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Summary

1. Preterm newborns, particularly very low birth
weight newborns, frequently experience intermittent
hypotension and/or hypoperfusion.

2. Organ perfusion is largely distinct from systemic
hypotension, suggesting that changes in underlying vascular
tone are the major determinants of perfusion.

3. Preterm fetuses have a remarkable anaerobic
tolerance and ability to survive major insults with no or
limited injury, balanced by relative immaturity of key
autonomic responses.

4. Exposure to hypoxia-ischaemia and infection
trigger complex changes in vascular tone that evolve over
many days, and there is evidence that these are centrally
controlled, and in part linked with underlying organ
metabolism.

5. Hypoperfusion frequently occurs after hypoxia-
ischaemia without organ injury occurring.

6. Hypoxia-ischaemia, infection and many clinical
interventions such as steroid therapy and ventilation can
interact to increase or decrease the risk of brain injury.

Background

Globally, preterm birth rates are rising, reaching 13%
of live births in the USA.1 Overall, preterm infants are 70%
more likely to die and 75% more likely to suffer illness and
injury than term infants.2 Understandably, most
complications occur in the smallest, most premature
infants,3 but recent studies show that the risks of injury and
disability are increased seven fold even in “late preterm”
infants. Since delivery is much more common at later
gestations and mortality is low, this group may contribute as
much disability in absolute numbers as more preterm
births.4,5 The high level of neurodevelopmental disability
associated with prematurity poses a considerable burden on
individuals and families, and on healthcare and education
resources.2 Thus, the importance of finding ways to
improve the outcomes of preterm infants cannot be
overstated, for the individuals, their families and the wider
community.

Improving the outcome of premature birth will
require both the development of new interventions, and
more detailed understanding of the complications
associated with preterm birth. Cardiovascular instability in
early neonatal period in preterm infants is highly associated
with adverse outcomes.6 At present, even in intensive care,

there is relatively limited physiological monitoring of
babies, considerable variance in the treatment of
cardiovascular instability between clinicians and
institutions, and unresolved uncertainty over optimal
treatment strategies, all of which ultimately contribute to
failure to effectively improve outcomes. To further improve
the outcomes after premature birth we need a greater
understanding of the multifactorial pathogenic mechanisms
underlying injury and illness. This includes developing a
much fuller appreciation of how adverse events and clinical
interventions before birth affect the cardiovascular
adaptation of the preterm newborn to life.

Hypoperfusion is not necessarily due to hypotension

Hypotension and hypoperfusion at birth, particularly
during the first days of life, and notably in lower birth
weight preterm infants, are widely believed to initiate or
exacerbate injury.6,7 Most current management is based on
the apparently obvious concept that poor blood flow must
be related to inadequate perfusion pressure. In practice,
recent studies suggest that for most infants, particularly in
the first few days of life, changes in vascular resistance
rather than blood pressure are the primary determinant of
blood flow.8,9 Pathologically low systemic blood flow
occurs in one third of infants born before 30 weeks
gestation.10 In 80% of cases it was lowest at 5 to 12 hours
of age, and progressively improved with time; less than 5%
of infants had low flows by 48 hours.11 Although some
preterm infants did appear to be in ‘compensated shock’,
with hypotension and global hypoperfusion, in the majority
hypoperfusion was associated with normal blood
pressure.6,7,9 It is possible that the definition of ‘normal
blood pressure’ might not be appropriate. Nevertheless,
there is increasing evidence that blood pressure support
with volume or inotropic agents does not generally improve
either total blood flow or neonatal outcomes.8,12

In the first 24 hours of life, superior vena cava (SVC)
blood flow, a measure of perfusion of the upper body, is a
better prognostic marker for mortality and adverse
neurodevelopmental outcome than blood pressure.13

Similarly, the recent ELGANS study showed that mean
blood pressure and labile blood pressure in the first 24
hours did not correlate with neurological outcomes at 24
months.12 These findings are highly consistent with the
poor correlation between mean arterial blood pressure and
systemic perfusion as measured by SVC flow or with left
ventricular output.8
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Aetiology: can we disentangle the seed from the soil?

Cardiovascular instability is undoubtedly
multifactorial.6 The key elements that need to be considered
include the baby’s stage of maturation, adaptation to
neonatal life, and the potential for exposure to injury, and to
clinical interventions such as maternal corticosteroids, to
trigger evolving changes. Likely because of these factors,
the newborn’s cardiovascular state changes rapidly over the
first few days.9 As previously reviewed, factors such as
poor myocardial function secondary to immature cardiac
structure and patentductus arteriosus(PDA), with arterial
duct “steal”, may contribute to relatively poor systemic
perfusion.14 However, the extent to which conditions such
as PDA contribute to injury remains highly debated.15 The
focus of the present review is the how maturation of fetal
reflex responses, and fetal adaptation to adverse events such
as asphyxia and infection, may shape the adaptation of the
premature infant to life after birth.

Autonomic Maturation

When does the baroreflex ‘come of age’?

In adults, the arterial baroreflex is critical for short-
term maintenance of blood pressure around a set mean.
The main efferent pathways of the baroreflex are the
branches of the autonomic nervous system, which alter
heart rate (HR) through sympathetic and parasympathetic
nervous system activity, and peripheral vascular resistance
through the sympathetic nerves. Potentially, reduced
baroreflex sensitivity in preterm infants could increase
short-term cardiovascular instability and thus increase risk
of neural injury. Supporting this hypothesis, in preterm (0.7
gestation) fetal sheep, the cardiac baroreflex is strikingly
asymmetrical, with a significantly slower increase in HR in
response to a fall in blood pressure than the reciprocal fall
in HR following a rapid rise in pressure.16 Further, although
background renal sympathetic nerve activity (RSNA) was
present even in these very immature fetal lambs, it was not
under baroreflex control despite rapid changes in arterial
blood pressure, strongly inferring that vasomotor responses
to hypotension are immature.

In contrast to preterm fetuses, near-term fetal sheep
have relatively mature baroreflexes as shown by effective
suppression of RSNA during hypertension.17 Nevertheless,
some aspects remain immature near-term, as although HR
increased during low voltage sleep (active or rapid eye
movement sleep), there were no changes during high
voltage sleep (quiet or non-rapid eye movement sleep), and
there were no significant changes in RSNA during fetal
hypotension in either sleep state.17 These findings support
human data showing that baroreflex sensitivity was lower in
preterm neonates.18 Thus, the ‘late’ preterm newborn
appears to have an impaired ability to respond rapidly to
periods of hypotension, for example during fluid imbalance
and systemic complications after preterm birth.19

The chemoreflex, or rolling with the punches around birth

Because the fetus relies entirely on the uteroplacental
exchange to obtain oxygen, the risk of hypoxia to the fetus
is high. Indeed labour is consistently associated with
recurrent fetal hypoxia.20 Whereas the baroreflex is
triggered mainly by short-term changes in pressure, the
chemoreflex is the primary early response to an acute fall in
oxygen tension. Preterm fetal sheep at 0.6 or 0.7 gestation
show very different and apparently blunted responses to
moderate inhalational hypoxia, haemorrhagic hypotension,
and partial umbilical cord occlusion compared with
term.21-25 These dramatic differences are largely related to
the far greater anaerobic reserves and ability of the near-
midgestation fetus to survive sev ere asphyxia without
neural injury compared with term.26 When preterm fetuses
are exposed to a more profound challenge, such as asphyxia
induced by complete occlusion of the umbilical cord, they
show a robust initial chemoreflex-mediated bradycardia and
peripheral vasoconstriction that are highly similar to the
responses at term.27,28

There is evidence of subtle maturation of the
response to such supramaximal insults over the last third of
gestation in the sheep. For example, the rate of femoral
vasoconstriction at the start of severe asphyxia is
significantly slower at 0.6 than at 0.85 of gestation.28

Consistent with this, pharmacological blockade studies
suggest that resting sympathetic nerve activity (SNA) is
much lower in the preterm fetus than at term.29,30 Direct
recordings of RSNA confirm that the preterm sheep fetus
has bursts of RSNA that are coordinated with the cardiac
cycle, but at a much lower frequency than in adults.31 We
speculate that this relative immaturity is part of an overall
reduced sensitivity to homeostatic challenges, such as
severe hypoxic stress, during or after birth.However, there
are few direct data, and further research is essential to
determine whether this is a substantial problem, or is
compensated for by a much greater neural tolerance to
asphyxial injury in the preterm brain.32

The newborn was a fetus not so long ago

Just as the fetus transitions to become a newborn, the
responses triggered by exposure to hypoxia or infection
before birth can still evolve after birth. Thus, it is important
to consider whether injury before birth might be
exacerbated by ongoing illness or treatments after birth (the
‘multiple hits’ hypothesis), or be confounded with neonatal
complications. Perinatal hypoxia is more common in
infants born prematurely than at term,33 and frequently
occurs before the onset of labour.2,33 Consistent with this,
there is evidence that neural injury occurs in two thirds of
infants before birth and or in the immediate neonatal
period.34

In the preterm fetal sheep, severe asphyxia is
associated with delayed (secondary) onset of
vasoconstriction in both central and peripheral beds that
lasts for many days.35 This may, at least in part, help
support impaired myocardial function.19 Similarly,
vasoconstriction after perinatal hypoxia has been postulated
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Figure 1. Carotid blood flow (CaBF) and superior mesenteric artery blood flow (SMBF) from preterm fetal sheep.The
data are at 0.7 gestation after 15 minutes (panels A and C) or 25 minutes (panels B and D) of asphyxia induced by com-
plete umbilical cord occlusion (UCO). 15 minutes of asphyxia caused either no or trivial brain injury, in contrast with
severe subcortical and white matter injury after 25 min of occlusion. Neither insult caused gut or kidney injury. These data
demonstrate that hypoperfusion is observed in central and peripheral beds regardless of morbidity, and that the patterns
differ as a function of the duration of the insult (and thus severity) and the specific vascular bed. Data are one minute aver-
ages from individual fetuses. The end of the occlusion period is time zero.

to promote redistribution of cardiac output to vital organs.6

The mechanisms of this delayed hypoperfusion remain
controversial. Post-natally, there is evidence that changes in
endothelial function after ischaemia may play a role in
mediating delayed hypoperfusion.36 For example, cytokine
and chemokine release in response to inflammation can
facilitate release of adhesion molecules, leading to impaired
blood flow.36 However, numerous studies now strongly
suggest that secondary cerebral hypoperfusion, particularly
during the early recovery phase, actually reflects reduced
neural metabolism.37 In older fetuses and newborn lambs
after hypoxia, although oxygen delivery to the brain was
reduced during post-hypoxic secondary hypoperfusion,38

there was no significant change in arterio-venous oxygen
extraction.38,39 Further, following severe hypoxia in near-
term fetal sheep, delayed post-hypoxic cerebral
hypoperfusion was associated with suppression of cerebral
metabolism andincreasedcortical tissue oxygenation, again
consistent with the hypothesis that the reduced level of

perfusion is appropriate for demand.37

In adults, the duration and speed of onset of cerebral
hypoperfusion, and to a lesser extent its degree, are broadly
related to the severity of the insult.40,41Consistent with this,
in preterm fetal sheep the patterns of hypoperfusion are
related to the duration of severe asphyxia (Figure 1).
Further, there may be secondary episodes of superimposed
vasoconstriction during seizures (Figure 1, panel C). For
example, we observed that the gut is particularly
susceptible to seizure mediated flow changes and
hypoperfusion was less marked after a shorter insult, with
faster resolution of hypoperfusion. These data, and those
shown in Figure 2, highlight both marked differences in the
patterns of blood flow between the organ beds after
asphyxia, and the dynamic changes over time, particularly
in the first hours of recovery. These changes occur despite
normal or elevated blood pressure (Figure 3).
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Figure 2. Carotid blood flow (CaBF), superior mesenteric artery blood flow (SMBF), renal blood flow (RBF) and
femoral blood flow (FBF) responses to 25 minutes of umbilical cord occlusion.These demonstrate the temporal changes
in different vascular beds during the first 24 hours of recovery from asphyxia. Data are one minute averages from a single
fetus. The end of the occlusion period is time zero, occlusion period denoted by grey shaded box.

Sympathetic mediation of hypoperfusion: myocardial and
neural support?

There is increasing evidence that the sympathetic
nervous system plays a central role in mediating post-
asphyxial changes in central and peripheral blood flow and
contributes to neuroinhibition.42,43 We previously reported
that post-asphyxial hypoperfusion of the preterm fetal gut,44

was prevented by infusion of the mixed α-adrenergic
antagonist phentolamine.42 In control fetuses hypoperfusion
was not associated with hypotension, regardless of the
vascular bed being measured (Figure 3). Rather, there was a
brief period of mild hypertension during the first 3 hours,

followed by stabilization of blood pressure around baseline
values (Figure 3). By contrast, hypotension occurred when
gut hypoperfusion was prevented by phentolamine,
followed by variable pressure fluctuations. Notably, the
period of hypotension was most pronounced during the
corresponding period of hypertension in control fetuses.
These data highlight the need to appreciate the temporal
nature of perfusion and blood pressure changes, and the
close relationships with the cessation of an adverse event
like hypoxia. Interestingly, there was no increase in HR
(the primary determinant of combined ventricular output in
the fetus) to compensate for this fall in blood pressure.42

This may reflect the sensitivity of the baroreflex at this age,
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Figure 3. Mean arterial pressure in vehicle control fetuses and phentolamine fetuses.Data are one minute mean±SEM
from four hours before asphyxia induced by 25 minutes of umbilical cord occlusion (UCO, occlusion period not shown)
until 24 hours after UCO. Saline or theα-adrenergic antagonist phentolamine was infused intravenously to the fetus for 8
hours starting 15 minutes after the end of UCO. In the control group, there is an initial moderate but significant increase in
blood pressure, which resolves to baseline values around 3 hours, remaining stable thereafter. In contrast, while phento-
lamine restored gut blood flow (see Figure 4) it caused hypotension during the first 3 hours, with variability in pressure
observed thereafter.

as discussed above. Howev er, these data also suggest that
vasoconstriction is necessary to support blood pressure,
particularly in the early hours of recovery from asphyxia.

The heart of the preterm fetal sheep is very resistant
to injury.45 Although overt cardiac damage may not
develop, reversible myocardial injury and cardiac
dysfunction have been reported during recovery from
perinatal asphyxia in both the sheep and the human.46,47 In
adults exposed to decreased cardiac output resulting from
cardiogenic or hypovolaemic shock, selective
vasoconstriction of the afferent mesenteric arterioles is
reported to be crucial in sustaining total systemic vascular
resistance, thereby maintaining systemic arterial pressure.48

Under these conditions, while there is some degree of
vasoconstriction in other peripheral systems, it is
disproportionately greater in the mesenteric circulation.
Thus perfusion of non-mesenteric organs can be maintained
at the ‘expense’ of the gut.48 Of interest, in the preterm
sheep fetus, the gut and femoral artery beds appear to

develop greater vasoconstriction than the renal bed (Figure
2), suggesting that these beds are also more important
contributors to increased peripheral resistance in fetuses as
well as adults.

In contrast with the data above supporting an active
role for central SNS-mediated hypoperfusion, in
preliminary studies we found that even very early infusions
of the nitric oxide donor L-arginine, or the endothelial
antagonist bosentan, after asphyxia in preterm fetuses did
not prevent hypoperfusion (Figure 4).These data coupled
with the rapidity of onset of hypoperfusion provide further
support for the hypothesis that post-asphyxial peripheral
vasoconstriction is centrally controlled. There is also
evidence that secondary hypoperfusion of the brain is both
actively controlled and associated with neuroprotection. For
example, phentolamine infusion restored cerebral perfusion
to ‘normal’, but was associated with earlier onset of post-
asphyxial seizures.42 Noradrenaline is an important
endogenous neuroinhibitor, and it is likely that the
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sympathetic activation after asphyxia contributed to central
protective suppression of brain activity.
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Figure 4. The effects of theα-adrenergic blocker phento-
lamine. The block was started at 15 minutes (panel A) and
30 minutes (panel B) after the end of asphyxia, L-arginine
(panel C) and bosentan (panel D). The first arrow denotes
the start of infusions of each agent, and subsequent arrows
repeated boluses given to attempt to improve blood flow.
Data are one minute averages from individual fetuses. The
end of the occlusion period is time zero.

Consistent with this, selective α2-adrenergic receptor
blockade was associated with increased epileptiform
transient activity in the latent (early recovery phase) and
increased brain injury after 3 days recovery.43 Conversely,
exogenous infusion of anα2-adrenergic receptor agonist
was associated with improved outcomes.49 It is likely that
epileptiform transients are a manifestation of post-hypoxic
hyperexcitability of the glutamate receptor, as occurs in
immature rodents.50 In adult rodents, peri-infarct

depolarising wav es (spreading depression wav es) develop
after cerebral ischaemia, and can contribute to expansion of
injury by increasing the work load of stressed cells.51 This
increasing energy imbalance, in turn, hastens the energy
failure in sick cells, promoting impaired cellular
homeostasis, ATP production, and initiation of cell death
processes (secondary energy failure).

Collectively these data further support the concept
that reduced blood flow is coupled to reduced metabolism
during recovery from hypoxic-ischemic insults and that this
is beneficial for recovery from asphyxia. These data are
consistent with the lack of efficacy of many clinical
interventions such as a volume expansion, administration of
inotropes, and closure of theductus arteriosusafter
birth.13,52 Thus, despite the differences between fetal and
postnatal life, there is a considerable need for further
research to determine whether hypoperfusion is a cause of
morbidity or merely a consequence.15

Prolonged effects of exposure to infection/inflammation

There is now considerable evidence that perinatal
exposure to infection and inflammation such as clinical
chorioamnionitis (uterine infection), vasculitis
(inflammation of blood vessels) in the chorionic plate of the
placenta and/or umbilical cord, and high levels of pro-
inflammatory cytokines in amniotic and umbilical blood,
are associated with increased mortality and morbidity.53

Some studies have found no association between
histological chorioamnionitis and risk of white matter
injury, whereas neonatal sepsis has been consistently
associated with increased risk of brain injury.54,55

There is relatively limited information on the
haemodynamic effects of sepsis in preterm newborns,56 and
at present there are no agreed treatment guidelines for the
management of severe sepsis and septic shock for preterm
neonates. Thisis complicated by the lack of normative
cardiovascular data for preterm infants.57 It is also clear that
the responses of the newborn are very variable between
infants, dynamic over time, and may differ to that of the
adult in response to treatment.56,57 In this setting, the
immediate effect of early onset neonatal sepsis appears to
be mainly vasodilation, leading to hyperperfusion and often
hypotension.54,55 Other studies have reported hypotension
with peripheral vasoconstriction and increased cardiac
output, or “normal” blood pressure with either
vasodilatation or vasoconstriction or hypotension with
either state.56,57 This may reflect a continuum from chronic
low key inflammation, secondary to chorioamnionitis,
through to acute severe infection.57

Nevertheless, persistent vasodilatation is often
observed after exposure to inflammation in adult humans
and animal models.58 Indeed, much of the acute morbidity
associated with significant infection or inflammation in
adults is associated with endothelial dysfunction, with
altered release and sensitivity to vasodilators and
vasoconstrictors, which in turn leads to haemodynamic
instability and organ compromise.58 In fetal experimental
studies, exposure to gram negative lipopolysaccharide
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(LPS) has been associated with variable haemodynamic
effects, likely reflecting differences in dose and timing of
exposure between studies. Some studies observed no
change in blood pressure or blood flow in fetal sheep,59-61

whereas others reported acute falls in blood pressure,62-65or
a transient fall, followed by increased arterial blood
pressure by 48 to 72 hours of recovery.63

Typically, early fetal hypotension in responses to LPS
has been associated with cerebral vasodilatation that
maintained perfusion and oxygen delivery.65,66 By contrast,
a study in the late gestation sheep fetus found acute
transient cerebral vasoconstriction after injection of LPS,
followed by vasodilatation up to 24 hours after three
repeated injections.66 Vasodilatation was associated with
evidence of transiently increased nitric oxide (NO)
production,66 consistent with endotoxic shock in adults.67

Similar findings were observed when LPS was given to
term newborn lambs, with chronic loss of sensitivity to the
vasodilator bradykinin, possibly secondary to LPS-induced
loss of endothelial cells.68

In 0.7 gestation preterm fetal sheep, exposure to
killed gram positive bacteria (OK-432 or Picabinil), derived
from low virulence heat killed Su-strain of type 3 Group A
streptococcus pyogenes,69,70 was associated with acute,
transient peripheral and central vasoconstriction without
hypotension.69 This phase was coupled with reduced brain
activity and suppression of fetal body and breathing
movements.70 These data support the hypothesis that
infection was associated with reduced brain metabolism and
an appropriate reduction of blood flow, rather than loss of
regulatory control.

Over the week after exposure to OK-432, there was a
progressive central and peripheral vasodilatation with
increased blood flow (Figure 5).69 Although hypotension
did not occur, there was loss of the normal secular increase
in arterial blood pressure over this time (Figure 5). Fetal
growth was not affected, suggesting that this relatively
modest vasodilatation reflects a resetting of the
baroreceptor threshold.16 In contrast with previous studies
of LPS,66 there were no significant changes in circulating
nitrite levels, suggesting that these changes were not related
to altered NO production.69 However, it remains possible
that there may have been altered responsiveness of the
vasculature to vasodilator stimuli, or increased induction of
other vasodilators. Alternatively, there are strong data to
suggest that inflammatory mediators can alter release of, or
sensitivity to, vasoconstrictors without changes in
vasodilator activity.71,72

Notably, although OK-432 was associated with acute
and chronic changes in cerebral blood flow in all fetuses,
only one fetus sustained neural injury; a bilateral infarct of
the hippocampus. This injury occurred despite normal
blood gases and a time course of blood flow and blood
pressure changes which was similar to those of the other
fetuses. The early development of seizures suggests that
injury occurred shortly after exposure. Thus it is unlikely
that injury was directly related to changes in perfusion. This
further supports previous data that neural damage
associated with infection is primarily associated with

neurotoxicity, likely mediated by the cytokine/microglial
response.73 The fetal hemodynamic changes after exposure
to gram positive bacteria, while persistent, were relatively
modest, and it remains unclear if they represent a
permanent change in the trajectory of blood pressure, or
persist into neonatal life.Nonetheless, it is reasonable to
speculate that changes in autonomic or endothelial function
might compromise the ability of the fetus and newborn to
adapt to further events such as hypoxia.

Synergy with other insults: sensitization and tolerance

Profound hypoxia or septic shock causing acute
injury around the time of birth are only seen in a minority
of infants, and are insufficient to account for the majority of
long-term neurodevelopmental disability in preterm infants.
However, infants may frequently be exposed to both insults.
Intriguingly, experimental data in rodents suggest that
exposure to mild infection or inflammation can sensitise the
brain, so that short or milder periods of hypoxia-ischaemia,
which do not normally injure the developing brain, can
trigger severe damage.73 However, the effect is complex and
time dependent. A low dose of LPS given either shortly
(four or six hours) or well before (72 hours or more)
hypoxia in rat pups was associated withincreasedinjury
(‘sensitisation’).73 In mice, fetal exposure to LPS affected
the responses to hypoxia even in adulthood, with both
reduced and increased injury, in different regions.74 In
contrast, when given at an intermediate time (24 hours)
before hypoxia/ischaemia, LPS actuallyreduced injury
(‘tolerance’).73

No large animal studies have been undertaken to
evaluate key mechanisms or to confirm whether these
relationships hold up in more complex species.
Nevertheless, recent data suggest that prenatal exposure to
inflammation exacerbates ventilation-mediated brain injury,
supporting the concept that multiple insults can contribute
in complex ways to perinatal brain injury.75 Intriguingly,
there is now evidence that exposure of preterm fetal sheep
to a clinical course of maternal glucocorticoids is associated
with acute changes in EEG transient activity and
epileptiform events, followed by evidence of neural
maturation.76 Given that seizures in early life in the rat can
induce neuroprotection through preconditioning
mechanisms,77 it is plausible that steroids may also trigger a
sensitization/preconditioning sequence independently of
pathological events.

Summary

The preterm fetus exhibits a remarkable anaerobic
tolerance and ability to survive major insults with no or
limited injury.32 At the same time, it is clear that autonomic
function is still developing over late gestation, and that
responses to acute arterial hypotension are particularly
immature. Premature newborns are commonly exposed to
perinatal hypoxia and infection around the time of birth,
which trigger long-lasting changes in central and peripheral
tone, which in combination can sensitise the brain to injury.
Finally, there is increasing evidence that ‘standard’ clinical
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interventions such as antenatal maternal steroids and
neonatal ventilation can further modulate the risk of
damage. The authors believe that to disentangle these
multiple factors and provide a solid evidence-base to test
innovative paradigms and improve long-term outcomes, we
need to develop an approach of comprehensive monitoring
and neurointensive care.
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