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Introduction

Antioxidant Defenses

Aerobic Metabolism

Highly energized electrons liberated in the mitochondrial
tri-carboxylic cycle are transported to the electron transport
chain, and finally captured by oxygen. In this process known
as oxidative phosphorylation, ADP is transformed into ATP
and ground molecular di-oxygen is reduced by four elec-
trons, and combining with protons intruded through the
ATP synthase pump forms water. Remarkably, aerobic
metabolism (i.e., with the concourse of oxygen) is 20
times more efficient than anaerobic metabolism thus pro-
viding sufficient energy for cell growth, development, and
reproduction (e.g., 1 molecule of glucose forms 34 mole-
cules of ATP through the aerobic pathway and 4 through the
anaerobic). Of note is that specific cells such as neurons are
unable to accumulate energy and are only able to survive for
few minutes under hypoxic conditions rendering oxygen
indispensable for central nervous system survival.

Each oxygen molecule has two unpaired electrons in
its outer shell that prevent it from forming new chemical
bonds. Partial reduction of oxygen with just one electron
at a time will lead to the formation of reactive oxygen
species (ROS) such as anion superoxide (O, ), hydroxyl
radical (OHe), and hydrogen peroxide (H,O,). Some of
these chemicals will be highly reactive species known
as free radicals. Free radicals are atomic or molecular
species capable of independent existence that contain
one or more unpaired electrons in their molecular orbits.
They are able, therefore, to oxidize cellular membranes,
structural proteins, enzymes, and nucleic acids.

Oxygen Free Radicals

In the presence of nitric oxide, these oxygen free radicals
will react forming reactive nitrogen species (RNS) such as
peroxynitrite (ONOO-) (® Fig 16.1). ROS and RNS are
potent oxidizing and reducing agents with an extremely
short half-life that will damage any nearby cellular
structure.

Biologic systems using aerobic metabolism have been able
to survive the deleterious effects of free radicals because
a large number of enzymatic and non-enzymatic antioxi-
dants has evolved. The antioxidant enzymes are
represented by the family of superoxide dismutases
(SOD) formed by Cu-Zn SOD or soluble SOD1 located
in the cytosol, Mn-SOD or SOD2 located in the mito-
chondria, and extracellular or SOD3. In addition, catalase,
glutathione peroxidases, and glucose 6-phosphate
dehydrogenase altogether constitute the most relevant
enzymatic defense against free radicals. The major
non-enzymatic intracellular antioxidant is glutathione
(GSH), a ubiquitous tri-peptide formed by y-glutamine,
L-cysteine, and glycine. GSH is able to reduce free radicals
by establishing a di-sulfur bond with another GSH
molecule forming oxidized glutathione (GS=SG) and
thus providing one electron. Oxidized glutathione is
reduced again to its reduced form (GSH) by the action
of glutathione reductase (GSH-reductase) with the elec-
trons provided by NADPH. Other relevant non-enzymatic
antioxidants are proteins that bind transition metals such
as transferrin and ceruloplasmin, or molecules that
quench free radicals such as uric acid and bilirubin.

Oxidative Stress

This concept refers to the imbalance between the forma-
tion of free radicals and the capability of the biologic
system to neutralize them. In order to evaluate oxidative
stress different biomarkers have been used. They may
directly reflect a pro-or-antioxidant status such as GSH/
GSSG quotients, one of the most reliable and employed
oxidative stress markers. Other biomarkers may reflect
direct damage to the cell structures. Hence, for lipid
peroxidation, malondialdehyde or n-aldehydes (e.g.,
4-hydroxy-nonenal) have been widely employed. Nucleic
acid damage is generally reflected by guanosine base
oxidation products such as 8-oxo-dyhydro-guanosine.
Isoprostanes and isofurans have evolved as one of the
most reliable markers of oxidative stress and reflect
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Oxygen (1) is partially reduced by the action of a series of enzymatic complexes to anion superoxide (2). Anion superoxide

is dismutated by superoxide dismutases (SOD) to hydrogen peroxide (3), which in turn is transformed into water and

oxygen by the action of catalases (CAT) and glutathione peroxidase (GPX). In the presence of transition metals (e.g., iron,
copper), hydrogen peroxide can be transformed into hydroxyl radical (4). Moreover, in the presence of nitric oxide (NO),
anion superoxide can also be transformed into peroxynitrite (5)

non-cyclo-oxygenase peroxidation of polyunsaturated
fatty acids (PUFA) and intriguingly have important vaso-
active properties. Oxidation of proteins can be measured
by the action of free radicals on specific amino acids such
as phenylalanine. As a consequence of the attack by
hydroxyl radicals, phenylalanine is converted into orto-
tyrosine (o-tyr). Other markers of protein oxidation are
known as carbonyl compounds (C=0), which have been
closely correlated when found in the lung alveolar lavage
fluid with development of chronic lung disease.

In addition to causing oxidative damage to cell struc-
tures, ROS and RNS are capable of triggering inflamma-
tory response in the cells triggering the transformation of
I-xB into NF-xB, a transcription factor for multiple
inflammation related genes. ROS and RNS are also capa-
ble of activating the tumor necrosis factor alpha (TNFa)
essential in the inflammatory response as well as in the
activation of apoptosis.

Fetal life develops in an environment that is relatively
hypoxemic as compared to the extra uterine; hence,

arterial partial pressure of oxygen (P,O,) in utero is of
25-35 mmHg. Immediately after birth, with the initiation
of spontaneous respiration and alveolar-capillary gas
exchange P,O, rises to 50-70 mmHg in the first 5-10
min of life. This abrupt change causes a physiologic
oxidative stress necessary to trigger the expression of
a number of significant genes necessary for postnatal
adaptation. The first studies of fetal pulse oximetry
(SpO,) during labor revealed that normal values were
approximately 58 £ 10%. Studies performed in term
newborn infants have shown that SpO, does not reach
stable values >85% until 5 min after birth have elapsed,
and some normal newborn infants need even more time
especially if they are born by cesarean section. In addition,
preterm infants especially extremely low birth weight
infants will not reach an SpO, of >85% at least after
10-15 min after birth.

In a large prospective observational study a total of 468
newly born infants covering gestational ages from 25
through 42 weeks of gestation and who did not need
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resuscitation maneuvers in the delivery room were
recruited (© Fig. 16.2). SpO, using advanced technology
with maximum sensitivity was measured in the right
wrist thus representing pre-ductal oxygen saturation
during the first 10 min after birth. Two graphs have been
developed from the data set for babies between 32 and
36, and between 37 and 42 weeks gestation, respectively.
It took a median of 7.9 (interquartile range (IQR):
5.0-10.0) min to reach SpO, > 90%, and preterm
infants needed significantly more time to reach this
saturation.
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In experimental and clinical studies, it has been shown
that the use of room air (21% oxygen) offers substantial
advantages over the use of 100% oxygen as had been
traditionally recommended in the resuscitation of
depressed newborn infants. Meta-analysis of the published
evidence has concluded that the use of room air signifi-
cantly reduces mortality in term neonates. Moreover, air-
resuscitation also shortens the time needed to initiate
spontaneous respiration, improves Apgar score, and
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Panel a: Third, 10th, 25th, 50th, 75th, 90th, and 97th SpO, percentiles for preterm infants at 32-36 weeks of gestation with
no medical intervention after birth. Panel b: Third, 10th, 25th, 50th, 75th, 90th, and 97th SpO, percentiles for infants at <32
weeks of gestation with no medical intervention at birth (From Dawson JA et al (2010) Pediatrics 125:e1340-e1347.

With permission)
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reduces oxidative stress and oxidative damage to vital
organs such as myocardium and kidneys. As a conse-
quence, 2010 international guidelines recommend the
use of air as the initial gas admixture for the depressed
neonate. Moreover, both pulse oximetry monitoring of
SpO, and titration of the inspiratory fraction of oxygen
(FIO,) to avoid hyper-or-hypoxic damage are also
encouraged.

Preterm babies do not frequently suffer from birth
asphyxia; however, they experience difficulties in adapting
to extra uterine due to lung and thoracic cage immaturity.
Hence, a significant proportion of preterm infants will
need proactive interventions in the delivery room. Positive
pressure ventilation is the cornerstone of preterm resusci-
tation. Initial ventilation is performed in spontaneous
breathing neonates with continuous positive pressure ven-
tilation (CPAP) applying 4-8 cmH,O. Available studies
have shown that it is feasible to start resuscitation even in
the most preterm infants using an initial FIO, of 21-30%.
Regardless of whether high or low oxygen concentration
was used initially, on average, the infants were on similar
FiO, of 30—40% within 5-10 min of life with no difference
in SPO,, heart rate, Apgar scores, or acid-base status.
While more studies are needed, many clinicians now opt
to initiate resuscitation with 30% oxygen in preterm
infants in whom normal lung function cannot be
assumed. Immediately after birth, pulse oximeter probe
should be adjusted to the right wrist. Reliable pre-ductal
readings will be obtained in 60-90 s. Once readings are
available FIO, should be titrated against SpO, readings in
the pulse oximeter adjusting the air/oxygen blender to
keep SpO, within saturation nomogram (© Fig. 16.2).
Changes should be performed every 30-60 s allowing
infant’s response in the form of increase/decrease in
SpO,. Abrupt changes in heart rate or saturation may be
a consequence of mask leakage or incorrect endotracheal
tube position. End tidal CO, detectors are useful in these
circumstances. Once the baby is stable and maintains an
adequate heart rate and SpO,, he/she can be transferred to
the NICU. Using lower oxygen load in the resuscitation
process it has been shown that oxidative stress biomarkers
are significantly reduced and there is less need for oxygen
supplementation, and less tendency toward developing
chronic lung disease.

The conundrum regarding the establishment of upper and
lower limits of oxygen saturation especially in extremely

low birth weight (ELBW) infants is still open
(© Fig. 16.3). ELBW infants are very sensitive to both
hyperoxia, which may lead especially to lung and retinal
damage, and to hypoxia, which may cause white matter
injury. Studies that have compared different limits for
SpO, have concluded that neonatal units maintaining
ELBW infants within low saturation limits (85-92%)
have significantly lower incidence (~50%) of retinopathy
of prematurity (ROP) and bronchopulmonary dysplasia
(BPD) than those units allowing SpO, within higher limits
(>95%). This has been confirmed in the SUPPORT trial,
the only randomized study published to date. Although
some concerns have been raised in relation to a small
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Panel a: Relative Risk (RR) and 95% Confidence Interval (C/)
for randomized studies and observational studies as well as
overall estimate in eight studies examining the effect on
ROP of high versus low SpO, in preterm infants. ARR < 1
favors low SpO,. Panel b: RR and 95% Cl for randomized
studies and observational studies as well as overall in eight
studies examining the effect on BPD and/or lung problems
of high versus low SpO, in preterm infants. An RR < 1 favors
low SpO, (From Saugstad OD et al (2011) Neonatology
100:1-8. With permission)
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increase in mortality in the low saturation group, there is
no conclusive evidence and 85% as lower saturation limit
seems to be safe. Several other clinical trials are underway
with close monitoring of the mortality rate by their data
safety monitoring boards. Until these studies are
published, definitive recommendations are difficult.
However, majority of NICUs in the USA and Europe
appear to have adopted the range of 85-92% in preterm
infants, and anecdotal evidence supports the decreased
incidence of ROP.

Of note, studies have suggested the establishment of
two different periods with different oxygen saturation
targets. Preterm infants below 32 weeks postmenstrual
age would benefit from lower SpO, limits (e.g.,
85-95%). In a phase of rapid vascular growth and extreme
tissue sensitivity to oxygen due to an immature antioxi-
dant defense system, the use of higher oxygen limits would
lead to oxidative stress and inflammation in the lung,
intestine, or brain leading to BPD, necrotizing enterocoli-
tis (NEC), or intra-periventricular hemorrhage (IPVH).
However, older neonates (>32 weeks postmenstrual age)
with a more mature antioxidant system and a tendency
toward hyper-proliferation of the vascular bed of the ret-
ina due to a relative hypoxia of the retinal tissue might
benefit from higher SpO, ranges (98-99%). This latter
approach is intended for infants with pre-threshold ROP,
but its benefit has not been conclusively established. Fur-
ther, the potential benefit on the retina must be weighed
against the apparent adverse effects on the lungs as
suggested by the STOP ROP study. Perhaps, in addition
to pulse oximeter monitoring levels of growth factors such
as insulin-like growth factor (IGF), vascular endothelial
growth factors (VEGF) and others should be closely mon-
itored aiming to advert the initiation of ROP 2 phase that
would prompt the use of higher oxygen saturation limits
to avoid retinal vessel overgrowth.

Term infants with meconium aspiration syndrome, pneu-
monia, or other conditions may have pulmonary hyper-
tension and often also require respiratory support.
Traditionally, clinicians were less concerned about
hyperoxia in view of their more mature antioxidant
defenses and often used high FiO, in infants with or at
risk for pulmonary hypertension (PPHN). More recently,
it has become clear that hyperoxia and exposure to high
FiO, is not only unnecessary in terms of treating PPHN,
but actually increases pulmonary vasoreactivity to hyp-
oxia and decreases response to inhaled nitric oxide. Many

infants with meconium aspiration and/or PPHN have
a history of perinatal asphyxia and are uniquely vulnerable
to oxygen radical injury to the brain. Additionally,
prolonged exposure to high FiO, will cause lung injury
even in term infants. Therefore, the current recommenda-
tions are to target normoxia (PaO, 60-80 s) and avoid
PaO, over 90 mmHg. The upper limit of SPO, should be
set no higher than 99%, because when SPO, is >99%, the
PaO, may well be over 100 mmHg.
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