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The transition to newborn life in preterm infants is compli-
cated by immature cardiovascular and respiratory systems. 
Consequently, preterm infants often require respiratory sup-
port immediately after birth. Although aeration of the lung 
underpins the circulatory transition at birth, positive pressure 
ventilation can adversely affect cardiorespiratory function dur-
ing this vulnerable period, reducing pulmonary blood flow and 
left ventricular output. Furthermore, pulmonary volutrauma is 
known to initiate pulmonary inflammatory responses, result-
ing in remote systemic involvement. This review focuses on 
the downstream consequences of positive pressure ventila-
tion, in particular, interactions between cardiovascular output 
and the initiation of a systemic inflammatory cascade, on the 
immature brain. Recent studies have highlighted that positive 
pressure ventilation strategies are precursors of cerebral injury, 
probably mediated through cerebral blood flow instability. The 
presence of, or initiation of, an inflammatory cascade accentu-
ates adverse cerebral blood flow, in addition to being a direct 
source of brain injury. Importantly, the degree of brain injury 
is dependent on the nature of the initial ventilation strategy 
used.

PRETERM BIRTH AND THE REQUIREMENT FOR 
VENTILATION
Preterm birth, defined as birth before 37 wk of gestation, 
remains a worldwide problem. The infants at greatest risk are 
those born at <29 wk gestation—for whom mortality remains 
high and survival is associated with the greatest risks of neu-
rodevelopmental impairment (1). Many infants born pre-
term are surfactant deficient and have immature lungs, with 
a small surface area and a thick air–blood barrier that impairs 
gas exchange (2). Consequently, preterm infants, particularly 
those born before 29 wk of gestation, often require respiratory 
support at birth. The initiation of respiratory support in the 
delivery room, typically using intermittent positive pressure 
ventilation (PPV) via a face mask or after intubation, is often 

critical in ensuring a successful transition to newborn life. The 
primary aim of this respiratory support is twofold: (i) to aerate 
the lung and initiate pulmonary gas exchange and (ii) to trig-
ger the circulatory transition from the fetal physiology into the 
newborn/adult physiology (3).

There is increasing evidence, however, that delivery of this 
respiratory support can be injurious to the preterm neonate. 
Importantly, although studies have focused on the immedi-
ate effect of respiratory support on the lung, evidence suggests 
that the effect of ventilation has downstream consequences 
for the preterm infant, particularly for the immature brain. 
Furthermore, this evidence indicates that the lung, heart, and 
brain are intrinsically linked during this transitional period 
(4), whereby lung injury or the initiation of an inflammatory 
response within the lung can have direct and indirect effects 
on the cardiovascular system, systemic circulation, and cere-
bral circulation. Indeed, the concept of multiple-organ inter-
relationships in ventilated patients with severe respiratory 
disorders is well established in the literature regarding adults 
(5,6). However, although similarities between the association 
of brain injury and ventilation can be drawn between adults 
and preterm newborns, the uniqueness of the transitioning 
circulation at birth provides additional mechanisms/pathways 
for brain injury to occur.

The major pathways by which ventilation can lead to brain 
inflammation and injury in the preterm neonate are as follows: 
(i) altering pulmonary venous return and, subsequently, left 
ventricular output, resulting in rapid abnormal fluctuations to 
cerebral blood flow (CBF) and (ii) the initiation of pulmonary 
inflammation, which leads to a systemic inflammatory cascade 
(Figure 1).

THE CARDIOVASCULAR TRANSITION AT BIRTH
Before birth, the lungs are not required for gas exchange, and 
the airways are filled with a liquid that is critical for growth 
and development of the fetal lung (7). Pulmonary vascular 
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resistance is high, pulmonary blood flow (PBF) is low (8), and 
~90% of right ventricular output bypasses the lungs and flows 
through the ductus arteriosus (DA) directly into the descend-
ing aorta (right-to-left shunting) (8). This results in a unique 
fetal PBF waveform (Figure 2a), wherein forward flow into the 
lungs only occurs during the early stages of systole. During late 
systole and early diastole, blood flow rapidly returns to zero, 
whereupon a pronounced backflow or retrograde flow occurs 
resulting from blood flow reflecting off the highly resistant 
pulmonary vasculature (8).

With the establishment of ventilation or initiation of air 
breathing at birth, pulmonary vascular resistance decreases, 
PBF increases, and the entire output of the right ventricle enters 
the pulmonary circulation (8). The DA begins to close (8,9), 
but before it does, the direction of shunting through the DA 
reverses, changing from entirely right to left during fetal life to 
predominately left to right in the newborn (9). As a result, left 
ventricular output contributes up to ~50% of PBF immediately 
after birth, resulting in the maintenance of forward flow into 
the lungs throughout the cardiac cycle (Figure 2b). Thus, at 
birth, both left and right ventricles contribute to PBF, which is 
a normal, albeit transient, event in the neonatal transition (9). 
This is a critical transitionary process that helps to sustain and 
stabilize PBF, pulmonary venous return, and left ventricular 
output immediately after birth (9). What is often overlooked is 
that stabilizing PBF and, consequently, cardiovascular stability 
also has critical direct effects on cerebral arterial pressure and 
CBF during this transition period. Although clinicians have 
long referred to a “golden hour” in which rapid attainment of 
cardiovascular stability is the goal and intervention during this 

period is thought to confer improved outcomes (10), experi-
mental animal research mimicking this transition suggests an 
interaction between immediate respiratory support, cardio-
vascular output instability, and the development of cerebral 
injury.

HEMODYNAMIC CONSEQUENCES OF THE INITIATION OF 
POSITIVE PRESSURE RESPIRATORY SUPPORT
The mainstay of postdelivery resuscitation in the neonate is 
the establishment of respiration, either spontaneous or with 
positive pressure (11). In the premature infant (<29 wk gesta-
tion), reduced respiratory drive, poorly compliant lungs, and 
reduced thoracic musculature result in an increased need for 
early positive pressure support (12). The volume and compli-
ance of the newborn lungs vary dramatically over the first few 
breaths as lung liquid is absorbed and an air–liquid interface is 
established at the terminal air sacs (13). Spontaneously breath-
ing infants develop considerable transthoracic pressures over 
the first few breaths and relatively high positive pressures are 
required to initiate mechanical ventilation. However, compli-
ance rapidly falls as lung aeration increases, resulting in less 
pressure requirement to achieve a functional tidal volume (VT) 
with subsequent breaths. Current delivery room resuscitation 
uses pressure-limited devices that do not effectively measure 
VT. Clinicians rely on monitoring chest expansion; however, 
this is a poor indicator of VT (14), and many infants can receive 
inappropriate VT within minutes of birth (15). Alternative strat-
egies have been proposed for aerating lung volume, including 
sustained initial breaths (16) and a ramped increase in end-
expiratory pressure (17). Although such strategies appear 

Figure 1. Mechanisms of brain injury induced by the initiation of 
mechanical ventilation in the delivery room. Hemodynamic instability and 
the initiation of a systemic proinflammatory cascade can each work inde-
pendently, or may initiate one another, resulting in adverse pathologies 
such as intraventricular hemorrhage and/or diffuse white matter injury.
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Figure 2. The influence of airway pressure on pulmonary and cerebral 
blood flow. Real-time traces of (a) pulmonary blood flow measured in the 
left main pulmonary artery and (b) carotid arterial blood flow in the fetus, 
newborn, newborn during high airway pressure (Paw), and newborn during 
low (suctioning) airway pressure. Blood flow with values <0 represents 
negative or retrograde blood flow.
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beneficial in establishing lung gas volumes and decreasing  
pulmonary compliance, they may be detrimental to the  
circulation and possibly the immature brain.

Studies in animals and humans show the intrinsic association 
between mean airway pressure and destabilization of systemic 
arterial flows and pressures due to altered PBF during the tran-
sition at birth (18–21). Increasing airway pressure decreases 
the alveolar/capillary transmural pressure gradient, causing 
compression of the intra-alveolar capillaries, which increases 
pulmonary vascular resistance and decreases PBF (3). Further 
increases in airway pressure and pulmonary vascular resis-
tance may sustain pulmonary arterial pressures above systemic 
arterial pressures, potentiating continued right-to-left shunt-
ing through the DA (Figure 2). This effect has been demon-
strated during different ventilation modalities, including PPV, 
high-frequency oscillatory ventilation, and high-frequency jet 
ventilation (18,20,22,23). The effect of high airway pressure is 
not limited to the pulmonary vasculature, with direct com-
pressive effects observed on the newborn heart, resulting in 
reduced cardiac performance and ventricular output (21,24). 
This is further complicated by recent studies in preterm ani-
mals (25,26) and preterm infants (27,28) demonstrating that 
the preterm heart, particularly the myocardium, is structurally 
immature, translating to lower contractility in the days after 
birth and an inability to cope with increasing afterload.

At birth, the neonatal circulation transitions from a high-
volume low-resistance fetal circulation, due to the presence of 
the placenta, to a reduced-volume higher-resistance newborn 
circulation when the cord is clamped. Cardiac output and sys-
temic perfusion are dependent on maintaining preload. Left 
ventricular preload and output, which are major determinants 
of CBF, are largely determined by pulmonary venous return 
(18). Therefore, factors that reduce PBF, such as high posi-
tive end-expiratory pressures, also reduce CBF as indicated 
by reduced superior vena cava blood flow (18) (representing 
blood returning from the upper body, including the brain). 
Similarly, studies in preterm infants have shown that changes 
to positive end-expiratory pressure can cause clinically signifi-
cant changes in systemic blood flow (29). Superior vena cava 
flow is a proxy for overall reduced cardiac output, and low 
superior vena cava flow in the first 24 h after birth in preterm 
infants (<29 wk gestation) is strongly associated with cerebral 
injury, including intraventricular hemorrhage (IVH) and long-
term neurodevelopmental disability (30,31).

The removal of mean airway pressure can have the opposite 
effect. Open tracheal suction soon after birth increased PBF, 
left ventricular output, systemic arterial pressure, and CBF 
(32). Removal of positive end-expiratory pressure in preterm 
infants reduced cerebral blood flow velocity in preterm infants 
with a patent DA, primarily due to increased ductal stealing, 
evident by negative CBF velocities during diastole (example in 
Figure 2) (33,34). The change in CBF velocities is asymmetric 
in the carotid arteries, with the greatest effect observed on the 
left side, probably due to its proximity to the DA (35). If sus-
tained, the “steal” of blood flow from the systemic circulation 
can reduce cardiac function and overall systemic blood flow, 

cause excessive pulmonary blood flow, and increase the risk 
of pulmonary hemorrhage, IVH, or periventricular leukoma-
lacia (33,34,36). Thus, high and low mean airway pressures in 
an infant with a patent DA can alter CBF, resulting in adverse 
cerebral outcomes, highlighting the necessity for moderating 
lung pressures during the initial ventilation.

The influence of ventilation strategy on cardiopulmonary 
hemodynamics is not restricted to high airway pressure. We 
recently demonstrated that the initiation of high VT ventila-
tion for the first 15 min after birth caused large fluctuations 
in CBF (Figure 3), impaired cerebral autoregulation (cerebral 
vasoparalysis), and increased vascular extravasation (leakage), 
a precursor to cerebral hemorrhage (4). Abnormal fluctuations 
in CBF (defined as prolonged swings in CBF, either high or 
low, for more than 10–20 s) are common in preterm infants 
(37) and occur as a result of adverse pulmonary, cardiovascu-
lar, or systemic (vascular) factors. The majority of abnormal 
CBF is due to impaired cardiovascular control (38). Abnormal 
fluctuations in CBF are not usually a problem in term infants 
because they have the ability to maintain near-constant blood 
flow in the face of changing perfusion pressures by altering 
cerebral vascular resistance (autoregulation) (39). However, 
preterm infants commonly have episodes of impaired auto-
regulation, primarily due to immaturity of or injury to the 
cerebral vascular bed (40). Episodes of impaired autoregula-
tion occur in 87 of 90 premature infants <30 wk gestation and 
may be present 50% of the time during the first 5 d after birth 
(41). The combination of developmental immaturity and an 
inability to autoregulate CBF can render the preterm neonatal 
brain susceptible to injury in response to systemic circulatory 
disturbances occurring as a result of suboptimal ventilation. 
Indeed, IVH was observed in 21 of 23 infants with respiratory 
distress, in whom fluctuations in CBF velocity (measured by 
Doppler ultrasonography) were detected (42).

CBF stability is also critical for maintaining cerebral oxy-
genation. Indeed, studies of preterm lambs have shown that 
adverse alterations to pulmonary blood flow can reduce CBF, 
in addition to oxygen delivery and consumption (43). Studies 
in preterm infants during the first days of newborn life have 
shown that changes in cerebral oxygen extraction are associ-
ated with IVH (44,45). Cerebral oxygen extraction is inversely 
correlated to oxygen delivery, and it normally decreases after 
birth as oxygen availability increases (46). However, clinical 
trials have demonstrated the presence of high cerebral oxygen 
extraction and low regional cerebral oxygenation (measured 
by near-infrared spectroscopy) when left ventricular output is 
low in the hours to days after birth (45,47) and have demon-
strated a strong association with IVH and/or death (45). These 
studies further highlight the critical link between cardiovascu-
lar and cerebral hemodynamics and promote the combination 
of cardiovascular and cerebral hemodynamic measurements 
with cerebral oxygenation as a potential early indicator of poor 
outcome.

Importantly, strategies aimed at optimizing the initial 
respiratory support in the delivery room have demonstrated 
improved CBF stability (Figure 3) and cerebral oxygenation, 
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apart from reduced vascular permeability (Figure 4) (4,48), 
suggesting that simply improving the initial respiratory care in 
the delivery room may reduce brain injury.

Taken together, these findings show that the circulatory 
transition, which is critical for survival after birth, can be 
severely compromised by suboptimal respiratory care in pre-
term neonates. Importantly, due to the interdependence of the 
cardiopulmonary and cerebral circulations in the acute circu-
latory transition period, strategies that affect cardiopulmonary 
hemodynamics can have a direct effect on cerebral hemody-
namics, leading to adverse consequences on the brain.

INFLAMMATORY CONSEQUENCES OF THE INITIATION OF 
RESPIRATORY SUPPORT
It is well established that five large rapid inflations (> 8 ml/kg) 
at birth are sufficient to cause lung injury (49) and to initi-
ate a systemic inflammatory cascade in the neonate (50). The 
bag-and-mask or T-piece circuits commonly used for neonatal 
resuscitation provide no feedback information on the VT being 
delivered. As a consequence, VT is poorly controlled, potentially 
exposing the preterm neonate to volutrauma. Indeed, recent 
studies have found that the VT delivered during resuscitation 
in the delivery room using a T-piece device ranged from 0 to 
>30 ml/kg, with 85% of preterm infants receiving excessively 
high VT (>8 ml/kg) (15). Importantly, because the immature 

lung remains partly liquid-filled at birth (51) and because 
the effective VT may be considerably reduced, even “safe” lev-
els of VT may cause regional volutrauma. For example, 5 ml/
kg equates to 15 ml/kg if only one-third of the lung is aerated 
and the remaining two-thirds are liquid-filled. Combined with 
a compliant chest wall, the degree of regional overdistension 
injury at a given airway pressure may therefore be very large.

PPV of preterm lambs with an initial VT of 10–12 ml/kg for 
15 min (normal VT is 6–8 ml/kg) (52) initiated a pulmonary 
proinflammatory response (53), which in turn initiated a sys-
temic inflammatory cascade (Figure 1) (50,54,55). The acute 
systemic inflammatory response to PPV was observed in term 
and late-preterm neonates who displayed increased levels of 
the proinflammatory cytokines interleukin (IL)-8 (2.5-fold), 
IL-1β (7.5-fold), and tumor necrosis factor (TNF)-α (10-fold) 
and decreased levels of the anti-inflammatory cytokine IL-10 
(by 90%) in plasma only 2 h after its initiation (56). Considering 
that systemic proinflammatory cytokines can readily cross the 
blood–brain barrier (45,57), the circulating cytokines can elicit 
and exacerbate an inflammatory response within the brain. 
This can result in increased number of infiltrating inflamma-
tory cells, activation of resident microglia (which causes local 
amplification of proinflammatory cytokines), increased oxida-
tive stress, and subsequent diffuse white matter gliosis within 

Figure 3. Carotid arterial blood flow before and immediately after the 
initiation of positive pressure ventilation (PPV) in preterm lambs. The 
dashed line represents the time when ventilation was initiated. (a) PPV 
was initiated using a protective ventilation strategy, whereas in (b) an 
 injurious high tidal volume ventilation strategy was used, resulting in 
cerebral blood flow instability.
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Figure 4. Evidence of white matter injury from positive pressure ventila-
tion. (a, b) Representative hematoxylin–eosin-stained sections; (c, d) 
lectin-stained sections within the periventricular white matter (PVWM); 
and (e, f) albumin immunostaining in the subcortical white matter 
(SCWM) in an unventilated preterm lamb and a lamb ventilated for 90 min. 
Evidence of diffuse white matter gliosis (arrow in b), white matter lesions 
(* in b), inflammatory cell infiltration (arrow in d), and albumin extrava-
sation (arrow in f) in the ventilated preterm lamb, compared with the 
unventilated lamb (a, c, and e). Bar = 200 μm. LV, left ventricle.
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the periventricular white matter, subcortical white matter, and 
corpus callosum (Figure 4) (4,58,59). This brain inflamma-
tory environment, notably an increase in activated microglial 
cells, is a prominent feature of neuropathologies and can be 
correlated with brain cell death (60). As a clinical correlate, 
diffuse “microstructural” white matter injury within the cor-
pus callosum in infants born at <33 wk gestation is clinically 
associated with poor cognitive function at 19 years of age (61). 
Interestingly, the pattern of white matter injury associated with 
increased systemic proinflammatory mediators is similar to 
that described in response to infection/inflammation in animal 
studies (58,59,62) and is consistent with that in infants with 
periventricular leukomalacia associated with higher plasma or 
cerebral spinal fluid cytokine expression (63–65). The inflam-
matory response of the brain to mechanical ventilation is more 
common in, but not limited to, the white matter, with PPV in 
male rats increasing c-fos expression, an indicator of neuro-
nal activation, in gray matter, which was further amplified by 
high VT ventilation within the retrosplenial cortex and thala-
mus (55). Studies in preterm baboons (66) and preterm lambs 
(67) further demonstrate the association between ventilation 
strategy and gray matter injury and found reduced severity of 
injury when less-invasive ventilation strategies were used.

Increased systemic proinflammatory cytokines not only 
cause direct cerebral injury but may also alter postnatal hemo-
dynamics as cord blood IL-6 levels are inversely related to 
systolic, mean, and diastolic blood pressures (68). Increased 
circulatory disturbances in the first 24 h of life are evident in 
extremely preterm infants exposed to fetal inflammation (69). 
Lower cerebral vascular resistance, vasodilatation, higher 
CBF velocities, and increased incidence of intracranial hem-
orrhage were observed in babies with early-onset neonatal 
sepsis (70). Hemodynamic disturbance and subsequent cere-
bral white matter injury are observed in preterm lambs that 
have been exposed to inflammatory stimuli and that mount 
a systemic inflammatory response (58,71,72). Thus, we sug-
gest a progressive series of events that begins with initiation 
of suboptimal ventilation, which in turn stimulates a systemic 
proinflammatory cascade and may then directly result in 
inflammation-induced white matter injury or indirectly cause 
white matter injury through initiation of hemodynamic insta-
bility. Importantly, a recent study demonstrated that optimiz-
ing the initial respiratory support at birth in preterm lambs 
reduced the initiation of a systemic inflammatory cascade and 
improved the subsequent brain inflammation and injury (4). 
This indicates that it is not ventilation per se that is injurious 
but the poorly controlled use of PPV in the delivery room that 
can significantly increase the risk of brain injury.

CLINICAL PERSPECTIVE
The relationship between the intensity of the immediate resus-
citation and the subsequent long-term outcomes in preterm 
infants is difficult to assess. In the clinical setting, the underly-
ing need for resuscitation is associated with an increased risk for 
neurodevelopmental deficits, and it is difficult to separate the 
brain injury and inflammation that occurs within the delivery 

room from events that occur during the days to months of 
subsequent intensive care. In very-low-birth-weight infants 
enrolled in the Caffeine for Apnea of Prematurity trial, the rates 
of many of the primary outcomes, including bronchopulmo-
nary dysplasia, brain injury, and cerebral palsy at 18 months, 
increased with increasing levels of delivery room resuscitation 
(73). However, only the risk of bronchopulmonary dysplasia 
remained significant when the data were adjusted for prog-
nostic variables. Data from the Vermont Oxford Network (74) 
and a meta-analysis by Shah et al. (75). showed that very-low-
birth-weight infants who received cardiopulmonary resuscita-
tion had increased mortality and higher rates of IVH compared 
with infants who did not require resuscitation. Trials that have 
compared early continuous positive airway pressure vs. early 
surfactant and intubation treatment have shown trends for 
higher rates of bronchopulmonary dysplasia or death in the 
intubated groups (76,77) but have failed to find differences in 
neurodevelopmental outcomes (78). Indeed, studies in pre-
term lambs have also found no difference in terms of lung and 
systemic inflammation and injury between continuous posi-
tive airway pressure and PPV (79); therefore, the findings from 
these trials are not surprising. Thus appropriate animal stud-
ies are well placed to identify the individual contribution of 
different aspects of neonatal care to brain injury, separating 
out respiratory, cardiovascular, and inflammatory etiology, in 
addition to facilitating the understanding of the time frames in 
which each of these contributors act. This will allow develop-
ment and testing of strategies that are most likely to reduce 
ventilator-induced brain injury in preterm infants before the 
conduct of appropriately designed, targeted clinical trials, 
thereby increasing the chances of showing a clear benefit of 
specific interventions such as improved delivery room resus-
citation strategies.

SUMMARY
The initiation of ventilation of the preterm infant in the delivery 
room is likely to be critical for his/her survival. However, recent 
studies have shown that poorly controlled ventilation can lead to 
brain injury through hemodynamic instability and/or the activa-
tion of proinflammatory pathways. This early interdependence 
of the pulmonary, cardiovascular, and cerebral circulations, 
particularly in the transitional period of a preterm infant, is not 
well understood and may be overlooked when individual organ 
systems are under investigation. Recent studies have empha-
sized the importance of the link between the lung, heart, and 
brain in the transitioning preterm infant. Thus, at this critical 
time of preterm delivery, clinical interventions only focusing on 
improved respiratory outcomes can have unanticipated down-
stream consequences on the developing brain. Considering that 
the initiation of respiratory support in the delivery room is often 
poorly monitored or controlled, we urgently need to consider 
optimal resuscitation strategies that are measured against both 
cerebral and cardiopulmonary outcomes.
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