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Novel hemodynamic monitoring technologies have contributed to the understanding of developmental
cardiovascular physiology and pathophysiology in general, and of developmental hemodynamics in
particular. Hemodynamic disturbances play a significant role in the pathogenesis of peri/intraventricular
hemorrhage (P/IVH) in preterm infants. Immaturity of the myocardium, delayed and incomplete car-
diopulmonary transition, sustained patency of the ductus arteriosus, and unintended consequences of
respiratory and cardiovascular supportive care are all likely to be involved in the presentation of low
cardiac output syndrome and decreased organ blood flow in a large number of very preterm neonates
(gestational age �28 weeks). Forebrain vessels in very preterm infants may not have achieved a “high-
priority vasculature” status at the time of delivery; in these patients, forebrain perfusion is not protected
during the compensated phase of shock. Reperfusion may be attenuated by the careful use of medica-
tions decreasing cerebrovascular reactivity, thus providing a potential target for the development of
careful pharmacological support of transitional hemodynamics in selected patients at high risk for the
development of P/IVH.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Transition from the fetal to postnatal circulation can be chal-
lenging, especially for very preterm infants (gestational age <28
weeks). Accordingly, if the process of immediate postnatal transi-
tion is significantly affected, the chances of cardiopulmonary failure
and/or brain injury increase. The mechanisms of brain injury in
preterm infants are complex and multifactorial but also include
hemodynamic derangements as a potentially significant contrib-
uting factor. The premature cardiovascular system has inherent
vulnerabilities. For instance, the immaturity of the myocardium
results in, among other things, a greater sensitivity to high afterload
and the persistence of fetal shunts affects the loading conditions of
the heart. Furthermore, the unintended consequences of our sup-
portive care can further compromise cardiovascular function. For
example, our interventions in the delivery room, such as the timing
of cord clamping, influence the effective circulating blood volume.
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In addition, positive pressure ventilation can compromise ventric-
ular function and venous return. Changes in blood oxygen and
carbon dioxide (CO2) concentrations as a result of the provision of
supplemental oxygen and positive pressure ventilation, respec-
tively, can also affect the vascular system in general and the cere-
bral vascular bed in particular. All of the above factors, directly or
through their effects on the cardiovascular system, could alter ce-
rebral hemodynamics and oxygen delivery, predisposing the
vulnerable brain of the premature infant to peri/intraventricular
hemorrhage (P/IVH). In this article, we first review the normal
cardiovascular transition from fetal to postnatal life with a special
focus on cerebral blood flow (CBF). We then discuss the impact of
the altered immediate postnatal circulatory transition and the
accompanying events that precede and likely are involved in the
development of P/IVH.
2. Cardiac function and CBF during fetal life

Although much of our understanding about fetal circulation
comes from studies in lamb models, recent Doppler studies in the
human fetus have shed light on some of the differences of the
ents of peri/intraventricular hemorrhage in very preterm neonates,
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circulatory adaptation between the lamb and the human. Close to
half of the oxygenated blood coming from the placenta in the
umbilical vein bypasses the liver via the ductus venosus, and, from
the inferior vena cava it preferentially flows through the foramen
ovale into the left atrium thereby supplying the most oxygenated
blood to the heart and brain. Blood coming from the superior vena
cava (SVC) to the right atrium mainly enters the right ventricle.
However, because of the high pulmonary vascular resistance, most
of the blood is diverted from pulmonary artery to the systemic
circulation via the large patent ductus arteriosus (PDA). Therefore,
both ventricles contribute to systemic flow. As for the CBF, animal
studies show that it increases both as a proportion of cardiac output
and in relation to brain weight [1]. Data from Doppler studies
indicate that this is also the case in humans [2].
3. Hemodynamic changes at birth

At birth there are three major events significantly affecting the
cardiovascular system: lung aeration, exposure to higher oxygen
tension and separation from the placental circulation. In the fetal
lamb model, ventilation with a gas mixture that does not alter
blood gases results in no change in CBF [3]. Once oxygen is given,
however, significant decrease in CBF occurs. Cord occlusion results
in a slight but non-significant increase in CBF. Therefore, in the
lamb, CBF decreases at birth, primarily because of exposure to
higher blood and thus tissue oxygen concentration. Doppler studies
suggest that CBF deceases at birth in the human neonate also [4].
Interestingly, timing of cord clamping could have a significant effect
on the postnatal changes in CBF (see Section 5.2).

Until very recently, virtually no data existed on the immediate
transitional changes of the circulation in humans. With advances in
our ability to non-invasively monitor changes in blood flow and
oxygen delivery, we now understand that in normal term neonates,
cerebral regional tissue oxygen saturation (CrSO2) increases in the
first few minutes and then it plateaus by about 8 min after birth
[5e7]. The increase in CrSO2 coincides with an increase in arterial
oxygen saturation. However, we found that CrSO2 subsequently
decreases despite the continued rise in arterial oxygen saturation
[6]. This period is associated with an increase in cerebral fractional
oxygen extraction (CFOE) and a decrease in middle cerebral artery
mean velocity (MCA-MV), indicating a decrease in CBF after the first
fewminutes of postnatal life [6]. The underlying cause of reduction
in CBF is unknown. A number of factors may play a role in the
postnatal decrease in CBF, including the elevated blood oxygen
saturation and the coinciding progressive increase in net left-to-
right PDA flow [6]. Although left ventricular stroke volume in-
creases during this period [6,8], the modest increase is less than the
increase in left-to-right PDA shunt [6]. This observation, together
with the strong inverse linear relationship between MCA-MV and
left-to-right PDA flow, highlights a possible role of increasing left-
to-right shunting through the PDA in the reduction of CBF during
the immediate transitional period (see Section 5.3) [6].

In general, there is a paucity of information on changes in car-
diovascular function and cerebral hemodynamics in preterm in-
fants at birth. However, it is well documented that compared to a
few hours after birth, CBF increases over the second and third
postnatal days. When measured by near-infrared spectroscopy
(NIRS), most of the subjects demonstrate an increase in CBF over
the first three days [9]. Changes in SVC flow, a surrogate for CBF,
also reveal a rise in CBF from 5 h after birth throughout the first two
postnatal days [10]. Studies that used CFOE, as a surrogate for CBF,
also demonstrated a similar pattern [11]. In summary, the initial
decrease in CBF immediately after delivery is followed by a robust
rise during the first few days. Thereafter, volumetric
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ultrasonographic data reveal a more gradual increase in CBF over
next two weeks [12].
4. Cerebral blood flow and oxygenation and P/IVH

The pattern of changes in CBF in extremely preterm infants who
later develop P/IVH is different from those who do not. When CBF
was measured by NIRS on the first postnatal day, the infants who
later developed severe P/IVH had significantly lower CBF than the
controls [13]. Studies of SVC flow also indicate that low SVC flow, a
surrogate of CBF, is a risk factor for developing P/IVH [14].
Furthermore, changes in CFOE reveal that preterm infants who later
develop P/IVH have a greater rise in CBF on the second postnatal
day than those who do not [11].

With more widespread use of NIRS and functional echocardi-
ography in recent years, the role of cardiovascular compromise in
the pathogenesis of P/IVH has increasingly been recognized. A
prospective study of cerebral oxygenation in 63 extremely preterm
neonates using NIRS during the first postnatal day revealed that
CBF is low in those who later develop severe P/IVH [15]. In one
case‒control study, CrSO2 and CFOE were compared between pa-
tients with and without P/IVH during the first 15 days after birth
[16]. Although NIRS measurements were performed for 2 h per day
only, the authors found that CrSO2 was lower and CFOE was higher
in the P/IVH group during the first eight days. These findings sug-
gest that CBF is low in patients who develop P/IVH from postnatal
day 1 and that it stays low for more than two weeks. By contrast,
another case‒control study demonstrated that CrSO2 was higher
and that CFOE was lower during the 24 h preceding P/IVH
compared to the control group [17]. The findings of this study
suggest that CBF is higher in preterm infants before they develop
severe brain hemorrhage ‒ a finding that is contrary to the obser-
vation of persistently low CBF for two weeks [16,17].

In a comprehensive study, we recently investigated the tem-
poral relationship of P/IVHwith changes in cerebral hemodynamics
and cardiac function in extremely preterm infants. After initial
screening for P/IVH at 4e6 h after birth, subjects without an early P/
IVH were monitored closely with continuous NIRS and, every 12 h,
with echocardiography and head ultrasound for 72 h, the period
when >90% of P/IVH occur [18]. We noted a particular pattern of
changes in CrSO2 and CFOE in those who later developed P/IVH
(Fig. 1). Over the first 12 h, patients in the P/IVH group had lower
CrSO2 and higher CFOE, whereas during the following 12 h the
difference between the two groups subsided. P/IVH was only
detected after normalization of CrSO2 and CFOE. These findings
indicate that CBF was initially low and subsequently increased to-
ward normal before P/IVH occurred. In other words, an ischemia‒
reperfusion injury appears to have preceded and perhaps contrib-
uted to the occurrence of P/IVH. Therefore, whereas the previous
studies only detected either the ischemic or the reperfusion state,
with our study design using continuous NIRS monitoring for the
first three days along with the regular evaluations to document the
timing of P/IVH by head ultrasonography every 12 h, we were able
to detect both the ischemic phase and the subsequent reperfusion
phase.
5. Underlying causes of the initial postnatal cerebral ischemia

The exact cause or causes of the observed cerebral ischemia
during the first few hours after birth in the subset of the extreme
preterm infants who later develop P/IVH is unknown. It is possible
that structural immaturity of the brain and/or its response to
extreme transitional changes lead to ischemia. However, accumu-
lating evidence implicates circulatory impairment as the primary
ents of peri/intraventricular hemorrhage in very preterm neonates,
j.siny.2015.02.004



Fig. 1. Changes in cerebral tissue oxygen saturation (rSO2) and cerebral fractional
oxygen extraction (CFOE) in the two groups during the study. The No-P/IVH (no peri/
intraventricular hemorrhage (P/IVH) group exhibited stable cerebral rSO2 (a) and CFOE
(b) values whereas the group of patients developing P/IVH presented with a charac-
teristic pattern of changes. The P/IVH group had lower cerebral rSO2 and higher CFOE
during the first 12 h of the study followed by normalization of these parameters just
before the study periods (shaded area) when P/IVH was detected. Again, these findings
suggest initial cerebral hypoperfusion followed by a period of reperfusion before the
occurrence of cerebral bleeding. After the second study period, cerebral rSO2 decreased
and CFOE increased, suggesting a decrease in CBF during and after the development of
P/IVH. Statistically significant differences between the two groups: *P < 0.005,
#P < 0.04 and $P < 0.05. The values represent the mean ± SD of the data obtained in
each 12 h data collection period. Shaded area represents the period when P/IVH
occurred. Adopted from reference #18.
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cause of low perfusionwith immaturity of the brain likely playing a
mostly permissive role.

Using SVC flow as a surrogate for cardiac output, low systemic
flow has been suggested as a possible antecedent of P/IVH [14].
Using echocardiographic assessment of cardiac output, we have
recently confirmed that systemic blood flow is low during the first
postnatal day in very preterm infants who later develop P/IVH [18].
However, despite evidence for the possible role of myocardial
dysfunction, low preload and PDA, the exact underlying patho-
physiology of the circulatory compromise leading to low cardiac
output and systemic flow remains to be elucidated.

5.1. Myocardial dysfunction and afterload

The preterm myocardium is anatomically and functionally
immature, putting the infant at a disadvantage in terms of
contractility. Indeed, even in term neonates, the myocardium is
more sensitive to changes in afterload than in older children and
adults. There is a normal inverse linear relationship between heart
rate-corrected velocity of circumferential shortening (VCFC, an in-
dex of contractility) and wall stress (WS, an index of afterload). The
slope of the regression line between VCFC and WS is much steeper
in neonates [19]. This can potentially pose a significant hurdle for
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normal transition as, after birth and with the removal of the low-
resistance placental circulation, systemic vascular resistance
abruptly increases, resulting in a higher afterload. It appears that,
for unknown reasons, the myocardium of a subset of preterm in-
fants may even bemore sensitive to changes in afterload. Using SVC
flow as a surrogate for CBF, it has been shown that the slope of the
negative linear relationship between contractility and afterload is
even steeper in patients with low SVC flow (a predictive marker for
P/IVH) [20]. However, a recent study showed normal contractility
as measured by VCFC and stress‒velocity index in a group of pre-
term infants who later developed P/IVH, and there was no differ-
ence in these indices between patients with and without P/IVH
[18].

5.2. Low preload

Although available data suggest a lack or a weak correlation
between blood volume and blood pressure in preterm infants
during the first postnatal days, findings of recent studies on delayed
cord clamping (DCC) and cord milking suggest a possible role for
low preload in circulatory compromise in this patient population
during early transition (see also M. Klukow and M.B. Cooper in this
issue).

A randomized control trial (RCT) of immediate cord clamping
(ICC, <20 s) versus DCC (60e90 s) in preterm infants showed higher
cerebral oxygen saturation in the DCC group during the first 24 h
[21]. Another RCT comparing ICC (5 s) versus DCC (45 s) found a
higher SVC flow in the DCC group throughout the first few post-
natal days [22]. Taken together, the results of these two studies
indicate a higher CBF in the setting of DCC. The observed higher CBF
with DCC could be due, at least in part, to a higher preload as a
result of placental transfusion. Indeed, in term neonates delaying
cord clamping by 60 and 180 s results in a 16 and 23mL/kg increase
in blood volume, respectively [23,24]. An RCT of milking of the cord
versus ICC showed higher blood pressure in the first 12 h and less
hypotension and a decreased need for high-dose vasopressor
treatment throughout the transitional period in the cord milking
group [25]. Another RCT showed higher cerebral oxygenation and
SVC flow during the first 18 h after birth in the cord milking group
compared to the infants undergoing ICC [26]. The finding of
improved hemodynamic status after cord milking supports the
notion that hypovolemia plays a role in the early postnatal circu-
latory compromise, especially in very preterm neonates, and that
the hemodynamic benefit of DCC is likely primarily through an
improved preload. However, othermechanismsmay also play a role
in the observed beneficial effects of DCC. As mentioned earlier, a
sudden increase in afterload may result in worsening myocardial
dysfunction in the preterm neonate. Therefore, by allowing a more
gradual rise in afterload, DCC may reduce this burden on the
immature myocardium. The gradual rise in afterload without ICC
could be an important natural adaptive process that is prematurely
terminated by our present practice of management of the third
stage of labor. This notion is supported by recent evidence showing
that blood does flow through the umbilical cord for 5 min in many
cases when the cord is unclamped [27]. Another possible mecha-
nism of the adverse effect of ICC is the resultant significant fluc-
tuation in brain blood flow and blood pressure, as shown in the
lamb model [28]. Regardless of the underlying mechanism, DCC
appears to attenuate the ischemic phase of the ischemia‒reperfu-
sion cycle described earlier. Indeed, findings of a meta-analysis of
RCTs on DCC and cord milking versus ICC reveal a reduction in the
overall incidence of P/IVH when placental transfusion is allowed to
take place [29]. Despite the recent evidence of improvement in
transitional hemodynamics and the possible decrease in P/IVHwith
DCC and cordmilking in preterm infants, further studies are needed
ents of peri/intraventricular hemorrhage in very preterm neonates,
j.siny.2015.02.004



Fig. 2. Piece-wise bilinear regression identifying a breakpoint in the middle cerebral
artery mean flow velocity (MCA-MV)‒arterial carbon dioxide (PaCO2) relationship. (A)
Breakpoints at a PaCO2 value of 52.7 mmHg for day 2 (broken line, R2 ¼ 0.74,
P < 0.0001), 51.0 mm Hg for day 3 (dotted line, R2 ¼ 0.60, P < 0.034) and 53.2 mmHg
for days 2 and 3 combined (solid line, R2 ¼ 0.66, P < 0.0001). (B) Breakpoint at PaCO2 of
51.7 mmHg (R2 ¼ 0.49, P < 0.0001) for all data points, including day 1.

S. Noori, I. Seri / Seminars in Fetal & Neonatal Medicine xxx (2015) 1e64
to define the best approach in optimizing placental transfusion and
the population of infants that benefits the most from it.

In addition to hypovolemia, diastolic dysfunction due the
decreased compliance of the immature myocardium and high
intrathoracic pressure as a result of the use of an inappropriately
high mean airway pressure could also decrease the preload and
therefore play a role in the observed presentation of low cardiac
output syndrome during early transition in a subset of preterm
infants at risk for P/IVH.

5.3. Shunting through the PDA

Another factor that likely contributes to altered transitional
hemodynamics and the documented reduced CBF is PDA. As
mentioned earlier, even in term neonates, PDA flow rapidly changes
with the net flow becoming left-to-right after 5 min of birth [6].
Furthermore, there is a strong inverse linear relationship between
the degree of left-to-right shunting and MCA-MV, another surro-
gate of CBF [6]. When examined at 5 h after birth, the vast majority
of preterm infants had completely or predominantly left-to-right
shunting through the PDA. During this early phase of postnatal
transition, the compensatory increase in left ventricular output
may not be fully effective and the left-to-right shunt may
contribute to the reduced CBF. Indeed, preterm infants with low
SVC flow have a larger PDA than thosewith normal SVC flow during
the first 12 h after birth but not afterward. This finding implies that
the most vulnerable period when PDA shunting significantly con-
tributes to low CBF is the first few hours after birth. Indeed, in
preterm infants, the presence of an early, large PDA is an inde-
pendent predictor of low SVC blood flow, a surrogate for low sys-
temic blood flow [14].

5.4. Other factors

Ventilatory management can affect CBF. As mentioned earlier,
inappropriately high mean airway pressure can decrease cardiac
output/SVC flow. Systemic hypotension, especially in the setting of
impaired CBF autoregulation, also results in decreased cerebral
perfusion (see Chapter 5). Finally, hypocarbia and hyperoxia, via a
direct effect on the vasomotor tone of the cerebral vasculature, will
also lead to a decrease in CBF.

6. Underlying causes of reperfusion

With the resolution or correction of the initial physiologic and/
or iatrogenic events resulting in systemic and/or cerebral hypo-
perfusion, CBF increases. Accordingly, following the early, low car-
diac output state in the immediate postnatal period (first 12e24 h),
cardiac function normalizes and CBF increases in most very pre-
term neonates [18]. In a subset of extremely preterm infants with a
more immature and thus vulnerable cardiovascular and cerebral
status and/or who are born depressed following delivery, myocar-
dial recovery and the ensuing systemic and cerebral reperfusion are
often associated with an increased risk of P/IVH. However, the
presence of other factor such as hypercarbia, hypoxia and impaired
CBF autoregulation, especially during the period when myocardial
recovery takes place, can further enhance cerebral reperfusion and
thus also increase the risk for P/IVH.

6.1. Hypercarbia

The direct relationship between CO2 and CBF is well known;
accordingly CBF increases with a rise in the partial pressure of
blood CO2 (PaCO2). Therefore, hypercarbia can potentiate reperfu-
sion following ischemia. Indeed, epidemiological studies have
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demonstrated a strong association between hypercarbia and P/IVH
[30,31]. We have recently reported a bilinear relationship between
arterial PaCO2 and MCA-MV, a surrogate for CBF [32]. In hemody-
namically stable preterm infants of 1e3 days of age, we have found
a breakpoint in the CBF‒PaCO2 relationship at a PaCO2 value of
~52 mmHg. Below the breakpoint, there is no relationship between
MCA-MV and PaCO2, whereas a very strong, positive linear rela-
tionship exists above the cut-off value (Fig. 2). This finding suggests
that once the PaCO2 value is above the low 50s, CBF significantly
increases with higher PaCO2 values. In addition to the increase in
CBF, higher PaCO2 also attenuates CBF autoregulation [32e34].
Indeed, it has been shown that the higher the PaCO2 above the
normal level, the more attenuated the CBF autoregulation becomes
[33]. Interestingly, however, there may be no or only a weak asso-
ciation between PaCO2 and CBF during the first postnatal day
[32,35,36]. The subsequent restoration of cerebral vascular reac-
tivity to PaCO2 by the second or third postnatal day along with the
practice of permissive hypercapnia [37] could contribute to the
pathogenesis of P/IVH, as systemic and cerebral reperfusion also
occurs on these days [18,32]. The cause of the diminished cerebral
vascular reactivity during the first postnatal day is unknown.
However, we speculate that the postnatal increase in PaO2 and the
proposed delay in vital organ assignment of the forebrain of the
very preterm neonate [38] are factors likely to explain, at least in
part, the diminished cerebral vascular reactivity to PaCO2 during
the first postnatal day.
6.2. Impaired CBF autoregulation

Although even the most immature preterm infants have estab-
lished CBF autoregulation, their autoregulatory plateau is quite
narrow. Furthermore, independent of gestational age, critically ill
neonates in general do have impaired CBF autoregulation [39]. In
addition, factors such as hypercarbia can further enhance the
impairment of CBF autoregulation. In the setting of a pressure-
ents of peri/intraventricular hemorrhage in very preterm neonates,
j.siny.2015.02.004



Practice points

� Low cardiac output with or without systemic hypotension

predisposes the brain to ischemia in very preterm infants

immediately after birth.

� Upon adaptation to the extrauterine environment,

improvement in myocardial function and systemic and

CBF as well as CBF regulation occurs during the second

and third postnatal days.

� The hemodynamic effects of enhanced placental trans-

fusion by delayed cord clamping or cord milking can

reduce the risk of cerebral hypoperfusion and thus the

development of hypoperfusion‒reperfusion injuries

(white matter injury and P/IVH) in very preterm infants.

� Permissive hypercarbia (PaCO2 above the low‒mid 50s)

might potentiate the reperfusion phase of ischemia‒

reperfusion cycle of the brain in very preterm infants and

contribute to the development of P/IVH during the second

and third postnatal days.

Research directions

� Studying the role of cardiac dysfunction and the shunting

across the ductus arteriosus in cerebral hypoperfusion in

the immediate postnatal period.

� Identifying the mechanisms of the beneficial hemody-

namic effects of delayed cord clamping.

� Defining the best approach to enhancing placental

transfusion and the population that benefits the most

from it.

� Defining the role of hemodynamic and cerebral (and other

organ) oxygenation monitoring in assessing the ade-

quacy of cerebral blood flow and oxygen supply.
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passive cerebral circulation, fluctuations in blood pressure and/or
cardiac output lead to similar fluctuations in CBF. Therefore, loss of
CBF autoregulation may contribute to both ischemic and hyper-
perfusion phases of brain injury preceding the development of P/
IVH [40,41]. Unfortunately, our ability to assess autoregulation is
limited and the currently available tools need to be further studied
before their routine clinical use can be recommended [42].

6.3. Inappropriate use of vasopressor-inotropes, inotropes and
lusitropes

Most studies have found an association between hypotension
and poor neurodevelopmental outcome. As the common clinical
practice is to correct hypotension, the cause of the associated poor
outcome is unclear and might be hypotension itself, the inappro-
priate use of vasoactive medications, or both (see Chapter 5). In the
context of cerebral reperfusion, inappropriate use of vasoactive
medications can indeed play a significant role. As hypotensive,
critically ill neonates have pressure-passive cerebral circulation,
inappropriate use and/or titration of vasoactive medications can
result in relatively rapid blood pressure changes resulting in similar
changes in CBF [43]. Indeed, it has been documented that the use of
cardiovascular medications in the neonatal intensive care unit is
associated with increases in both blood pressure and CBF [44].
Although it is desirable to prevent or reverse cerebral ischemia, one
has to be extremely careful how to approach a hypotensive very
preterm neonate and avoid under- or overshooting with the titra-
tion of the drug(s) and thus with the resultant changes in cardiac
output and blood pressure. Whereas it has been advocated by
many, especially by the authors, to pay close attention to carefully
titrating cardiovascular medications to reduce the risk of ongoing
hypo- or potential sudden hyperperfusion, validation and use of
emerging novel hemodynamic monitoring tools will be necessary
to better judge the adequacy of systemic circulation in general and
cerebral circulation and oxygenation in particular in critically ill
neonates treated with vasoactive medications (see articles in this
issue by T. Azhibekov et al. and A. Sullivan and K.D. Fairchild).

7. Conclusions

Extremely preterm infants are in the state of compensated shock
at and immediately after birth. A subset of these patients is espe-
cially vulnerable to the development of P/IVH, likely due to an
unappreciated severity of immaturity and/or the clinical presen-
tation upon delivery. There is growing evidence that the cardio-
vascular compromise in these patients is not easily recognizable
and that the shock is multifactorial in etiology involving hypo-
volemia, myocardial compromise, abnormal vasoregulation and/or
a combination of these pathophysiological factors. Therefore, it
might be extremely difficult to establish the timely diagnosis of the
primary etiology of the cardiovascular compromise and to select
the most appropriate medication or medications and the rate of
titration of the drug(s). The inherent vulnerabilities of the imma-
ture cardiovascular system in conjunction with the adverse effects
of our supportive care often leave the patient in a low systemic flow
state. In addition, in compensated shock with the blood pressure
still being in the “normal” range, one would expect the vital organs
(brain, heart, and adrenal glands) to be appropriately perfused. Yet,
it appears that, unlike that of the hindbrain (brain stem and the
cerebellum), the vasculature of the forebrain (including the cortex
and the basal ganglia) does not have the “vital organ” assignment
upon delivery in the very preterm neonate [38,45]. Therefore, as a
result of the low systemic flow and the lack of vital organ assign-
ment of the forebrain, the forebrain is hypoperfused even if
perfusion pressure (blood pressure) is still in the normal range
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during the first postnatal day. On the second and/or third postnatal
day, when the circulatory system of the extremely preterm neonate
recovers and cardiac output normalizes, CBF increases and the
formerly hypoperfused forebrainmight sustain a reperfusion injury
even in very preterm neonates presenting with no apparent sys-
temic hypotension after delivery. Reperfusion can then be exacer-
bated by a number of factors including hypercarbia (PaCO2 above
the low‒mid 50s), loss of cerebral autoregulation, and inappro-
priate use of cardiovascular medications.
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