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Factors relating caesarean section to persistent pulmonary 
hypertension of the newborn

Niralee Babooa, Wen-Jing Shi, Chao Chen
Shanghai, China

Background: Several studies have clearly demonstrated 
a significantly higher incidence of persistent pulmonary 
hypertension of the newborn (PPHN) in neonates delivered 
by caesarean section (CS) compared to those delivered 
vaginally. The pathophysiological factors underlying the 
link between CS and PPHN are still poorly understood. In 
this review, we describe the mechanisms that could explain 
the association between CS delivery and subsequent PPHN, 
as well as potential preventive measures.

Data sources: A literature search was conducted by 
electronic scanning of databases such as PubMed and Web 
of Science using the key words "persistent pulmonary 
hypertension of the newborn", "caesarean section", 
"iatrogenic prematurity", "oxidative stress", "late preterm", 
"labor" and "vasoactive agents".

Results: Iatrogenic prematurity, higher rates of late 
preterm delivery and lack of physiological changes of 
labor play an important role in the association between 
CS and PPHN. CS delivery also results in limited 
endogenous pulmonary vasodilator synthesis and lower 
levels of protective anti-oxidants in the neonates. In 
addition, CS delivery exposes infants to a higher risk of 
respiratory distress syndrome and its concomitant increase 
in endothelin-1 levels, which might indirectly lead to a 
higher risk of developing PPHN. We believe that neonates 
delivered by CS are exposed to a combination of these 
pathophysiological events, culminating in an endpoint 
of respiratory distress, hypoxia, acidosis, and delayed 
transition and thereby increased risks of PPHN. The 
use of antenatal corticosteroids prior to elective CS in 
late preterm deliveries, promoting accurate informed-
consent process, delaying elective CS to 39 weeks of 
gestation or beyond and antenatal maternal anti-oxidant 

supplementation could potentially mitigate the effects of 
CS delivery and minimize CS-related PPHN.

Conclusions: The link between CS delivery and PPHN 
is complex. In view of the rising rates of CS worldwide, 
there is an urgent need to further explore the mechanisms 
linking CS to PPHN and experimentally test therapeutic 
options in order to allow effective targeted interventions.
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Introduction

Persistent pulmonary hypertension of the newborn 
(PPHN), also known as "persistent fetal circulation", 
is defined as the failure of normal pulmonary 

vascular adaptation at or soon after birth, resulting in 
persistent high pulmonary vascular resistance (PVR) 
with diminished pulmonary blood flow and right to 
left shunting of unoxygenated blood to the systemic 
circulation through an open foramen ovale and/or a 
ductus arteriosus.[1]

Numerous publications have reported higher rates 
of PPHN in neonates delivered by caesarean section 
(CS) compared to those born by vaginal delivery 
(VD).[2-7] Caesarean deliveries have been reported to 
carry an approximately fivefold higher risk for PPHN 
when compared to VDs.[4,6] While the incidence of 
PPHN in general is 1-2 per 1000 live births,[3] caesarean 
deliveries have been reported to elevate this incidence to 
6.9 per 1000 deliveries.[2] Of concern, caesarean births 
have been rising globally. CS rates have risen from about 
5% in developed countries in the early 1970s to more than 
50% in some regions of the world in the late 1990s.[8,9]

PPHN is also a risk factor for pulmonary arterial 
hypertension (PAH) later on in life.[10,11] The pathobiology 
of pediatric pulmonary vascular disease (PVD) often 
includes impaired or dysregulated growth of the 



World Journal of Pediatrics

R
eview

 article

518 World J Pediatr, Vol 13 No 6 . December 15, 2017 . www.wjpch.com

developing lung circulation, which plays an especially 
critical role in pediatric disorders such as PPHN. 
Disruption of normal angiocrine signaling between 
endothelial and epithelial cells decreases lung airspace 
growth and surface area for gas exchange and increases 
the risk of PAH. These changes may further play a role 
in determining risk of or susceptibility to PVD and PAH 
throughout adulthood.[12]

In order to optimize neonatal and long-term outcomes 
in caesarean births, it is crucial that we understand the 
contribution of caesarean delivery in the pathogenesis 
of respiratory morbidities in the newborn, including 
PPHN. Even though much progress has been made in 
recent years with respect to understanding the complex 
pathogenesis of PPHN, the role played by caesarean 
delivery is still not clear. In this review, we aim to discuss 
the various mechanisms through which caesarean delivery 
could potentially increase the risk of PPHN and explore 
preventive measures to minimize CS-related PPHN.

Pathogenesis of PPHN
At birth the pulmonary circulation must undergo a 
marked fall from its high resistance state in utero to a 
low resistance circuit within minutes after delivery to 
ensure survival of the newborn. This postnatal fall in 
pulmonary vascular resistance allows for the 8-fold 
increase in pulmonary blood flow, and allows the 
lung to become an organ for gas exchange. Several 
mechanisms contribute to the normal fall in PVR at 
birth, including increased oxygen tension, ventilation, 
and shear stress. These physiologic stimuli lower 
PVR directly and through changes in the production 
of several vasoactive products, including increased 
release of potent endogenous dilators, such as nitric 
oxide (NO) and prostacyclin, and decreased activity of 
vasoconstrictors, such as endothelin-1 (ET-1). Some 
infants fail to achieve or sustain the normal decrease in 
PVR at birth, leading to severe respiratory distress and 
hypoxemia, which is referred to as PPHN.[13,14]

Factors linking PPHN to CS
Interpreting the association between CS and PPHN is 
made challenging by the fact that certain antecedents 
(e.g., fetal distress) might serve both as indications for 
CS and as underlying causes, consequences, or markers 
for PPHN.[3] Hernandez-Diaz et al[3] suggested that the 
increased incidence of PPHN after CS might be largely 
attributable to underlying fetal conditions that triggered 
the intervention and ultimately resulted in PPHN, 
rather than to a direct causal effect of the CS (or lack 
of VD) per se. However, several other studies showed a 

consistently higher incidence of PPHN in infants born by 
elective CS (ECS) prior to onset of labor compared to those 
born by VD, thereby confirming that caesarean delivery is 
in itself a significant risk factor for PPHN.[2-4,7]

Lack of physiological changes of labor
A likely hypothesis for persistent pulmonary hypertension 
after CS is that there might be an advantage to labor and VD 
for the pulmonary vascular bed of the neonate.[4] Makihara 
et al[15] supported this hypothesis through echocardiography 
findings showing that transient pulmonary hypertension 
after delivery is prolonged in neonates delivered by ECS 
compared to vaginally delivered neonates.

The etiology of PPHN delivered by ECS is unclear. 
Most infants begin as being normal or have mild transient 
tachypnea of the newborn (TTN) with minimal oxygen 
requirement and chest X-rays suggestive of retained 
lung fluid. However, in a subset of infants, there is a 
gradual increase in oxygen requirement and subsequent 
evidence of PPHN. Prematurity is not a significant 
issue in these neonates.[16] Thus, although TTN is 
usually benign, it can result in delay in normal newborn 
transition, which occasionally causes severe hypoxemia 
with a considerable oxygen requirement, and ultimately, 
PPHN necessitating mechanical ventilation, inhaled 
nitric oxide, or extracorporeal membrane oxygenation.[2]

Delayed resorption of fetal lung fl uid after delivery 
is considered the main pathophysiological factor in 
TTN.[17] Pulmonary hypertension with right-to-left 
shunting across the ductus or foramen ovale may be 
present in these infants because of possible elevation in 
the PVR associated with retained fetal lung fl uid.[18]

Several studies have documented higher incidence of 
TTN in infants born by CS before the onset of spontaneous 
labor compared to infants born by VD.[4,17,19,20] Levine 
et al[4] and Hook et al[19] both demonstrated that infants 
born by ECS were at least 2.5 times more likely to suffer 
from TTN compared to neonates delivered by VD. A 
large study further demonstrated that the duration of labor 
before birth positively influences the course of TTN, 
with the duration of oxygen supplementation inversely 
associated with the duration of labor.[17] Labor therefore 
appears to exert an infl uence on the postnatal adaptation 
of the respiratory system.[21] Just how the experience 
of labor brings about this respiratory adaptation is not 
known, but several mechanisms could be proposed:

1) Labor appears to play an important role in 
fetal lung fluid clearance. Rapid removal of liquid 
from potential airspaces is a key step in establishing 
the timely switch from placental to pulmonary gas 
exchange at birth.[22] For effective gas exchange to 
occur in the neonate at birth, alveolar spaces must 
be cleared of excess fluid and pulmonary blood flow 
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increased to match ventilation with perfusion. Failure of 
either of these events can jeopardize neonatal transition 
and cause the infant to develop respiratory distress.[16]

Fetal lungs are filled with liquid in the airspaces. 
In comparison to neonatal lungs, fetal lungs are 
hyperexpanded. This probably results in greater 
extraluminal pressures surrounding the pulmonary 
vasculature which contributes importantly to high PVR 
in the fetus.[14] Rapid fl uid clearance at birth is therefore 
very important as it leads to a drop in the extraluminal 
pressure with a subsequent decrease in PVR and thus an 
increase in the pulmonary blood fl ow, as demonstrated 
in animal models.[14,23]

It is now known that traditional explanations, 
which relied on "starling forces" and "vaginal squeeze" 
only account for a fraction of the fluid absorbed.[16,22] 
Alveolar fl uid clearance is a process which starts before 
birth and continues postnatally.[16] The fetus in fact 
begins its preparation for a smooth neonatal transition 
long before the onset of labor by changing its hormonal 
milieu and by reducing lung fluid secretion.[24] Animal 
studies have demonstrated that in the days leading up to 
labor the rate of production of lung liquid is reduced[25] 
and the volume of liquid contained in the fetal lungs 
declines.[26,27] A further decline in lung liquid volume 
occurs during labor itself.[28]

The lung epithelium is believed to undergo a 
switch, mediated by B-adrenergic receptors, from a 
predominantly chloride secreting membrane at birth 
to a predominantly sodium absorbing membrane after 
birth.[22,24] Epithelial Na channels (ENaC) are rate 
limiting in this process and developmentally timed for 
maximum expression only in late gestation.[29] Studies 
have shown that alveolar expression of these highly 
selective sodium channels in the lung epithelia is 
regulated by factors in the lung microenvironment such 
as steroids, catecholamines, and oxygen.[16,30-32] Higher 
levels of epinephrine, nor-epinephrine and cortisol 
have been found in neonates delivered by VD than in 
those delivered by CS without labor.[33] The increasing 
concentration of cortisol and thyroid hormones in 
the last days of gestation and during labor itself may 
accelerate maturation of the lung and play a key role in 
lung liquid reabsorption.[21,34]

The above sequence of events highlights the importance 
of labor in fetal lung fluid clearance, which leads to a 
decrease in the PVR and subsequent establishment of the 
neonatal pulmonary circulation, failure of which leads 
to PPHN.

2) Surfactant synthesis and release are increased 
during labor, by mechanisms that may partly depend 
upon β-stimulation.[21] CS-delivered neonates have in 
fact been observed to be at a higher risk for respiratory 
distress syndrome (RDS), a condition characterized by 

immaturity and insufficient production of pulmonary 
surfactant, as compared to their vaginally delivered 
counterparts.[20,35,36] Gerten et al[36] identifi ed CS delivery 
as an independent risk factor for RDS when compared 
to neonates delivered vaginally (adjusted odds ratio: 2.3, 
(95% confi dence interval: 2.1-2.6). RDS is recognised as 
one of the variety of perinatal and postnatal conditions 
that can cause secondary PPHN.[37]

3) The adrenaline surge that occurs in labor, in addition 
to promoting lung liquid reabsorption, might have other 
effects that improve respiratory performance after birth, for 
example by arousing the newborn and thereby adding a 
powerful wakefulness drive to breathe.[21]

4) Stress hormones can promote normal circulatory 
adaptation at birth. Several experimental and clinical 
studies have shown that norepinephrine improves 
circulation in the perinatal lung. In fetal lambs, 
norepinephrine has been shown to increase lung blood 
fl ow and reduce PVR.[38] Norepinephrine induces a NO-
dependent pulmonary vasodilation in the ovine fetus 
through activation of α2-adrenoceptors.[39,40] Jaillard et 
al[41] suggested that high incidence of PPHN delivered 
by ECS is related to lower levels of circulating 
norepinephrine in neonates after CS than after VD. 
Infants delivered through ECS often are deprived of 
these labor-related physiological stress response pattern 
at birth and consequently experience failure of postnatal 
respiratory transition.[42]

Role of iatrogenic prematurity
Studies evaluating large series of patients have shown 
a higher rate of prematurity and surfactant deficiency 
in neonates delivered by ECS.[16] Delivery by CS 
appears to expose neonates to higher risks of iatrogenic 
prematurity in the following ways:

Rising rates of CS: contribution to increasing rates of 
late preterms
Since ECS is commonly performed between 37 and 40 
weeks gestation, it was believed that at least some of 
the respiratory morbidity in newborns delivered by ECS 
was secondary to iatrogenic prematurity. i.e., inadvertent 
delivery prior to 37 completed weeks of gestation.[16]

Delivery by CS could expose infants to iatrogenic 
prematurity and its associated respiratory morbidities 
through its contribution to increased rates of late 
preterm births. Analyses of the 1996 and 2004 US 
natality files showed that among preterm births, the 
largest percentage increase in CS rates occurred in 
the late preterm group, which is the largest and fastest 
growing segment of preterm births.[43]

Inaccurate gestational age assessment during 
elective deliveries, presumption of fetal maturity at 34 
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weeks' gestation and maternal autonomy with regards 
to route and timing of delivery have been proposed 
as some of the factors explaining the increase in late 
preterm births. Indeed, if gestational age estimates vary 
by even 1 or 2 weeks, elective induction of labor or 
ECS may be associated with premature delivery of a 
late preterm or early term infant.[44]

In obstetric practice, 34 completed weeks is 
considered a maturational milestone for the fetus.[45] Yet 
a large amount of evidence now show that compared 
with term infants, late-preterm infants, defi ned by birth 
at 34 0/7 through 36 6/7 weeks' gestation,[46] are in fact 
less physiologically and metabolically mature[46] and 
suffer from higher rates of morbidity and mortality.[47,48]

The relatively immature lung structure may be associated 
with delayed intrapulmonary fluid absorption, surfactant 
insufficiency, and inefficient gas exchange.[49,50] Little is 
known about cardiovascular physiology and pathobiology 
in late-preterm infants; it is however generally believed 
that structural and functional immaturity restricts the 
amount of cardiovascular reserve that is available during 
times of stress.[46] Immature cardiovascular function also 
may complicate recovery of the late-preterm infant with 
respiratory distress because of delayed ductus arteriosus 
closure and persistent pulmonary hypertension.[51] 
These features of relative overall immaturity, combined 
with limited compensatory responses to the extra-
uterine environment[46] all predispose these infants to 
respiratory problems related to delayed transition and 
overall immaturity.[52]

Late preterm infants have been reported to be at higher 
risk for respiratory complications such as delayed lung fl uid 
clearance, RDS and pulmonary hypertension as compared 
to term infants.[53-56] Hernandez Diaz et al[3] reported that the 
risk of PPHN was at least 3 times higher for neonates born 
between 34 and 37 completed weeks compared to those 
who were born within 37 to 41 gestational weeks.

Delivery by CS: an additional level of risk for respiratory 
morbidity both in late preterm and term newborns
As compared to infants born vaginally, delivery 
by CS appears to add another level of risk for an 
adverse respiratory outcome in this already vulnerable 
population.[54,56,57] This increased risk persists even 
in infants who are delivered by CS at full term (i.e., at 
or beyond 37 completed weeks of gestation).[4,35,58-60] 
Morrison et al[61] showed that respiratory morbidity in 
ECS is inversely related to gestational age at the time of 
ECS in term infants. A large prospective cohort study 
demonstrated an increased risk of respiratory morbidity 
(TTN, RDS and PPHN) for infants delivered by ECS 
at 37, 38 and 39 weeks' gestation (adjusted odds ratios: 
7.0, 3.5 and 1.4, respectively) when compared with 
newborns intended for VD.[60]

A particularly high risk for respiratory distress 
was observed when ECS was performed before 39 
weeks of gestation; therefore, CS may increase the 
risk of PPHN through delivery of infants who have 
signifi cant pulmonary immaturity, which sets the stage 
for a maladaptive perinatal circulatory transition.[3] As 
mentioned previously, CS-delivered infants are deprived 
of the physiological changes associated with labor, which 
include an increase in surfactant synthesis and release.[21]

We believe that CS-born infants are exposed 
to varying extents of the pathophysiological events 
experienced in TTN and RDS, a combination of 
which could possibly lead to a common endpoint of 
respiratory distress, hypoxia and acidosis, thus leading 
to high PVR and higher risk of developing PPHN.

Role of vasoactive agents
Role of NO, carbon monoxide (CO) and cyclic 
guanosine 3', 5'-monophosphate (cGMP)
The NO-cGMP cascade involves production of NO 
primarily by vascular endothelium during the conversion 
of L-arginine to L-citrulline by the enzyme NO 
synthase (NOS). Once produced, NO rapidly diffuses to 
underlying smooth muscle cells and causes vasodilation 
by stimulating soluble guanylate cyclase and increasing 
cGMP production. Elevated cGMP levels stimulate 
cGMP kinase, which then opens calcium-activated K+ 
channels and causes membrane hyperpolarization. This 
lowers intracellular calcium in the smooth muscle cell 
by decreasing calcium entry through L-type channels 
and causes vasodilation. In some experimental settings, 
NO has been shown to stimulate K+ channels or voltage 
gated Ca2+ channels directly independent of increased 
cGMP.[62] Studies over the past two decades have 
clearly shown the critical role of NO-cGMP signalling 
in the regulation of the fetal and neonatal pulmonary 
circulation, and that disruption of the NO-cGMP cascade 
during the perinatal period leads to PPHN.[13] Decreased 
endothelial NOS (eNOS) expression,[63,64] reduced release 
of endothelium-derived NO[14] and decreased plasma 
cGMP levels[65] have all been documented in PPHN in 
human infants and in a number of animal models.

Reactive oxygen species (ROS) and NO have been 
shown to play a major role in the regulation of pulmonary 
vascular tone. The production of cGMP, the intracellular 
second messenger of NO, also influences the tone of 
pulmonary vessels during the fi rst weeks of life.[66] CO has 
been found to induce vasodilation, increasing intracellular 
levels of cGMP in vascular smooth muscle cells similarly 
to NO[66] although the vasorelaxant potency of CO is 
markedly less than that of NO.[67]

Dani et al[66] investigated the levels of NO, CO and 
cGMP in healthy term infants born by VD compared 
to those delivered by ECS. The study showed that NO, 



521

Factors relating CS to PPHN

R
eview

 article

World J Pediatr, Vol 13 No 6 . December 15, 2017 . www.wjpch.com

CO and cGMP concentrations were significantly lower 
in infants born by ECS than in vaginally born infants 
and decreased from birth to 48-72 hours of life in both 
groups. The authors of the study speculated that this 
occurs because fetuses experience many stresses during 
parturition, such as hypoxia, ischemia-reperfusion and 
tissue shear stress, which can strongly stimulate the 
expression of genes encoding inducible NOS (iNOS) 
and inducible enzyme heme oxygenase-1 (HO-1). 
They therefore suggested that an increase in activity 
of iNOS and HO-1 occurs at delivery which promotes 
the synthesis of NO, CO and in turn, cGMP.[66] NO and 
CO, acting as modulators of pulmonary vasculature tone, 
likely play a physiologic role in the transition from fetal 
to neonatal circulation by lowering the PVR. Accordingly, 
the lower level of NO and CO observed in the infants 
born by ECS could represent one of the causes for the 
increased risk of respiratory disorders (through the 
inadequate decrease of PVR) which these infants exhibit 
in comparison with vaginally delivered infants.[66]

We therefore suspect that inadequate decrease of 
PVR resulting from limited endogenous NO, cGMP and 
CO synthesis observed in CS-born infants could possibly 
place them at higher risk for delayed transition and PPHN. 
Further studies are however needed to determine the exact 
causal relationship between mode of delivery and secretion 
of vasoactive mediators in the fetal and neonatal lung.

Role of ET
ETs are a family of bicyclic 21-amino acid peptides 
composed of three isoforms: ET-1, ET-2, and ET-3. ET-1 is 
the major isoform with vasoactive properties. Endothelial 
cells are the major source of ET-1. When subjected to 
various stimuli such as shear stress, hypoxia or ischemia, 
ET-1 is transcripted, synthesized, and secreted within 
minutes.[14] ET-1 has potent vasoconstrictor and smooth-
muscle cell mitogenic properties, as well as dose- and 
receptor-dependent vasodilator properties.[65]

Newborn infants with persistent pulmonary 
hypertension have been shown to have elevated plasma 
ET-1 levels,[65,68,69] which correlate with disease severity 
and decline with clinical improvement.[70] Experimental 
studies suggest that elevated ET-1 levels in PPHN 
contribute to the disease process by bringing about 
increased pulmonary vascular remodeling and 
downregulation of eNOS expression.[14,71,72]

CS per se does not appear to expose newborns to 
higher ET levels compared to those born by VD.[73-75] 
CS has however been shown to be a risk factor for 
the development of RDS[20,35,36] which is one of the 
secondary causes of PPHN.[37]

An experimental model of RDS in the newborn 
lamb showed that plasma ET-1 concentration increases 
concomitant with the development of pulmonary 

hypertension, from an early time point onward, and 
correlates with the severity of pulmonary hypertension.[76]

To determine whether ET-1 activity contributes to 
high PVR in the premature fetal lung with severe RDS 
or is simply a marker of disease activity, selective ET 
A receptor blockade was done in an ovine model of 
RDS. The selective ET A receptor blockade lowered 
PVR in experimental RDS, thereby suggesting that 
ET-1 contributes to pulmonary hypertension in an ovine 
model of severe RDS.[77]

Neonates with RDS were found to have signifi cantly 
higher ET-1 concentrations in the acute phase of RDS 
compared to controls. ET levels also showed correlation 
with the clinical severity and radiological degree of 
RDS, suggesting that ET-1 plays a role in the natural 
course of RDS in newborns.[75,78-81]

We thereby conclude that CS delivery might indirectly 
lead to higher risks of developing PPHN by exposing 
infants to a higher risk of RDS and its concomitant 
increase in ET-1 levels. The contribution of high plasma 
ET-1 levels in the acute phase of RDS to the elevation 
of the PVR in neonates with RDS is however uncertain 
and remains to be confi rmed.[81]

Role of oxidative stress
Several lines of evidence indicate that oxidative stress 
plays an important role in the pathogenesis of PPHN.[82-85] 
Animal models of PPHN have demonstrated an increase in 
ROS in the pulmonary vasculature which led to blunting 
of vascular relaxation to exogenous NO, stimulation of 
smooth muscle cell growth[82] and impaired angiogenesis 
of pulmonary artery endothelial cells which then 
contributed to elevated PVR seen in PPHN.[83]

Extracellular superoxide dismutase (ecSOD) is 
the only known enzymatic scavenger of extracellular 
superoxide and is highly expressed within the lungs 
and vascular smooth muscles. Superoxide scavenging 
in the vascular extracellular space by ecSOD plays an 
important role in regulating vasodilatation.[85] Brennan 
et al[82] showed that superoxide levels were increased 
and SOD activity was decreased in the pulmonary 
arteries of fetal PPHN lambs, and thus concluded that 
PPHN is associated with an overproduction of the 
oxidant superoxide without a simultaneous increase in 
cellular antioxidant capacity.

The fetus is protected from oxidative stress in 
several ways. The human placenta has been described as 
being protective against oxidative stress.[86,87] Moreover, 
intracellular ROS levels are maintained by enzymatic and 
non-enzymatic antioxidant defenses within a physiological 
range to prevent their harmful effects.[14]

Many factors may interact or independently infl uence 
oxidative stress during fetal neonatal transition, including 
the mode of delivery.[88] The process of birth can 
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potentially induce oxidative stress in the newborn. The 
transition from fetal to neonatal environment exposes 
the newborn to a more oxidative environment. High 
oxygen concentration could be toxic to fetal tissues, via 
mechanisms mediated by free radicals.[89]

Several studies have been carried out to determine 
which mode of delivery exposes the neonate to higher 
levels of oxidative stress[66,88-98] and hence determine 
which mode of delivery is most advantageous to the 
newborn in terms of oxidative stress. The results of 
these studies are however largely inconsistent with 
each other. Some authors reported similar levels of 
oxidative stress in infants irrespective of the mode of 
delivery[66,93] while others reported that the mode of 
delivery infl uences the level of exposure to oxidants as 
well as the protective anti-oxidant mechanisms in the 
neonate.[88-90,92,94-98]

Studies investigating the effect of mode of delivery 
on the levels of different markers of oxidation in the 
newborn have also yielded inconclusive results. Mutlu 
et al[94] and Nabhan et al[88] reported higher oxidant 
and lower anti-oxidant levels in neonates delivered 
by CS than those delivered by VD. Mutlu et al[94] 
thereby concluded that newborns delivered by CS 
are exposed to higher oxidative stress compared to 
vaginally delivered newborns, and the anti-oxidant 
mechanisms are insufficient to cope with this stress 
during CS, indicating that normal delivery through the 
physiological route is healthier for infants.

In contrast, several studies demonstrated higher 
oxidant levels in newborns delivered by VD compared to 
those delivered by CS.[91,92,95,97] The authors suggested that 
these results support a role of ROS in the initiation of labor, 
which is associated with an increased production of pro-
inflammatory mediators, which in turn might induce an 
increase in the production of free radicals.[92,95,96]

An alternative explanation is that the high levels of 
free oxygen radical activity in the fetus delivered by VD 
are produced as a function of the labor process.[91,92,95,96] 
Uterine contractions during labor result in diminution of 
the arterial infl ow to, and cessation of venous drainage 
from the placenta. This situation is reversed during 
the relaxation phase, leading to recurrent ischemia-
reperfusion, free radical production and a rise in lipid 
peroxidation.[91]

The observation of higher levels of oxidants in 
vaginally delivered neonates led Vakilian et al[95] to 
conclude that VD neonates are under more oxidative 
stress than those delivered by ECS and that ECS thereby 
has advantages for newborns in terms of lowering 
oxidative stress. Rogers et al[91] however countered 
that, as all the infants in these studies ultimately had a 
satisfactory outcome, it can be assumed that the levels of 

lipid peroxidation observed in neonates delivered by VD 
indicate cellular damage that is within the scope of the 
neonate to repair without significant long term sequelae. 
They thus concluded that the low levels of peroxidation 
associated with ECS should therefore not be used to 
construe any benefi t associated with this approach.

Studies investigating the effect of mode of delivery 
on the levels of anti-oxidants in newborns have likewise 
demonstrated conflicting results, though to a lesser 
degree.[86,88-90,94-99] While Inanc et al[97] reported higher 
levels of anti-oxidant activity in neonates delivered 
by ECS compared to those born by VD, numerous 
other authors have, on the contrary, demonstrated 
higher levels of anti-oxidants in neonates born by VD 
compared to those delivered by CS.[88-90,94-96,98,99]

Georgeson et al[96] proposed that increased free radical 
production during labor suggests that the oxidative burden 
of infants born via ECS might be lower, thus perhaps 
resulting in lower antioxidant enzyme expression and 
lower activity levels as well. On the other hand, infants 
born via VD might be exposed to higher levels of ROS 
and antioxidant defense systems of these newborns might 
therefore show higher total antioxidant power to overcome 
free radicals.[95] Buhimschi et al[90] further suggested that 
term labor triggers a compensatory up-regulation of non-
enzymatic antioxidant reserve in the fetal red blood cell 
compartment that may act to protect against the relative 
hyperoxia that is experienced by the newborn infant at birth.

Georgeson et al[96] concluded that delivery by CS 
may cause a deficiency of antioxidant defense in the 
human newborn and suggested that neonates born via 
CS might therefore be predisposed to pathological 
conditions in which ROS may play a pathogenic role, 
such as PPHN[82,83] and RDS[100] among others. However, 
because of the large disparity in the results described 
above, additional studies are needed to determine more 
precisely the effect of mode of labor on the oxidant-
anti-oxidant balance in neonates and the repercussions 
on the neonatal outcome.

Potential preventive and therapeutic 
interventions to minimize CS-related PPHN
Antenatal corticosteroids
Antenatal corticosteroids reduce the incidence of 
respiratory distress in preterm neonates[101] and their 
routine use is recommended when delivery is expected 
before 34 weeks' gestation.[102] Mechanisms of steroid-
induced lung maturation include increased surfactant 
production, altered parenchymal lung structure, induction 
of lung ENaC channels and up-regulation of eNOS.[31,103] 
Animal experiments have moreover shown that antenatal 
glucocorticoids enhance pulmonary vasodilatation 
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induced by alveolar ventilation at birth, leading the 
authors to speculate that antenatal steroids exposure 
improves adaptation at birth through acceleration of both 
parenchymal and vascular lung maturation.[104]

The benefits of antenatal corticosteroids are not 
limited to preterm neonates. The well-established 
benefits of antenatal corticosteroids prompted the 
Antenatal Steroids for Term Elective Caesarean Section 
study which demonstrated a non-signifi cant decreased risk 
of TTN [0.040 vs. 0.021; relative risk (RR)=0.54, 95% 
confidence interval (CI)=0.26-1.12] and RDS (0.011 vs. 
0.002; RR=0.21, 95% CI=0.03-1.32).[105] Follow up studies 
did not show any adverse effect on health, behavior and 
academic achievement of children born following a single 
course of antenatal betamethasone at term.[106] Antenatal 
corticosteroids have also been shown to confer benefits 
to late preterm neonates through lowered incidence 
of transient tachypnea, need for respiratory support 
and admission to the neonatology unit.[107] The use of 
antenatal corticosteroids in late preterm births and in 
ECS carried out prior to 39 weeks of gestation could 
therefore potentially decrease rates of PPHN through 
diminished respiratory morbidity in these neonates.

The informed-consent process
Cesarean births in low risk or "no risk" mothers where no 
medical indication can be identified are on the rise and 
are often referred to as Cesarean Delivery at Maternal 
Request (CDMR).[16] Based on a number of reported 
series, it was estimated in 2004 that CDMR accounted 
for nearly 4% to 18% of all cesarean deliveries[108] and 
that figure was estimated to be as high as 28.43% in a 
large multicenter study in China in 2011.[109]

Every pregnant woman justifi ably wishes a short labor 
and an uneventful delivery without complications, which 
explains the growing number of mothers tending toward 
ECS.[17] However in view of the neonatal respiratory 
morbidities associated with ECS, pregnant women should 
be given reliable information about the risks and benefi ts 
related to ECS in order to avoid unnecessary CS deliveries. 
Gestational age-specific risk estimates for neonatal 
morbidity are lowest between 38 and 40 weeks and should 
be included in the informed-consent process.[110]

Potential role of antenatal anti-oxidants
Prenatal maternal anti-oxidant supplementation has 
been investigated in relation to neonatal outcomes 

Fig. Schematic overview of the proposed mechanisms underlying the link between delivery by caesarean section and persistent pulmonary 
hypertension of the newborn. NO: nitric oxide; cGMP: cyclic guanosine 3', 5'-monophosphate; CO: carbon monoxide; RDS: respiratory distress 
syndrome; ET-1: endothelin-1.
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for diseases in which oxidative stress is known to be 
implicated. For instance, a study showed that maternal 
docosahexaenoic acid-enriched diet during pregnancy 
provided neuroprotection to a murine model of neonatal 
hypoxic-ischemic encephalopathy by inhibiting 
oxidative stress and apoptotic neuronal death.[111]

In view of the observations linking oxidative stress 
to PPHN[82,83] and of the finding that delivery by CS 
may cause a defi ciency of antioxidant defense in human 
newborn,[96] it may be reasonable to assess whether 
antioxidant supplementation during pregnancy may be 
benefi cial to neonates delivered by ECS.

Delaying ECS to at least 39 weeks of gestation
A large body of evidence indicates that ECS before 39 
weeks of gestation is associated with increased risks of 
respiratory morbidity, compared with delivery at 39 or 
40 weeks.[35,55,59,112-114]

The American College of Obstetrics and Gynecology 
therefore recommends scheduling ECS at 39 weeks' 
gestation or later on the basis of menstrual dates or 
waiting for the onset of spontaneous labor, which is a 
step toward minimizing the occurrence of iatrogenic 
prematurity.[16] One of the causes cited for the rise in 
CS rates is the changing practice standards of medical 
professionals and their willingness to perform CS either 
due to their perceived safety or fear of malpractice 
litigation.[16] However, given that delivery by CS is 
a predictor for infants with high risk for PPHN and 
other respiratory morbidities, obstetricians should 
consider this added morbidity when performing elective 
cesareans and ECS should only be undertaken before 
39 weeks gestation for established medical reasons.[55]

Conclusions
In view of the rising rates of CS worldwide, there is an 
urgent need for better understanding of the mechanisms 
linking CS and PPHN. Iatrogenic prematurity and lack 
of physiological changes of labour have since long been 
described as factors linking CS to PPHN. Delivery by 
CS could also result in limited endogenous NO, cGMP 
and CO synthesis and lower levels of anti-oxidants in 
the neonate. In addition, delivery by CS exposes infants 
to a higher risk of RDS and its concomitant increase in 
ET-1 levels, and might therefore indirectly lead to higher 
risks of developing PPHN. We believe that neonates 
born via CS might be exposed to varying extents of the 
pathophysiological events described above, a combination 
of which could possibly lead to a common endpoint of 
respiratory distress, hypoxia and acidosis, thus leading to 
high pulmonary vascular resistance, delayed transition and 
higher risks of developing PPHN (Fig.).

Further experimental studies should be carried out 
to determine the exact causal relationship between CS 
and PPHN followed by testing of therapeutic options 
to allow effective targeted interventions. There are 
still many gaps in our knowledge regarding the long-
term consequences of PPHN. Experimental studies 
and follow up of PPHN patients should therefore be 
encouraged to explore the long term impact of PPHN 
on the pulmonary circulation such as the occurrence of 
PAH later on in these patients. Further studies are also 
necessary to assess other therapeutic options such as the 
impact of maternal anti-oxidant supplementation and 
antenatal corticosteroids in late preterm neonates and in 
ECS on the incidence of PPHN.

Given that cesarean delivery at maternal request 
accounts for a considerable proportion of CS deliveries, 
pregnant women should be provided with reliable data 
regarding the neonatal risks of ECS to prevent unnecessary 
CS deliveries. ECS should ideally be delayed till 39 weeks 
or later where such an option is medically safe.
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