter in pulmonary

disease. Thorax. 2016;71(8):767-9. 

312. Burgos CM, Pearson EG, Davey M, Riley J, Jia H, Laje P, Flake AW, Peranteau

WH. Improved pulmonary function in the nitrofen model of congenital diaphragmatic 

hernia following prenatal maternal dexamethasone and/or sildenafil. Pediatr Res. 

2016;80(4):577-85. 

313. Mous DS, Kool HM, Buscop-van Kempen MJ, Koning AH, Dzyubachyk O,

Wijnen RM, Tibboel D, Rottier RJ. Clinical relevant timing of antenatal sildenafil 

treatment reverses pulmonary vascular remodeling in congenital diaphragmatic hernia. 

Am J Physiol Lung Cell Mol Physiol. 2016:ajplung.00180.2016. 

314. Vorhies EE, Ivy DD. Drug treatment of pulmonary hypertension in children.

Paediatr Drugs. 2014;16(1):43-65. 

315. Mukherjee A, Dombi T, Wittke B, Lalonde R. Population pharmacokinetics of

sildenafil in term neonates: evidence of rapid maturation of metabolic clearance in the 

early postnatal period. Clin Pharmacol Ther. 2009;85(1):56-63. 

316. Baquero H, Soliz A, Neira F, Venegas ME, Sola A. Oral sildenafil in infants with

persistent pulmonary hypertension of the newborn: a pilot randomized blinded study. 

Pediatrics. 2006;117(4):1077-83. 



188 

 

317. Vargas-Origel A, Gomez-Rodriguez G, Aldana-Valenzuela C, Vela-Huerta MM, 

Alarcon-Santos SB, Amador-Licona N. The use of sildenafil in persistent pulmonary 

hypertension of the newborn. Am J Perinatol. 2010;27(3):225-30. 

318. Herrera Torres RCG, P. Holberto Castillo, J. Loera, Gutiérrez RRB, I. Oral 

sildenafil as an alternative treatment in the persistent pulmonary hypertension in 

newborns. Revista Mexicana de Pediatria. 2006;73(4):159-63. 

319. Barst RJ, Beghetti M, Pulido T, Layton G, Konourina I, Zhang M, Ivy DD. STARTS-

2: long-term survival with oral sildenafil monotherapy in treatment-naive pediatric 

pulmonary arterial hypertension. Circulation. 2014;129(19):1914-23. 

320. FDA UFaDA. Revatio (sildenafil): Drug Safety Communication - 

Recommendation Against Use in Children 2012 [Available from: 

http://www.fda.gov/Safety/MedWatch/SafetyInformation/SafetyAlertsforHumanMedi

calProducts/ucm317743.htm. 

321. Abman SH, Kinsella JP, Rosenzweig EB, Krishnan U, Kulik T, Mullen M, Wessel 

DL, Steinhorn R, Adatia I, Hanna B, Feinstein J, Fineman J, Raj U, Humpl T. Implications 

of the U.S. Food and Drug Administration warning against the use of sildenafil for the 

treatment of pediatric pulmonary hypertension. Am J Respir Crit Care Med. 

2013;187(6):572-5. 

322. McElhinney DB. A new START for Sildenafil in pediatric pulmonary 

hypertension: reframing the dose-survival relationship in the STARTS-2 trial. 

Circulation. 2014;129(19):1905-8. 

323. European Medicines Agency. Assessment report for Revatio, International Non-

proprietary Name: sildenafil. Procedure No. EMEA/H/C/000638/II/0028 London, UK: 

European Medicines Agency; 2011 [Available from: 

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-

_Assessment_Report_-_Variation/human/000638/WC500107804.pdf. 

324. Samangaya RA, Mires G, Shennan A, Skillern L, Howe D, McLeod A, Baker PN. 

A randomised, double-blinded, placebo-controlled study of the phosphodiesterase type 

http://www.fda.gov/Safety/MedWatch/SafetyInformation/SafetyAlertsforHumanMedicalProducts/ucm317743.htm
http://www.fda.gov/Safety/MedWatch/SafetyInformation/SafetyAlertsforHumanMedicalProducts/ucm317743.htm
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Assessment_Report_-_Variation/human/000638/WC500107804.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Assessment_Report_-_Variation/human/000638/WC500107804.pdf


189 

5 inhibitor sildenafil for the treatment of preeclampsia. Hypertens Pregnancy. 

2009;28(4):369-82. 

325. Maher MA, Sayyed TM, Elkhouly N. Sildenafil Citrate Therapy for

Oligohydramnios: A Randomized Controlled Trial. Obstet Gynecol. 2017;129(4):615-

20. 

326. Pels A, Kenny LC, Alfirevic Z, Baker PN, von Dadelszen P, Gluud C, Kariya CT,

Mol BW, Papageorghiou AT, van Wassenaer-Leemhuis AG, Ganzevoort W, Groom KM. 

STRIDER (Sildenafil TheRapy in dismal prognosis early onset fetal growth restriction): 

an international consortium of randomised placebo-controlled trials. BMC Pregnancy 

Childbirth. 2017;17(1):440. 

327. Ganzevoort W, Alfirevic Z, von Dadelszen P, Kenny L, Papageorghiou A, van

Wassenaer-Leemhuis A, Gluud C, Mol BW, Baker PN. STRIDER: Sildenafil Therapy In 

Dismal prognosis Early-onset intrauterine growth Restriction--a protocol for a 

systematic review with individual participant data and aggregate data meta-analysis and 

trial sequential analysis. Syst Rev. 2014;3:23. 

328. Sharp A, Cornforth C, Jackson R, Harrold J, Turner MA, Kenny L, Baker PN,

Johnstone ED, Khalil A, von Dadelszen P, Papageorghiou AT, Alfirevic Z. Mortality in 

the UK STRIDER trial of sildenafil therapy for the treatment of severe early-onset fetal 

growth restriction. The Lancet Child & Adolescent Health. 2019;3(3):e2-e3. 

329. Sharp A, Cornforth C, Jackson R, Harrold J, Turner MA, Kenny LC, Baker PN,

Johnstone ED, Khalil A, von Dadelszen P, Papageorghiou AT, Alfirevic Z, Agarwal U, 

Willis E, Mammarella S, Masson G, Aquilina J, Greco E, Higgins S, Vinayagam D, Shaw 

L, Stephens L, Howe D, Rand A, Patni S, Mousa T, Rabab A, Russell H, Hannon T, Fenn 

A, Kilby M, Selman T, David A, Spencer R, Cohen K, Breeze A, McKelvey A, Impey L, 

Loannou C, Stock S, Poon L, Pasupathy D, Webster L, Bugg G. Maternal sildenafil for 

severe fetal growth restriction (STRIDER): a multicentre, randomised, placebo-

controlled, double-blind trial. The Lancet Child & Adolescent Health. 2018;2(2):93-

102.



190 

330. Groom K, McCowan L, Mackay L, Lee A, Gardener G, Unterscheider J, Sekar R,

Dickinson J, Muller P, Reid R, Watson D, Welsh A, Marlow J, Walker S, Hyett J, Morris 

J, Stone P, Baker P. STRIDER NZAus: a multicentre randomised controlled trial of 

sildenafil therapy in early-onset fetal growth restriction. BJOG. 2019;126(8):997-1006. 

331. Groom KM, Ganzevoort W, Alfirevic Z, Lim K, Papageorghiou AT, Consortium

tS. Clinicians should stop prescribing sildenafil for fetal growth restriction (FGR): 

comment from the STRIDER Consortium. Ultrasound Obstet Gynecol. 2018;52(3):295-

6. 

332. Maharaj CH, O'Toole D, Lynch T, Carney J, Jarman J, Higgins BD, Morrison JJ,

Laffey JG. Effects and mechanisms of action of sildenafil citrate in human chorionic 

arteries. Reproductive Biology and Endocrinology : RB&E. 2009;7:34-. 

333. Miller SL, Loose JM, Jenkin G, Wallace EM. The effects of sildenafil citrate

(Viagra) on uterine blood flow and well being in the intrauterine growth-restricted 

fetus. Am J Obstet Gynecol. 2009;200(1):102.e1-7. 

334. Inocencio IM, Polglase GR, Miller SL, Sehgal A, Sutherland A, Mihelakis J, Li A,

Allison BJ. Effects of Maternal Sildenafil Treatment on Vascular Function in Growth-

Restricted Fetal Sheep. Arterioscler Thromb Vasc Biol. 2019;39(4):731-40. 

335. Zhu B, Strada S, Stevens T. Cyclic GMP-specific phosphodiesterase 5 regulates

growth and apoptosis in pulmonary endothelial cells. American Journal of Physiology - 

Lung Cellular and Molecular Physiology. 2005;289(2):L196-L206. 

336. Fink HA, Mac Donald R, Rutks IR, Nelson DB, Wilt TJ. Sildenafil for male erectile

dysfunction: a systematic review and meta-analysis. Arch Intern Med. 

2002;162(12):1349-60. 

337. Nichols DJ, Muirhead GJ, Harness JA. Pharmacokinetics of sildenafil after single

oral doses in healthy male subjects: absolute bioavailability, food effects and dose 

proportionality. Br J Clin Pharmacol. 2002;53 Suppl 1:5s-12s. 

338. O'Toole SJ, Karamanoukian HL, Morin FC, 3rd, Holm BA, Egan EA, Azizkhan

RG, Glick PL. Surfactant decreases pulmonary vascular resistance and increases 



191 

pulmonary blood flow in the fetal lamb model of congenital diaphragmatic hernia. J 

Pediatr Surg. 1996;31(4):507-11. 

339. Kashyap AJ, Crossley KJ, DeKoninck PLJ, Rodgers KA, Thio M, Skinner SM,

Deprest JA, Hooper SB, Hodges RJ. Neonatal cardiopulmonary transition in an ovine 

model of congenital diaphragmatic hernia. Arch Dis Child Fetal Neonatal Ed. 2019. 

340. DeKoninck PLJ, Crossley KJ, Kashyap AJ, Skinner SM, Thio M, Rodgers KA,

Deprest JA, Hooper SB, Hodges RJ. Effects of tracheal occlusion on the neonatal 

cardiopulmonary transition in an ovine model of diaphragmatic hernia. Arch Dis Child 

Fetal Neonatal Ed. 2019. 

341. Kashyap AJ, Hodges RJ, Thio M, Rodgers KA, Amberg BJ, McGillick EV, Hooper

SB, Crossley KJ, DeKoninck PLJ. Physiologically based cord clamping improves 

cardiopulmonary haemodynamics in lambs with a diaphragmatic hernia. Arch Dis Child 

Fetal Neonatal Ed. 2019. 

342. Bratu I, Flageole H, Laberge J-M, Kovacs L, Faucher D, Piedboeuf B. Lung

function in lambs with diaphragmatic hernia after reversible fetal tracheal occlusion. J 

Pediatr Surg. 2004;39(10):1524-31. 

343. Davey MG, Hedrick HL, Bouchard S, Mendoza JM, Schwarz U, Adzick NS, Flake

AW. Temporary tracheal occlusion in fetal sheep with lung hypoplasia does not improve 

postnatal lung function. J Appl Physiol (1985). 2003;94(3):1054-62. 

344. Suzuki K, Hooper SB, Cock ML, Harding R. Effect of lung hypoplasia on birth-

related changes in the pulmonary circulation in sheep. Pediatr Res. 2005;57(4):530-6. 

345. Adzick NS, Outwater KM, Harrison MR, Davies P, Glick PL, deLorimier AA, Reid

LM. Correction of congenital diaphragmatic hernia in utero. IV. An early gestational 

fetal lamb model for pulmonary vascular morphometric analysis. J Pediatr Surg. 

1985;20(6):673-80. 

346. Pringle KC, Turner JW, Schofield JC, Soper RT. Creation and repair of

diaphragmatic hernia in the fetal lamb: lung development and morphology. J Pediatr 

Surg. 1984;19(2):131-40. 



192 

 

347. Wild YK, Piasecki GJ, De Paepe ME, Luks FI. Short-term tracheal occlusion in 

fetal lambs with diaphragmatic hernia improves lung function, even in the absence of 

lung growth. J Pediatr Surg. 2000;35(5):775-9. 

348. Levin DL, Rudolph AM, Heymann MA, Phibbs RH. Morphological development 

of the pulmonary vascular bed in fetal lambs. Circulation. 1976;53(1):144-51. 

349. de Luca U, Cloutier R, Laberge JM, Fournier L, Prendt H, Major D, Edgell D, Roy 

PE, Roberge S, Guttman FM. Pulmonary barotrauma in congenital diaphragmatic 

hernia: Experimental study in lambs. J Pediatr Surg. 1987;22(4):311-6. 

350. Russo FM, Conings S, Allegaert K, Van Mieghem T, Toelen J, Van Calsteren K, 

Annaert P, Deprest J. Sildenafil crosses the placenta at therapeutic levels in a dually 

perfused human cotyledon model. Am J Obstet Gynecol. 2018;219(6):619.e1 - .e10. 

351. Russo FM, Benachi A, Van Mieghem T, De Hoon J, Van Calsteren K, Annaert P, 

Tréluyer J-M, Allegaert K, Deprest J. Antenatal sildenafil administration to prevent 

pulmonary hypertension in congenital diaphragmatic hernia (SToP-PH): study protocol 

for a phase I/IIb placenta transfer and safety study. Trials. 2018;19(1):524-. 

352. Salas AA, Bhat R, Dabrowska K, Leadford A, Anderson S, Harmon CM, 

Ambalavanan N, El-Ferzli GT. The value of Pa(CO2) in relation to outcome in 

congenital diaphragmatic hernia. Am J Perinatol. 2014;31(11):939-46. 

353. Polglase GR, Miller SL, Barton SK, Baburamani AA, Wong FY, Aridas JD, Gill AW, 

Moss TJ, Tolcos M, Kluckow M, Hooper SB. Initiation of resuscitation with high tidal 

volumes causes cerebral hemodynamic disturbance, brain inflammation and injury in 

preterm lambs. PLoS One. 2012;7(6):e39535. 

354. Polglase GR, Blank DA, Barton SK, Miller SL, Stojanovska V, Kluckow M, Gill 

AW, LaRosa D, Te Pas AB, Hooper SB. Physiologically based cord clamping stabilises 

cardiac output and reduces cerebrovascular injury in asphyxiated near-term lambs. 

Arch Dis Child Fetal Neonatal Ed. 2017. 

355. Holm S. A Simple Sequentially Rejective Multiple Test Procedure. Scandinavian 

Journal of Statistics. 1979;6(2):65-70. 



193 

 

356. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society Series B 

(Methodological). 1995;57(1):289-300. 

357. Liu C, Cripe TP, Kim M-O. Statistical issues in longitudinal data analysis for 

treatment efficacy studies in the biomedical sciences. Molecular therapy : the journal of 

the American Society of Gene Therapy. 2010;18(9):1724-30. 

358. Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power 

analysis program for the social, behavioral, and biomedical sciences. Behav Res 

Methods. 2007;39(2):175-91. 

359. Pierro M, Thébaud B. Understanding and treating pulmonary hypertension in 

congenital diaphragmatic hernia. Seminars in Fetal and Neonatal Medicine. 

2014;19(6):357-63. 

360. Tarry D, Powell M. Hypoxic pulmonary vasoconstriction. BJA Education. 

2017;17(6):208-13. 

361. Kinsella JP, Ivy DD, Abman SH. Pulmonary vasodilator therapy in congenital 

diaphragmatic hernia: acute, late, and chronic pulmonary hypertension. Semin 

Perinatol. 2005;29(2):123-8. 

362. Russo FM, Eastwood MP, Keijzer R, Al-Maary J, Toelen J, Van Mieghem T, 

Deprest JA. Lung size and liver herniation predict need for extracorporeal membrane 

oxygenation but not pulmonary hypertension in isolated congenital diaphragmatic 

hernia: systematic review and meta-analysis. Ultrasound Obstet Gynecol. 

2017;49(6):704-13. 

363. DeKoninck P, Jimenez J, Russo FM, Hodges R, Gratacos E, Deprest J. Assessment 

of pulmonary vascular reactivity to oxygen using fractional moving blood volume in 

fetuses with normal lung development and pulmonary hypoplasia in congenital 

diaphragmatic hernia. Prenat Diagn. 2014;34(10):977-81. 

364. Biglands JD, Radjenovic A, Ridgway JP. Cardiovascular magnetic resonance 

physics for clinicians: part II. J Cardiovasc Magn Reson. 2012;14(1):66. 



194 

 

365. Mous DS, Kool HM, Burgisser PE, Buscop-van Kempen MJ, Nagata K, Boerema-

de Munck A, van Rosmalen J, Dzyubachyk O, Wijnen RMH, Tibboel D, Rottier RJ. 

Treatment of rat congenital diaphragmatic hernia with sildenafil and NS-304, 

selexipag’s active compound, at the pseudoglandular stage improves lung vasculature. 

American Journal of Physiology-Lung Cellular and Molecular Physiology. 

2018;315(2):L276-L85. 

366. Teitel DF, Iwamoto HS, Rudolph AM. Changes in the pulmonary circulation 

during birth-related events. Pediatr Res. 1990;27(4 Pt 1):372-8. 

367. Polglase GR, Morley CJ, Crossley KJ, Dargaville P, Harding R, Morgan DL, Hooper 

SB. Positive end-expiratory pressure differentially alters pulmonary hemodynamics and 

oxygenation in ventilated, very premature lambs. J Appl Physiol (1985). 

2005;99(4):1453-61. 

368. Cruz-Martinez R, Figueras F, Moreno-Alvarez O, Martinez JM, Gomez O, 

Hernandez-Andrade E, Gratacos E. Learning curve for lung area to head circumference 

ratio measurement in fetuses with congenital diaphragmatic hernia. Ultrasound Obstet 

Gynecol. 2010;36(1):32-6. 

369. Cordier A-G, Cannie MM, Guilbaud L, De Laveaucoupet J, Martinovic J, 

Nowakowska D, Milejska-Lewandowska M, Rodó C, Viaris de Lesegno B, Votino C, 

Senat M-V, Jani JC, Benachi A. Stomach position versus liver-to-thoracic volume ratio 

in left-sided congenital diaphragmatic hernia. The Journal of Maternal-Fetal & Neonatal 

Medicine. 2015;28(2):190-5. 

370. Cordier A-G, Jani JC, Cannie MM, Rodó C, Fabietti I, Persico N, Saada J, Carreras 

E, Senat M-V, Benachi A. Stomach position in prediction of survival in left-sided 

congenital diaphragmatic hernia with or without fetoscopic endoluminal tracheal 

occlusion. Ultrasound Obstet Gynecol. 2015;46(2):155-61. 

371. Lacassie HJ, Germain AM, Valdes G, Fernandez MS, Allamand F, Lopez H. 

Management of Eisenmenger syndrome in pregnancy with sildenafil and L-arginine. 

Obstet Gynecol. 2004;103(5 Pt 2):1118-20. 



195 

372. Dunn L, Greer R, Flenady V, Kumar S. Sildenafil in Pregnancy: A Systematic

Review of Maternal Tolerance and Obstetric and Perinatal Outcomes. Fetal Diagn Ther. 

2017;41(2):81-8. 

373. von Dadelszen P, Dwinnell S, Magee LA, Carleton BC, Gruslin A, Lee B, Lim KI,

Liston RM, Miller SP, Rurak D, Sherlock RL, Skoll MA, Wareing MM, Baker PN. 

Sildenafil citrate therapy for severe early-onset intrauterine growth restriction. BJOG. 

2011;118(5):624-8. 

374. Russo FM, Da Cunha MG, Mori MC, Jimenez J, Eastwood MP, Lesage F, Mieghem

TV, Toelen J, Deprest J. 86: Synergic effect of maternal sildenafil and fetal tracheal 

occlusion improving pulmonary development in the rabbit model for congenital 

diaphragmatic hernia. Am J Obstet Gynecol. 2017;216(1):S62.  

375. Guimaraes DA, Rizzi E, Ceron CS, Martins-Oliveira A, Gerlach RF, Shiva S,

Tanus-Santos JE. Atorvastatin and sildenafil decrease vascular TGF-beta levels and 

MMP-2 activity and ameliorate arterial remodeling in a model of renovascular 

hypertension. Redox Biol. 2015;6:386-95. 

376. Bae EH, Kim IJ, Joo SY, Kim EY, Kim CS, Choi JS, Ma SK, Kim SH, Lee JU, Kim

SW. Renoprotective effects of sildenafil in DOCA-salt hypertensive rats. Kidney Blood 

Press Res. 2012;36(1):248-57. 

377. Beers MF, Solarin KO, Guttentag SH, Rosenbloom J, Kormilli A, Gonzales LW,

Ballard PL. TGF-beta1 inhibits surfactant component expression and epithelial cell 

maturation in cultured human fetal lung. Am J Physiol. 1998;275(5):L950-60. 

378. Zhao J, Bu D, Lee M, Slavkin HC, Hall FL, Warburton D. Abrogation of

transforming growth factor-beta type II receptor stimulates embryonic mouse lung 

branching morphogenesis in culture. Dev Biol. 1996;180(1):242-57. 

379. Vuckovic A, Herber-Jonat S, Flemmer AW, Ruehl IM, Votino C, Segers V, Benachi

A, Martinovic J, Nowakowska D, Dzieniecka M, Jani JC. Increased TGF-beta: a drawback 

of tracheal occlusion in human and experimental congenital diaphragmatic hernia? Am 

J Physiol Lung Cell Mol Physiol. 2016;310(4):L311-27. 



196 

 

380. Ballard SA, Gingell CJ, Tang K, Turner LA, Price ME, Naylor AM. Effects of 

sildenafil on the relaxation of human corpus cavernosum tissue in vitro and on the 

activities of cyclic nucleotide phosphodiesterase isozymes. J Urol. 1998;159(6):2164-

71. 

381. Cheitlin MD, Hutter AM, Brindis RG, Ganz P, Kaul S, Russell RO, Zusman RM, 

Technology, Committee PE, Forrester JS, Douglas PS, Faxon DP, Fisher JD, Gibbons RJ, 

Halperin JL, Hutter AM, Hochman JS, Kaul S, Weintraub WS, Winters WL, Wolk MJ. 

Use of Sildenafil (Viagra) in Patients With Cardiovascular Disease. Circulation. 

1999;99(1):168-77. 

382. Hooper SB, Polglase GR, te Pas AB. A physiological approach to the timing of 

umbilical cord clamping at birth. Arch Dis Child Fetal Neonatal Ed. 2015;100(4):F355-

60. 

383. Niermeyer S, Velaphi S. Promoting physiologic transition at birth: re-examining 

resuscitation and the timing of cord clamping. Semin Fetal Neonatal Med. 

2013;18(6):385-92. 

384. Foglia EE, Ades A, Hedrick HL, Rintoul N, Munson DA, Moldenhauer J, Gebb J, 

Serletti B, Chaudhary A, Weinberg DD, Napolitano N, Fraga MV, Ratcliffe SJ. Initiating 

resuscitation before umbilical cord clamping in infants with congenital diaphragmatic 

hernia: a pilot feasibility trial. Archives of Disease in Childhood - Fetal and Neonatal 

Edition. 2019:fetalneonatal-2019-317477. 

385. Wagner PD. The physiological basis of pulmonary gas exchange: implications for 

clinical interpretation of arterial blood gases. Eur Respir J. 2015;45(1):227-43. 

386. Dawes GS, Johnston BM, Walker DW. Relationship of arterial pressure and heart 

rate in fetal, new-born and adult sheep. The Journal of physiology. 1980;309:405-17. 

387. Barbieri R, Triedman JK, Saul JP. Heart rate control and mechanical 

cardiopulmonary coupling to assess central volume: a systems analysis. American 

Journal of Physiology-Regulatory, Integrative and Comparative Physiology. 

2002;283(5):R1210-R20. 



197 

388. Giussani DA. The fetal brain sparing response to hypoxia: physiological

mechanisms. The Journal of physiology. 2016;594(5):1215-30. 

389. Hassan A, Gossage J, Ingram D, Lee S, Milner AD. Volume of activation of the

Hering-Breuer inflation reflex in the newborn infant. J Appl Physiol (1985). 

2001;90(3):763-9. 

390. Cohen G, Katz-Salamon M, Malcolm G. A key circulatory defence against

asphyxia in infancy--the heart of the matter! The Journal of physiology. 

2012;590(23):6157-65. 

391. te Pas AB, Siew M, Wallace MJ, Kitchen MJ, Fouras A, Lewis RA, Yagi N, Uesugi

K, Donath S, Davis PG, Morley CJ, Hooper SB. Establishing functional residual capacity 

at birth: the effect of sustained inflation and positive end-expiratory pressure in a 

preterm rabbit model. Pediatr Res. 2009;65(5):537-41. 

392. te Pas AB, Siew M, Wallace MJ, Kitchen MJ, Fouras A, Lewis RA, Yagi N, Uesugi

K, Donath S, Davis PG, Morley CJ, Hooper SB. Effect of sustained inflation length on 

establishing functional residual capacity at birth in ventilated premature rabbits. 

Pediatr Res. 2009;66(3):295-300. 

393. Sobotka KS, Hooper SB, Allison BJ, Te Pas AB, Davis PG, Morley CJ, Moss TJ. An

initial sustained inflation improves the respiratory and cardiovascular transition at birth 

in preterm lambs. Pediatr Res. 2011;70(1):56-60. 

394. Tingay DG, Pereira-Fantini PM, Oakley R, McCall KE, Perkins EJ, Miedema M,

Sourial M, Thomson J, Waldmann A, Dellaca RL, Davis PG, Dargaville PA. Gradual 

Aeration at Birth is More Lung Protective than a Sustained Inflation in Preterm Lambs. 

Am J Respir Crit Care Med. 2019. 

395. Kirpalani H, Ratcliffe SJ, Keszler M, Davis PG, Foglia EE, Te Pas A, Fernando M,

Chaudhary A, Localio R, van Kaam AH, Onland W, Owen LS, Schmolzer GM, Katheria 

A, Hummler H, Lista G, Abbasi S, Klotz D, Simma B, Nadkarni V, Poulain FR, Donn SM, 

Kim HS, Park WS, Cadet C, Kong JY, Smith A, Guillen U, Liley HG, Hopper AO, Tamura 

M. Effect of Sustained Inflations vs Intermittent Positive Pressure Ventilation on



198 

Bronchopulmonary Dysplasia or Death Among Extremely Preterm Infants: The SAIL 

Randomized Clinical Trial. JAMA. 2019;321(12):1165-75. 

396. van Vonderen JJ, Hooper SB, Hummler HD, Lopriore E, te Pas AB. Effects of a

sustained inflation in preterm infants at birth. J Pediatr. 2014;165(5):903-8.e1. 

397. Crawshaw JR, Kitchen MJ, Binder-Heschl C, Thio M, Wallace MJ, Kerr LT, Roehr

CC, Lee KL, Buckley GA, Davis PG, Flemmer A, te Pas AB, Hooper SB. Laryngeal closure 

impedes non-invasive ventilation at birth. Archives of Disease in Childhood - Fetal and 

Neonatal Edition. 2018;103(2):F112-F9. 

398. Blanco CE, Dawes GS, Hanson MA, McCooke HB. The response to hypoxia of

arterial chemoreceptors in fetal sheep and new-born lambs. The Journal of Physiology. 

1984;351:25-37. 

399. Ersdal HL, Linde J, Mduma E, Auestad B, Perlman J. Neonatal Outcome

Following Cord Clamping After Onset of Spontaneous Respiration. Pediatrics. 

2014;134(2):265-72. 

400. Verbeek L, Zhao DP, Middeldorp JM, Oepkes D, Hooper SB, Te Pas AB, Lopriore

E. Haemoglobin discordances in twins: due to differences in timing of cord clamping?

Archives of Disease in Childhood - Fetal and Neonatal Edition. 2017;102(4):F324-F8. 

401. Verbeek L, Zhao DP, te Pas AB, Middeldorp JM, Hooper SB, Oepkes D, Lopriore

E. Hemoglobin Differences in Uncomplicated Monochorionic Twins in Relation to Birth

Order and Mode of Delivery. Twin Research and Human Genetics. 2016;19(3):241-5. 



199 

This page is intentionally blank. 



Appendix 1: Antenatal medical therapies for 
congenital diaphragmatic hernia

Appendix 2: Optimising continuous transplacental 
antenatal sildenafil treatment for lambs with 
diaphragmatic hernia

Appendix 3: Reconstructing the pulmonary vascular 
architecture of lambs with diaphragmatic hernia

Appendices



201 

This page is intentionally blank. 



202 

Appendix 1 – Antenatal medical therapies for congenital 

diaphragmatic hernia 

Aidan J. Kashyap1, 2, Philip L. J. DeKoninck MD PhD1, 2, Kelly J. Crossley PhD1, 2, Marta 

Thio MD PhD3, 4, 5, 6, Graeme Polglase PhD1, 2, Francesca M. Russo MD PhD7, 8, Jan A. 

Deprest MD PhD7, 8, 9 Stuart B. Hooper PhD1, 2, Ryan J. Hodges MBBS(Hons.) PhD1, 2, 10 

1 The Ritchie Centre, Hudson Institute of Medical Research, Melbourne, Australia 

2 Department of Obstetrics and Gynaecology, Monash University, Melbourne, Australia 

3 Department of Obstetrics and Gynaecology, Erasmus MC, Rotterdam, The 

Netherlands 

3 Newborn Research Centre, The Royal Women’s Hospital, Melbourne, Australia 

4 Centre of Research Excellence in Newborn Medicine, Murdoch Children's Research 

Institute, Melbourne, Australia 

5 Department of Obstetrics and Gynaecology, The University of Melbourne, Melbourne, 

Australia 

6 PIPER – Neonatal Retrieval Services Victoria, The Royal Children’s Hospital, 

Melbourne, Australia 

7 Division of Woman and Child, Department of Obstetrics and Gynaecology, University 

Hospitals Leuven, Leuven, Belgium  

8 Department of Development and Regeneration, Cluster Woman and Child, Faculty of 

Medicine, KU Leuven, Belgium 

9 Institute for Women’s Health, University College London Hospital, London, United 

Kingdom 

10 Monash Women's Service, Monash Health, Melbourne, Australia 

Published in Am J Perinatol 2018;35:823–836. 



Antenatal Medical Therapies to Improve Lung
Development in Congenital Diaphragmatic Hernia
Aidan Kashyap1,2 Philip DeKoninck, MD, PhD1,2 Kelly Crossley, PhD1,2 Marta Thio, MD, PhD3,4,5,6

Graeme Polglase, PhD1,2 Francesca Maria Russo, MD7,8 Jan Deprest, MD, PhD7,8,9

Stuart Hooper, PhD1,2 Ryan Hodges, MD, PhD1,2,10

1The Ritchie Centre, Hudson Institute of Medical Research,
Melbourne, Australia

2Department of Obstetrics and Gynaecology, Monash University,
Melbourne, Australia

3Newborn Research Centre, The Royal Women’s Hospital,
Melbourne, Australia

4Centre of Research Excellence in Newborn Medicine, Murdoch
Children's Research Institute, Melbourne, Australia

5Department of Obstetrics and Gynaecology, The University of
Melbourne, Melbourne, Australia

6PIPER – Neonatal Retrieval Services Victoria, The Royal Children’s
Hospital, Melbourne, Australia

7Division of Woman and Child, Department of Obstetrics and
Gynaecology, University Hospitals Leuven, Leuven, Belgium

8Department of Development and Regeneration, Cluster Woman
and Child, Faculty of Medicine, KU Leuven, Belgium

9 Institute for Women’s Health, University College London Hospital,
London, United Kingdom

10Monash Women’s Service, Monash Health, Melbourne, Australia

Am J Perinatol 2018;35:823–836.

Address for correspondence Ryan Hodges, MD, PhD, Monash Medical
Centre, 246 Clayton Road, Clayton, Victoria 3168, Australia
(e-mail: Ryan.Hodges@monash.edu).

Congenital diaphragmatic hernia (CDH) is a birth defect
characterized by failed closure of the diaphragm, allowing
abdominal viscera to herniate into the thoracic cavity and
subsequently impair pulmonary and vascular development.1

Normal pulmonary development is predominantly driven by

mechanical stretch,2,3 fetal breathing movements,4,5 and
complex interactions between blood vessels and airways.6

In CDH, pulmonary development is impaired, causing pul-
monary hypoplasia and clinically resulting in respiratory
insufficiency and pulmonary hypertension in the newborn,7
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Abstract Congenital diaphragmatic hernia (CDH) is a birth defect characterized by failed closure
of the diaphragm, allowing abdominal viscera to herniate into the thoracic cavity and
subsequently impair pulmonary and vascular development. Despite improving stan-
dardized postnatal management, there remains a population of severe CDH for whom
postnatal care falls short. In these severe cases, antenatal surgical intervention
(fetoscopic endoluminal tracheal occlusion [FETO]) may improve survival; however,
FETO increases the risk of preterm delivery, is not widely offered, and still fails in half of
cases. Antenatal medical therapies that stimulate antenatal pulmonary development
are therefore interesting alternatives. By presenting the animal research underpinning
novel antenatal medical therapies for CDH, and considering the applications of these
therapies to clinical practice, this review will explore the future of antenatal CDH
management with a focus on the phosphodiesterase-5 inhibitor sildenafil.
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which are major determinants of morbidity and mortality in
CDH infants.8

Despite in utero referral, centralization of care and stan-
dardization of postnatal management,9 there remains a
population of severe CDH infants with extremely poor
survival chances.8,10 Overall, 20 to 30% of the 1 in 3,000
live-born neonates with isolated CDH still die, and in severe
cases, survival is less than 15%.11 In these cases, antenatal
interventions may improve outcomes by increasing lung
growth and possibly improving pulmonary structural devel-
opment.12 Until now, most strategies are based on fetal
surgical interventions, and the current experimental
approach is by fetoscopic endoluminal tracheal occlusion
(FETO).12 Though there is an apparent increase in survival
rates, the success of fetal surgery is limited by technical
feasibility, the major complication of preterm birth, and the
requirement for patient access to experienced fetal surgical
centres.12Apart from that, in the best case scenario up to 40%
of fetuses will eventually not survive because of limited
pulmonary response.13 Because of these limitations, much
research effort has been directed toward investigating alter-
native antenatal medical therapies. In 2015, Eastwood et al
published a systematic overview of antenatal medical thera-
pies under investigation in animal models of CDH, predomi-
nantly in the nitrofen rat model.14 Several recent promising
findings, particularly in relation to phosphodiesterase-5
inhibitors, warrant an update of this review that will take
a more descriptive approach.

By presenting the animal research underpinning novel
antenatal medical therapies for CDH, and considering the
applications of these therapies to clinical practice, we will
explore the future of antenatal CDH management.

Pathophysiology of Congenital
Diaphragmatic Hernia

The pathogenesis of CDH remains unclear; however, the
leading hypothesis is that abnormal development of the
diaphragm’s amuscular mesenchymal component results
in an incompletemigrationplatform formuscle precursors.15

The defect predominantly occurs on the left side (80–90%),
the majority of which are located posterolaterally (70%).1 An
incomplete diaphragm allows herniation of abdominal con-
tents into the thoracic cavity from the embryonic phase
onward, from then disturbing further lung development.

The process by which CDH impairs pulmonary develop-
ment is not entirely understood. The classical hypothesis is
that herniating abdominal viscera occupies space in the
thoracic cavity, placing external pressure on the developing
lungs and interfering with fetal breathing movements.16

Alternatively, Keijzer et al proposed the “dual-hit” hypoth-
esis: early in development a genetic or environmental insult
prevents closure of the diaphragm and also impairs bilateral
pulmonary branching morphogenesis. Following this initial
insult, the herniating abdominal viscera further contributes
to pulmonary hypoplasia.17

In addition to reduced lung size and airway complexity,7

increased muscularization and decreased cross-sectional

area of distal pulmonary vessels lead to increased pulmonary
vascular resistance.18 Normally at birth, air entry drives lung
liquid out of the airways and into the surrounding tissue,
which triggers a decrease in pulmonary vascular resistance
and subsequent increase in pulmonary blood flow and
oxygenation.19,20 In contrast, pulmonary vascular resistance
remains high at birth in most neonates with CDH, often
leading to clinically significant pulmonary hypertension.21

This adds significant postnatal morbidity, as in most cases,
infants with pulmonary hypertension need mechanical ven-
tilation to treat pulmonary hypertension-induced hypoxe-
mia, which may contribute to further lung injury. Neonates
with CDH and severe pulmonary hypertension have mortal-
ity rates ranging from 56.1 to 100%.8,10,22 Therefore, pre-
venting pulmonary hypertension by identifying and treating
these patients in utero may be key to improving their
survival.

Limitations of Antenatal Surgical Therapies
for Congenital Diaphragmatic Hernia

Tracheal ligation was first described as a method of enhan-
cing lung growth by preventing egress of lung liquid, in
1965.23 After intensive preclinical experimentation, tracheal
occlusion was first achieved clinically in an open procedure
that required hysterotomy and fetal neck dissection.24 This
open procedure was associated with severe neurological
morbidity and a survival rate of 33%; therefore, efforts
weremade to investigate less invasive approaches.24 Initially,
this included a maternal laparotomy and multiple trocar
insertions, but gradually this evolved to a percutaneous
single port procedure that was optimized by the FETO
consortium.25–27

In 2009, the FETO consortium published its experience of
using FETO for isolated CDH in more than 200 cases. Indeed,
survival rates were higher than was anticipated based on
historical controls. However, despite the use of keyhole
surgery (3.3 mm single trocar), preterm premature rupture
of membranes (47.1%) and subsequently preterm birth
(median gestational age at delivery: 35.3 weeks) are still
important complications.12 Nevertheless, these promising
results lead to two large multicenter randomized trials
evaluating the efficacy of FETO (www.totaltrial.eu).28,29

Within these trials, the balloon is inserted at 27 to 30 weeks
of gestation in severe cases of CDH and 30 to 32 weeks of
gestation in moderate cases.30

The current clinical strategy includes reversal of tracheal
occlusion because experimental work has shown that if the
balloon is not removed, then surfactant deficiency results
from transdifferentiation of surfactant-producing type II
alveolar epithelial cells into nonsurfactant-producing type
I cells.31–33 Balloon removal also allows the patient to return
to the institution where she would normally deliver and
potentially have a vaginal delivery. Elective balloon removal
is typically scheduled for 34 weeks of gestation either by
ultrasound-guided percutaneous puncture or by fetoscopy.34

A recent series described that in experienced centers in 96.8%
of elective procedures, the balloon can be successfully
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removed.35 In 28 to 43% of cases, however, obstetrical
complications and, in particular, threatened preterm labor
prompted an emergent removal of the balloon.12,35 In this
emergency setting, if release cannot be performed by percu-
taneous puncture or fetoscopy, extraction may be required
on placental circulation. Balloon extraction was initially
performed as a formal ex utero intrapartum procedure, yet
now is safely done during amodified cesarean section.12,35,36

As a last resort, the balloon can be removed postnatally with
a specially designed tracheoscope or percutaneous punc-
ture.34 Difficulties in balloon removal played a major con-
tribution to neonatal death in 10 of the 210 cases performed
by the FETO consortium;12 therefore, it is recommended that
a 24/7 team of experienced clinicians are on-call to deal with
emergency balloon removal.30 This limits the use of FETO to
high-volume tertiary referral centers.

Finally, the success of FETO appears dependent on pre-
existing lung size, potentially because smaller lungs have less
lung liquid secreting epithelium.12 Furthermore, as lung
liquid secretion ceases when the fetal lung’s intraluminal
pressure reaches �6 mm Hg,37 if the pressure required to
expand the hypoplastic lung exceeds 6 mm Hg, then FETO
will not increase lung expansion. These limitations indicate
that further antenatal medical therapies are required to
address the remaining morbidity and mortality of severe
CDH, preferentially medical in nature to reduce invasiveness
and make prenatal therapy more accessible.

Antenatal Medical Therapies for Congenital
Diaphragmatic Hernia

This review will predominantly focus on the antenatal
medical therapies that show the most promise in correcting
pulmonary hypoplasia and pulmonary hypertension in CDH
—corticosteroids, retinoids, and phosphodiesterase-5 inhi-
bitors. Several other medical therapies for CDH have been
investigated and are extensively reviewed by Eastwood
et al.14

Recently, there have also been promising results using
cell-based therapies to improve pulmonary development in
CDH.38–40 In contrast to medical therapies, cell-based thera-
pies may not only prevent further lung injury but also repair
established disease.41 Regenerative medicine could contri-
bute to themanagement of CDH on various levels, as recently
reviewed by De Coppi and Deprest,42 but it is beyond the
scope of this article.

Corticosteroids
The only antenatal medical therapy for CDH studied in a
human randomized controlled trial is the corticosteroid
betamethasone, which was administered by intramuscular
injection to mothers at 34 weeks of gestation (two doses of
12.5 mg 24 hours apart, then 12.5 mg weekly for 2 weeks).43

An interim analysis after 32 completed cases (17 steroid, 15
placebo) showed no differences in perinatal mortality,
mechanical ventilation time, or days of hospital admission.
Based on these preliminary results, the data safety monitor-
ing committee decided to end the study prematurely, as it

was determined that to demonstrate any significant differ-
ence more than 1,700 fetuses with a prenatally diagnosed
CDH would need to be enrolled. The experience of this trial
highlights that as a rare condition in which only a subgroup
of the most severely afflicted will obtain benefit from
antenatal therapy, randomized controlled trials of CDH are
only feasible if conducted in a co-ordinated world-wide
multicenter approach.

Mechanism of Action
Research efforts initiated by Liggins and Howie44 and sum-
marized by Ballard and Ballard45 demonstrated that the
timing of fetal lung maturation correlates with a physiolo-
gical increase in circulating corticosteroids, and that admin-
istering antenatal exogenous corticosteroids accelerates lung
development. Antenatal corticosteroids improve neonatal
lung function by acting at a transcriptional level. The
mechanism of action was initially described as accelerating
the maturation of alveolar structure, cell differentiation,
surfactant production, and lung liquid clearance mechan-
isms;46 however, findings from glucocorticoid receptor
knockout mice indicate that glucocorticoids predominantly
improve lung maturation by restraining hyperproliferation
of the interalveolar septum and surrounding mesench-
yme.47,48 The benefits of antenatal corticosteroids to lung
development have led to their extensive use to reduce
disease associated with developmental immaturity in the
setting of threatened preterm delivery, recently summarized
by Kemp et al.49 Observations by George et al that infants
with CDH had structurally immature lungs suggested that
antenatal corticosteroids may also improve lung develop-
ment in the setting of CDH.50

Pharmacokinetics and Bioavailability
The efficacy of antenatal corticosteroids for CDH was
first established in successful rat,51–54 rabbit,55–57 and
sheep58,59 models (►Table 1). These animal studies pre-
dominantly investigated betamethasone and dexametha-
sone, fluorinated synthetic corticosteroids that cross the
placenta from maternal to fetal circulation, have minimal
mineralocorticoid activity and are weak immunosuppres-
sants.49 In the setting of threatened preterm delivery,
betamethasone is administered intramuscularly in two
12 mg doses, 24 hours apart.60 This generates a maximum
fetal plasma concentration of �20 ng/mL, 1 to 2 hours after
treatment, with a half-life of 12 hours in the fetal circula-
tion.45 The maximum maternal plasma concentration of
�100 ng/mL is reached 1 hour after treatment, with a half-
life of 6 hours.

Safety
Antenatal corticosteroids are extensively used to improve
fetal lung maturation for women with threatened preterm
delivery, thereby reducing neonatal mortality and respira-
tory morbidity. A recent Cochrane review including 30
randomized controlled trials found that antenatal corticos-
teroid treatment does not increase the risk of neurodevelop-
mental delay, chorioamnionitis, endometritis, or maternal
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death, and reduces the riskof perinatal and neonatal death.61

It found no definitive evidence suggesting differences
between a single course and weekly repeated corticoster-
oids; however, the Maternal-Fetal Medicine Units Network
raises concerns regarding a nonstatistically significant
(p ¼ 0.12) association between multiple doses of antenatal
corticosteroids and cerebral palsy.62

Effects on Airways in Diaphragmatic Hernia
Antenatal corticosteroids appear to accelerate lung matura-
tion, but there are concerns that thismay be at the expense of
lung growth. Accelerated lung maturation is indicated by
decreased septal thickness, increased airspace volume, and
increased radial alveolar count.51,53,58,59 On the contrary,
lung:body weight ratio appears unaffected by antenatal
corticosteroids, and messenger ribonucleic acid (mRNA)
expression of proliferation markers Ki-67 and proliferating
cell nuclear antigen is reduced.63 Promisingly, corticoster-
oids appear to primarily inhibit mesenchymal cell prolifera-
tion, which may provide benefit by enhancing perisaccular
septation.47

The impact of antenatal steroids on surfactant production
in CDH is unclear; Davey et al64 demonstrated that antenatal
betamethasone partially restored surfactant protein mRNA
expression in sheep, whereas Suen et al51 found no effect in
the rat. It is also unclear whether antenatal corticosteroids
enhance56,65 or reduce63 the beneficial effects of tracheal

occlusion. In current clinical programs, corticosteroids are
used due to threatened preterm delivery at around the time
of balloon removal (usually at 34 weeks), hence it is often
forgotten that they are part of the current clinical prenatal
strategy and should be included in experimental models of
tracheal occlusion.

Effects on Pulmonary Vasculature in Diaphragmatic
Hernia
Antenatal corticosteroids improve the vasodilation response
of pulmonary blood vessels by increasing expression of
endothelial nitric oxide synthase and Kþ channels;53,66 how-
ever, their effect on vascular proliferation is not yet fully
understood. At a biomolecular level, antenatal corticoster-
oids initially appeared to increase vascular endothelial
growth factor (VEGF) receptor expression;52,67 however,
Gonçalves et al found that in ventilated lungs, dexametha-
sone was associated with decreased expression of VEGF and
its vasodilatory receptor Flk-1.53 Morphologically, antenatal
corticosteroids increase distal vessel number and decrease
distal vessel muscularization.53,56,57

Translation from Animal Models to Clinical Practice
At this time, there does not appear to be additional benefit in
providing antenatal steroids to CDH fetuses, other than the
well-established benefits of antenatal steroids for infants
expected to deliver prior to 34 weeks.9

Table 1 Antenatal steroids in experimental animal models of congenital diaphragmatic hernia

Domain Impact of antenatal steroids

Gross lung size (LBWR) No significant effect51–53,55,56,63

Airway morphometry # Septal thickness51,53,58,59

" Airspace volume51,53,58,59

" Radial alveolar count58

Vascular Morphometry # Medial wall thickness53,56,57

" Distal vessel number56

Biochemical changes Unclear effect on surfactant protein expression No change51

"64

Unclear effect on eNOS expression No change51

"53

Unclear effect on growth factors and proliferation markers " bFGF, PDGF, TGF-β1 expression54

# Ki-67 and PCNA mRNA63

Unclear effect on glycogen levels No change55

#59

Increases VEGF and VEGF receptor expression "52,67

#53

Physiological changes " Postductal PaO2
59

" Dynamic compliance59

Abbreviations: bFGF, basic fibroblast growth factor; eNOS, endogenous nitric oxide synthase; LBWR, lung-to-body weight ratio; mRNA, messenger
ribonucleic acid; PCNA, proliferating cell nuclear antigen; PDGF, platelet-derived growth factor; TGF-β1, transforming growth factor β1; VEGF,
vascular endothelial growth factor.
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Retinoids
Retinoids are a family of molecules derived from vitamin A,
an essential micronutrient required for organogenesis,
reproduction, immune competence, cellular differentiation,
and vision. The retinoid signaling pathway appears impor-
tant in normal diaphragmatic and pulmonary development,
and it is hypothesized that disruptions in this pathway may
contribute to the pathogenesis of CDH.68

Pharmacokinetics, Bioavailability, and Mechanism of
Action
Vitamin A is obtained from the diet as retinyl esters in meat
or β-carotene in vegetables, which are then metabolized to
retinol in the liver. After being secreted by the liver and
transported by retinol binding protein in the blood, retinol
enters cells and is eventually converted to the active meta-
bolite, retinoic acid. Retinoic acid enters the nucleus and
regulates gene transcription.

In the lungs, retinoid signaling is an important component
of lung budding and branching early in development, and
later influences septation and alveolarization.69

The retinoid signaling pathway also appears to play an
important role incompleteclosureof thediaphragm.Diaphrag-
maticdefectsarepresent in theoffspringof vitaminA–deficient
rats70 and retinoic acid receptor double knockout mice,71 and
infants with CDH have low levels of plasma retinol.72,73

In the rat model of CDH, the herbicide nitrofen is used to
induce diaphragmatic hernia. Noble et al74 suggest that nitro-
fen acts by inhibiting the enzymes that convert retinol to
retinoic acid, whereas Nakazawa et al75 suggest that nitrofen
interfereswith the cellular uptake of retinol. Importantly, both
hypotheses indicate that in nitrofen-induced diaphragmatic
hernia, administering vitamin A or retinol will not necessarily
increase intracellular levels of the active metabolite, retinoic
acid. Considering this, retinoic acid appears to be a more
appealing therapeutic agent than vitamin A itself.

Furthermore, while neonatal plasma retinol levels are low
in CDH,maternal plasma retinol levels are either equivalent to
controls or elevated.72,73 This suggests impaired placental
transfer of retinoids in the setting of CDH; therefore, vitamin
A administered to the mother may never reach the fetus. In
contrast, retinoic acid appears to cross the placenta in the
nitrofen ratmodel of CDH, as it exerts a therapeutic effect.76,77

Safety
The use of exogenous retinoids to prevent pulmonary hypo-
plasia in CDH requires caution, as retinoid toxicity is asso-
ciated with teratogenic effects such as spontaneous abortion
and cranial neural crest defects.78 Rothman et al estimate
that among mothers who ingest more than 10,000 IU of
vitamin A supplements per day, 1 in 57 infants are bornwith
a birth defect attributable to vitamin A.78

The dangers of retinoid teratogenicity are demonstrated
by cases in which isotretinoin, used to treat severe acne, has
inadvertently been taken during pregnancy. Lammer et al79

determined that of 154 pregnancies exposed to isotretinoin,
95were aborted electively, 12 spontaneously aborted, and 21
were born with malformations.

Isotretinoin is the 13-cis isomer of retinoic acid and exerts
species-dependent teratogenic effects. An extensive body of
work undertaken by Nau80 can be summarized as follows.
13-cis-retinoic acid has a long half-life (16 hours) and
extensive access to cell nuclei, however, limited placental
transfer. Some, but not all, of the teratogenicity of 13-cis-
retinoic acid can be attributed to its continuous isomeriza-
tion to all transretinoic acid, which has a short half-life
(1 hour) but extensive placental transfer and high affinity
for retinoic acid receptors. In humans, exogenous 13-cis-
retinoic acid is more teratogenic than exogenous all trans-
retinoic acid because continuous isomerization during its
long half-life results in higher total fetal exposure to toxic
levels of all transretinoic acid.

The teratogenic potency of 13-cis-retinoic acid is more in
humans than in rats, likely because the rodent metabolic
pathway more efficiently eliminates 13-cis-retinoic acid and
placental transfer is almost nonexistent in rodents.80 In
rodents, all transretinoic acid is more teratogenic than 13-
cis-retinoic acid.

Studies in the nitrofen rat have administered all transre-
tinoic acid via intraperitoneal injection at a dose of 5 mg/kg/
d, however, have not reported rates of craniofacial, thymic, or
cardiac malformations.76,77 Further investigations into
potential teratogenicity in the rat, rabbit, and sheep models
of CDH are required before antenatal retinoids should be
considered for use in humans.

Effect on the Lungs in Diaphragmatic Hernia
The effect of retinoids on lungdevelopment varies depending
on the time of administration. When administered late in
lung development (E16–20 in the nitrofen rat; term ¼ 21
days), antenatal retinoids improved structural maturation
without affecting lung growth; the size and number of
airspaces were increased (increasing surface area available
for gas exchange), distal artery muscularization was
decreased, and there was increased expression of VEGF
and its receptors, but the lung:body weight ratio was not
improved.76,77 In contrast, when administered early in lung
development (E 9– 14 days in the nitrofen rat), antenatal
retinoids improved both lung growth and maturation; the
lung:body weight ratio was increased and surfactant protein
expression was increased.81,82

In the nitrofen rat model, a chemical “first-hit” impairs
lung growth early in development. Later, once the diaphrag-
matic defect has allowed herniation of abdominal viscera, a
“second-hit” further impairs pulmonary development. Only
the “first-hit” is directly related to nitrofen-related impair-
ment of the retinoid signaling pathway, which explains why
only early administration of retinoids improves lung growth.
Findings from surgical models of CDH are consistent with
this hypothesis. In the rabbit model, lung growth was
unaffected by antenatal retinoids, and in the sheep model,
antenatal retinoids were associated with a decreased lung:
body weight ratio.83,84

While late antenatal retinoids did not improve lung growth,
they did appear to improve lung maturation in nitrofen rats.
This likely reflects the importance of retinoid signaling in
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septation and alveolarization; thinner interalveolar septa and
improved alveolarizationwere also seen in the sheepmodel of
CDH.84 These structural changes were associated with
improved lung function after delivery of the lambs. On the
contrary, septation and alveolarization were unaffected by
antenatal retinoids in the rabbit model of CDH.83

Translation from Animal Models to Clinical Practice
To improve both lung growth and maturation in the nitrofen
rat, antenatal retinoids needed to be administered during the
pseudoglandular stage of lung development.85 In humans,
the pseudoglandular stage is complete by �18 weeks.85

Given that CDH is predominantly diagnosed at 20 weeks or
later in gestation,86 it may not be possible to administer
vitamin A at a stage early enough to improve lung:body
weight ratio. However, it is sometimes possible to diagnose
CDH in first-trimester screening programs, yet severity
assessment has not been validated that early in pregnancy,
and the prognosis of these infants is unclear.87

Ultimately, vitamin A remains a promising antenatal
therapy to improve pulmonary development in CDH that is
worthy of further investigation in animal experiments;
however, concerns regarding teratogenicity must be
addressed and further advances in early antenatal diagnosis
are required before it can be considered in a clinical trial.

Phosphodiesterase-5 Inhibitors
The previously discussed antenatalmedical therapies display
limited benefit, may be teratogenic (retinoic acid), or have
failed to demonstrate benefit in humans despite promising
animal trials (corticosteroids). In contrast, the phosphodies-
terase-5 inhibitor sildenafil has been extensively used in
animal and human studies for other maternal–fetal condi-
tions, and has demonstrated promising structural and bio-
chemical pulmonary vasculature changes in small animal
models of CDH.88–95

Sildenafil’s extensive use in erectile dysfunction96 means
that it is now available off-label in a much cheaper generic
form. Along with consistent oral bioavailability,97 this allows
sildenafil to be used in low-resource settings—in stark con-
trast to the highly specialized care required for other antena-
tal CDH interventions such as FETO.30,36

Sildenafil is already used clinically in the postnatal man-
agement of persistent pulmonary hypertension of the new-
born in CDH neonates,9 and has been proven to be safe when
given to pregnant women for oligohydramnios, or within
trials for growth restriction, however, applying its effects
antenatally to improve pulmonary development would be an
exciting step forward.

Mechanism of Action
Phosphodiesterases are a group of enzymes that play an
important role in regulating cardiac smoothmuscle tone and
vascular smooth muscle contraction.98 Sildenafil is a rela-
tively selective inhibitor of one of these enzymes, phospho-
diesterase-5. By degrading cyclic guanosine monophosphate
(cGMP), phosphodiesterase-5 interferes with the nitric
oxide–mediated vasodilation process and hence results in

vasoconstriction. Sildenafil-induced phosphodiesterase-5
inhibition leads to an increase in the half-life of cGMP, hence
vasodilation and increased blood flow (►Fig. 1).

Phosphodiesterase-5 is the most active phosphodiester-
ase in the pulmonary vasculature, hence sildenafil induces
pulmonary vasodilation.99 Pulmonary vasodilation reduces
pulmonary vascular resistance, which increases pulmonary
blood flow. This mechanism of action allows sildenafil to
effectively treat pulmonary hypertension in adults100 and
children,101 and there is also early evidence in neonatal
populations.102 These patients are particularly sensitive to
the effects of sildenafil because phosphodiesterase-5 is
upregulated in pulmonary hypertension.99

Similarly, phosphodiesterase-5 is upregulated in CDH lungs
at birth;103 therefore, CDH infants are often nonresponsive to
inhaled nitric oxide.104 Sildenafil’s acute vasodilatory effect
may appear less useful in utero, when gas exchange is not
requiredandpulmonarybloodflowisminimal.Yet, inaddition
to a steady increase in pulmonary blood flow throughout
gestation, there are dynamic increases in pulmonary blood
flow during accentuated fetal breathingmovements.105 Silde-
nafil-mediated vasodilation may therefore enhance these
episodes by allowing more blood to flow through the lungs
during fetal breathingmovements, suggesting a potential role
in utero for sildenafil’s acute vasodilatory effect.

However, in utero the long-term effects of sildenafil are
likely more important. While its effects on pulmonary vas-
cular resistance and pulmonary blood flow are transient,
antenatal sildenafil mediates a sustained change in vascular
reactivity to birth-related stimuli (such as hyperoxemia) that
persists to delivery.106 Sildenafil also exerts an antiprolifera-
tive effect on pulmonary artery smooth muscle cells, so may
reduce the increased distal artery muscularization charac-
teristic of CDH.107 Decreased muscularization may be due to
upregulation of antiproliferative bone morphogenetic pro-
tein.108 Furthermore, phosphodiesterase-5 suppresses VEGF
expression, so by inhibiting phosphodiesterase-5, sildenafil
may also improve VEGF-driven angiogenesis and therefore
restore the reduced number of distal vessels seen in CDH.109

VEGF-driven angiogenesis also creates mature alveolocapil-
lary units110 that will appropriately match ventilation and
perfusion during neonatal life, reflecting the complex inter-
actions between airway and vascular pulmonary develop-
ment discussed earlier.111

Sildenafil may exert these long-term effects directly, or
they may be secondary to increased cGMP levels.107 Inter-
estingly, increased cGMP inhibits phosphodiesterase-3 (a
cAMP-specific phosphodiesterase) and hence also leads to
increased cAMP levels.112 cAMP is known to have antiproli-
ferative effects on smooth muscle, which may explain silde-
nafil’s effect on distal arterial musculature.112

Pharmacokinetics and Bioavailability
The impactofantenatal sildenafil on fetuseswithCDHhasbeen
predominantly studied in the nitrofen rat model88,89,91–95 and
alsoone rabbit studyhasbeenpublishedso far (►Table 2).90An
alternative phosphodiesterase-5 inhibitor, tadalafil, has
recently been investigated in the sheep model.113
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Tadalafil is a more potent and selective phosphodiester-
ase-5 inhibitor; therefore, a lower dose is required to achieve
the same effect relative to sildenafil.113 Furthermore, its
longer half-life means that serum levels would be more
consistent with daily oral dosing. Unfortunately, human
neonates are unable to properly metabolize tadalafil due to
an immature glucuronidation pathway; therefore, it is unli-
kely to be used clinically as an antenatal therapy.114 Never-
theless, when sildenafil treatment was compared with
tadalafil in neonates with persistent pulmonary hyperten-

sion, both were shown to decrease mean pulmonary artery
pressure with no significant difference between the two
treatments.115

The pharmacokinetics of sildenafil differ between species,
mostly due to rate of metabolism.116 To obtain plasma levels
within the therapeutic range (47–500 ng/mL90), rabbits
require 10 mg/kg/d and rodents require 100 mg/kg/d
(►Table 2).90–95

In both species, there is excellent bioavailability following
both oral and subcutaneous administration, hence either

Fig. 1 Schematic representation of the mechanism of action of sildenafil on the pulmonary vasculature. AMP, adenosine monophosphate; ATP,
adenosine triphosphate; cAMP, cyclic AMP; cGMP, cyclic GMP; eNOS, endothelial nitric oxide synthase; GC, guanylate cyclase; GMP, guanosine
triphosphate; GTP, guanosine triphosphate; NO, nitric oxide; PDE, phosphodiesterase; PKA, cAMP-dependent protein kinase; PKG,
cGMP-dependent protein kinase. (Reproduced with permission from UZ Leuven, Leuven, Belgium. Drawing by Myrthe Boymans.)

Table 2 Antenatal sildenafil in experimental models of congenital diaphragmatic hernia

Author, y Dose Route Timing

Rat models (gestational term: ED 22)

Luong et al, 201192 100 mg/kg/d Sildenafil Subcutaneous injection ED 11.5–20.5

Kattan et al, 201495 45 mg/kg BD Sildenafil Oral ED 14–22

Lemus-Varela et al, 201491 100 mg/kg/d Sildenafil Oral ED 16–20

Yamamoto et al, 201494 100 mg/kg/d Sildenafil Subcutaneous injection ED 11.5–20.5

Makanga et al, 201593 100 mg/kg/d Sildenafil Oral ED 11–21

Burgos et al, 201688 100 mg/kg/d Sildenafil Subcutaneous injection ED 11.5–20.5

Mous et al, 201689 100 mg/kg/d Sildenafil Oral ED 17.5–20.5

Rabbit model (gestational term: GA 31)

Russo et al, 201690 10 mg/kg/d Sildenafil Subcutaneous injection GA 24–30

Sheep model (gestational term: GA 145)

Shue et al, 2014113 2 mg/kg/d Tadalafil Oral GA 75–135

Abbreviations: ED, embryonic day; GA, days of gestational age.
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method is appropriate.116 In the majority of rodent models,
sildenafil was administered from the pseudoglandular stage
onward;88,91–95 however, in the most recent study, sildenafil
treatment only began during the more clinically relevant
canalicular stage (the stage during which human CDH is
usually detected at 18–20 weeks ultrasound).89 In rabbits, it
was administered from the canalicular stage onward.90

The first important finding from these studies is that
maternal sildenafil successfully crosses the placenta in all
current animal models. Interestingly, in sheep, fetal tadalafil
concentrations remain at a steady state despite fluctuating
maternal levels (►Fig. 2).113 This steady statemay reflect low
fetal metabolism of tadalafil in sheep fetuses, as in human
neonates.114 These steady fetal concentrations are not seen
when sildenafil is used in the rat92 and rabbit90 models.
Sildenafil clearance in human neonates increases threefold
(to adult levels) during the first week of postnatal life;117

therefore, well-designed fetal pharmacokinetic studies are
required to ensure that sildenafil does not accumulate in the
fetal circulation when administered antenatally.

It is evident that transplacental sildenafil and tadalafil
both exert a biochemical action on the fetal lungs, with an
increase in pulmonary cGMP concentration followingmater-
nal administration in both the rat and sheep model.92,113

Safety
Human safety data specific to fetuses with CDH are not
available for sildenafil, and there have been no adverse
effects reported in animal models of CDH.92

In the neonatal population, using sildenafil to treat pul-
monary hypertensionwas not associatedwith higher rates of
any adverse effects in three small randomized controlled
trials.118–120 On the contrary, a randomized controlled trial
investigating sildenafil in the pediatric population found that
high-dose sildenafil is associatedwith greatermortality than
low-dose sildenafil.121 This association led to the U.S. Food
and Drug Administration recommendation against the use of
sildenafil in the pediatric population.122 However, several
expert groups have refuted this recommendation due to
limitations of the trial, including inconsistent plasma silde-
nafil concentrations, no survival data for the placebo group,

and a large number of confounding variables.123,124 Further-
more, the European Medicines Agency approved sildenafil
use in pediatric pulmonary hypertension (while warning
against high doses) based on the same evidence.125

Antenatally, sildenafil has been investigated in rando-
mized controlled trials to determine its effect upon preg-
nancy duration in women with preeclampsia,126 and on
amniotic fluid volume in pregnancies complicated by idio-
pathic oligohydramnios.127 In both trials, no differences in
adverse effects between sildenafil and placebo were
observed, in either mother or fetus.

Antenatal sildenafil is also under investigation to increase
placental blood flow in intrauterine growth restriction
(IUGR) in the international STRIDER trial.128 A recently
published (2016) meta-analysis was unable to draw conclu-
sions about the effect of antenatal sildenafil in IUGR, due to
the lack of studies with placebo comparison,129 but the
ongoing randomized controlled trial has not reported any
serious adverse effects to date.128 Animal trials have raised
controversy over whether sildenafil displays a beneficial130

or detrimental131 effect on the uteroplacental circulation.
Concerns regarding adverse fetal effects have also been
raised in an ongoing study in a sheep model of IUGR.132 It
is important that a safety profile is established in animal
models of diaphragmatic hernia before sildenafil is consid-
ered for clinical trials in CDH.

Effect on the Lungs in Diaphragmatic Hernia
Sildenafil appears to be associatedwith several biomolecular
changes, such as supporting a provasodilatory expression
profile (►Table 3).92,93,113 Sildenafil also restores the vaso-
dilatory response to stimuli such as nitric oxide and oxygen
that is impaired in CDH.92,94 Furthermore, increases in bone
morphogenic protein signaling (antiproliferative) and Bax/
Bcl-2 ratio (proapoptotic) may underlie a reduction in vessel
muscularization.93 There is also increased expression of
VEGF in the lung parenchyma, whichmay drive the observed
increase in distal vessel number.90 Sildenafil has no effect on
phosphodiesterase-5 RNA expression but decreases the dis-
tribution of phosphodiesterase-5 particularly in distal pul-
monary vessels.89

Sildenafil improves pulmonary vascular development in
experimental models of CDH by increasing distal vessel
number90,92,93,95 and decreasing distal vessel musculariza-
tion (►Table 4).89–93 Sildenafil did not significantly increase
total vascular volume;89 however, this is less important than
the ratio of distal to proximal vessels (as a larger proportion
of distal vessels provides greater cross-sectional area, there-
fore, lower resistance).

A concerning finding is that when sildenafil was given to
control animals (i.e., without CDH), it decreased the number
of distal vessels90,92 and decreased total vascular volume.89

The authors hypothesized that sildenafil-mediated vasodila-
tion was beneficial in lungs with increased pulmonary
vascular resistance, but in normal lungs, hypoperfusion of
the pulmonary vascular bed may impair vessel growth.90

These findings could alternatively be explained by the fact
that while cGMP (increased following sildenafil-induced

Fig. 2 Maternal and fetal serum tadalafil levels in the sheep model.
Tadalafil was given maternally for 5 days, prior to recording data.
(Reproduced with permission from Shue et al.)113
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phosphodiesterase-5 inhibition) is important for vasodila-
tion and angiogenesis, sustained exposure at high levels can
lead to lung endothelial cell death and apoptosis.133 While
sildenafil may attenuate the reduced cGMP levels character-
istic of CDH,92 its use in healthy fetuses may increase cGMP
to toxic levels.

Sildenafil also appears to have some beneficial effects
upon airway development (►Table 5). The effect of sildenafil
on gross lung size is unclear, with the majority of the
evidence showing no difference,90,92,93,113 one rat model
demonstrating a significant decrease88 and two rat models
demonstrating a significant increase in lung weight.89,94 At a
histological level, sildenafil appears to increase distal airway
complexity.89,90,93,94 On a functional level, rabbit lungs

treated with sildenafil demonstrate improved static compli-
ance and total lung capacity.90

Translation from Animal Models to Clinical Practice
Most investigations into antenatal sildenafil in CDH have
been performed in the nitrofen rat model, which does not
allow assessment of the physiological transition at birth.
Ultrasound assessments suggest that sildenafil reduces pul-
satility index, an indicator of pulmonary vascular resis-
tance.88,90 In the larger sheep model, it was possible to
demonstrate that tadalafil improved pulmonary blood flow
during neonatal ventilation.113 Despite no significant differ-
ence observed in mean pulmonary artery pressure, tadalafil
did appear to improve pulmonary artery pressure response

Table 3 Antenatal sildenafil mediates biomolecular and physiological changes

Author, y Vasodilator expression Vasoconstrictor expression Vasoreactivity to vasodilatory stimuli

Luong et al, 201192 " eNOS
" VEGF

NA " Vasodilatory response to NO donor

Yamamoto et al, 201494 NA NA " Vasodilatory response to
maternal hyperoxia

Makanga et al, 201593 " eNOS
" iNOS
" NO

# ET1
# ETA
# PPET1

NA

Burgos et al, 201688 NA NA NA

Russo et al, 201690 NA NA NA

Shue et al, 2014113 " eNOS NA NA

Abbreviations: eNOS, endothelial NO synthase; ET1, endothelin-1; ETA, ET1 receptor A; iNOS, inducible NO synthase; N/A, not applicable; NO, nitric
oxide; PBF, pulmonary blood flow; PPET1, ET1 precursor; VEGF, vascular endothelial growth factor.

Table 4 Antenatal sildenafil mediates changes in vascular morphology

Author, y Vessel number
(distal vessel number
or density)

Vessel muscularization
(medial wall thickness)

Other

Rat models (sildenafil)

Luong et al, 201192 In CDH: "
In non-CDH: #

# # Right ventricular
hypertrophy

Kattan et al, 201495 " Proximal vessels: "
Distal vessels: –

NA

Lemus-Varela et al, 201491 NA # NA

Makanga et al, 201593 " # " Vessel diameter

Burgos et al, 201688 NA No effect NA

Mous et al, 201689 NA # # Cellular markers of
muscularization

Rabbit model (sildenafil)

Russo et al, 201690 In CDH: "
In non-CDH: #

# NA

Sheep model (tadalafil)

Shue et al, 2014113 NA NA No effect on right
ventricular hypertrophy

Abbreviations: CDH, congenital diaphragmatic hernia; N/A, not applicable.
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to inhaled nitric oxide.113 Further experiments should be
conducted in the sheep model to verify these results, and
assess their relevance to sildenafil. Meanwhile, we are pre-
paring to move to clinical trials and have recently obtained
orphan designation for antenatal sildenafil for CDH by the
European Medicines Agency.

Future Directions

Although FETO is limited by complications associated with
preterm delivery and technical difficulties, it does signifi-
cantly improve lung growth and may be associated with a
significant decrease in morbidity and mortality in CDH.12,28

To overcome the limitations while retaining the benefits of
FETO, antenatal medical therapies should be investigated not
only as alternatives to tracheal occlusion but also for poten-
tial synergistic effects. Mixed results from animal experi-
ments make it unclear whether betamethasone and vitamin
A have synergistic effects with tracheal occlusion;64,134–136

however, promising early results from a rabbit model of CDH
indicate that there may be synergistic effects of antenatal
sildenafil and tracheal occlusion on vascular and parenchy-
mal lung development.137 FETO improves lung growth and
sildenafil appears to improve pulmonary vascular develop-
ment, so further investigating synergistic effects between
the two is an important avenue for future research.

Conclusion

Novel approaches to CDH management are urgently required
to further reduce the significant mortality associated with
severe CDH because postnatal management occurs too late to
prevent lung hypoplasia and pulmonary hypertension.

Antenatal surgical approaches are limited by high rates of
preterm birth and high technical complexity limiting avail-
ability. Of the currently investigated antenatal medical thera-
pies for CDH, the phosphodiesterase-5 inhibitor sildenafil
appears the most promising candidate for a future clinical
trial. Small animal studies have demonstrated that antenatal
sildenafil attenuates vascular remodeling in utero;90–95 how-
ever, further research is required to determine if this leads to a
functional improvement during the neonatal cardiovascular
transition. We are hopeful that one day a novel antenatal
medical therapy such as sildenafil will offer a new treatment
modality in the care of pregnancies with severe CDH.
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Appendix 2 - Optimising continuous transplacental antenatal 

sildenafil treatment for lambs with diaphragmatic hernia 

Before beginning the study described in Chapter 4, a significant volume of work was 

required to optimise the route of administration and dose to achieve quantifiable fetal 

plasma sildenafil concentrations. 

 

Study 1 - Subcutaneous infusion 

We planned our study after Russo et al. demonstrated that antenatal transplacental 

sildenafil treatment attenuated pulmonary vascular abnormalities in fetal rabbits with 

a surgically-induced DH. In that study, sildenafil was administered via daily 

subcutaneous injection at a dose of 10 mg/kg/day (10 mg crushed sildenafil citrate 

tablets dissolved in 7 mL saline).1 

After discussion with our local animal ethics committee, a daily subcutaneous injection 

from 105 – 138 days of gestational age (d GA) was deemed too distressing for maternal 

ewes. Instead, we initially administered sildenafil via a continuous subcutaneous 

maternal infusion. To provide a continuous infusion, a reservoir of sildenafil citrate was 

attached to an infusion pump mounted to the ewe’s back using netting (Tubular-Net, 

Sutherland Medical Pty. Ltd., Australia). To ensure even distribution in this reservoir, 

the crushed sildenafil citrate tablets were suspended in a solution made up of 50% 

OraPlus (Perrigo Australia Pty. Ltd., Australia) and 50% sterile water. OraPlus is a 

suspending vehicle that contains purified water, microcrystalline cellulose, 

carboxymethylcellulose sodium, xanthan gum, carrageenan, calcium sulfate, trisodium 

phosphate, citric acid, sodium phosphate and dimethicone antifoam emulsion.  

 

 



218 

 

Study 2 - Maternal intravenous infusion 

We soon determined that a continuous subcutaneous infusion was not appropriate, as 

the infused suspension gradually built up at the infusion site. This may have related to 

the high viscosity of the suspending vehicle, which was necessary to ensure even 

distribution of sildenafil in the infusion pack. This subcutaneous infusion site collection 

was not a problem for Russo et al., or indeed for Satterfield et al. who performed daily 

subcutaneous sildenafil injections in sheep, because a new injection site could be used 

each day and a suspending agent was not required.1, 2 Hence, we altered our route of 

administration to intravenous. 

 

Methods 

Diaphragmatic hernia creation surgery 

A diaphragmatic hernia was created at ≈80d GA, as described in Chapter 2.1.  

Sildenafil infusion 

To ensure reliable chronic intravenous access, sterile surgery was performed on 

pregnant ewes at ≈GA103 (term ≈GA145), to place a maternal jugular venous catheter 

and carotid artery catheter. Following pre-operative preparation and local anaesthesia 

using subcutaneous bupivacaine with adrenaline, a small incision in the right neck was 

made through which vinyl catheters (ID 2.6mm, OD 4.2mm, Dural Plastics Inc., 

Australia) were inserted and introduced ≈12cm into the jugular vein and carotid artery. 

Ligatures were used to prevent blood loss, and catheters were primed with heparinised 

saline (50,000 IU Heparin [Heparin sodium 25,000 IU in 5ml sterile water, Pfizer 

Australia Pty. Ltd., Australia] in 1 L normal saline [0.9% sodium chloride, Fresenius 

Kabi Australia Pty. Ltd., Australia]). The incision site was then sutured closed with 3.0 

non-absorbable silk (DYSILK, Dynek Pty. Ltd., South Australia). 

The carotid artery catheter was used to draw blood throughout the infusion period (105 

– 138d GA), to assess regular plasma sildenafil concentration. Arterial blood was 

sampled at baseline (105d GA), 8 hours after the infusion began, 24 hours, day 2, day 
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7, day 14, day 21, day 28 and at delivery (138d GA). Approximately 5 mL of blood was 

collected at each timepoint, then transferred into an ethylene tetra-acetic acid (EDTA; 

an anti-coagulant) spray-coated tube (8 mg EDTA per 5 mL blood; Sarstedt Australia 

Pty. Ltd., Australia). Plasma from these samples was isolated via centrifugation (3000 

revolutions per minute for 10 min at 4oC; Allegra 21R Centrifuge, Beckman Coulter 

Australia Pty. Ltd., Australia) and aliquoted into cryovials (Cryo.s; Greiner Bio-One 

International GmbH, Germany) for overnight storage at approximately -20C (LG 

ExpressCool, LG Electronics Australia Pty. Ltd., Australia). 24 hours later, samples were 

transferred to long-term storage at approximately -80C (Froilabo Bio Memory Ultra 

Low, Scientific Partners Australia Pty. Ltd., Australia). Total sildenafil concentration 

(calculated as sildenafil concentration + 50% of its active metabolite N-desmethyl-

sildenafil) was analysed using ultra high performance liquid chromatography (Vanquish 

Flex Quaternary, ThermoFisher Scientific, Australia) in tandem with mass spectrometry 

(TSQ Quantiva, ThermoFisher Scientific, Australia).3 

The jugular vein catheter was connected to an infusion pump (CADD-Legacy 1 

Ambulatory Infusion Pump Model 6400; Smiths Medical Australasia Pty. Ltd., 

Australia), which was secured to the ewe’s back using netting (Tubular-Net, Sutherland 

Medical Pty. Ltd., Australia). The intravenous infusion rate was set at 0.66 mg/kg/day 

(0.0275 mg/kg/hour), to reflect the Satterfield et al. dose of 150 mg/day in 90 kg ewes 

given sildenafil’s subcutaneous bioavailability in sheep is ≈40%.2  

Delivery and ventilation 

Lambs were delivered and ventilated at ≈138d GA, as described in Chapter 2.1. Of note, 

physiologically based cord clamping was performed for all groups in this study. 

Physiological data was analysed as described in Chapter 2.1.  
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Results 

Plasma sildenafil concentrations 

At 7 days after the infusion began, maternal plasma sildenafil concentration was 11.4 

ng/mL ± 5.7 ng/ml (mean ± SEM). At delivery, this increased to 27.5 ng/mL ± 9.2 ng/ml. 

At delivery, fetal plasma sildenafil concentration was 2.0 ng/ml ± 1.5 ng/ml. Regression 

analysis indicated that fetal levels were 15.4% ± 2.7% (slope ± SE) of maternal levels. 

Two fetuses had plasma sildenafil concentrations below the lower limit of the 

therapeutic range, and one fetal sample could not be analysed (Table 1).  

Table 1 - Plasma Sildenafil Concentrations in Experimental Animals 

 Maternal Fetal 

Animal # Day 7 (ng/ml) Delivery (ng/ml) Delivery (ng/ml) 

16080 NA 53.7 6.2 

16076 10.1 10.8 Non-quantifiable 

16086 2.2 24.5 1.9 

16154A 21.8 NA NA 

16066 NA 21.0 Non-quantifiable 

Maternal (day 7 post-infusion, and prior to delivery) and fetal (prior to delivery) plasma 
sildenafil concentrations in the CDH + Sildenafil group. NA = not analysed. Non-quantifiable = 
Below lower limit of quantification on our assay. 

We performed a subgroup analysis using animals with a quantifiable concentration of 

sildenafil in the fetal plasma at delivery (quantifiable sildenafil). This subgroup 

analysis is presented in a separate graph following each intention-to-treat analysis, and 

any findings of statistical significance should be interpreted cautiously due to the small 

number of animals in this subgroup (n=2). 
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Characteristics of the Diaphragmatic Hernia 

A patent diaphragmatic hernia was observed at delivery in all animals in CDH + 

sildenafil, with stomach and intestines present in the thoracic cavity (Figure 1). The 

liver remained in the abdominal cavity in all CDH + sildenafil animals.  

 

 

Figure 1- Thoracic Cavity at Post-Mortem Following Delivery at ≈GA138 
Superior view of the thoracic cavity at post-mortem (≈GA138) in an animal that had surgical 
induction of diaphragmatic hernia at ≈84d GA, and then received antenatal sildenafil from 
GA105. The stomach and intestines are present in the thoracic cavity. A small left-lung is visible, 
in contrast to the large right lung. 
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Body and Organ Weights 

Body weight was not different between CDH + sildenafil and CDH (Figure 2). 

Lung:body weight ratio was 1.7-fold higher in CDH + sildenafil as compared to CDH 

(p=0.0168) (Figure 3).  

 

Figure 2 - Lamb Body Weight (kg) 
Lamb body weight was determined at post-mortem following delivery at ≈GA138. Presented as 
mean ± SEM and significance accepted when p<0.05. Groups shown are CDH only (; 
diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + Sildenafil (; DH creation at ≈84d 
GA, sildenafil infusion ≈105-138d GA). Sham (; thoracotomy only at ≈84d GA) group is shown 
for reference, however no statistical comparisons were made with this group. No differences 
between CDH + sildenafil and CDH only groups. 
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Figure 3 - Organ:Body Weight Ratio (%) 

Organ weights were determined at post-mortem following delivery at ≈GA138, and are 
expressed here as a percentage of lamb body weight. Presented as mean ± SEM and significance 
accepted when p<0.05. A. Groups shown are CDH (, n=7; diaphragmatic hernia [DH] creation 
at ≈84d GA) and CDH + sildenafil (, n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-
138d GA). Sham (, n=5; thoracotomy only at ≈84d GA) group is shown for reference, however 
no statistical comparisons were made with this group. CDH + sildenafil lung:body weight ratio 
significantly different to CDH (p=0.0132). B. CDH + sildenafil split into two sub-groups: 
animals with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma sildenafil 
concentration. No differences between groups.  
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Effect of Antenatal Sildenafil on Pulmonary Hypertension and its consequences 

Pulmonary Blood Flow 

Total PBF was not different between CDH + sildenafil and CDH, nor was PBF different 

at any individual time-point (Figure 4A). 

Effect of Quantifiable Sildenafil 

Total PBF in quantifiable sildenafil was 2.6-fold higher than CDH (p<0.05) and 2.4-

fold higher than non-quantifiable sildenafil (p<0.05), over the 2-hour ventilation 

period. There was no difference between non-quantifiable sildenafil and CDH. 

The effect of quantifiable sildenafil was dependent upon ventilation time-point 

(p<0.001). Pulmonary blood flow was significantly increased in quantifiable sildenafil 

compared to CDH from 30 – 60 minutes after ventilation onset (p<0.05) (Figure 4B). 

The largest difference in PBF was seen at 40 minutes after ventilation onset, when PBF 

was 2.5-fold lower in CDH compared to quantifiable sildenafil (p=0.002). 

In contrast, PBF was not significantly different between non-quantifiable sildenafil 

and CDH at any time-point. 
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Figure 4 - The effect of antenatal sildenafil on Pulmonary Blood Flow 
(ml/kg/min) During 2-Hour Neonatal Ventilation 
Pulmonary Blood Flow (indexed to body weight) over the two hours following delivery at 
≈GA138. Presented as mean ± SEM and significance accepted when p<0.05. A. Groups shown 
are CDH (, n=7; diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, 
n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy 
only at ≈84d GA) group is shown for reference, however no statistical comparisons were made 
with this group. No differences between CDH + sildenafil and CDH. B. CDH + sildenafil split 
into two sub-groups: animals with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal 
plasma sildenafil concentration. * quantifiable sildenafil significantly different to CDH at 15 
– 25, 70 and 90 – 120 minutes (p<0.05). ** quantifiable sildenafil significantly different to 
CDH at 30 – 60 minutes (p<0.01).  ̂ quantifiable sildenafil significantly different to non-
quantifiable sildenafil at 30 – 60 and 100 – 120 minutes (p<0.05). # quantifiable sildenafil 
total pulmonary blood flow during 2-hour period (Area Under Curve) significantly different to 
CDH (p<0.05). 
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Pulmonary Blood Flow Waveform 

Fetal and neonatal PBF waveforms appeared similar within CDH, with the absolute 

minimum occurring during end-systolic flow, and periods of negative flow (Figure 5). 

In contrast, fetal and neonatal PBF waveforms appeared different within quantifiable 

sildenafil; during fetal life absolute minimum PBF occurred during end-systolic flow, 

during neonatal life the absolute minimum occurred during end-diastolic flow. There 

were also no periods of negative PBF in the representative quantifiable sildenafil 

waveform.  

In contrast, non-quantifiable sildenafil PBF waveform was similar to CDH. 
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Figure 5 - Pulmonary Blood Flow Waveform During Fetal and Neonatal Life 

Representative samples of pulmonary blood flow waveforms obtained throughout 2 consecutive 
cardiac cycles. Representative fetal and neonatal waveforms are shown from CDH (, n=7; 

diaphragmatic hernia [DH] creation at ≈84d GA), CDH + sildenafil (non-quantifiable) (, n=2; 
DH creation at ≈84d GA, sildenafil infusion ≈105-138d GA, non-quantifiable fetal sildenafil 
concentration), CDH + sildenafil (quantifiable) (, n=2; non-quantifiable fetal sildenafil 
concentration) and sham (, n=5; thoracotomy only at ≈84d GA). Periods of systolic flow are 
shaded and periods of diastolic flow are not shaded. (a) End-systolic flow and (b) end-diastolic 
flow are labelled. 
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Pulmonary Blood Flow Indexed to Lung Weight 

After indexing to lung weight, pulmonary blood flow (both total and at any individual 

time-point) was not different between CDH + sildenafil and CDH (Figure 6).  

 

Figure 6 - Effect of Antenatal Sildenafil on Pulmonary Blood Flow Indexed to 
Lung Weight (ml/g/min) During 2-Hour Neonatal Ventilation 
Pulmonary Blood Flow (indexed to lung weight) over the two hours following delivery at 
≈GA138. Presented as mean ± SEM and significance accepted when p<0.05. A. Groups shown 
are CDH (, n=7; diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, 
n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy 
only at ≈84d GA) group is shown for reference, however no statistical comparisons were made 
with this group. No differences between CDH + sildenafil and CDH. B. CDH + sildenafil split 
into two sub-groups: animals with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal 
plasma sildenafil concentration. No differences between groups. 
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Pulmonary Artery Pressure 

Pulmonary artery pressure was not different between CDH + sildenafil and CDH 

throughout the 2-hour ventilation period, nor was any difference apparent following 

subgroup analysis (Figure 7).  

 

Figure 7 - Effect of Sildenafil on Pulmonary Artery Pressure (mmHg) During 2-
Hour Neonatal Ventilation 
Pulmonary Artery Pressure over the two hours following delivery at ≈GA138. Presented as mean 
± SEM and significance accepted when p<0.05. A. Groups shown are CDH (, n=7; 
diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, n=5; DH creation 
at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy only at ≈84d GA) 
group is shown for reference, however no statistical comparisons were made with this group. 
No differences between CDH + sildenafil and CDH. B. CDH + sildenafil split into two sub-
groups: animals with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma 
sildenafil concentration. No differences between groups.  



230 

 

Pulmonary Vascular Resistance 

Pulmonary vascular resistance was not different between CDH + sildenafil and CDH 

from 5 – 120 minutes (Figure 8A), nor was any significant difference apparent upon 

subgroup analysis (Figure 8B).  

 

Figure 8 - Effect of Antenatal Sildenafil on Pulmonary Vascular Resistance 
(dyn⋅second⋅cm-5⋅kg) During 2-Hour Neonatal Ventilation 
Pulmonary vascular resistance over the two hours following delivery at ≈GA138. Presented as 
mean ± SEM and significance accepted when p<0.05. A. Groups shown are CDH (, n=7; 
diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, n=5; DH creation 
at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy only at ≈84d GA) 
group is shown for reference, however no statistical comparisons were made with this group. 
No differences between groups. B. CDH + sildenafil split into two sub-groups: animals with 
quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma sildenafil concentration. 
No differences between groups. 
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Pulmonary Vascular Resistance indexed to lung weight 

Pulmonary vascular resistance (indexed to lung weight) was not different between CDH 

+ sildenafil and CDH during the neonatal period (Figure 9A), nor was there any 

difference upon subgroup analysis (Figure 9B).  

 

Figure 9 - Effect of Antenatal Sildenafil on Pulmonary Vascular Resistance 
(dyn⋅second⋅cm-5⋅g) During 2-Hour Neonatal Ventilation 
Pulmonary vascular resistance (indexed to lung weight) over the two hours following delivery 
at ≈GA138. Presented as mean ± SEM and significance accepted when p<0.05. A. Groups shown 
are CDH (, n=7; diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, 
n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy 
only at ≈84d GA) group is shown for reference, however no statistical comparisons were made 
with this group. No differences between groups. B. CDH + sildenafil split into two sub-groups: 
animals with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma sildenafil 
concentration. No differences between groups. 
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Pulmonary End Diastolic Flow 

Pulmonary end-diastolic flow was not different between CDH + sildenafil and CDH at 

any point during the 2-hour ventilation period (Figure 10A). The effect of quantifiable 

sildenafil on pulmonary end-diastolic flow was significantly dependent upon 

ventilation time-point (p=0.014). Pulmonary end-diastolic flow at 60 minutes was 2.5-

fold greater in quantifiable sildenafil as compared to CDH (p=0.046), however not 

different at any other time-point (Figure 10B).  

 

Figure 10 - Effect of Antenatal Sildenafil on End Diastolic Flow (Indexed to Body 
Weight) Through Left Pulmonary Artery During 2-Hour Neonatal Ventilation 
End Diastolic Flow (indexed to body weight) over the two hours following delivery at ≈GA138. 
Presented as mean ± SEM and significance accepted when p<0.05. Flow less than 0 (dotted line) 
indicates reversed flow. A. Groups shown are CDH (, n=7; diaphragmatic hernia [DH] creation 
at ≈84d GA) and CDH + sildenafil (, n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-
138d GA). Sham (, n=5; thoracotomy only at ≈84d GA) group is shown for reference, however 
no statistical comparisons were made with this group.  No differences between groups. B. CDH 
+ sildenafil split into two sub-groups: animals with quantifiable (; n=2) and non-
quantifiable ( ; n=2) fetal plasma sildenafil concentration. * CDH + Sildenafil (Quantifiable) 
group significantly different to CDH group at 60 minutes (p=0.046). 
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Effect of Antenatal Sildenafil on Overall Pulmonary Function 

Cerebral Oxygen Saturation 

Cerebral oxygen saturation was not significantly different between CDH + sildenafil 

and CDH (Figure 11), nor were any differences apparent following subgroup analysis of 

quantifiable and non-quantifiable sildenafil.  

 

 

Figure 11 - Cerebral Oxygen Saturation (%) During 2-Hour Neonatal Ventilation 
Cerebral oxygen saturation (%) over the two hours following delivery at ≈GA138. Presented as 
mean ± SEM and significance accepted when p<0.05. A. Groups shown are CDH (, n=7; 
diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, n=5; DH creation 
at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy only at ≈84d GA) 
group is shown for reference, however no statistical comparisons were made with this group. 
No differences between groups. B. CDH + sildenafil split into two sub-groups: animals with 
quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma sildenafil concentration. 
No differences between groups. 
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Arterial Partial Pressure of Oxygen 

Arterial Partial Pressure of Oxygen (PaO2) was not different between sildenafil and 

CDH, nor was any difference apparent upon subgroup analysis of quantifiable and 

non-quantifiable sildenafil (Figure 12).  

 

Figure 12 – Effect of Sildenafil on Arterial Partial Pressure of Oxygen (PaO2; 
mmHg) During 2-Hour Neonatal Ventilation 
Arterial Partial Pressure of Oxygen (PaO2) over the two hours following delivery at ≈GA138. 
Presented as mean ± SEM and significance accepted when p<0.05. A. Groups shown are CDH 
(, n=7; diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, n=5; DH 
creation at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy only at 
≈84d GA) group is shown for reference, however no statistical comparisons were made with this 
group. No differences between groups B. CDH + sildenafil split into two sub-groups: animals 
with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma sildenafil 
concentration. No differences between groups. 
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Arterial Partial Pressure of Carbon Dioxide 

PaCO2 was not significantly different between CDH + sildenafil and CDH at any time-

point during the 2-hour ventilation period (Figure 13), nor was any difference apparent 

following subgroup analysis of quantifiable and non-quantifiable sildenafil.  

 

Figure 13 - Effect of Sildenafil on Arterial Partial Pressure of Carbon Dioxide 
(mmHg) During 2-Hour Neonatal Ventilation 
Arterial Partial Pressure of Carbon Dioxide (PaCO2) over the two hours following delivery at 
≈GA138. Presented as mean ± SEM and significance accepted when p<0.05. A. Groups shown 
are CDH (, n=7; diaphragmatic hernia [DH] creation at ≈84d GA) and CDH + sildenafil (, 
n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-138d GA). Sham (, n=5; thoracotomy 
only at ≈84d GA) group is shown for reference, however no statistical comparisons were made 
with this group. No differences between groups. B. CDH + sildenafil split into two sub-groups: 
animals with quantifiable (; n=2) and non-quantifiable ( ; n=2) fetal plasma sildenafil 
concentration. No differences between groups. 
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pH 

pH was not different between sildenafil and CDH, nor was any difference apparent 

upon subgroup analysis of quantifiable and non-quantifiable sildenafil (Figure 14).   

 

Figure 14 - Effect of Sildenafil on pH During 2-Hour Neonatal Ventilation 
pH over the two hours following delivery at ≈GA138. Presented as mean ± SEM and significance 
accepted when p<0.05. A. Groups shown are CDH (, n=7; diaphragmatic hernia [DH] creation 
at ≈84d GA) and CDH + sildenafil (, n=5; DH creation at ≈84d GA, sildenafil infusion ≈105-
138d GA). Sham (, n=5; thoracotomy only at ≈84d GA) group is shown for reference, however 
no statistical comparisons were made with this group. No differences between groups. B. CDH 
+ sildenafil split into two sub-groups: animals with quantifiable (; n=2) and non-
quantifiable ( ; n=2) fetal plasma sildenafil concentration. No differences between groups. 
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Study 3 - Dose optimisation by comparing direct fetal intravenous 

infusion with transplacental therapy 

The results of our initial study suggested that (1) our dose was too low, as even the 

maternal plasma sildenafil concentrations were below the therapeutic range, and (2) 

placental transfer of sildenafil in sheep is extremely limited, as the fetomaternal 

concentration ratio was 0.15. Despite this, there were some promising improvements 

to neonatal physiology in the 2 animals in which we achieved a quantifiable fetal plasma 

sildenafil concentration. 

As a pre-clinical experiment, it was more important for us to achieve the correct fetal 

plasma sildenafil concentration than to mirror the clinical situation by providing 

transplacental therapy. Hence, we performed a small pilot experiment to determine if 

direct fetal administration was required, or if a higher maternal dose could instead be 

used to achieve acceptable fetal concentrations. 

Clinically, sildenafil is used to treat neonatal pulmonary hypertension with a loading 

dose of 0.4 mg/kg over 3 hours followed by a maintenance dose of 0.067 mg/kg/hour. 

In three fetal lambs, we administered this dose directly to the fetus from 129 – 136d 

GA. We then determined the resultant fetal plasma sildenafil concentration, which 

would serve as the target for transplacental therapy. We compared this with the fetal 

concentrations achieved by a higher maternal dose. The maternal dose of 5 mg/kg/day 

was chosen based on a small pilot study by our collaborators at KU Leuven (Russo et 

al.) who found that this provided safe maternal concentrations near the upper limit of 

the therapeutic range. 

While our previous experiments had used sildenafil in crushed tablet form suspended 

in the OraPlus vehicle, for this study we sourced pure sildenafil citrate powder (Fagron, 

Belgium) which could be reliably dissolved in 0.9% sodium chloride at a concentration 

of 2.8 mg/mL. 

Given invasive fetal instrumentation was required regardless, we also used this as an 

opportunity to assess changes in both maternal and fetal arterial blood pressure during 

sildenafil infusion. 
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Methods 

Maternal & Fetal Instrumentation 

Pre-operative Preparation 

Ewes were anaesthetised with an intravenous bolus of 20mg/kg sodium thiopentone 

(Pentothal, 1g in 20mL; Jurox, NSW, Australia) and intubated using an 8mm 

endotracheal tube (internal diameter (ID) 8.0mm, outer diameter (OD) 10.9mm; Portex 

Ltd., Kent, England). Anaesthesia was maintained for the duration of the experiment 

with inhaled isofluorane (1.5 – 2.5% in room air/oxygen; Isoflow, Abbot Pty. Ltd., 

Australia) administered via a positive pressure ventilator (EV500 Anaesthesia 

Ventilator, ULCO Medical Engineering, NSW, Australia). An oxygen saturation probe 

was placed on the ewe’s teat and electrocardiogram leads were placed on the chest and 

flank. End-tidal CO2, tidal volume, heart rate and oxygen saturation were continuously 

monitored (SurgiVet Vital Signs Monitor, Smiths Medial, USA), along with the absence 

of a corneal reflex to ensure adequate analgesia and maternal wellbeing.  

The ewes right flank was sheared (Oster Golden A5, Model 5-55J) and cleaned using 

aqueous chlorohexidine (gluconate 0.5% w/v in H2O; Hibiclens, ICI Pharmaceuticals, 

Australia), Betadine surgical scrub (7.5% w/v povidine-iodine; Fauldings, SA, Australia) 

and Betadine antiseptic solution (10% w/v povidine-iodine; Fauldings, SA, Australia). 

The surrounding skin was then rinsed with chlorohexidine in isopropyl-alcohol 

(gluconate 4% w/v; Hibiclens, ICI Pharmaceuticals, Australia). The ewe was then placed 

in a supine position and the groin and abdomen sheared, cleaned and scrubbed in the 

same manner. 

Ewes received 1000 mg intravenous Cefazolin (Cefazolin-AFT 1000 mg in 5 ml sterile 

water, AFT Pharmaceuticals Pty. Ltd., Australia) as antibiotic prophylaxis at the time of 

surgery. 
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Fetal Instrumentation  

Sterile surgery was performed on pregnant ewes at ≈GA126 (term ≈GA145), to place a 

fetal jugular venous catheter and carotid artery catheter, and an amniotic catheter. 

Following pre-operative preparation and local anaesthesia using subcutaneous 

bupivacaine with adrenaline, maternal abdominal incision (laparotomy) and uterine 

incision (hysterotomy) allowed the fetal head and forelimbs to be exteriorised. 

Laparotomy and hysterotomy involved a 12cm incision made just lateral to the midline 

using a scalpel or diathermy (Elektrotom 80B, KLS Martin Australia Pty. Ltd., Australia), 

avoiding superficial epigastric and mammary veins. Subcutaneous tissue was then blunt 

dissected to expose the abdominal fascia. Once haemostasis was ensured, the fascia 

(linea alba) was incised to expose the uterus. The uterus was delivered through the 

abdominal incision and isolated from maternal skin using sterile sponges or towels. The 

fetal head was located, and directly above this site an incision in the stretched uterine 

wall and membranes was made using scalpel or diathermy, taking care to avoid blood 

vessels and placentomes. All layers of the uterine wall and membranes were tightly 

gripped with Babcock forceps to prevent excessive amniotic fluid loss, and the fetal head 

and forelimbs were exteriorised. To prevent tissues drying out, the uterus and fetus were 

periodically dampened with warmed sodium chloride (0.9% sodium chloride, Fresenius 

Kabi Australia Pty. Ltd., Australia). A 5mL sample of amniotic fluid was taken.  

A small incision was made in the left fetal neck, lateral to the trachea. The left carotid 

artery was identified and the cranial end occluded with a ligature using 3.0 non-

absorbable silk. A second ligature was loosely tied around the caudal end, and pulled 

superiorly to prevent blood flow. A small (≈1 mm) incision was made between these 

two ligatures, and a vinyl catheter (ID 0.86 mm, OD 1.52 mm, Dural Plastics Inc., 

Australia) introduced 5 cm into the left carotid artery. The caudal ligature was then 

tightened to secure the catheter. The catheter was then flushed with previously primed 

heparinised saline. The left jugular vein was catheterised in a similar manner. The 

catheters were exteriorised and sutured to the fetal neck to prevent dislodgement, and 

the neck incision was sutured closed using 3.0 non-absorbable silk. 

A catheter (1.50mm ID, 2.70mm OD; Dural Plastics Inc., Australia) was also placed in 

the amniotic cavity and secured to the fetal neck. All catheters were exteriorised from 
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the uterus before the hysterotomy was closed in two layers in an inverted pattern, in 

order to bury all cut tissue edges, using Polysorb 2.0 suture (Covidien, Medtronic 

Australasia, Australia). The catheters were then tunnelled through the abdominal cavity 

and exteriorised on the ewe’s flank. Fascia overlying the uterus (linea alba) and flank 

wound was sutured closed with a continuous running stitch using Maxon 1.0 suture 

(Covidien, Medtronic Minneapolis, Australia), and the overlying skin closed using 

intradermal Vetafil 2.0 suture (Supramid, B. Braun Australia Pty. Ltd., Australia). 

Maternal Instrumentation 

A small incision was also made in the right maternal neck through which vinyl catheters 

(ID 2.6mm, OD 4.2mm, Dural Plastics Inc., Australia) were inserted and introduced 

≈12cm into the jugular vein and carotid artery. Ligatures were used to prevent blood 

loss, and catheters were primed with heparinised saline (50,000 IU Heparin [Heparin 

sodium 25,000 IU in 5ml sterile water, Pfizer Australia Pty. Ltd., Australia] in 1 L normal 

saline [0.9% sodium chloride, Fresenius Kabi Australia Pty. Ltd., Australia]). The 

incision site was then sutured closed 3.0 non-absorbable silk (DYSILK, Dynek Pty. Ltd., 

South Australia). 

The ewes recovered for 3 days under close monitoring and received post-operative 

analgesia (transdermal fentanyl patches, 75 µg/h; Janssen-Cilag, North Ryde, NSW, 

Australia). 

 

Recovery Period 

Daily prophylactic antibiotics will be administered to the fetus and ewe via the jugular 

vein catheters for 3 days following the operation (Cefazolin; 1000mg maternal 

intravenous, 100mg fetal intravenous, 400mg amniotic). 
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Sildenafil Infusion Period 

Drug Preparation 

The sildenafil infusion solution was prepared by dissolving 33 mg sildenafil citrate 

(Fagron, Belgium) in 50 mL 0.9% sodium chloride. The solution was vortexed for 2 min 

at 2000 rpm, then left overnight on a roller at 60 rpm.  

Drug Infusion 

The fetal jugular vein catheter was connected to an infusion pump (CADD-Legacy 1 

Ambulatory Infusion Pump Model 6400; Smiths Medical Australasia Pty. Ltd., 

Australia), which was secured to the ewe’s back using netting (Tubular-Net, Sutherland 

Medical Pty. Ltd., Australia). The infusion pump was loaded with a 100 mL cassette 

containing the 0.66 mg/mL sildenafil citrate in 0.9% sodium chloride solution. 

A loading dose of 400 μg/kg was given over 3 hours (~0.8 mL/hour) followed by a 

maintenance dose of 67 μg/kg/hour (~0.4 mL/hour), to reflect local guidelines for 

continuous IV infusion of sildenafil citrate to neonates with pulmonary hypertension.4 

In our experience, lambs at our facility weigh 3.5 kg at 129d GA and 4.5 kg at 136d GA, 

so a fetal weight of 4 kg was assumed for this study between 129 – 136d GA. 

Maternal and Fetal Blood Pressure recording 

The maternal and fetal carotid artery catheters were connected to a pressure transducer 

(TNF-R, BD DTXPlus, DT Mumbai), which were amplified via bridge amp (Quad Bridge 

Amps, ADInstruments Pty. Ltd., Castle Hill, Australia) and subsequently connected to 

a bio-amp (Powerlab 16/35, ADInstruments Pty. Ltd., Castle Hill, Australia) to measure 

blood pressure. Fetal blood pressure was corrected for amniotic pressure, to account for 

changes in maternal position. 

Fetal Sampling 

The fetal carotid artery catheter was used to draw blood throughout the infusion period 

(≈GA129 – 136), to assess regular plasma sildenafil concentrations. Approximately 5 

mL of blood was collected at each timepoint, then transferred into an ethylene tetra-

acetic acid (EDTA; an anti-coagulant) spray-coated tube (8 mg EDTA per 5 mL blood; 



242 

 

Sarstedt Australia Pty. Ltd., Australia). Arterial blood samples were centrifuged (Allegra 

21R Centrifuge, Beckman Coulter Australia Pty. Ltd., Australia) for 10 minutes at 3000 

rpm and 4C, and the supernatant was aliquoted into cryovials (Cryo.s; Greiner Bio-One 

International GmbH, Germany) for overnight storage at approximately -20C (LG 

ExpressCool, LG Electronics Australia Pty. Ltd., Australia). 24 hours later, samples were 

transferred to long-term storage at approximately -80C (Froilabo Bio Memory Ultra 

Low, Scientific Partners Australia Pty. Ltd., Australia). Plasma concentrations of 

sildenafil and its active metabolite, N-desmethyl-sildenafil, were analysed using ultra 

high performance liquid chromatography (Vanquish Flex Quaternary, ThermoFisher 

Scientific, Australia) in tandem with mass spectrometry (TSQ Quantiva, ThermoFisher 

Scientific, Australia).3 

Maternal Sampling 

The maternal carotid artery catheter was also used to collect blood in the same manner 

as for fetal samples throughout the infusion period (129 – 136d GA), to assess regular 

maternal plasma sildenafil concentrations.  
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Results 

Plasma sildenafil concentrations 

Sildenafil concentration rapidly increased in both maternal and fetal plasma within the 

first 3 hours of administration, before plateauing to a constant level for the remainder 

of the infusion period (Figure 15). When sildenafil was administered to the maternal 

ewe (5 mg/kg/day), the fetomaternal concentration ratio at peak concentration was 

0.08 (38 vs 321 ng/mL). When sildenafil was administered directly to the fetus (1.6 

mg/kg/day), the fetomaternal concentration ratio at peak concentration was 3.42 (28 

vs 8 ng/mL) in one animal and 2.01 (22 vs 11 ng/mL) in the other.  

 

 

Figure 15 - Plasma sildenafil concentrations throughout the infusion period 

Sildenafil concentration (ng/mL) over time in maternal (crossed shapes) and fetal (solid shapes) 
plasma, in animals that received a continuous sildenafil infusion to the maternal ewe (5 
mg/kg/day; blue squares) or fetal lamb (1.6 mg/kg/day; red circles). 
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Maternal blood pressure 

In the ewe that received a continuous intravenous sildenafil infusion, maternal blood 

pressure decreased from 83 mmHg to 74 mmHg after one hour of sildenafil infusion. 

For the remainder of the infusion period, maternal blood pressure remained between 

71 – 78 mmHg (Figure 16). 

In the two ewes carrying fetuses that received direct fetal intravenous sildenafil infusion, 

maternal blood pressure was 70 mmHg and 51 mmHg before the infusion started. One 

hour after the infusion started, maternal blood pressure was 78 mmHg and 51 mmHg, 

respectively. For the remainder of the infusion period, maternal blood pressure varied 

from 54 – 82 mmHg and 40 – 59 mmHg, respectively (Figure 16).  

 

 

Figure 16 - Maternal blood pressure thoughout the sildenafil infusion period 

Maternal blood pressure (mmHg) in the ewe that received a continuous intravenous sildenafil 
infusion (blue squares) and the two ewes carrying fetuses that received a direct fetal intravenous 
sildenafil infusion (red circles). 

 

  



245 

 

Fetal blood pressure 

In the fetal lamb that received transplacental sildenafil (maternal infusion), fetal blood 

pressure increased from 44 mmHg to 45 mmHg after one hour of sildenafil infusion. 

For the remainder of the infusion period, fetal blood pressure remained between 36 – 

48 mmHg (Figure 17). 

In the two fetal lambs that received direct fetal intravenous sildenafil infusion, fetal 

blood pressure was 40 mmHg and 45 mmHg before the infusion started. One hour after 

the fetal infusion started, fetal blood pressure was 39 mmHg and 47 mmHg, 

respectively. For the remainder of the infusion period, fetal blood pressure varied from 

35 – 45 mmHg and 41 – 52 mmHg, respectively (Figure 17).  

 

Figure 17 - Fetal blood pressure throughout the sildenafil infusion period 

Fetal blood pressure (mmHg) in the fetal lamb that received transplacental sildenafil (maternal 
infusion; blue squares) and the fetal lambs that received direct fetal intravenous infusion (red 
circles). 

 

Conclusion 

A maternal sildenafil dose of 5 mg/kg/day achieves similar fetal plasma sildenafil 

concentrations as direct fetal intravenous infusion of the neonatal therapeutic dose (67 

μg/kg/hour), without adversely affecting maternal or fetal blood pressure. 
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Appendix 3 - Reconstructing the pulmonary vascular 

architecture of lambs with diaphragmatic hernia  

We are developing X-ray imaging and analytical techniques to create and then analyse 

3D-reconstructions of the pulmonary vasculature. To achieve this, we perfused the 

pulmonary vasculature with the contrast agent Microfil (Microfil, Flow Tech, USA) 

immediately at post-mortem, as described below. Microfil perfusion precluded 

histological analysis, which was a limitation of each experimental chapter in this thesis. 

75 mL of Microfil solution was prepared from 30 mL Microfil Yellow (MV-122, Flow 

Tech Inc., Massachusetts, U.S.A.), 37.5 mL diluent (MV-Diluent, Flow Tech Inc., 

Massachusetts, U.S.A.) and 3.375 mL 5% curing agent (MV Curing Agent.). 

Immediately following lethal injection with sodium pentobarbitone (i.v. 100 mg/kg), 

the lamb’s or rabbit kitten’s heart was exposed via midline thoracotomy and blunt 

dissection. A 15G blunt needle catheter, primed with heparinised saline containing 2% 

lignocaine, was inserted into the right ventricle and positioned within the main 

pulmonary artery, then secured with silk ligature. This catheter was connected via large-

bore vinyl catheter (ID 2.6mm, OD 4.2mm, Dural Plastics Inc., Australia) to a peristaltic 

pump (Masterflex 7554-85, John Morris Scientific Pty. Ltd., Australia) (Figure 1). A 

three-way tap was placed in this circuit to remove any air bubbles inadvertently added 

to the line. The ductus arteriosus was clamped using a specially designed bulldog clip. 

A second vinyl catheter was placed via the aorta into the left ventricle, in order to create 

a back pressure of 5 cmH2O. 

The pulmonary vasculature was perfused via the catheter inserted into the right 

ventricle, initially with heparinized saline containing 2% lignocaine (Lignocaine 

Hydrochloride 100 mg in 5 ml, Pfizer Australia Pty. Ltd., Australia) at a rate of 25 

mL/min. Once clear fluid was observed draining from the left atrium, Microfil solution 

was infused at the slowest rate possible (2 mL/min). The Microfil set within 20 minutes, 

and the lungs were subsequently pressure-fixed in 4% v/v formaldehyde (Neutral 

Buffered Formalin, Amber Scientific, Australia) at a constant pressure of 25 cmH2O via 

the trachea. The lungs were then stored at 4oC. 
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Figure 1 - Schematic of MICROFIL® Infusion into the Pulmonary Vasculature 

This schematic shows the experimental set-up for infusion of MICROFIL®, a compound used to 
opacify intravascular spaces on computed tomography scanning, into the pulmonary 
vasculature. The ductus arteriosus was first clamped using hemostatic forceps. A back pressure 
of 5 cmH2O was applied into the left atrium (LA) via the aorta and left ventricle (LV). The 
pulmonary circulation was initially primed with heparinised saline. was Finally, MICROFIL® was 
administered to the pulmonary vasculature via the right ventricle (RV), using a peristaltic pump. 
RA: Right atrium. 

One day prior to imaging, the lungs were removed from formalin and embedded in a 

1.5% agarose solution, then set overnight at 4oC. The next day, each lung was imaged 

in the Imaging and Medical Beamline (IMBL) at the Australian Synchrotron. An X-ray 

beam with an energy of 40 keV was selected with a double crystal Laue monochromator, 

and beam intensity was normalised with time. The exposure time for each frame chosen 

was 200 ms, to produce the best possible quality images without saturating the detector. 

The specimen to detector distance was 3 meters, and the specimen was approximately 

135 meters downstream from the beamline source.  

A PCO edge detector was coupled with a Nikkon Micro-Nikor 105mm/f 2.8 macro lens 

and a 25 micron gadollinium oxysulfide scintillator. The effective pixel size was 16.2 

microns, and the field of view was 41.4 mm by 35.0 mm (2560x2160 pixels). In the lamb 

lungs, but not rabbit lungs, this field of view was smaller than the specimen both 

horizontally and vertically, so multiple scans were performed. First, a 180 degree CT 
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scan with 3601 projection images was taken of a column with diameter 25 mm. To 

accommodate the large diameter of the specimen, the sample was then moved 

horizontally by 25 mm, and a second scan performed. The sample was again moved 

horizontally by 25 mm, and a third scan performed. To accommodate the large height 

of the specimen, the specimen was moved vertically by 20 mm and this procedure was 

repeated for a variable number of rows dependent on the specimen height. The data 

was stitched together in post-processing, before reconstructing the final CT slices using 

XTRACT software run on the MASSIVE supercomputing cluster.     

Projection images were corrected for dark current noise as well as beam inhomogeneity 

and detector artifacts by using the dark and flat field images acquired immediately 

before and after the CT scan. We used a pixel-wise correction algorithm to correct for 

variation in detector response and optical lens systems.1  

We have already used these CT images to reconstruct the pulmonary vascular tree in 

three dimensions, as shown in Figure 2. However, the quantitative analysis of these 

reconstructions is ongoing. We plan to quantify the diameter of individual branches at 

each branching generation, branching angles, vessel length, vessel radius and the total 

vascular volume. The processing power required to quantify these variables for the large 

lamb lungs at high resolution exceeds the capabilities of any pre-existing software 

(commercially available or experimental), as these methods have previously only been 

applied to the renal vasculature of rodents.2 Hence, we are working closely with the 

Phenomics and Bioinformatics Research Centre at the University of South Australia to 

accomplish this.  
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Figure 2 – 3D Reconstruction of the Pulmonary Vasculature 

Infusing the pulmonary vasculature with MICROFIL® allowed us to create 3D-reconstructed 
images of the pulmonary vasculature. The left lung of an animal in CDH + sildenafil is shown. 
Computed tomography scanning was conducted at the Australian Synchnotron, and 3D-
reconstruction was performed using XTRACT software run on the MASSIVE supercomputing 
cluster.  
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