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General introduction

PREMATURITY

Preterm birth, defined as birth before 37 weeks of gestation, is one of the major causes of
mortality and long-term morbidity in perinatal medicine' 2. Preterm infants can be classified
according to gestational age (GA); extremely premature (GA < 28 weeks), severely premature
(GA 28-31 weeks), moderately premature (GA 32-33 weeks) and near term (GA 34-36 weeks). In
Europe, the incidence of preterm birth is reported to be 5-9% of all deliveries, of which 20% are
born before 28 weeks of gestation®*. The number of preterm births has been rising over the
past decades, which is amongst others due to an increase in indicated preterm deliveries, e.g.
earlier intervention in preeclampsia, and increased number of assisted pregnancies.

A main concern is that prematurity accounts for 75% of perinatal mortality and more
than half of the long-term morbidity">. Before the widespread use of assisted ventilation in
the 1970s, there were few survivors amongst infants born extremely premature and even
the more mature infants died from respiratory distress caused by absence of pulmonary
surfactant therapy®. With the use of antenatal corticosteroids, improved methods of assisted
ventilation and the introduction of surfactant administration, survival rates for preterm infants
have improved remarkably. Improved survival, however, has not been accompanied by a cor-
responding decrease in major neonatal morbidities. The National Institute of Child Health &
Human Development (NICHD) Neonatal Research Network reported a decreased mortality of
preterm infants, but an increase in major morbidities among infants with a birth weight of
501-750 gram®.

The question has been raised whether active perinatal and neonatal care might indeed
result in an increasing number of survivors who are at higher risk of significant neonatal mor-
bidities. The authors of the EXPRESS study, a Swedish cohort study, stated, “As the ultimate goal
of perinatal and neonatal care is intact survival free from neurodevelopmental impairment, the

persisting high morbidity rates are of great concern”’

.Therefore, research in perinatal medicine
should be directed to improving the long-term outcome after preterm birth by reducing the
occurrence and severity of neonatal morbidities. In the early 1980, the term ‘oxygen radical
disease in neonatology’ was introduced, relating several serious neonatal diseases through a
common pathogenesis, namely oxidative stress® °. Although the major neonatal diseases have
a complex, multi-factorial and poorly understood pathogenesis, oxidative stress seems to play

a crucial role®™,

OXIDATIVE STRESS

Oxidative stress is the resultant of an imbalance between oxidants and antioxidants. An oxidant
is a substance that removes electrons from another substance in a redox reaction, thereby
reducing itself and oxidizing the other substance. Reactive oxygen species (ROS) are oxidants
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14 | Chapter 1

produced during, amongst others, normal oxygen metabolism and include the superoxide
anion (0,), the hydrogen peroxide (H,0,) and the hydroxyl radical (OH). ROS are highly reac-
tive molecules which are able to cause oxidative damage to proteins, lipids and DNA resulting
in altered enzyme activities, damage of cellular and mitochondrial membrane, altered signal
transduction, and even apoptosis. Besides being toxic, ROS also have crucial beneficial actions,
e.g. regulating vascular tone, as part of physiological response to kill pathogens, inter- and
intracellular signaling, activating protein cascades, and control gene expression'*"®. Thus, ROS
are essential but are dangerous if in excess.

To counteract the detrimental actions of ROS, the body has numerous antioxidant defense
mechanisms (antioxidants), in the form of enzymes, vitamins and other agents (Table 1). An
antioxidant is defined as “any substance that delays, prevents or removes oxidative damage’,
thereby counteracting the deleterious effects of oxidants.

Table 1: Antioxidants.

Class Antioxidant
Enzymes Superoxide dismutase
Catalase

Glutathione peroxidase
Glutathione reductase
Vitamins Vitamin E
Vitamin A
Vitamin C
Coenzyme Q
B-carotene
Reducing agents Glutathione
Cysteine
Thioredoxin
Binding agents Albumin
Ceruloplasmin
Lactoferrin

Transferrin

Constituent of enzymes Coper, zing, selenium
Other Uric acid
Bilirubin

Erythropoietin
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GLUTATHIONE

Glutathione (GSH) is one of the most important non-enzymatic intracellular antioxidants.
Studies on human hereditary GSH depletion and data on experimental depletion in animal
models, demonstrate its importance for survival” ', Dietary GSH is only minimally released in
the bloodstream and thus the body is dependent on de novo synthesis of GSH"” . GSH is a tri-
peptide synthesized from the amino acids glutamate, cysteine and glycine (Figure 1). Although
synthesized in all tissues, GSH is mainly synthesized in liver en erythrocytes.

The primary function of GSH is maintaining redox balance®®?*. This is achieved directly by
oxidation of GSH to its dimeric form (GSSG) by GSH peroxidase (GPx), for which the cysteine
residue with its reducing sulphydryl group is responsible. GPx reduces hydrogen peroxide by
transferring the energy from the reactive peroxides to the sulfur-containing GSH. GSSG can
be reconverted to GSH by the enzyme glutathione reductase (GR), using NADPH as source of
electrons. The NADPH required in this reaction as a reducing equivalent is mainly provided by
the oxidative pentose phosphate pathway. In addition to oxidation to its dimeric form, GSH

is capable to directly bind toxic metals and other toxic compounds to its sulphydryl group.

methionine
/
homocysteine glutamine
serine x
/ |
cystathionine glutamate
cystathionase
/ K
cysteine » y-glutamylcysteine
glutamate .
cysteine glycine
ligase glutathione
synthetase

GSH HZO2
= e
GSSG 2H0
Figure 1: Synthesis of glutathione.

GR = glutathione reductase, GPx = glutathione peroxidase, GSH = reduced glutathione, GSSG = oxidized
glutathione
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Besides owning intrinsic antioxidant properties, GSH is also an essential cofactor for enzymes
such as GSH-S-transferases (GST).

Other than its antioxidant properties, GSH exerts many other functions. By affecting cellular
redox status, GSH influences the regulation of signal transduction pathways and gene tran-
scription. The redox status is also important for modulation of several enzymes. GSH maintains
the reduced state of the sulfphydryl groups of many proteins, which is required for their normal
function. Furthermore, GSH functions as storage and transport of cysteine. In this manner, GSH
prevents auto-oxidation of circulating cysteine (thereby forming the highly reactive hydroxyl
radical”), serves as a cysteine reserve during food deprivation and is source of cysteine for lym-
phocytes. GSH also plays an important role in the response of the immune system to infections,
such as in the synthesis of leukotrienes and in lymphocyte proliferation.

OXIDATIVE STRESS IN NEWBORNS

Birth is accompanied by an abrupt transition from a hypoxic environment in utero (pO, 20-25
mmHg) to a relative hyperoxic environment ex utero (pO, 100 mmHg). This sharp increase in

oxygen pressure is believed to generate a burst of ROS> °

and thus results in physiologic oxida-
tive stress immediately after birth in newborn infants®. Besides this hyperoxic challenge, the
increase in metabolic rate after birth adds to this physiological oxidative stress.

In term infants, antioxidant defenses are present at birth to counteract the hyperoxic chal-
lenge at birth. The antioxidant enzymes (SOD and GPx) mature during the last trimester of
pregnancy’ ' %2 Also, it has been suggested that there is an increased transfer across the
placenta of non-enzymatic antioxidants during the last days of pregnancy®® *. Furthermore,
term infants have the capability to increase their antioxidant enzymes in the lung in reaction to
the sudden O, exposure at birth and are also capable of inducing greater levels of antioxidants

under conditions of oxidative stress®® 334,

Oxidative stress in preterm infants

Preterm infants are highly susceptible to oxidative stress, because they have both increased
ROS formation as well as compromised antioxidant defenses. Besides the physiological oxida-
tive challenge at birth, premature infants often require additional oxygen during resuscitation
in order to achieve an appropriate rise in oxygen saturation (Sp0O,) levels®. Oxygen supple-
mentation during resuscitation after birth is associated with increased oxidative stress and this
seems to be a dose-dependent association® ¥. Furthermore, preterm birth is often associated
with fetal or maternal morbidities, such as preeclampsia or chorioamnionitis, which are linked
to increased oxidative stress® *°. Also in the neonatal period, preterm infants are at risk for
increased ROS formation. Oxygen dependency due to immature lungs, infections, intravenous
lipids and increased free iron due to multiple blood transfusions are thought to contribute to



General introduction

increased oxygen radical formation™ *>**. In the first days and weeks after birth, levels of oxida-
tive stress are increased in preterm infants* *°,

While ROS formation is increased, the antioxidant defenses are not fully matured or present
at birth when an infant is born premature? * % 7 %8 After birth, there is also an increased anti-
oxidant consumption, thereby reducing antioxidant capacity of preterm infants further®. It has
been shown that GSH concentration decreases rapidly during the first days of life in preterm
infants?® > *'. This is most likely caused by the increased consumption of GSH due to oxidative
stress, but it has also been suggested that GSH synthesis might be hampered by immaturity of
the enzymatic apparatus or by lack of substrate.

The nutritional state of the newborn modulates the antioxidant defenses® *. Breast milk
is a great source of antioxidant®® **. However, preterm infants do not receive high amounts of
breast milk in the first days of life®®. Furthermore, breast milk of mothers after term delivery
has higher antioxidant power than that of mothers after preterm delivery®. Due to immaturity
of the gastrointestinal tract, preterm infants are initially dependent on parenteral nutrition.
Previously, Te Braake et al (2008) demonstrated that early amino acid administration resulted
in increased availability of GSH*”. However, this did not result in a reduction of oxidative stress
markers. Besides amino acid administration, preterm infants require parenteral lipids for energy
and essential fatty acids. However, lipids are prone to lipid peroxidation and are associated with

increased oxidative stress** %8 .

OXYGEN RADICAL DISEASES OF NEONATOLOGY

Despite the development of neonatal care in the last decades, several severe neonatal diseases
continue to pose a major problem, leading to mortality and morbidity after preterm birth. In
1988, dr. Ola Saugstad hypothesized that many of these neonatal diseases share a common
pathogenesis through oxidative stress®°. Instead of being different diseases, these are different
entities of a common pathway and the clinical manifestations of the disease differ according
to the organ most affected® °. He named these diseases the ‘oxygen radical diseases in neo-
natology, which encompasses bronchopulmonary dysplasia (BPD), retinopathy of prematurity
(ROP), necrotizing enterocolitis (NEC) and periventricular leukomalacia (PVL). All of these sepa-
rate diseases share a complex, multi-factorial and poorly understood pathogenesis, in which

ROS seem to play a crucial role®™.

Bronchopulmonary dysplasia
Bronchopulmonary dysplasia (BPD), also referred to as chronic lung disease of prematurity, is
the most common chronic lung disease of childhood. BPD is defined as the need for oxygen

supplementation for at least 28 days and its severity is categorized by the need for oxygen
and/or positive pressure at 36 weeks postmenstrual age®. The reported incidence of BPD
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varies widely and is dependent on the gestational age and birth weight of the cohort. Among
infants with a birth weight <1500 gram, the incidence varies between 5 and 40%’ °. Nowadays,
increased numbers of very immature children with an earlier pulmonary developmental stage
survive. Whereas the first generations of BPD patients were born with lungs in the early alveolar
stage and BPD was characterized by fibrosis and atelectasis (‘old BPD’), the very immature
infants of today’s generation are born with lungs in the saccular stage and lung damage is
accompanied by arrest of alveolar growth and larger alveoli with lowered capillary density
(‘new BPD")®°.

The precise pathogenesis of BPD remains unclear, but is clearly multifactorial. Lung imma-
turity, as seen in (extreme) prematurity, is the most important predisposing factor. However,
oxygen administration and ventilation also play an important role’. Immediately after the first
description of BPD by Northway et al. in 1967, the authors linked the condition to oxygen toxic-

ity®'. Since then, many studies have implicated ROS in the pathogenesis of BPD™ ©*%*,

Retinopathy of prematurity

Retinopathy of prematurity (ROP) is a vasoproliferative disorder of the retina of preterm
infants in which the vascularisation of the immature retina is disturbed during the first weeks
of extrauterine life. In its most severe form, ROP can lead to retinal blindness and it is a main
cause of blindness in the United States®®. ROP was the first disease associated with oxygen,
after an epidemic of blindness was witnessed in the 1940’s after introduction of supplemental
oxygen therapy in neonatology®. Since then, the incidence of blindness due to ROP remark-

ably reduced as a result of restricted oxygen use and cryotherapy to treat ROP®” ¢,

Necrotizing enterocolitis

Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency in preterm
infants. The incidence varies highly among countries and even among different centers within
the same country. Reported incidences, therefore, range from 1-10% among preterm infants
with mortality rates ranging from 10% to 30%° *° ”°. The pathogenesis of NEC appears to be
multifactorial where prematurity and formula feeding are the most important risk factors. NEC
seems to occur by the coincidence of intestinal ischemia, colonization by pathogenic bacteria
and excess protein substrate in the intestinal lumen”'. Increased ROS production also has been
implicated in the occurrence of NEC, probably by mediating the microvascular and mucosal

72-74

permeability

Periventricular leukomalacia
Periventricular leukomalacia (PVL) results from degeneration of white matter adjacent to
the cerebral ventricles. The pathogenesis of PVL includes an incomplete development of the

vascular supply to the cerebral white matter and a maturation-dependent impairment in auto-
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regulation of the cerebral blood flow” 7. A third major factor in the pathogenesis of PVL seems
to be oxidative stress.

The brain is particularly susceptible to oxidative damage, since neuronal membranes are
rich in polyunsaturated fatty acids. Also, differentiating oligodendrocytes are particularly vul-
nerable to oxidative damage since these are rich in iron which is needed for differentiation”.
There seems to be a maturation-dependent vulnerability of the oligodendroglial precursor cell
that represents the major cellular target in PVL, which could explain why only white matter is
selectively damaged in the preterm brain’®,

MEASUREMENT OF OXIDATIVE STRESS

Besides the occurrence of the so-called ‘oxygen radical diseases of neonatology;, oxidative
stress can be determined through measurement of ROS, measurement of products of oxidative

damage and measurement of the antioxidant defense.

Oxidative stress markers

Most ROS are very unstable molecules and will readily react with other molecules in order to
stabilize themselves. They can be measured with techniques like spin trapping. This technique
involves the addition of a radical to a nitrone spin trap resulting in the formation of a spin
adduct, a nitroxide-based persistent radical, that can be detected using electron paramagnetic
resonance (EPR) spectroscopy. We have chosen to measure end-products of oxidative damage
as a marker of oxidative stress. ROS cause oxidative damage to proteins, DNA and lipids and a
wide variety of oxidative stress markers are available.

In this thesis, we mainly determined oxidative stress markers in urine. The studies in this
thesis are focused on preterm infants, which limits the use of large blood samples for research
purposes. Urine, however, is freely available and poses no additional risk for the preterm infant.
It can be collected by placing gauzes in an infant’s diaper during routine care. We used well-
known and reliable biomarkers of oxidative stress, nitrosative stress and inflammation due to
free radicals. In the nutritional intervention studies we also determined urinary F,-isoprostanes
as a marker of lipid peroxidation.

Besides urinary oxidative stress markers, we also determined non protein bound iron (NPBI)
in plasma, which only requires a small blood sample. Normally, iron is mostly bound to ferritin
or other proteins. However, increased oxidative stress causes iron to be released from storage.
In turn, free iron increases oxidative stress by promoting the release of hydroxyl radicals via the
Fenton reaction’. NPBI is, therefore, a general marker of oxidative stress®.
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Glutathione

As mentioned previously, GSH is the main intracellular antioxidant and its measurement pro-
vides insight in the antioxidant response to an oxidative insult. In this thesis, GSH concentration
was measured in erythrocytes of preterm infants. Besides being readily accessible as opposed
to other tissues, erythrocytes are also suggested to function as antioxidant defense by being a
physiological source of GSH and by taking up ROS*®. Giustarini et al. provided strong evidence
for a role of erythrocytes as GSH donor for other tissues®. Furthermore, membranes of eryth-
rocytes are permeable to superoxide and hydrogen peroxide, thereby protecting other tissues
against oxidative damage.

Determination of GSH concentrations provides only a static measurement and thus quan-
tification of synthesis rates, using a stable isotope study, is far more interesting to study its
metabolism under pathological conditions, such as oxidative stress, or in response to interven-
tions. As mentioned previously, GSH can be oxidized to its dimeric form GSSG thereby reducing
hydrogen peroxide. GSH is mostly kept in reduced form by glutathione reductase (GR), with
concentrations of GSSG being 1/1000 of the total glutathione concentration®. Measurement of
the ratio between GSH and GSSG has been considered an index of the whole-organism oxida-

tive status® %,

OXYGEN AS A DRUG IN NEONATOLOGY

Although the ancient Greeks identified air as one of the four elemental components of cre-
ation, oxygen was not described until the late 18th century. Around the same time, the English
chemist Joseph Priestly, the Swedish pharmacist Carl Wilhelm Scheele and the French chemist
Antoine Lavoisier all studied and described their findings on the gas later known to be oxygen.
Within a few years after its discovery, oxygen was used in medicine. The first reported case in
which oxygen was actually used as a remedy was a case of tuberculosis in a young woman who
benefited by daily inhalations of oxygen (published in the Gazette de Sante).

In 1781, Francois Chaussier constructed an apparatus for resuscitation of the newborn infant
with a bag and mask that allowed artificial ventilation. He proposed the use of oxygen in the
revival of 'near-dead’infants. It took another 100 years before oxygen was used to treat preterm
infants. In 1889, Dr. Tarnier decided to administer oxygen in the incubator of a preterm infant
for two hours a day until it was strong enough to leave the incubator (published in Journal
de Medecine de Paris, 1891). It was not until 1934 that oxygen therapy became a standard
treatment for preterm infants when Dr. Julius Hess modified incubators, before then only used
to warm infants, with free flow oxygen. In 1938, Dr. Chapple further developed the incubator,

which was reported to maintain a constant oxygen concentration of 46%°%*.
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Oxygen toxicity

It was Priestley who, in 1775, first raised concern: “Though pure dephlogisticated air might be
very useful as a medicine, it might not be so proper for us in the usual healthy state of the body
for, as a candle burns out much faster in dephlogisticated air than in common air, so we might,
as may be said, live out too fast and the animal powers be too soon exhausted in this pure kind
of air. A moralist, at least, may say, that the air which nature has provided for us is as good as we
deserve!” (Priestley J. Experiments and observations on different kinds of air. London: Johnson and
St Paul’s Churchyard; 1775).

Pediatricians noticed in the late 1940’s that, after the use of oxygen was introduced for the
treatment of preterm infants, many infants turned blind and they discovered that this was
caused by retrolental fibroplasias (later renamed to ROP). In 1951, Dr Cambell was the first
to describe oxygen as a key accomplice in ROP®. Around the same time, it was postulated
that oxygen is toxic due to its tendency to generate oxygen radicals®. Attempts were made to
control oxygen use in the management of preterm infants, but limited use of oxygen initially
caused increased mortality rates and cerebral palsy. Finally, it was recognized that both hypoxia
and hyperoxia, as monitored by transcutaneous measurement of the Pa0, and nowadays by
pulse oximetry, should be avoided™ **%. However, the optimal SpO, range for preterm infants
is still subject of debate, which is underscored by the fact that Data Monitoring Committees
closed inclusion in a trial comparing high and low target ranges due to large differences in

mortality®® *°.

AIMS & OUTLINE OF THIS THESIS

The general aim of this thesis was to study oxidative stress in preterm infants and to explore

possible options to reduce the impact of oxidative stress in neonatal care.

The first aim of this thesis was to perfect the technique of measuring GSH kinetics. Since
research in preterm infants is limited by small blood volumes, it is important to reliably measure
GSH enrichments and concentrations in small samples. Chapter 2 describes the simultaneous
analysis of both GSH and its precursor glycine, thereby reducing the blood volume needed to
measure GSH kinetics.

The second aim of this thesis was to reduce oxidative stress at birth. Since both hypoxia and
hyperoxia during the critical timeframe after birth can have long lasting effects, it is important
to determine the optimal oxygen concentration for the resuscitation at birth. In Chapters
3 - 5, the study protocol and main results of a randomized, double-blinded study comparing
safety and efficacy of 30% versus 65% oxygen for the resuscitation of preterm infants at birth
are presented. After the initial fraction of inspired oxygen, oxygen administration is titrated
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based on the oxygen saturation measured by pulse oximetry. Chapter 6 describes the current

performance of saturation management during resuscitation in daily practice.

The third aim of this thesis was to study the modifying effect of nutrition on oxidative stress.
Nutrition might have a beneficial effect on the antioxidant capacity of preterm infants, thereby
improving outcome of preterm infants. However, nutrition, and especially lipids, has been
implicated in increasing oxidative stress. It is, therefore, important to optimize nutrition without
adding to the oxidative burden of preterm infants. Chapter 7 describes an observational study
on the effects of early AA administration of preterm infants. Chapter 8 describes a randomized
clinical trial on the effect of early intravenous nutrition on oxidative stress in preterm infants. In
Chapter 9, we studied the effect of administration of two different lipid emulsions on oxidative

stress in preterm infants.

Finally, we investigated other modulators of oxidative stress in preterm infants. In Chapter
10, we studied the effects of nosocomial sepsis on antioxidant availability in preterm infants.
Chapter 11 describes the effect of gender, gestational age and birth weight on GSH synthesis
and GSH recycling. To reduce the oxidative insult as a consequence of oxygen administration
in the weeks following birth, we evaluated the hazards in the process of supplemental oxygen
therapy (Chapter 12).

The main conclusions of this thesis, together with recommendations for future research and a

general discussion on oxidative stress in preterm infants are presented in Chapter 13.
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ABSTRACT

Introduction

Determination of glutathione kinetics using stable isotopes requires accurate measurement of
the tracers and tracees. Previously, the precursor and synthesized product were measured with
two separate techniques, liquid chromatography isotope ratio mass spectrometry (LC-IRMS)
and gas chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS). In order
to reduce sample volume and minimize analytical effort we developed a method to simultane-
ously determine “C-glutathione as its dimeric form (GSSG) and its precursor [1-°C] glycine in a
small volume of erythrocytes in one single analysis.

Methods

After having transformed "C-glutathione into its dimeric form GSSG, we determined both the
intra-erythrocytic concentrations and the C-isotopic enrichment of GSSG and glycine in 150
uL of whole blood using liquid chromatography coupled to LC-IRMS.

Results

The results show that the concentration (range of pmol/mL) was reliably measured using
cycloleucine as internal standard, i.e. with a precision better than 0.1 pmol/mL. The *C-isotopic
enrichment of GSSG and Glycine measured in the same run gave reliable values with excellent
precision (SD < 0.3 %o) and accuracy (measured between 0 and 5 APE).

Conclusions

This novel method opens up a variety of kinetic studies with relatively low dose administration
of tracers, reducing the total cost of the study design. In addition, only minimal sample volume
is required, enabling studies even in very small subjects, such as preterm infants.
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INTRODUCTION

Glutathione metabolism has been studied in several different experimental settings and
species™. Glutathione is primarily an intracellular antioxidant, with extremely high cellular
concentration (low millimolar range) in mammalian tissue. Quantification of the utilization and
synthesis rates provides a dynamic insight into its metabolism under pathological conditions,
such as oxidative stress, or in response to interventions. Glutathione is present in two forms:
the monomeric, reduced or active form (GSH), and the dimeric, oxidized form (GSSG). GSH is
synthesized in a series of two reactions. In the first, rate-limiting step, a glutamate is covalently
bound to a cysteine residue. During the second reaction, glycine is added to complete the syn-
thesis®®’. Glutathione typically has a rapid turnover. The fractional synthesis rate (FSR) reported
in healthy adult volunteers varied from 63 to 83%/day in the various studies® ®*°. In neonates it
was found to be much lower, from 35 to 55%/day® '°. Nevertheless, in all cases the total pool is
renewed within three days.

FSR determination of GSH in erythrocytes requires suitable methods to measure both low
levels of isotopic enrichmentin GSH and in its precursor. Moreover, determination in neonates is
complicated because only small amounts of blood can be sampled. Studies in neonates would
benefit form a method that can deal with small samples. Gas chromatography-mass spectrom-

etry (GC-MS) and stable isotope dilutions techniques have been frequently used in metabolic

11-16 17 18
(

kinetic studies’ "~ or concentration measurements gold standard method). Several papers

have been published over the past four years'?

, showing the power and robustness of LC-
IRMS analyzing amino acids, carbohydrates, fatty acids and volatile fatty acids.

Recently, we have developed a method for measurement of GSSG using liquid chromatog-
raphy coupled to isotope ratio mass spectrometry (LC-IRMS)?%, Still, this method needed to
be complemented with glycine measurement on GCMS or GC/C/IRMS. This new method was
successfully applied in a kinetic study in preterm infants™. In the present study we aimed to
develop a new method for simultaneous measurement of >C-glutathione as its dimeric form
(GSSG) and its precursor [1-*C] glycine in erythrocytes, in order to reduce sample preparation
and sample volume.

EXPERIMENTAL SECTION

Chemicals and reagents

Glutathione, glycine, cycloleucine and phosphoric acid (85% v/v) were purchased from Sigma
(St Louis, USA). Sodium peroxodisulfate (p.a.) was purchased from Fluka (Buchs, Switzerland).
Perchloric acid (70% v/v), potassium hydroxide, Na,HPO, H,PO, and sodium hydroxide were
purchased from Merck (Darmstadt, Germany). [1-*C] glycine was purchased from Cambridge
Isotope Laboratories (Buchem, Apeldoorn, Netherlands). [1,2-°C, ®N] glutathione was a gift
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from Cambridge Isotope Laboratory, CIL (Andover, MA, USA). Milli-Q (18.2 MQ) water was
produced with a milli-Q system (Millipore BV, Bedford, MA, USA).

Analytical methods

Experiments were carried out on a Delta XP (Thermo Fisher, Bremen, Germany). The IRMS was
operated at an accelerating voltage of 5 kV. The ion source was held at a pressure of 3.0 x 10 Torr,
and ions generated by electron impact at 70 eV. Three faraday cup detectors simultaneously
and continuously monitored the CO,+- signals for the three major ions at m/z 44 (12C02), m/z 45
(*CO, and C”0'"0) and m/z 46 (*C'*0™°0). The dynamic range of the instrument is between
0.2 and 50 V. The CO, working reference gas quality 5.3 (Linde, Schiedam, Netherlands) was
calibrated with known reference gases (Messer Griesheim, Krefeld, Germany) against & 13CVPDB
(Vienna Pee Dee Belemnite, VPDB). In order to increase filament lifetime, the oxygen signal (m/z
32) produced by oxidant reagent should not exceed 15 V measured on the first faraday cup
(resistor 300 MQ). A LC-Isolink® interface (Thermo Fisher, Bremen, Germany) was coupled to
the Delta XP with slight modifications. The apparatus’ conditions were the same as described
previously except for some minor modifications®®. The temperature of the interface reactor was
set at 99.9°C. PEEK® tubing was used for connections between the autosampler, the LC column
and the interface. In addition, the reagent bottles were degassed with helium during analysis.
To avoid crystallisation of reagents the pump heads of the oxidant and acid pumps were rinsed
with water several times a day. A filter of 0.2 um (Vici, Bester BV, Netherlands) was placed
between the analytical column and the mixing chamber of the interface to avoid any blockage
of particles in the system. Also, a 0.2 um filter was placed after the reagent pumps to prevent
blocking of the oxidation oven by impurities or crystallization deriving from the reagents.

The LC-IRMS interface was coupled to an LC system consisting of two Knauer pumps (Berlin,
Germany) and a Midas auto sampler (Spark, Emmen, Netherlands) and controlled by Sparklink
software (version 3.10, service pack 2, Spark). The isodat software was used to control the IRMS
system.

Calibration and isotopic rearrangements

CO, reference gas was introduced at regular 20s intervals at the beginning of each run at a level
of 3.0 £ 0.2V on cup one (resistor 300 MQ) to calibrate peaks eluting during the run.

The C/™C abundance ratio was expressed as & C values calibrated against the interna-
tional standard. The delta notation is defined as & *C sample = [(R,/R,) — 11 x 1000, where R is
the ratio of ®*C in the sample and R..is the ratio of the international standard used. The result of
this calculation is a relative §, calibrated against the international standard.
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Atom % was calculated as:

100 X R % ((673c/ 1000)+1)
Atom % =

1+ R ((613c/1000) —1)

where R is the ratio of (®C/™C) of International Standard of Pee Dee Belemnite, R=0.0112372.
Atom % Excess (APE) is defined as Atom % (background) minus Atom % (sample). APE can be
transferred to Mol % Excess (MPE) using the next formula:

APE
MPE= | —— x 100
100 + APE

Glutathione and Glycine measurement

Before analysis, erythrocytes were disrupted by freezing and thawing and subsequently
sonicated for 5 min in an ultra sonification bath. Then 20 pL of 8 umol/mL cycloleucine was
added as internal standard to an aliquot of 200 pL erythrocyte solution and the samples were
deproteinated by adding 100 pL of 2 M perchloric acid, incubated for 10 min on ice and finally
centrifuged at 10000 x g for 20 min. The supernatant was transferred in a new tube and the
pH was adjusted to 8 - 9 with approximately 20 pyL of 4 M KOH. Excess perchloric acid was
precipitated and removed by centrifugation at 10000 x g for 10 min. 50 uL of 1 M Na,HPO,
was added to maintain pH 9. The supernatant was filtered through 0.2 um Nylon membrane
filters (Grace Alltech, Breda, Netherlands). Then, 200 pL was transferred in a sample vial and 50
ulL was injected for analysis of both glutathione concentration and C- isotopic enrichment by
LC-IRMS.

LC-IRMS conditions

Samples were introduced using a Midas autosampler (Spark) and analysed with a linear high-
pressure gradient. Glycine and glutathione analyses (concentration and isotopic enrichment)
were performed on a Sielc primesep A mixed mode column (250 x 3.2 mm, 5 um), (Aurora
Borealis, Schoonebeek,The Netherlands) at room temperature, (20 + 2)°C. The LC flow rate was
500 pL-min™. The chromatographic separation is based on both ion exchange and hydrophobic
interactions. After flushing the column with solvent A (Table 1) for 2.1 min, the LC gradient
was increased in multiple steps from 0% to 80% using solvent B (1 M H;PO, pH 2.2) (Table 1).
Sodium peroxodisulfate 0.84 mol/L in sterile water served as oxidation solution. Acid reagent
was prepared as 1.5 M phosphoric acid solution in sterile water. The flow rate of the acid and
oxidant reagents in the LC interface were both 25 pL/min.
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Table 1: LC-IRMS conditions for analysis of glycine and glutathione.

Analytical conditions

Column Sielc primesep A, 250x3.2mm, 5mm
Solvent A Milli-Q 18.2MW Water

Solvent B 1M H,PO,

Column temperature 20°C

Column flow rate 0.5mL/min

LC-IRMS parameters

Reactor temperature 99.9°C

Acid reagent H,PO,, 1.5M, 25 ml
Oxidant Reagent Na,S,0q, 0.8M, 25 ml
Injection volume 25 ml

Gradient profile used for GSSG analysis

Time (min) 0 32 32.1 42 57 57.1
%B 0 0 10 80 80 0
Kinetic measurements

The fractional synthesis rate (FSR) is the percentage of the total renewal of a product per day.
The incorporation of labelled glycine in glutathione was determined by measurement of the *C
enrichment of glutathione in erythrocytes. The rate of incorporation of tracer is a reflection of
the FSR of glutathione and was calculated according to the equation described below:

slope E,, 13
FSR = 0-CIGSSEUSS o 5 ah % 100%

E[‘I-”C]glycine

The "C isotopic enrichment of GSSG was measured by LC-IRMS. The slope E113ciassctas,6 F€P-

resents the increase / hour in isotopic enrichment of GSSG between 4 and 6 hours of infusion,

expressed in Molar Percent Excess (MPE). E represents the isotopic enrichment of

[1-13Clglycine
intra-erythrocyte glycine, the precursor, in MPE at steady state.

Subsequently, the intravascular absolute synthesis rate of GSH (ASR...,,) can be calculated

GSH
using the following equation:

ASR g, (mg/(kg-d)) = FSR,,/100 x conc x 307 x ht x 0.075
where conc is the GSH concentration in mmol/L of the erythrocyte fraction, 307 the molecular

weight of GSH, ht the hematocrit content in L/L and 0.075 the estimated circulating blood
volume in a neonate, expressed as L/kg.
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Clinical study design

The study design was approved by the Erasmus MC Medical Ethical Review Board. The study
population consisted of very low birth weight infants (birth weight <1500 g) admitted to the
neonatal intensive care unit. Informed parental consent was obtained prior to the study. A
primed (40 pmol/kg) continuous infusion of [1-C] glycine (20 umol/(kg-h)) was administered
intravenously for 6 hours. Blood samples were taken after 4, 5 and 6 hours (steady state). Por-
tions of 400 pL freshly drawn EDTA blood were centrifuged at 900 x g for 10 min at 4°C. The
upper layer was discarded and the lower layer - containing primarily erythrocytes and other
cells — was reconstituted to the original volume with distilled water and stored at -80°C until
further analysis.

RESULTS AND DISCUSSION

Chromatographic separation

Using this new LC-IRMS method, glycine and GSSG clearly stand out from the other eluting
compounds, as shown in Figures 1 and 2. The retention times were stable with just a little
variation in drift during the serial measurements: 29.6 +/- 0.5 min for glycine and 58.1 +/- 0.8

min for GSSG, respectively, evidence of robust chromatographic conditions. Cycloleucine was

>
S
8400 1 82
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Leu u
6400 1
Phe
Idu GSSG
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400 + T T 1
50 60 70 80
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Figure 1: LC-IRMS chromatogram of 0.25 mmol hydrolysate amino acid standard mixed with 0.5 mmol
glutathione standard solution.
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Figure 2: LC-IRMS chromatogram of glycine and glutathione in erythrocytes of human blood as its oxidized
form GSSG.

chosen as internal standard because its chromatographic properties under the conditions used
are better than those of e.g. norvaline and norleucine.

In our previous study we encountered the problem of glycine co-eluting with threonine and
glutamate®®. The use of a slightly different column, a Sielc primesep A instead of a primesep
100, and a modified gradient has solved this problem.

Additionally, in the method described here, several other amino acids, like threonine and
aspartate, were nicely separated. This finding can be relevant to other neonatal studies dealing
with stable isotopes.

Measurement of concentration of GSSG

The concentration of the tracee is an important parameter in every metabolic study. Therefore,
a known amount of cycloleucine was added to each sample to be analyzed. This spiking of an
internal standard (.S.) made it possible to obtain the GSSG ratio versus I.S. and thus to assess
GSSG concentrations in erythrocytes.

Five standard solutions of GSSG (using GSSG over |.S. area plotted against the mmol/L of
GSSG injected) were measured between 0.1 to 2 mmol/L. A linear relationship was obtained
(y = 1.8081 + 0.004). The regression coefficient (r) was calculated at 0.999 (Figure 3). The
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Figure 3: Calibration curve of glutathione concentration in human blood erythrocytes.

area of GSSG measured was between 15.7 £ 0.21 V.s and 189 + 1.5 V.s. Table 2 shows GSSG
concentrations in erythrocytes per mL blood measured with only 150 L of sample at three
different time points in four subjects. The concentration of GSSG was measured with a good
reproducibility (CV of 14.3%, when measured as duplicates). The mean value (0.54 + 0.08 pmol/
mL) of GSSG equivalent to the concentration of GSH was consistent with values reported in our
previous paper”® and in other literature®. These findings show that LC-IRMS can analyze the
concentration of metabolites in blood with good precision (better than 0.1 umol/mL) and a
limit of detection (LOD) of 5 umol/mL.

LC-IRMS measurement of glycine and GSSG 3C enrichment in erythrocytes

After being oxidized, using the method described in the experimental section, an amino acid
hydrolysate standard with a known added amount of GSH (Figure 1) as well as the erythrocyte
samples (Figure 2) were analyzed using the LC-IRMS system. Because there is a little chromato-
graphic shift in eluting time, when measuring C /*C, it is necessary to have a good separation
of the compound of interest and other eluting compounds for a reliable determination of the
ratio. As shown in Figure 1 and 2, it can be seen that glycine and GSSG were eluting in a part
of the chromatogram free of other eluting compounds. The enrichment of *C glycine and "*C
GSSG was determined by comparing the C /*C ratio’s using standard curves between 0% and
3% APE from known fractions of [1-°C] glycine and [1,2-*C- N] glutathione. Linear relation-
ships were obtained for glycine with a regression coefficient (R%) calculated at 0.9999 (Figure 4)
as well as for GSH with a regression coefficient (R%) calculated at 0.9998 (Figure 5).
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Table 2: Concentration and 13C- isotopic enrichments of glutathione in four different subjects.

Subject Time (hour) GSH mmol/mL SD (n=2) APE GSH SD (n=2)

1 4a 0.49 0.007 0.214 0.000
4b 0.48 0.215
5a 0.44 0.000 0.263 0.005
5b 0.45 0.270
6a 0.44 0.003 0.346 0.000
6b 0.44 0.345

2 4a 0.54 0.007 0.065 0.008
4b 0.53 0.076
5a 0.60 0.007 0.134 0.002
5b 0.61 0.137
6a 0.58 0.002 0.191 0.004
6b 0.58 0.186

3 4a 0.45 0.018 0.166 0.005
4b 0.47 0.160
5a 0.54 0.002 0.209 0.001
5b 0.55 0.208
6a 0.48 0.007 0.270 0.001
6b 0.49 0.271

4 4a 0.65 0.022 0.155 0.002
4b 0.62 0.152
5a 0.62 0.001 0.212 0.005
5b 0.62 0.219
6a 0.61 0.004 0.260 0.003
6b 0.61 0.255

Mean 0.54 0.007 0.208 0.003

SD 0.077

CV % 14.31

Data are shown as mean, standard deviation (SD) and correlation variation (CV, %). Samples taken at 4, 5
and 6 hours were measured in duplicate.
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Figure 4: Calibration curve for measurement of [1-13C]-glutathione enrichment in human blood
erythrocytes using [1,2-13C- 15N] glutathione.
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Figure 5: Calibration curve of 13C-glycine enrichment in human blood erythrocytes using [1-13C] glycine.
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Accuracy and precision of isotopic measurement

As illustrated in Figure 6, the intra-assay repeatability assessed with cycloleucine measured
with different blood samples from the same subject showed a sd of 0.09 measured at -27.03+
0.08 %0 and a reproducibility (CV) of 0.4% (n=6). The inter-assay repeatability measured over
different days was -27.01 + 0.12 %o (n = 21). The CV was 0.8%. For each subject, the & *C values
of cycloleucine were close to the mean value. These values were in the same range as obtained
with standard injection of 1.S., evidence of excellent isotopic precision as well as accuracy of

isotopic measurement at natural abundance.

-26.5 -

13 C(per ml)
N
N

-27.5

Days

Figure 6: Variation of & *C (%o) of cycloleucine added as internal standard and spiked in blood erythrocyte
for 4 different subjects.

Blood was collected at three time points (a, b, ¢) and corresponding values are shown. Each point
corresponds to duplicate injections.

The accuracy of isotopic measurement was assessed using standard calibration curve performed
with various amounts of ®C labeled GSH added to a fixed amount of natural GSH. By plotting
measured APE versus theoretical APE between 0 and 2.5 APE, the curve was linear at a slope of
1.0084 (Figure 4). This shows that no isotopic fractionation occurred in the sample preparation
and the analysis. The regression coefficient (R?) was 0.9999, showing excellent linearity.

Calculation of the FSR of glutathione

During the steady state period of erythrocyte 1-°C glycine levels, blood samples were taken
at regular intervals (4h, 5h and 6h). The enrichments of glycine and GSH were determined
in these erythrocyte samples. Figure 7 shows a linear rise in time in GSSG APE. From these
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Figure 7: Graph of the increase of enriched glutathione of a subject expressed in APE / hour.

Table 3: The fractional synthetic rate (FSR %/d) of glutathione in four different subjects.

Subject Glycine MPE GSH GSH GSH
APE %/Hour MPE %/Hour FSR %/day
1 3.80 0.0791 0.0733 46.27
2 3.73 0.0732 0.0682 43.86
3 4.07 0.0756 0.0703 4143
4 3.59 0.0748 0.0696 46.53
Mean 3.80 0.0757 0.0703 44.53
SD 0.202 0.002 0.002 2.386
CV% 531 3.28 3.05 536

Glutathione (GSH) and glycine analyses were carried out in duplicate.

measurements FSR GSSG was calculated using the above equation 1. Values for four patients
are reported in Table 3.

It would seem that the glutathione pool of these patients was renewed approximately every
two days. FSR of glutathione was 44.5 + 2.4%/day with a reproducibility (CV) of 5.4% (n = 4).
These values were in the same range as reported previously®.

CONCLUSION

This new LC-IRMS method for measuring kinetics of glutathione in its oxidized form (GSSG)
shows to be a powerful tool in metabolic studies in neonates. Only little pre-purification is
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necessary and the analyses reported here were fully automated. The simultaneous measure-
ment of glycine and GSH, for both concentration and C isotopic enrichment, gave excellent
results. The more so as only 150 pL of blood was needed, which is of extremely high relevance
for neonatal studies or studies in small animals. GSH concentrations corresponded to those
reported in the literature. The precision and accuracy of isotopic enrichment at natural abun-
dance and at higher isotopic enrichment gave excellent results without isotopic fractionation.
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ABSTRACT

Introduction

Resuscitation at birth with 100% oxygen is known to increase the oxidative burden with con-
comitant deleterious effects. Although fractions of inspired oxygen (FiO,) < 100% are widely
used in preterm infants, starting resuscitation at a (too) low FiO, may result in hypoxia. The
objective of this study is to compare the safety and efficacy of resuscitating very preterm
infants with an initial FiO, of 30% versus 65%.

Methods

In this double-blind, randomized controlled trial, 200 very preterm infants with a gestational
age < 32 weeks will be randomized to start resuscitation after birth with either 30% or 65% oxy-
gen. The FiO, will be adjusted based on oxygen saturation measured by pulse oximetry (SpO,)
and pulse rate (which should be over 100 beats per minute) in order to achieve a target SpO, of
88-94% at 10 min of life. The FiO, and pulse oximetry data will be continuously recorded.

The primary outcome is survival without bronchopulmonary dysplasia, as assessed by a
physiological test at 36 weeks postmenstrual age. The secondary outcomes include the time
to achieve SpO, > 88%, Apgar score at 5 min, cumulative O, exposure, oxidative stress (as
determined by glutathione synthesis and oxidative stress markers), retinopathy of prematurity,

brain injury and neurodevelopmental outcome at 2 years of age.
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BACKGROUND

Resuscitating the newborn at birth with 100% oxygen is known to increase the oxidative burden
with concomitant deleterious effects'. The latest International Liaison Committee on Resuscita-
tion (ILCOR) guidelines recommend that “for babies born at term it is best to begin resuscitation
with air rather than 100% oxygen” and that “administration of supplementary oxygen should

n2

be guided by oximetry”“. However, for preterm infants, the optimal fraction of inspired oxygen
(FiO,) to start resuscitation is still unknown. The ILCOR states that “blended oxygen and air may
be given judiciously” and “both hyperoxemia and hypoxemia” should be avoided?.

Several small studies on FiO, for resuscitating preterm infants have been performed. Wang
et al. compared the use of initiating the resuscitation of preterm infants with either room air (n
= 18) or 100% oxygen (n = 23)>. All infants in the room air group required an increase of the FiO,
to achieve the targeted oxygen saturation (SpO,), and the authors recommended that room air
should not be used for resuscitating preterm infants. Escrig et al. compared initiating resuscitation
of preterm infants with a gestational age (GA) < 28 weeks with either 30% or 90% oxygen*. In this
study, the FiO, in the low-oxygen group (n = 19) was increased stepwise to 45%, and the FiO, in
the high-oxygen group (n = 23) was reduced to 45% to reach the target SpO.,. In a similar study by
Vento et al., resuscitation with 30% oxygen (n = 37) resulted in decreased oxidative stress markers
and a decreased risk of bronchopulmonary dysplasia (BPD) compared to starting resuscitation
with 90% (n = 41)°. Also in this study, FiO, in both groups was increased stepwise in the low-
oxygen group and decreased in the high-oxygen group reaching 55% at 5 min in both groups.

From these data, it can be concluded that initiating the resuscitation of preterm infants with
room air is too low, while starting with 90% FiO, is too high. Because it is important to avoid
both hypoxia and hyperoxia, the optimal initial FiO, for resuscitating preterm infants needs
to be determined. Therefore, we hypothesize that resuscitation of very preterm infants (GA <
32 weeks) with an initial FiO, of 30% is safe, decreases oxidative stress and improves outcome
compared to resuscitation with an initial FiO, of 65%.

DESIGN

Trial Design

The study is a double-blind, randomized controlled trial and will be performed in the Neonatal
Intensive Care Unit (NICU) of the Erasmus MC - Sophia Children’s Hospital, Rotterdam, the Neth-
erlands. The study is investigator-initiated, without funding from the pharmaceutical industry.
The study protocol has been approved by the Erasmus MC Medical Ethics Committee. Serious
adverse events (death, retinopathy of prematurity (ROP) > grade 3 and intraventricular hemor-
rhage (IVH) > grade 3) will be reported to the medical ethics committee, which will monitor the
study safety.
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Subjects

The inclusion criteria are infants with a GA < 32 weeks born at the Erasmus MC - Sophia Children’s
Hospital. Assessment of the GA will be based on early fetal ultrasonography or on the date of
last menstrual period. The exclusion criteria are any known major congenital malformations,
chromosome defects, or metabolic, endocrine or renal disorders. Because this study involves an
acute intervention at birth, written informed consent will be obtained antenatally. All mothers
admitted to Erasmus MC-Sophia Children’s Hospital who are at risk for preterm delivery before
32 weeks of gestation (e.g. premature labor, preeclampsia, intrauterine growth retardation) will
be approached for participation in the study. When parents have consented to participate in
the study and there has been an actual preterm delivery, the preterm infant will be included
at birth.

Research setting and randomization

The Erasmus MC - Sophia Children’s Hospital has six resuscitation units, which have been
modified for this study by adding an additional oxygen blender (PM5200, Precision Medical
Inc., Northampton, PA, USA) (Figure 1). This additional oxygen blender is not visible to the
physician and will be randomized after each inclusion to either 30% or 65% oxygen using
a computer generated list. When an infant with prenatal consent is born, the physician will
activate the research setting by activation of a switch just before delivery. By activating this
research switch, the regular oxygen blender (Bird Ultrablender, Cardinal Health, Dublin, OH,
USA) will be connected to the additional oxygen blender. Administered oxygen will come from
the additional oxygen blender, randomized to 30% or 65% oxygen, and thus resuscitation will
be started with either 30% or 65% oxygen.

e RN
Blinded

CAir - Oxygen “
/ Alr blender 30% or 65% OZ
Y [ i
[ Oxygen r-- X

- S/

Ve -@_ Oxygen
. blend
& Air ender Preterm

infant

~

(/Oxygen )]
21 — 100/

Figure 1: Adjusted resuscitation unit.

Dotted lines depict the adjustments made to the resuscitation unit. The blinded oxygen blender is

randomized to administer either 30% or 65% oxygen. The OR-port depicts the switch by which the

research setting can be activated or deactivated.
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Resuscitation

All resuscitations of preterm infants are performed by a neonatologist or an experienced
neonatologist in training. Immediately after cord clamping, the infant will be placed on the
resuscitation unit. The resuscitation is performed according to standard guidelines, i.e. the
infant is stimulated and heat loss is prevented. A disposable SpO, sensor (Nellcor Max-N,
Covidien, Dublin, Ireland) will be applied to the right hand or wrist before switching on the
pulse oximeter (Nellcor OxiMax N-600x, Covidien, Dublin, Ireland). Infants will be resuscitated
with either a flow inflating mask (Jackson Reese modification T-piece system breathing system,
Intersurgical, Wokingham, UK) or a T-piece resuscitator (Neopuff, Fisher & Paykel Healthcare,
Auckland, New Zealand), according to the physician’s preferences.

Resuscitation is started with either 30% or 65% oxygen, for which the physician will be
blinded. The objective of the resuscitation is to achieve a target SpO, of 88-94% at 10 min after
birth. If the pulse rate remains stable and over 100 beats per minute (bpm), no adjustment
of FiO, is advised. At all times, the physician can adjust the FiO, if the clinical situation is not
satisfactory (e.g. persistent bradycardia or SpO, > 94%). To adjust the FiO,, the physician deac-
tivates the research switch by which the additional oxygen blender is disconnected and the
administered FiO, is supplied via the regular oxygen blender. The FiO, can then be manually
adjusted to the desired FiO,, without the physician being aware of the initial FiO, to which the
infant was randomized.

Outcome parameters

Primary outcome
Survival without BPD at 36 weeks postmenstrual age (PMA).

Secondary outcomes
1. Resuscitation: Apgar score at 5 min, time after birth to achieve SpO, > 88% and cumulative O, expo-
sure during resuscitation.
2. Oxidative stress: Glutathione (GSH) synthesis and oxidative stress markers.
3. Incidence of ROP and brain injury.
4. Neurodevelopmental outcome at 2 years of age.

The timeline of the study design is depicted in Figure 2.

preterm
birth
informed consent I I I I | | |
24hrs day2 day 6 day 28 36 weeks 2yrs
l [ | J l l
. . GSH blood & urine: assesment neurodevelopmental
intervention - L
kinetics  oxidative stress markers BPD outcome

Figure 2: Timeline of the study design.
GSH = glutathione, BPD = bronchopulmonary dysplasia.
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Collection resuscitation data

Medical record documentation often varies from actual interventions, especially in acute situ-
ations®. Therefore, video recordings will be made to analyze resuscitation with regard to time
of birth and the timeline of the resuscitation (e.g. time to start SpO, recording, time to start
respiratory support and the time to intubation, when applicable). The time of birth is defined
as the time of cord clamping. The FiO, will be continuously recorded (1 Hz) using a medical
oxygen monitor (MX300 Medical Oxygen Monitor, Teledyne, City of Industry, CA, USA). The
SpO, will be continuously recorded (0.5 Hz) using serial port reader software (TeraTerm, Open

Source Software).

Clinical definitions
Bronchopulmonary Dysplasia

Two definitions for the diagnosis of BPD will be used. First, the definition of BPD for preterm
infants with a GA < 32 weeks described by Jobe et al. will be used (Table 1)’. According to this
definition, BPD is present when an infant is treated with FiO, > 21% for at least 28 days and is
further classified according to the need for oxygen and/or respiratory support at 36 weeks PMA.

Table 1: Criteria for bronchopulmonary dysplasia for preterm infants with a gestational age < 32 weeks.

Treatment with oxygen >21% for at least 28 days plus

Mild BPD Breathing room air at 36 weeks PMA
Moderate BPD Need for < 30% oxygen at 36 weeks PMA
Severe BPD Need for > 30% oxygen and/or positive pressure at 36 weeks PMA

Adapted from Jobe et al.”. BPD = bronchopulmonary dysplasia, PMA = postmenstrual age. A day of
treatment with oxygen > 21% means that the infant received oxygen > 21% for more than 12 h on that
day.

Second, the diagnosis of BPD will be assessed at 36 weeks PMA based on the physiological
criteria of Walsh et al.®. Infants treated with mechanical ventilation or continuous positive
airway pressure (CPAP), or infants receiving FiO, > 30% oxygen with oxygen saturations < 96%
are diagnosed with BPD. For infants receiving < 30% oxygen or infants receiving > 30% oxygen
with oxygen saturations > 96%, a timed oxygen reduction test will be performed as described
by Walsh et al.?. During the timed oxygen reduction test, BPD is diagnosed when oxygen satura-
tions are < 90% for more than 5 consecutive min or < 80% for more than 15 s. No BPD is defined

as oxygen saturations = 90% during weaning to room air.

Retinopathy of prematurity

As part of standard care, ROP will be assessed at a postnatal age of 5 weeks by a pediatric oph-
thalmologist. ROP will be diagnosed and classified according to the International Classification
of Retinopathy of Prematurity (ICROP)°.
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Brain injury

Substantial brain injury will be diagnosed according to the definition previously described
in the EUNO trial®, i.e. grade 3 or 4 IVH" or periventricular leukomalacia based on ultrasound
images and/or MRI of the brain™.

Neurodevelopmental outcome

As part of standard care, all preterm infants born with a GA < 32 weeks will be followed until
2 years of age. At 2 years, certified neurodevelopmental physiologists will evaluate the infants
using the Bayley Scales of Infant Development 3rd Edition (BSID IlI).

Glutathione concentration and synthesis rates

Tracer infusion protocol and blood sampling

On the second postnatal day, a primed (20 umol/kg) continuous (20 pmol/(kg-h)) infusion of
[U-"Clglycine (99% enriched, Cambridge Isotope Laboratories, Andover, MA, USA; sterility and
pyrogenicity tested) will be administered during 8 h using a Perfusor fm infusion pump (B|Braun
Medical B.V., Oss, The Netherlands). Blood will be sampled from an indwelling arterial catheter
after 6, 7 and 8 h and collected in EDTA containing microtainers. After centrifugation at 3500
x g for 10 min, the plasma fraction will be removed, and the lower layer (containing primarily
erythrocytes) will be reconstituted to its original volume with ice-cold distilled water. To calcu-
late the fractional synthesis rates (FSR) and absolute synthesis rates (ASR) of GSH, concentration
and enrichment of GSH and its precursor glycine will be determined in the erythrocytes.

Glutathione enrichment and concentration

Analysis of GSH will be performed on a LC-Isolink interface coupled to a Delta XP isotope ratio
mass spectrometer (LC-IRMS) (Thermo Fisher, Bremen, Germany) using a recently developed
method®. This highly sensitive method requires only a very small sample and does not require
derivatization of the sample.

Glycine enrichments

The erythrocyte enrichment of C glycine will be measured by gas chromatography mass
spectrometry (GCMS) as its ethyl chloroformate (ECF) ester derivatives, using a MSD 5975C
Agilent GCMS (Agilent Technologies, Amstelveen, The Netherlands). Briefly, 25 l aliquots of the
remaining supernatant used for the GSH analysis will be acidified by adding 50 pl of 0.1 M HCI
and diluted with 125 pl of distilled water. ECF derivatization of the samples will be performed
according to a modified procedure of Hudek™. A CP-Sil 17 column (25 m x 0.25 mm id, 0.12
pum film thickness; Varian, Middelburg, the Netherlands) will be used for the separation. The
samples will be measured using a selected ion monitoring mode (SIM) method. The mass frag-
ments with a mass to charge (m/z) of 102.1 for unenriched (M) and an m/z 103.1 for the enriched
(M + 1) glycine respectively, are selected for this purpose.
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Calculations

The FSR, represents the fraction of the total intraerythrocytic GSH pool that is renewed per

unit of time and is expressed as %/d.

slope E ;13 6
FSRgsn (%/d)= 678 X 24h x 100%

Einlraerythr(:tcyslic[u—1 3c]glycine

where E stands for the enrichment expressed as MPE. The nominator (product) of this equation
represents the hourly increase in [U-"Clglycine bound to GSH, as calculated from the increase
in enrichment between 6 and 8 h of infusion. The denominator (precursor) represents the
intraerythrocytic U-C enrichment of free glycine at isotopic steady state.

Subsequently, the intravascular ASR ..., which represents the absolute amount of GSH that

GSH
is produced per unit of time (mg/(kg-d)), can be calculated using the following equation:

ASR,, (mg/(kged) = FSR ¢, /(100 x conc. x 307 x ht x 0.075),

where conc. is GSH concentration in mmol/l packed erythrocytes, 307 is the molecular weight
of GSH, ht is hematocrit and 0.075 is the estimated circulating volume in a preterm neonate,

expressed as L/kg.

Oxidative stress markers

Oxidative stress markers in plasma and urine will be determined within 24 h of birth, on post-
natal day 6 and on postnatal day 28.

Non protein bound iron (NPBI)

Blood samples, drawn from an arterial catheter or via a heel prick, will be collected in heparin-
ized microtainers and immediately placed on melting ice. After centrifugation at 3500 x g for 10
min, the plasma fraction will be removed from the lower layer and stored at -80°C until further
analysis. Plasma samples will be shipped on dry ice to the University of Siena (Siena, Italy),
where the NPBI will be determined according to previously described methods".

Isoprostanes and 8-hydroxy-2'-deoxyguanosine (8-oxo-dG)

Urine will be collected by placing gauzes in the infants’ diapers. After centrifugation at 2800
x g for 5 minutes, the urine will be stored at -80°C until further analysis. Urine samples will be
shipped on dry ice to the University Hospital LA Fe (Valencia, Spain), where the urinary isopros-
tane and 8-oxo-dG will be determined according to methods previously described™.
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Statistical analysis

Power calculation based on the incidence of BPD shows that, with an incidence of 30% and
an expected reduction of 15%, 100 infants per group will be needed to find a statistically sig-
nificant difference with an a of 0.05 and a power of 0.80. Differences between groups will be
assessed using the Mann-Whitney test for continuous measurements and the chi-square test
for categorical measurements (p < 0.05).

DISCUSSION

Although this study concerns the acute intervention of neonatal resuscitation, the randomiza-
tion and blinding are optimal in this study design. Because cases of acute preterm delivery
will not be included in this study, the main limitation will be the selection bias. Since informed
consent will be obtained before birth, only mothers who are actually hospitalized antenatally
will be approached by the researchers. Consequently, all included infants will have received
at least one dose of prenatal steroids. As prenatal steroids have proven to be beneficial to
immature lungs, included infants will likely have less respiratory difficulties than the acute
cases. Furthermore, administration of prenatal steroids is associated with increased antioxidant
enzyme activity, which reduces susceptibility to hypoxia and to oxidative damage as a result
of hyperoxia". In short, the studied cases may show less morbidity such as BPD than the total
population of very preterm infants.

The selection bias could be circumvented by a waiver of informed consent. In 1996, the Food
and Drug Administration (FDA) and the Department of Health and Human Services (DHHS)
published guidelines on exceptions from the informed consent requirements in specific situa-
tions'®. For emergency research, these guidelines stipulate that the institutional review board
(IRB) may approve a clinical investigation without requiring informed consent from all research
subjects after meeting certain criteria. These criteria include informed consent not being fea-
sible because the intervention must be performed before consent from the subjects’ legally
authorized representative can be obtained, as would be the case in this study when preterm
infants are born acutely. Because informed consent can be sought in a sufficient number of very
preterm deliveries, we decided that it would not be ethical to use a waiver of informed consent.

This study is performed in an affluent healthcare setting and blended oxygen might not
be available in all hospitals. However, according to international guidelines, preterm infants
should be born in a tertiary hospital whenever possible and, in Western countries, most very
preterm infants are indeed born within a tertiary hospital. Since it has been shown that room
airand 100% oxygen are both not ideal in the resuscitation of preterm infants, it is important to
study the optimal FiO, to start resuscitation of these infants.
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ABSTRACT

Introduction

Resuscitation at birth with 100% oxygen is associated with increased mortality and morbid-
ity in term infants. However, no evidence-based guidelines on the initial fraction of inspired
oxygen (FiO,) for resuscitation of preterm infants are available. We hypothesised that an initial
FiO, of 30% during resuscitation of preterm infants after birth results in less oxidative stress and

improves clinical outcome compared to 65% oxygen.

Methods

In a double-blind, randomized trial, preterm infants with a gestational age (GA) <32 weeks were
randomized to start oxygen supplementation after birth with either 30% (low-oxygen group)
or 65% oxygen (high-oxygen group) after which the FiO, was adjusted based on the oxygen
saturation measured by pulse oximetry (SpO,). Primary outcome was survival without bron-
chopulmonary dysplasia (BPD) assessed at 36 weeks postmenstrual age. Secondary outcomes
included were markers of oxidative stress. Data are presented as median (interquartile range)

Results

A total of 193 infants with a median GA of 28% (26% - 30%,) weeks were included. Survival
without BPD was not different between the low-oxygen and high-oxygen group (72% and 75%
respectively, p=0.75). The FiO, in both groups was adjusted to mean 40% by seven minutes
(low-oxygen, interquartile range 30-42%) and 11 minutes (high-oxygen, interquartile range
21-53%) after which the FiO, remained similar during the entire time in the delivery room. No
differences were found for markers of oxidative stress.

Conclusions

Initial supplementation of preterm infants with 30% oxygen during foetal-to-neonatal transi-
tion is as safe as 65%. Because the oxygen load was lower in the low-oxygen group, we advise to
start the resuscitation of preterm infants with an initial FiO, of 30% and adjusting it according

to recent SpO, guidelines.
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INTRODUCTION

Approximately 5-10% of newborn infants require some assistance to establish breathing after
birth, which can be achieved by simple warming, drying, and stimulation for most term infants'.
Resuscitation of newborn infants at birth with 100% oxygen is known to increase the oxidative
burden with a concomitant increase in morbidity and mortality. Therefore the use of 100%
oxygen has become obsolete for the resuscitation of term infants® . During resuscitation, the
majority of preterm infants need active respiratory support* with, in most cases, administration
of oxygen. Recently, a nomogram of oxygen saturation measured by pulse oximetry (SpO,)
obtained from infants who did not need intervention in the delivery room was published’.
Although not tested in randomized trials in preterm infants, up to date this seems the best ref-
erence to guide oxygen supplementation during resuscitation®”’. However, the optimal fraction
of inspired oxygen (FiO,) to start resuscitation is still unknown. The latest International Liaison
Committee on Resuscitation (ILCOR) guidelines state that “both hyperoxemia and hypoxemia”
should be avoided without an advice on the initial Fi028.

Several small studies on FiO, for the resuscitation of preterm infants have been performed
comparing a low and high initial Fi029'"_ In these studies, FiO, in the low-oxygen group was
increased upwards and FiO, in the high-oxygen group was decreased downwards. In the
study by Vento et al,, resuscitation of extremely preterm infants with a gestational age (GA) <
28 weeks gestation with an initial FiO, of 30% (n = 37) resulted in decreased oxidative stress
markers and a decreased risk of bronchopulmonary dysplasia (BPD) compared to an initial FiO,
of 90% (n = 41)".

From these data, it could be concluded that initiating the resuscitation of preterm infants
with room air may be too low, while starting with 90% FiO, is too high. Because both hypoxia
and hyperoxia during resuscitation can have detrimental effects, the optimal initial FiO, for
resuscitating preterm infants needs to be determined. Compared to a high FiO,, an initial FiO,
of 30% is proven to be beneficial. However, to assess the safety and efficacy of starting resusci-
tation of preterm infants with low oxygen concentrations, the next objective was to compare
30% oxygen with an intermediate FiO,. We hypothesised that assisting very preterm infants
(GA < 32 weeks) during foetal-to-neonatal transition with an initial FiO, of 30% would be safer,
would decrease oxidative stress, and improve outcome compared to the use of an initial FiO,
of 65%.

SUBJECTS AND METHODS

This double-blind, randomized controlled trial was performed on the neonatal intensive care
unit (NICU) of the Erasmus MC - Sophia Children’s Hospital (Rotterdam, the Netherlands), a level
Il unit. The study protocol was approved by the Erasmus MC Medical Ethics Committee.

63



64 | Chapter4

Subjects

Preterm infants with a GA < 32 weeks born at the Erasmus MC - Sophia Children’s Hospital
were eligible for this study. Assessment of GA was based on early foetal ultrasonography or
on the date of last menstrual period. Written informed consent was obtained from all parents
antenatally, because the intervention was performed directly after birth. Mothers at risk for
preterm delivery before 32 weeks of gestation were approached for participation in the study.
Exclusion criteria included major congenital malformations, chromosome defects, and meta-
bolic or endocrine disorders.

Randomisation and masking

A full description of the study design and resuscitation procedures have been previously
reported®. In short, the resuscitation units were modified with an additional oxygen blender
(PM5200, Precision Medical Inc., Northampton, PA, USA). Before the start of resuscitation, this
additional oxygen blender was activated by a switch on the resuscitation unit. When activated,
resuscitation started randomly with either 30% oxygen (low-oxygen group) or 65% oxygen
(high-oxygen group) for which the physician was blinded. The objective of the resuscitation
was to achieve a target SpO, of 88-94% at ten minutes after birth. If the pulse rate remained
stable and over 100 beats per minute (bpm), no intervention was advised. At all times, the
physician could adjust the FiO, if the clinical situation was not satisfactory (e.g., persistent
bradycardia or SpO, >94%). To adjust the FiO,, the physician deactivated the research switch,
which deactivated the additional oxygen blender. Subsequently, the FiO, was supplied via the
regular oxygen blender and could be manually adjusted to the desired FiO,, without knowl-
edge of the initial FiO, to which the infant was randomized.

Outcome parameters

The primary outcome was survival without BPD at 36 weeks postmenstrual age (PMA), diag-
nosed according to the physiological criteria described by Walsh et al.,, including room-air
challenge tests at 36 weeks postmenstrual age®™. Secondary outcomes included the Apgar
score at 5 minutes, time after birth to achieve a SpO, > 88%, incidence of retinopathy of pre-
maturity (ROP) and brain injury, and oxidative stress. Clinical definitions have been described
previously”. Oxidative stress was determined in subgroups by measurement of glutathione
(GSH) concentration and synthesis, plasma non protein bound iron (NPBI) concentration, and
urinary oxidative stress markers. The timeline of the intervention and outcome parameters are
depicted in Figure 1.
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Figure 1: Timeline of outcome parameters.

GSH = glutathione, BPD = bronchopulmonary dysplasia. Reprinted from Rook et al.”.

Oxidative stress

GSH concentration and synthesis rates were determined on postnatal day two using a stable
isotope study according to methods previously described™.

NPBI concentration was determined within 24 hours after birth and on day 6. Blood samples
were collected in heparinised microtainers and immediately placed on melting ice. After
centrifugation at 3500 x g for ten minutes, the plasma fraction was removed from the lower
layer and stored at -80°C until further analysis. Plasma samples were shipped on dry ice to the
University of Siena (Siena, Italy), where the NPBI was determined according to methods previ-
ously described™.

Urinary oxidative stress markers were determined within 24 hours after birth and on day 6.
Urine was collected by placing gauze in the infants’ diapers. After centrifugation at 2800 x g
for 5 minutes, the urine was stored at -20°C until further analysis. Urine samples were shipped
on dry ice to the University & Polytechnic Hospital La Fe (Valencia, Spain), where the urinary
8-hydroxy-2'-deoxyguanosine/2-deoxyguanosine ratio (80hdG/2dG; a marker of oxidative
damage to DNA), ortho-tyrosine/phenylalanine ratio (O-Tyr/Phenyl; a marker of oxidative
damage to protein, 3-nitro-tyrosine (N-Tyr; a marker of nitrosative damage to protein), and
3-chlor-tyrosine (CI-Tyr; a marker of inflammation caused by free radicals) were determined by
high performance liquid chromatography coupled to mass spectrometry', which was modified
for 3-N-Tyr and 3-Cl-Tyr based on the study by Orhan et al.”.

Statistics

Power calculation based on the incidence of BPD showed that, with an incidence of 30% (based

on cohort studies™ ")

and an expected reduction of 15% using a 1-sided test, 100 infants per
group were needed to find a statistically significant reduction with an a of 0.05 and a power of
0-80. Differences between groups were assessed using the Mann-Whitney test for continuous
measurements and the Chi-square test for categorical measurements (p < 0.05). All analyses

were performed according to an intention-to-treat principle.
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RESULTS

From a total of 781 eligible preterm infants, 193 were analysed in the study (Figure 2). The
main reason for missed inclusion was imminent preterm delivery, which left no time to obtain

781 eligible infants

583 not randomized
270 labor before consent
144 refusal
67 consent but not included
53 missed opportunities

49 other
4[ 198 randomized ]7
[ 101 assigned to low-oxygen ] [ 97 assigned to high-oxygen ]

2 excluded from analysis for 3 excluded from analysis for

congenital abnormalities congenital abnormalities
[ 99 intention-to-treat analysis ] [ 94 intention-to-treat analysis ]

1 excluded from analysis for 4 excluded from analysis for
no need for respiratory no need for respiratory
support support

[ 98 per protocol analysis ] [ 90 per protocol analysis ]

Figure 2: Trial profile.



Table 1: Clinical and obstetric baseline characteristics.

Oxygen study: short-term outcome

Low-oxygen High-oxygen
initial FiO, 30%, initial FiO, 65%,
n=99 n=94
Female 55 (56%) 51 (54%)

28%7 (277 - 30%)
1013 (820 - 1280)
7.31(7.27-7.34)

Gestational age (weeks)
Birth weight (g)
Umbilical cord pH

CRIB score* 2(1-7)
Prenatal corticosteroids (%) 100%
Incomplete course (%) 7%
31:68

Type of delivery (vaginal: CS)

29%7 (26%7 - 30%)
1123 (790 - 1368)
7.30(7.25-7.34)
1(1-5)
100%
11%
33:61

Data are presented as median (interquartile range) or n (%).

#The CRIB (Clinical Risk Index for Babies) indicating the degree of illness'®. CS = caesarean section.

informed consent prior to birth. Due to the acute character of the resuscitation of preterm
infants, 67 infants were missed despite consent. After randomization, 5 infants were excluded

due to postnatally diagnosed major congenital abnormalities. General demographic and

obstetric characteristics are depicted in Table 1.
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Figure 3: FiO, and SpO, during the first 15 minutes of resuscitation. A: FiO, was significantly different
between the groups during the first 5 minutes of resuscitation (* p < 0.01). B: SpO, was significantly
higher in the high-oxygen group at 3, 4 and 5 minutes of life (* p < 0.01, ¥ p < 0.05).
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Resuscitation

In 188 (97%) cases, preterm infants required respiratory support directly after birth. The FiO,
was significantly higher in the high-oxygen group during the first five minutes of resuscitation
(Figure 3A).

The FiO, in the low-oxygen group was increased to a mean of 40% (interquartile range
30-42%) by seven minutes after birth, while FiO, in the high-oxygen group was lowered to a
mean of 40% (interquartile range 21-53%) by 11 minutes after birth. In both groups, approxi-
mately 26% of the infants received room air at transports to the NICU (Table 2).

Table 2: Resuscitation parameters.

Low-oxygen High-oxygen
initial FiO, 30% initial FiO, 65%
n=99 n=94

Apgar score at 5 min 8(7-9) 9(8-9)
Time to SpO, 88% (m:ss) 5:45 (3:49-7:51) 3:14 (2:08 - 5:24)*
Oxygen load first 15 min (ml/kg)* 1103 (1026 - 1453) 1497 (1178 - 2069)*
Intubation in delivery room 31 (31%) 28 (30%)
Receiving room air at transfer to NICU 24 (24%) 27 (28%)
Time to transfer to NICU (min) 20(17-28) 21(16-27)

Data are presented as median (interquartile range) or n (%). * p < 0.001. # Assuming equal exhaled tidal
volume of 4 ml/kg and respiratory rate 60/min. SpO, = oxygen saturation measured by pulse oximetry,
NICU = neonatal intensive care unit, FiO, = fraction of inspired oxygen

At three, four, and five minutes, the SpO, was higher in the high-oxygen group (p<0.05,
Figure 3B) and subsequently the time to achieve a SpO, of 88% was shorter in the high-oxygen
group (p =0.01). Other general resuscitation parameters, such as Apgar scores, were not signifi-
cantly different between the groups (Table 2).

Clinical outcome

Neither the incidence of BPD nor survival without BPD were significantly different between the
groups (Table 3). Mortality tended to be higher in the high-oxygen group, but did not reach
statistical significance. Also in the per protocol analysis, the incidence of BPD (p=0.162), mortal-
ity (p=0.221), and survival without BPD (p=0.771) were not different between the groups. In a
subgroup analysis with infants with GA < 28 weeks, no differences were found in the incidence
of BPD (p=0.495), mortality (p=0.387), or survival without BPD (p=0.646) between an initial FiO,
of 30% or 65%.
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Table 3: Clinical outcome parameters.

Low-oxygen High-oxygen
initial FiO, 30% initial FiO, 65%
n=99 n=94
BPD 23 (24%) 14 (17%)
Mortality 6 (6%) 10 (11%)
Survival without BPD 71 (72%) 70 (75%)
Duration of oxygen treatment (d) 2(0-31) 2(0-23)
Duration of mechanical ventilation (d) 2(0-12) 1(0-9)
Surfactant treatment 45 (45%) 41 (43%)
PDA Pharmacologically treated 28 (28%) 23 (24%)
Surgically treated 7(7.1%) 5(5.3%)
NEC = grade 2 4 (4.0%) 3(3.2%)
ROP = grade 2 6 (6.1%) 5(5.3%)
IVH = grade 2 8(8.1%) 10 (10.5%)

Data are presented as median (interquartile range) or n (%). # BPD was diagnosed according to the
physiological criteria described by Walsh et al.”®. BPD = bronchopulmonary dysplasia, PDA = patent
ductus arteriosus, NEC = necrotising enterocolitis, ROP = retinopathy of prematurity, IVH = intraventricular
haemorrhage.
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Figure 4: Glutathione concentration and synthesis rates on day 2.
Glutathione concentration, fractional synthesis rate (FSR) and absolute synthesis rate (ASR) were not
different between the low-oxygen group (n=15) and the high-oxygen group (n=13).
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Figure 5: Oxidative stress markers on day 0 and day 6.

A: Plasma non protein bound iron (NPBI) was not different between groups (day 0: n=28 and 19, day
6:n=22 and 19 in low-oxygen group and high oxygen group respectively). B: Urinary oxidative stress
markers were not different between the groups (day 0: n=41 and 34, day 6: n=46 and 34 in low-oxygen
group and high-oxygen group respectively).

Oxidative stress
GSH concentration and synthesis were not significantly different between the groups (Figure
4). Also, NPBI and urinary oxidative stress markers were not significantly different on the first

day or on the 6th day of life (Figure 5).
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DISCUSSION

For years, there has been a discussion on the optimal dose of oxygen for the resuscitation of
preterm infants after birth, because both hyperoxia and hypoxia can have detrimental effects.
This study demonstrates that resuscitation with an initial FiO, of 30% is safe, but does not result
in either increased survival without BPD or decreased oxidative stress compared to a FiO, of
65%. The more immature preterm infants are more likely to need supplemental oxygen due
to immature lungs®, but might also be more susceptible to oxidative damage. Therefore, we
performed a subgroup analysis of preterm infants with GA < 28 weeks demonstrating no differ-
ences in the incidence of BPD or survival without BPD.

At present, this study is the largest study examining the optimal oxygen concentration for
the resuscitation of preterm infants. Our results add to the study of Vento et al. that showed that
resuscitation with an initial FiO, of 30% decreased oxidative stress and lowered the incidence
of BPD compared to an FiO, of 90% in infants < 28 weeks of gestation". In that study, the FiO,
needed individual adjustment in both groups to a mean FiO, of 55% by five minutes of life.
Also in our study, FiO, was adjusted in both groups based on individual SpO, recordings. This
resulted in a mean FiO, around 40% after six minutes in both groups, which remained relatively
constant during the entire resuscitation. Difference between the two studies in the adjusted
oxygen dose cannot be explained by different target SpO,, as our targets were higher. More
likely, the higher gestational age, and thus further developed lungs, explains the difference.
Combining these data, it can be concluded that the optimal dose lies between 30% and 65%,
but should not be as high as 90% and individual monitoring and adjustments are needed.

The amount of oxygen administered was significantly different during the first 5 minutes.
Because newborn’s lungs need some time to become aerated, the oxygen dose that actually
has entered the patient is unknown. Unfortunately, we were not able to measure tidal volume
or respiratory rate. Assuming equal respiratory rate and tidal volumes, the oxygen load was sig-
nificantly higher in the high-oxygen group than in the low-oxygen group resulting in increased
SpO, levels and reduced time to achieve a SpO, of 88%. Although we could not demonstrate
differences in short-term clinical outcome or markers of oxidative stress, this still may have
subtle effects on the long-term outcome.

We acknowledge the following limitations of our study. First, this study was not powered to
detect differences in sole mortality. In developed countries, mortality is relatively low in pre-
term infants with a GA <32 weeks, with reported mortality rates varying between 10-13%' .
It can be argued that there is a trend towards higher mortality in the high-oxygen group. A
meta-analysis of available data could be helpful to determine the effect on mortality. Second,
the generalizability of our results might be threatened by selection of cases in which time was
available to obtain antenatal informed consent. In a recent publication by Rich et al,, it was
shown that eligible but non-enrolled infants had different demographics, e.g. less exposure to

antenatal steroids, and worse clinical outcomes than enrolled infants?'. In our study, all enrolled
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infants received at least one dose of antenatal steroids. Prenatal steroids are indicated for the
prevention of respiratory distress, and are associated with increased antioxidant enzyme activ-
ity, which reduces susceptibility to hypoxia and to oxidative damage as a result of hyperoxia.
Therefore, the studied cases may have shown less morbidity, such as less BPD, than the general
population of very preterm infants. On the other hand, the majority of included infants were
born prematurely because of pre-eclampsia (n=73) and chorioamnionitis (n=23), which are
associated with increased oxidative stress® **. The oxidative burden in these infants might
already be so high that the differences in oxygen supplementation between our groups may
not have had great influence on the oxidative burden. Taken together, future studies should use
a waiver of consent in order to include preterm infants after imminent delivery.

The main strengths of our study are the high number of included infants, the fact that we
studied the initial FiO, in a double-blind trial, and that we included very preterm infants in a
trial with an acute intervention. The blinded setting warranted that FiO, adjustments during
resuscitation were not influenced by the knowledge of the initial FiO,. Instead, adjustments in
the FiO, were based solely on the infants’ condition. Therefore, our results resemble the situa-
tion in clinical practice and allow generalising of our results to clinical practice. Moreover, we
studied well-known and reliable biomarkers of oxidative stress, nitrosative stress, and inflam-
mation due to free radicals which positively backed our clinical results.

Adequate ventilation is important for oxygen supplementation. Without appropriate aera-
tion of the lung (i.e., establishing functional residual capacity), oxygen supplementation will
not warrant effect and may result in overexposure of the lung to oxygen®. Preterm infants are,
however, difficult to ventilate in the immediate postnatal phase due to immaturity of the lung.
Furthermore, preterm infants lack sufficient pulmonary antioxidant defences to overcome

the sudden exposure to oxygen®

, which makes them more susceptible for oxidative lung
damage. Therefore, it seems preferable to initiate oxygen supplementation after birth with the
lowest oxygen concentration that is safe.

In this study, we demonstrated that resuscitation of preterm infants with 30% oxygen is
as safe as resuscitation with 65% oxygen, but does not offer benefits with regard to survival
without BPD. However, the amount of oxygen administered to the infants in the low-oxygen
group was significantly lower for several minutes. Although this did not result in differences in
short-term clinical outcome or oxidative stress, the long-term follow-up of these infants will
unravel if there were subtle differences that were not demonstrated in the neonatal period.
Based on the present data, we advise to start the resuscitation of preterm infants with GA
<32 weeks with an initial FiO, of 30%. FiO, should be subsequently adjusted based on SpO,
measurements according to the approach proposed by Dawson et al..
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ABSTRACT

Introduction

Both hypoxia and hyperoxia during resuscitation can have detrimental effects on preterm
infants. Previously, we demonstrated in a double-blind, randomized trial that initial supplemen-
tation with 30% oxygen during resuscitation of preterm infants after birth is as safe as 65% with
regard to oxidative stress and short-term clinical outcome. The long-term follow-up of these
infants might unravel if there were subtle differences that did not manifest in the neonatal
period. The objective of this study was to compare neurodevelopmental outcome at 2 years of
age after resuscitation of preterm infants with an initial FiO, of 30% or 65%.

Methods

In a double-blind, randomized trial, preterm infants with a gestational age (GA) <32 weeks were
randomized to start resuscitation after birth with either 30% (low-oxygen group) or 65% oxygen
(high-oxygen group). Initial FiO, was blinded for the resuscitation team and was adjusted based
on oxygen saturation measured by pulse oximetry (SpO,). Neurodevelopmental outcome was
assessed at 2 years of age using the third edition of the Bayley Scales of Infant and Toddler
Development (BSID-III), which was performed by certified neurodevelopmental psychologists
who were blinded for initial randomization.

Results

In total, 193 infants were included with a mean GA of 28% + 2'; weeks and a mean birth
weight 1076 + 347 gram (not different between groups). Currently, follow-up of 126 infants is
completed with a follow-up rate of 85%. Of the infants in whom follow-up was complete, 86%
was alive without severe neurodevelopmental impairment at two years of age. Mean Mental
Development Index (MDI) was 98 + 11 and mean Psychomotor Development Index (PDI) was
102 £13.

Conclusions

De-blinding will be performed after follow-up is completed for all infants (May 2014).



Oxygen study: long-term neurodevelopmental outcome
INTRODUCTION

During resuscitation, the majority of preterm infants need active respiratory support with, in
most cases, administration of additional oxygen'. Resuscitation of infants at birth with 100%
oxygen is, however, known to increase oxidative stress with concomitant deleterious effects?>.
In preterm infants, increased oxidative stress is associated with serious neonatal diseases like
bronchopulmonary dysplasia, retinopathy of prematurity and periventricular leukomalacia®.
Therefore, reduction of the oxygen load during resuscitation, especially for preterm infants, is
necessary.

Several small studies investigated the optimal FiO, for resuscitating preterm infants by
comparing a low and high initial FiO,>”. From these studies, it can be concluded that initiating
the resuscitation of preterm infants with room air is too low, while starting with 90% FiO, seems
to be too high. To assess the safety and efficacy of starting resuscitation of preterm infants
with low oxygen concentrations, we compared 30% oxygen with an intermediate FiO, in a
double-blind, randomized study. In Chapter 4, we demonstrated that resuscitation of preterm
infants with an initial FiO, of 30% was as safe as an initial FiO, of 65%, but did not result in either
increased survival without BPD or decreased oxidative stress compared to 65%. However, the
administered FiO, and subsequently the oxygen saturation measured by pulse oximetry (SpO,)
were significantly higher in the group starting with an initial FiO, of 65%.

Although we could not demonstrate differences in short-term clinical outcome or markers
of oxidative stress, this difference in oxygen load might have effects on long-term outcome.
Therefore, we performed long-term follow-up and hypothesized that resuscitation of preterm
infants with an initial FiO, of 30% results in improved neurodevelopmental outcome at 2 years
of age compared to 65% oxygen.

SUBJECTS AND METHODS

This double-blind, randomized trial was performed in the Erasmus MC - Sophia Children’s
Hospital (Rotterdam, the Netherlands) between August 2008 and January 2012. The study was
investigator-initiated without external funding. Study protocol was approved by the Erasmus
MC Medical Ethics Committee.

Subjects

Preterm infants with a gestational age (GA) below 32 weeks born at the Erasmus MC - Sophia
Children’s Hospital were eligible for this study. Assessment of GA was based on early foetal ultra-
sonography or on the date of last menstrual period. Written informed consent was obtained
from all parents prenatally, since the intervention was performed directly after birth. Mothers
admitted to Erasmus MC - Sophia Children’s Hospital at risk for preterm delivery before 32 weeks
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of gestation were approached for participation in the study. Exclusion criteria included major
congenital malformations or chromosome defects identified prior to birth. Infants with major
congenital malformations, chromosome defects, and metabolic, endocrine or renal disorders
identified after randomization were also excluded from analysis.

Intervention

Study design and resuscitation procedures have been described previously®. In short, preterm
infants were randomized to start resuscitation with either 30% oxygen (low-oxygen group) or
65% oxygen (high-oxygen group) for which the physician was blinded. The objective of the
resuscitation was to achieve a target SpO, of 88-94% at 10 minutes after birth. If the pulse rate
remained stable and over 100 beats per minute, no intervention was advised. At all times, the
physician could adjust the FiO, if the clinical situation was not satisfactory (e.g. persistent bra-
dycardia or SpO, >94%). The FiO, could then be manually adjusted to the desired FiO,, without
knowledge of the initial FiO, to which the infant was randomized.

Neurodevelopmental outcome

As part of standard care, all preterm infants born with a GA <32 weeks born at the Erasmus
MC - Sophia Children’s Hospital are assessed at the corrected age of two years.

Follow-up consists of a complete physical examination and testing of mental and psycho-
motor development with the third edition of the Bayley Scales of Infant and Toddler Develop-
ment (BSID-III)°. Scores are reported as Mental Development Index (MDI) and Psychomotor
Development Index (PDI), standardized with a mean score of 100 and a standard deviation of
15 points. PDl is reported as composite score, with motor subscales for fine motor and gross
motor functions. Children in whom cerebral palsy (CP) is suspected are also evaluated by a child
neurologist. Language skills are tested using a lexicon for the Dutch language list to assess the
infants’ vocabulary™. The neurodevelopmental psychologists are unaware of inclusion in the
resuscitation study and are therefore blinded for the initial randomization.

Definitions

Cerebral palsy (CP) was classified by the Gross Motor Function Classification System (GFMCS)".
Mild neurodevelopmental impairment at follow-up was defined as at least one of the follow-
ing outcomes: CP grade 1 and a MDI and/or PDI of 70-84 points. Severe neurodevelopmental
impairment was defined as at least one of the following: CP grade 2-5, MDI and/or PDI <70,

bilateral blindness or bilateral hearing loss requiring amplification.

Statistics

Primary outcome for this study was survival without neurodevelopmental impairment at the
corrected age of two years. Power calculation in the original study was based on the incidence
of BPD and showed that, with an incidence of 30% and an expected reduction of 15% using



Oxygen study: long-term neurodevelopmental outcome | 81

1-sided test, 100 infants per group were needed to find a statistically significant reduction
with an a of 0.05 and a power of 0.80. After de-blinding, differences between groups will be
assessed using the Mann-Whitney test for continuous measurements and the Chi-square test
for categorical measurements (p <0.05). We will perform an adjusted analysis with correction
for the major confounders; gestational age, birth weight, educational level of the mother and
social economic status.

RESULTS

From a total of 781 eligible preterm infants, 193 were analyzed in the study (Figure 1). The main
reason for missed inclusion was imminent preterm delivery, leaving no time to obtain informed

consent prior to birth. Due to the acute character of the resuscitation of preterm infants, 67

781 eligible infants

583 not randomized
270 labor before consent
144 refusal
67 consent but not included
53 missed opportunities

49 other
4[ 198 randomized ]7
[ 101 assigned to low-oxygen ] [ 97 assigned to high-oxygen ]
4[ 2 excluded from analysis for ] 4[ 3 excluded from analysis for ]
congenital abnormalities congenital abnormalities
[ 99 analyzed in original study ] [ 99 analyzed in original study ]

Figure 1: Trial profile.
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Table 1: Clinical and obstetric characteristics.

Low-oxygen High-oxygen

N (male : female) 99 (44 :55) 94 (43:51)
Gestational age (weeks) 28% +2Y 28%+2%
Birth weight (g) 1056 + 340 1096 + 351
Birth weight Z-score -1.0+14 -09+13
CRIB score* 36+38 31+34
Corticosteroids (%) 100% 100%

Incomplete (%) 7% 1%
Type of delivery (vaginal: CS) 31:68 33:61
Umbilical cord pH 7.29+0.09 7.28 +0.09

Data are presented as mean + SD or as n (%). ¥ The CRIB score (Clinical Risk Index for Babies) indicates the
degree of iliness™. The score has a maximum of 23 points and is positively correlated with the severity of
iliness. CS = caesarean section.

infants were missed despite consent. General demographic and obstetric characteristics are
depicted in Table 1.

Currently, follow-up is completed for the first 126 included infants of whom 10 died during
the neonatal period. Of the 116 survivors, 17 could not be located or refused to participate
(follow up rate of 85%). Additionally, due to lack of cooperation of the child during the test
(n=14), severe cerebral palsy (n=2) or large difference between fine and gross motor function
(n=5), the composite motor score was missing. Neurodevelopmental outcome at two years
of corrected age for the total group is depicted in Table 2. Of the infants in whom follow-up

Table 2: Neurodevelopmental outcome at two years of corrected age.

Mean +SD Mildly impaired Severely impaired
or n (%) n (%) n (%)

MDI (n=99) 98+ 11 6 (6.1%) 2(2.0%)
PDI (n=78) 102+£13 1(1.3%) 3(3.8%)

Fine motor subscale (n=85) 11.7+£27 0 1(1.2%)

Gross motor subscale (n=74) 8.8+28 5(6.7%) 3 (4.1%)
Language score (n=96) 92+16 n/a n/a
cpP 4 (4.0%) 2 (2.0%) 2(2.0%)
Bilateral blindness 0 n/a n/a
:l:a;;;aclaltlie:l:ing loss requiring 0 n/a n/a
Neurodevelopmental impairment 12(12.1%) 7 (7.1%) 5 (5.0%)

MDI = Mental Development Index, PDI = Psychomotor Development Index, n/a = not applicable.

Mild impairment was defined as a MDI and/or PDI of 70-84 points, or cerebral palsy (CP) grade 1. Severe
impairment was defined as a MDI and/or PDI of < 70 points, a subscale score <4 points, CP grade 2-5,
bilateral blindness or bilateral hearing loss requiring amplification.
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was complete, 86% was alive without severe neurodevelopmental impairment at two years

of age.

DISCUSSION

Previously, we demonstrated that short-term clinical outcome and oxidative stress were similar
between an initial FiO, of 30% and 65% oxygen during resuscitation of preterm infants (Chapter
4). Administered oxygen and subsequently the SpO, were significantly higher during the first
minutes upon administration of 65% oxygen. Although we could not demonstrate differences
in short-term clinical outcome or markers of oxidative stress, the difference in oxygen load
might have effects resulting in different long-term outcome. We hypothesized that resuscita-
tion of preterm infants with an initial FiO, of 30% results in improved neurodevelopmental
outcome at 2 years of age compared to 65% oxygen. Currently (December 2012), follow up is
completed for the first 126 included infants, with a follow up rate of 85%. Of these 126 infants,
86% was alive without major handicaps at two years of age with a mean MDI of 98 + 11 and
PDI of 102 + 13. De-blinding will be performed after follow-up is completed of all infants (May
2014).
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ABSTRACT

Introduction

Since 2010, the European Resuscitation Council (ERC) guidelines advise oxygen saturation
(Sp0,) targets for the first 10 minutes of resuscitation after birth. Unfortunately, the control of
SpO, in newborn infants is difficult. The objective of this study was to determine to what extent
SpO, levels match the ERC targets during the resuscitation of very preterm infants, and how
well the Sp0, is kept within the high and low limits until the infants are transported to the NICU.

Methods

In a single-centre observational study, the SpO, and fraction of inspired oxygen (FiO,) were col-
lected during the resuscitation of very preterm infants with a gestational age (GA) <30 weeks.

Results

A total of 78 infants were included [median (IQR): GA 274 (26-28%7) weeks, birth weight 945
(780-1140) g]. During the initial 10 minutes after birth, large variations in SpO, were observed
with deviations above the target [median (IQR)] of 4.4 (1.4-6.5) % SpO,, and below the target
of 8.2 (2.8-16.0) % SpO,. After the first 10 minutes, the SpO, levels were respectively above and
below the limit for 11 (0-27) % and 8 (0-23) % of the time.

Conclusions

During the resuscitation of very preterm infants, large deviations of the SpO, from the ERC
targets are observed. During the first minutes of resuscitation the deviations were likely caused
by an inability to control the SpO,, whereas later deviations were due to weaning, pauses in
respiratory support (i.e. intubation) and over exposure to oxygen. Changing the SpO, targets
to a target range that depicts the acceptable deviation might be helpful in providing better
respiratory support.



Following the oxygen saturation targets

INTRODUCTION

During resuscitation of preterm infants, supplemental oxygen therapy is often used to reach
and maintain adequate oxygenation. Adequate oxygenation is essential in preterm infants
because both hypoxia and hyperoxia can have detrimental effects on the organs, and even
fluctuations in oxygenation can be damaging'>. The damage to the organs is caused by the for-
mation of excessive oxygen free radicals*. The compromised anti-oxidative capacity of preterm
infants and the need for a certain level of oxidative stress to initiate the adaptation from intra to
extra uterine life make the control of oxygenation a delicate balance®.

To prevent negative outcomes due to under- or overexposure to oxygen in newborn infants,
the European Resuscitation Council (ERC)®, American Heart Association (AHA)” and Australian
and New Zealand Resuscitation Council (ARC NZRC)® guidelines advise pulse oximetry oxygen
saturation (SpO,) targets for the first 10 minutes after birth. These targets are based on obser-
vational studies of healthy term and preterm infants not needing any intervention during their
resuscitation®. To reach and maintain these SpO, targets, the fraction of inspired oxygen (FiO,)
is titrated manually according to the SpO, measurement. Unfortunately, none of the resuscita-
tion guidelines specify how the FiO, should be titrated to make sure SpO, targets are reached.

Literature shows that manual control of the SpO, is difficult, reporting time spent outside
the target range of approximately 50% in neonatal intensive care units (NICU)'*™. Although the
status of the infants and the tasks of the physicians in NICUs differ from those during resuscita-
tions immediately after birth, it is likely that during resuscitation it is difficult for clinicians to
keep SpO, within the recommended target range. It is unknown to what extent the SpO, tar-
gets are achieved. Therefore, the aim of this study was to determine to what extent SpO, levels
matched ERC targets during the resuscitation immediately after birth of very preterm infants.

SUBJECTS AND METHODS

An observational study was performed at the Erasmus Medical Center - Sophia Children’s Hospi-
tal, Rotterdam, the Netherlands, a level-lll-c NICU with 33 beds™. The medical ethics committee
of the Erasmus Medical Center approved this study and decided that informed consent was not
needed because no interventions were imposed and no personal data was processed. Because
of the observational nature of this study, there was no possibility to determine a sample size.

Subjects

Patients born with a GA <30 weeks in the study centre were eligible for inclusion in this study.
Congenital or chromosomal defects were exclusion criteria.
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Local resuscitation protocol

The ERC guidelines were introduced 7 months prior to the start of this study. They were dis-
cussed amongst the staff prior to being adapted as the local resuscitation protocol, and are
part of the education of resident physicians. A reminder of the SpO, targets was available
in all resuscitation areas, together with a Dutch translation of the ERC ‘Newborn life support
algorithm'™.

According to the local protocol, preterm infants were transferred to the resuscitation unit
immediately after delivery, where at least 2 clinicians start to stabilize the infant. Resuscitation
of infants <26 weeks GA is performed by a neonatologist or neonatal fellow. Measures were
taken to prevent heat loss. Respiratory support was given, primarily with a T-piece resuscitator
(Neopuff, Fisher & Paykel Healthcare, Auckland, New Zealand). A flow-inflating bag with pressure
monitoring (Jackson Reese modification T-piece breathing system, Intersurgical, Wokingham,
UK) was also available and could be used according to the physician’s preferences. Contrary to
the advice of the ERC guidelines to start all resuscitations with room air, local protocol advises
to start resuscitation of infants with a GA <28 weeks with a FiO, of 0.30 (based on publications
by Escrig et al., Vento et al. and Saugstad et al."*™®). Furthermore, FiO, should not be adjusted
before an SpO, measurement is obtained, unless the heart rate, obtained from auscultation,
drops below 100 beats per minute (bpm)®. A pulse oximeter sensor (Nellcor OxiMax Max-N,
Covidien, Boulder, USA) was placed on the right hand or wrist to measure preductal Sp0219.

During the first 10 minutes after birth, the SpO, targets from the ERC guidelines were advised,
i.e. 60%, 70%, 80%, 85%, and 90% at 2, 3, 4, 5, and 10 minutes after birth, respectively (Figure
1A). From the 10th minute onwards, the target range of the study centre’s NICU was prescribed
(85-93% Sp02)2°. When respiration was absent or insufficient, ventilation was initiated with
sustained inflations, i.e. 5 inflations of 3 seconds, after which respiratory support could be opti-
mized by adjusting the positive end expiratory pressure (PEEP) and/or peak inspiratory pressure
(PIP) (initially set to 5 and 20 cmH,O respectively). When respiration of the infants remained
insufficient or if the infants remained hypoxic, endotracheal intubation was performed.

Outcome parameters

The primary outcome was the deviation of SpO, from a trend line drawn through the ERC
targets and, after the 10th minute, the target range for Sp0O,. Deviation from the target was
assessed by the time spent above and below the target and by calculating the average absolute

deviation per infant.

target SpO, — measured SpO,|

zmeasuremen ts outside range

average absolute deviation = -
number of measurements outside range

The deviation above the target was corrected for those moments when the SpO, was above the
target while the infant was on room air (FiO, 0.21). The secondary outcomes were the time to
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obtain SpO, measurement, total resuscitation time, administered FiO,, and number of intuba-

tion attempts.

Data collection

Measurements were obtained from the pulse oximeter (Nellcor N-600x, Covidien, Colorado,
USA) and recorded with a frequency of 0.5 Hz from the first measurement until the infant was
disconnected for transfer to the transport incubator. The FiO, was obtained (1 Hz) through an
oxygen monitor (MX300, Teledyne Technologies, City of Industry, USA) that was connected to an
oxygen sensor (M-15 STD, IT Dr. Gambert GmbH, Wismar, Germany) in the blender’s bleed port
(Bird Ultrablender, Cardinal Health, Dublin, USA). The time of birth was defined as the moment
at which the APGAR timer was started. When the APGAR timer was not started, a time of 30
seconds prior to the infant being placed on the resuscitation unit was taken as the time of birth.
In the 67 infants where the APGAR timer was started at birth it took a median (IQR) 30 (21-36)
seconds for infants to be placed on the resuscitation unit. Data acquisition was performed on
dedicated research computers, continuously running software specially written for this study

(programmed in Labview 2011, National Instruments, Austin, USA).

RESULTS

Seventy-eight infants were included during an 8-month period (see Table 1 for patient charac-
teristics). The results are presented as median (IQR) unless stated otherwise. Of the 142 eligible
infants, 42 were excluded [GA 273, (25%7-28%) weeks, birth weight 870 (763-1050) g] because
they were included in one of two (interventional) studies that conflicted with the initial adjust-
ment of the FiO,. The data of 21 patients [GA 274, (26%-28%7) weeks, birth weight 955 (828-
1186) g] could not be used for analysis due to failure of the data acquisition. The failures of the
data acquisition were purely technical; related to connections between the medical devices,

Table 1: Patient characteristics.

N (male : female) 41:37
GA (weeks) 27%7 (26-28%)
GA <28 weeks (N) 51
Birth weight (g) 945 (780-1140)
Type of delivery (vaginal: CS) 33:45
Reason for preterm delivery (maternal : fetal) 11:31
Received full course of corticosteroids (N) 43
Umbilical cord pH 7.31(7.05-7.48)
Apgar score at 5 min 8(7-9)

Data represented as number (N) or median (IQR). CS = caesarean section, GA = gestational age.
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the software, or the computer failing, which resulted in the data not being recorded. One infant
was retrospectively excluded due to a congenital defect. There was a failure to start the APGAR
timer in 11 cases (14%).

Deviation from the SpO, targets

During the first 10 minutes after birth, the time spent above [44 (12-66) %] and below [51 (27-
82) %] the intended SpO, target was similarly distributed (Table 2), with a median deviation
from the target of 8.2% SpO, (2.8-16.0). After the first 10 minutes, until the infant left the resus-
citation area, 32% (14-46) of the time was spent outside of the NICU limits. The measured SpO,
is plotted together with the ERC targets for SpO, and the NICU limits in Figure 1A. Figure 1 also
shows the measured pulse rate (Figure 1B), administered FiO, (Figure 1C), and the number
of infants that were on the resuscitation unit at that specific time after birth and contributed
data (Figure 1D). There were 21 large drops in the Sp0O, (<60%), which were all the result of

Table 2: Primary results.

SpO, deviation during the first 10 minutes after birth

Time above ERC target (%) 44 (12-66)
Time below ERC target (%) 51(27-82)
Average deviation above ECR target (% SpO,) 4.4 (1.4-6.5)
Average deviation below ECR target (% SpO.,) 8.2(2.8-16.0)
Average deviation (% SpO,) 7.8 (5.8-12.5)
SpO, deviation after the first 10 minutes after birth

Time above NICU limit (%) 1(0-27)
Time below NICU limit (%) 8(0-23)
Time outside NICU limit (%) 32 (14-46)
Average deviation above NICU limit (% SpO,) 1.7 (0.3-2.5)
Average deviation below NICU limit (% SpO,) 2.0 (0.0-5.1)
Average deviation (% SpO,) 2.6 (1.3-4.5)
SpO, deviation during the entire resuscitation

Total time above target (%) 25 (11-40)
Total time below target (%) 26 (14-39)
Average deviation above target (% SpO,) 3.5(2.4-5.4)
Average deviation below target (% SpO,) 7.3(3.2-13.3)
Average deviation (% SpO,) 6.6 (4.6-9.6)
FiO,

Number of adjustments (N) 7 (3-10)
Average FiO, (%) 33.5(26.8-44.9)
Min FiO, (%) 21.0(20.5-22.4)
Max FiO, (%) 59.0 (36.9-99.3)

FiO, at the end of resuscitation (%) 26.2 (22.2-33.0)
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Figure 1: Measured oxygen saturation (Sp0O,) and fraction of inspired oxygen (FiO,) during the resuscitation
of preterm infants (N=78).

A) Median, 5th, 25th, 75th and 95th percentile of the SpO, measured during resuscitation, plotted
together with the European Resuscitation Council (ERC), and high and low SpO, targets, as used at the
Erasmus Medical Center (Rotterdam, the Netherlands). B) Median, 5th, 25th, 75th and 95th percentile of
the measured pulse rate. C) Median, 5th, 25th, 75th and 95th percentile of the FiO, administered during
the resuscitation. D) Number of infants that were on the resuscitation unit at specific times after birth, and
number of infants that were contributing to the data set.
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intubation attempts. In 41 infants (53%), the SpO, was at some point above the target, while
the FiO, was 0.21, for which the deviation was corrected. During the first 10 minutes after birth,
this correction occurred for a total of 9% of the time (67 min) and for 3% of the time (64 min)
during the remainder of the resuscitations. Only 6 infants (8%) remained inside the limits after
the first 10 minutes.

Secondary outcomes

The infants spent 22:24 (19:08-28:01) minutes on the resuscitation unit. The interval between
the moment that the infant was placed on the resuscitation unit and the first SpO, measure-
ment was 1:29 (1:15-2:16) minutes. In 67 resuscitations (86%), the SpO, sensor was positioned
on the extremity of the infant before the connector of the sensor was plugged into the monitor,
which is the quickest method for obtaining an accurate measurement®. At the moment of the
first ERC target (2 minutes after birth), the measurements from 33 infants were obtained (42%).
For infants with GA <28 weeks, the initial FiO, was 0.30 in 29 cases (57%), in one case it was
set to 0.40, in the other cases room air was used. In one case the FiO, was corrected to 0.30
almost immediately. Two infants with a GA >28 weeks (8%) received an initial FiO, of 0.30. The
FiO, was increased before there was an SpO, measurement in 16 cases. In 9 of these 16 cases
(56%), we could confirm that it was because of a low heart rate. When leaving the resuscitation
area, the median FiO, of all infants was 26.2% (22.2-33.0). When an infant needed to be intu-
bated (N=28, 36%), 2 (1-2) attempts were needed to do so successfully. Thirty two infants (41%)
left the resuscitation area with a nasal cannula, the others with mask ventilation (N=18, 23%).

DISCUSSION

This study determined to what extent SpO, levels matched the ERC targets during the resusci-
tation of preterm infants in daily practice. While the median of the observed infants followed
the ERC targets quite nicely, it did deviate below the targets during the first 5 minutes after
birth. Overall the variation in the SpO, was large. The average deviation from the targets was
6.6% SpO, (4.6-9.6), whereas the deviation more than doubled in the worst cases (95th centile
19.3% SpO,) (Figure 1A).

There are several possible explanations for the large deviations during the first few minutes
after birth. First, in some infants, the first SpO, measurement took longer to obtain (Figure
2), which is most likely caused by poor perfusion, or problems with sensor placement® >, A
longer time to obtain an SpO, measurement will increase the time until control over the SpO,
is achieved, because the FiO, is not adjusted without an SpO, measurement unless the heart
rate is below 100 bpm. Such a delay could cause a further deviation from the SpO, targets.
Second, during the initial phase of resuscitation, ventilation of preterm infants is hampered
by lung immaturity, resulting in inappropriate aeration of the lung, i.e. establishing functional
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Figure 2: First oxygen saturation measurement (SpO,) of the resuscitated infants (N=78) at the time after
birth the SpO, measurement was obtained.

residual capacity”. Other explanations for suboptimal ventilation could be mask leaks or airway
obstructions® 7.

The median of the administered FiO, rose sharply on two occasions, before 2 and shortly
after 3 minutes after birth. The first rise is likely due to the initial assessment of the infant, the
second rise because the SpO, measurement became available. Between 4 and 5 minutes after
birth the median of the SpO, rose to follow the targets more closely and a reduction of the
variation in pulse rate was observed. These combined results of respiratory support, improved
lung recruitment and perfusion, indicate that in most infants control adequate respiratory sup-
port was obtained at this point”.

After the first 10 minutes, 32 (14-46) % of the time was spent outside the SpO, limits. On
average 36 (31-47) % of the infants were outside the SpO, limits at any given time. Thus, even
with adequate respiratory support, remaining between the high and low SpO, levels was
challenging. Instability in the oxygenation was caused by, for example, a temporary halt in the
respiratory support (i.e., tube placement or suctioning) but can also be caused by incomplete
adaptation®®. The time spent above the intended range was the result of the administration of
a too high FiO, and could have been avoided by reducing the FiO,. However, determining by
how much the FiO, should be reduced is one of the major challenges in controlling the SpO,,
and the fear of low SpO, values might deter physicians from making rapid adjustments.

The APGAR time was not started in 14% of the resuscitations, indicating that the staff is not
always fully focused on starting the timer. Not starting the timer will make the following of
the SpO, targets more difficult, because an exact time after birth is not readily available to the
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Figure 3: Comparison of the oxygen saturation (SpO,) during resuscitation of preterm infants (N=78) to
preterm infants (<32 weeks gestational age, N=32) that did not receive any medical intervention after
birth as observed by Dawson et al.’.

The number of infants on the resuscitation unit and the number that was contributing data can be found
in Figure 1D.

physicians. Compliance with the local protocol to start resuscitation of infants <28 weeks GA
with a FiO, of 30% was low (57%).

The ERC guidelines prescribe single value SpO, targets, while the AHA and ARC guidelines
advise a narrow SpO, target range’ 8 A target range provides physicians with information on
what is considered to be an acceptable deviation, and could actually reduce the observed varia-
tion. A group of experts on the resuscitation of preterm infants has suggested using the 10th
and 50th centile of the study of Dawson et al.’ (the same study as which the current guidelines
are based on), as the SpO, target range, which is a significantly lower low target than the other
SpO, targets (Figure 3)”.

When our results are compared to the observations of Dawson et al. of preterm infants
(<32 weeks GA, N=39) who did not require medical intervention after birth, it seems likely that
most infants were in a safe range with their SpO, values (Figure 3)°. However during the first
6 minutes after birth more than 25% of the observed infants had SpO, values that were below
the 10th centile. Whether single value SpO, targets or target ranges result in more accurate
control of the SpO, during routine clinical resuscitations needs to be determined. Furthermore,
it remains unknown which SpO, targets or target range provide the best compromise between
exposure to oxygen and avoiding hypoxia. To determine the effects of the SpO, targets, long-
term (follow up) studies are needed. However, to study the effects of different SpO, targets,
current clinical practice must be able to control the SpO, adequately, and follow the targets

with as little deviation as possible.
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There are a few drawbacks to this study. Compliance with local protocol to start resuscitation
of infants > 28 weeks GA was low (57%). It was performed in a single centre and it is unclear
to what extent the results are representative of other centres. Patients stayed within the NICU
limits 68% (54-86) of the time, which is similar to the results of studies with dedicated clinicians
adjusting the FiO, in the NICU™ "' *°,

Other new technological developments may help improve SpO, control. Providing the phy-
sician with constant feedback on deviations from the target SpO, could improve performance
during resuscitation. With the improvement of pulse oximeters, which can provide measure-
ments even when the infant has poor perfusion, comes a need to better understand how perfu-
sion influences tissue oxygenation and how it changes after birth. But it will remain important
to not overload the physician with information and devices to look at, as this takes the focus
away from the infant. Closed loop SpO, control is available for use in a NICU setting (CliO,,
CareFusion, San Diego, USA)'. Similar technology might be beneficial during resuscitation, as
it would keep the physician free to focus on the infant, instead of fine-tuning the equipment.

In conclusion, in our institution, the SpO, targets were not always followed accurately during
the initial minutes after birth. At the start of resuscitation, deviations were most likely caused
by an inability to control the SpO,, i.e., no lung aeration and/or no initial SpO, measurement,
resulting in low SpO, values. Whereas after the infants were stabilized, the deviations were due
to weaning, pauses in respiratory support (i.e., intubation), and/or overexposure to oxygen.The
ERC advise acceptable SpO, targets, which leaves it to the individual physician to decide how
much deviation is acceptable. By changing the SpO, targets to a target range that depicts the
acceptable deviation the targets could aid physicians in providing better respiratory support,
and possibly reduce variation.
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ABSTRACT

Introduction

In preterm infants, antioxidant defenses are diminished. Glutathione (GSH), the main intracel-
lular antioxidant, increases upon amino acid (AA) administration in preterm infants, without an

accompanying rise of the fractional synthesis rate of GSH (FSR_.,,). The objective of this study

GsH)
was to investigate the mechanism behind this increased GSH concentration

Methods

GSH synthesis was measured either on postnatal day 1 or 2 using stable isotope techniques in
very low birth weight (VLBW) infants receiving intravenous AAs. Advanced oxidized protein
products (AOPPs) were determined to quantify oxidative stress.

Results

Eighteen infants (birth weight 989 + 241 gram, gestational age of 277 + 147 weeks) were
studied either on postnatal day 1 or 2 (7 or 31 hours postnatally, respectively). Concentration
of GSH increased with postnatal age (1.45 + 0.48 versus 1.99 + 0.40 mmol/L, p=0.019). FSR .,
was not significantly different, but the absolute synthesis rate of GSH (ASR,,) tended to be
higher in the infants studied on day 2 (8.1 £ 2.7 versus 10.6 + 2.4 mg/(kg-d), p=0.054). AOPP
concentrations were not different between groups.

Conclusions

GSH concentration in VLBW infants increases significantly after birth. A concomitant increased
synthesis rate was not found, suggesting that GSH consumption decreases upon AA adminis-
tration.
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INTRODUCTION

The sudden increase in oxygen pressure accompanying birth results in increased formation of
reactive oxygen species (ROS). If birth is marked by a period of ischemia followed by reoxygen-
ation (e.g. asphyxia), ROS formation is further augmented through the hypoxanthine-xanthine
oxidase pathway' 2. In addition, preterm infants are frequently exposed to ventilation with high
concentrations of oxygen, further adding to this ROS formation®. Therefore, newborn infants,
and especially preterm infants, are exposed to increased levels of ROS.

In term infants, antioxidant defenses are sufficiently present at birth to counteract this
hyperoxic challenge, since antioxidant enzymes mature during late gestation®. Several weeks
prior to birth, parallel with the rapid rise in lung surfactant, there is a 150-200% increase in
superoxide dismutase and glutathione peroxidase® ®. Also, the transfer of several antioxidants
across the placenta increases during the last days of pregnancy®. Thus, when an infant is born
premature, most of its antioxidant defense mechanisms function suboptimally at birth. The
resulting redox imbalance promotes oxidative stress, which is thought to be instrumental in
the pathogenesis of the so-called ‘Oxygen Radical Disease in Neonatology' The latter comprises
diseases such as bronchopulmonary dysplasia (BPD) and periventricular leukomalacia (PVL)".

Glutathione (GSH) is the most important intracellular antioxidant. GSH is a tripeptide con-
sisting of the amino acids (AA) glutamate, cysteine and glycine. It is synthesized in virtually
every tissue, but is mainly produced in liver and erythrocytes with erythrocytic concentrations
being in the millimolar range®. Erythrocytes are suggested to function as antioxidant defense
by being a physiological source of GSH and by taking up ROS® ™.

While preterm infants show diminished availability of other components of the antioxidant
defense systems, the GSH concentrations in cord blood of preterm infants at birth exceed those
of term infants® " 2. GSH concentrations, however, fall rapidly after birth in preterm infants.
Recently, we demonstrated that administering AAs to preterm infants from birth onwards
results in higher GSH concentrations on day 2, compared to levels found in infants receiving
glucose only™. The purpose of the present study was to reveal the mechanism behind the
increased availability of GSH with early administration of AAs. We therefore hypothesized that
GSH synthesis is already upregulated very shortly after birth, resulting in the increased GSH
concentration on postnatal day 2. To this aim we conducted a stable isotope technique to
determine glutathione synthesis rates in the first days after birth in infants receiving AAs directly
following birth. With stable isotope techniques, we are able to calculate the fractional synthesis
rate (FSR.,,), which is the fraction of the total intraerythrocytic GSH pool that is renewed per
unit of time, and the absolute synthesis rate (ASR ., ), which is the absolute amount of GSH that
is produced per unit of time.

In addition, we quantified oxidative stress by determining concentrations of the advanced
oxidized protein products (AOPP), first described as a marker for protein oxidation in uremic
patients'. Hypoxic preterm infants showed higher plasma concentrations of AOPP than
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normoxic preterm infants and concentrations correlated with plasma levels of hypoxanthine,
which is considered a reliable marker of oxidative stress®.

SUBJECTS AND METHODS

This study was designed as a prospective observational clinical trial in which infants were ran-
domized to be studied either on postnatal day 1 (early group) or 2 (late group). Since this study
was performed on subsequent days, different infants were used for the tracer infusion study
either early or late after birth, because of the required washout time of [1-*C]glycine.

The study was performed at the neonatal intensive care unit of the Erasmus MC - Sophia
Children’s Hospital, Rotterdam, the Netherlands. The study was investigator initiated with no
funding from industry. The Erasmus MC Medical Ethical Review Board approved the protocol

and informed written parental consent was obtained prior to the study.

Subjects

Preterm infants with a birth weight <1500 g, who had an indwelling arterial catheter for blood
sampling and who were completely dependent on parenteral nutrition for the first 2 days of
life, were eligible for this study. Exclusion criteria included receiving erythrocyte transfusions
during or prior to the study, known congenital abnormalities, chromosome defects, and meta-
bolic, endocrine, renal, or hepatic disorders.

Patients received glucose and 2.4 g of AA/(kg-d) (Primene 10%, Baxter, Clintec Benelux N.V.,
Brussels, Belgium) intravenously, starting within 2 hours after birth. AAs and glucose solutions
were infused constantly without interruptions during the study. The AA solutions did not
contain riboflavins, which are known to generate H,0, when exposed to light™. Lipids were not
administered until the end of the study period.

Birth weight, gestational age, birth weight Z-scores, antenatal corticosteroid usage, and
severity of illness at entry of the study by means of Apgar and CRIB scores (clinical risk index
for babies)"” were recorded for all infants. Furthermore, blood gases, plasma AA concentrations,
dependence on supplemental oxygen (expressed as the median (min-max) FiO, from birth
until the end of the study), caloric intake and AA intake were recorded.

Tracer infusion protocol

Patients received a primed (40 pmol/kg), continuous (20 pmol/(kg-h)) infusion of [1-*Clglycine
during 6 hours either on day 1 (early) or on day 2 (late) . [1-*C]Glycine (99% enriched, sterility
and pyrogenicity tested) was purchased from Cambridge Isotope Laboratories (Andover, MA,
USA) and was diluted with a 0.9% saline solution by the hospital’s pharmacy after which it was
again tested for sterility and pyrogenicity. Tracers were infused with a Perfusor fm infusion pump
(B|Braun Medical B.V., Oss, the Netherlands) along the same infusion route as the parenterally
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administered nutrients. Blood was sampled from an indwelling arterial catheter after 4, 5, and 6
hours and collected in microtainers containing EDTA to quantify FSR, in erythrocytes. Blood
samples were immediately put on melting ice, after which they were centrifuged at 3500 x g
for 10 min at 4°C. The plasma fraction was removed and stored separately for measurement of
oxidative stress markers. The lower layer, containing primarily erythrocytes, was reconstituted
to its original volume with ice-cold distilled water. The plasma fraction and cell fraction were
subsequently stored at -80°C until further analysis.

Glutathione enrichments and concentration

Enrichments of GSH and its precursor glycine as well as GSH concentrations were determined
to calculate fractional and absolute synthesis rates. For this purpose, a recently described
technique, based on a LC-Isolink interface (Thermo Electron, Bremen, Germany) coupled to a
Delta XP isotope ratio mass spectrometer (Thermo Electron, Bremen, Germany) (LC-IRMS) was
used'. This highly sensitive method requires only a very small sample volume, and does not
require derivatization.

The concentration of GSH in human blood erythrocytes was measured by LC-IRMS using an
internal standard method as described previously'™.

Calculations

The FSR.,, represents the fraction of the total intraerythrocytic GSH pool that is renewed per
unit of time, and is expressed as %/d.

slope E , 13
0-°CiGsH, o

6 X 24h x 100%

Einlraerythrocysticﬁ R 3c]glycine

FSR ey (%/d)=

where E stands for enrichment expressed as mole percent excess (MPE). The nominator
(product) of this equation represents the hourly increase in [1-Clglycine bound GSH as cal-
culated from the increase in enrichment between 4 and 6 hours of infusion. The denominator
(precursor) represents the intraerythrocytic 1-C enrichment of free glycine at isotopic steady
state. A steady-state plateau was defined as an insignificant change in time in intraerythrocytic
enrichment.

Subsequently, the intravascular ASR ., which represents the absolute amount of GSH that
is produced per unit of time (mg/(kg-d)), can be calculated using the following equation:

ASR ¢, (mg/(kged) = FSR,,/(100 X conc. x 307 x ht x 0.075)
where conc. is GSH concentration in mmol/L packed erythrocytes, 307 is the molecular weight

of GSH, ht is hematocrit, and 0.075 is the estimated circulating volume in a preterm neonate,
expressed as L/kg.
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Amino Acid concentrations

Plasma concentrations of direct GSH precursors glutamate, glycine, and cysteine (measured
as cystine), and indirect precursors glutamine, methionine and serine, were determined with
a Biochrom 30 amino acid analyzer, using ninhydrin detection (Biochrom Ltd, Cambridge,
England).

Plasma markers of oxidative stress

We measured AOPP in plasma by the spectrophotometric assay described by Witko-Sarsat et
al™. The AOPP were calibrated with chloramine-T solutions that absorb at 340 nm in the pres-
ence of potassium iodide. Because the absorbance of chloramine-T at 340 nmis linear up to 100

pmol/L, AOPP concentrations were expressed as umol/L chloramine-T equivalents.

Statistics

Statistical analyses were performed using SPSS v14.0 (SPSS Inc, Chicago, IL, USA) and Graph
Prism v4 (GraphPad Software Inc, California, USA). Data are expressed as means + SD or as
medians (min — max). Primary outcome of this study was the glutathione fractional synthesis
rate. Power calculation shows that, in order to detect a difference in FSR,, of 10%/d and a SD
of 6% (based on our earlier study™) with an a of 0.05 and a power of 0.80, group size needed
to be eight. We included 8 and 10 infants in each group. Differences between groups were
determined using independent t-tests or Mann-Whitney tests in case of normal or skewed
distribution of the population respectively. For differences in frequency of mode of delivery,
Chi-Square test was used. A p value of <0.05 was considered as statistically significant.

RESULTS

The stable isotope infusion was started either on day 1 (7 £ 4.8 hours after birth, early group) or
day 2 (31 £ 5.9 hours after birth, late group). Clinical characteristics are displayed in Table 1.The
maximum inspired oxygen fraction was significantly higher in the group of infants measured
on day 2. Nutritional intakes before and during the study are shown in Table 2.
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Table 1: Clinical characteristics.

Early group Late group

N (male : female) 8 (7:1) 10 (8:2)
Gestational age (weeks) 28% + 4% 27% £ 2%
Birth weight (g) 1023 + 180 961 + 288
Birth weight Z-score -0.8+1.1 -1.0+1.6
Mode of delivery (vaginal : cesarean section) 0:8 5:5%
Apgar score 9(8-10) 9 (4-9)
CRIB score$ 2(1-4) 4(1-10)
Cord blood pH 7.28 £0.07 727 £0.17
Cord blood BE (mmol/L) -5.1(-6.6--1) -2.5(-22-1.6)
FiO, minimum (%) on day 1 21(21-25) 21(21-21)

maximum (%) on day 1 30 (21-45) 55 (29-100) *
Fio, minimum (%) onday 1+ 2 21(21-21) 21(21-21)

maximum (%) onday 1+2 31(21-80) 58 (29-100) *

Values represent either mean + SD or median (min-max). Mode of delivery and maximum FiO, were
significantly different between groups. Other characteristics were not different between groups

*p < 0.05. 5The CRIB score (Clinical Risk Index for Babies) indicates the degree of illness”. The score has a
maximum of 23 points and is positively correlated with the severity of illness.

Table 2: Nutritional intakes on each study day. As anticipated, infants received increased caloric intake on
day 2 (late group) compared to day 1 (early group).

Early group Late group
Nonprotein energy intake (kcal/(kg-d)) 30+4 40+12*
Amino acid intake (g/(kg-d)) 23+0.5 24+0.1

Values are expressed as mean + SD (Student’s T-test). * p < 0.05.

Concentrations of plasma precursor AAs

Table 3 shows the plasma concentrations of all AAs involved in GSH synthesis with reference
values obtained from healthy term breast-fed infants'. Cystine concentration in the late group
was significantly lower than in the early group and was below the reference value®. Concentra-
tions of glutamate, glutamine, methionine and serine were not different between the groups,

but glutamate concentrations were below reference values in both groups.

GSH concentrations and synthesis rates

Free intraerythrocytic [1-°Clglycine enrichments reached a plateau after 4 hours of infusion.
Enrichments did not differ between the groups (mean 3.9 + 0.9 and 3.4 + 0.5 MPE in the early
and late group, respectively, p = 0.18).
GSH kinetic data are shown in Figure 1. The concentration of erythrocyte GSH was signifi-
cantly higher in the late group. However, FSR_,, was not different between groups. Also, the
SR did not differ significantly between the groups (p=0.054).
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Table 3: Plasma AA concentrations in umol/L.

Term Preterm Preterm
healthy infants$ Early group Late group
(n=8) (n=9)
Methionine 21-50 46 +£17 51+£19
Cystine 33-55 5111 31+11*
Glutamate 76-551 66 + 27 77 £ 46
Glutamine 147 - 623 657 +270 636+ 114
Glycine 66 -432 386 + 166 344 + 54
Serine 79-227 214+ 94 194 +53

Values are expressed as mean + SD (Student’s T-test). AA concentrations for one patient of the day 2
group could not be determined because of shortage of plasma. SReference levels of plasma amino acid
concentrations in healthy term breast-fed infants'®. * p < 0.002.
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Figure 1: Glutathione concentration and synthesis rates.

Glutathione concentration, fractional synthesis rate (FSR) and absolute synthesis rates (ASR) in
erythrocytes early (n=8) and late group (n=10) expressed as box-plots. Glutathione concentrations were
significantly higher in the late group compared to the early group (p<0.05, Student’s T-test). There were
no significant differences in FSR and ASR between groups (Student’s T-test).

Plasma levels of AOPP

Plasma AOPP levels are shown in Figure 2. No differences were found between groups for
plasma concentration of AOPP. The mean plasma concentration of AOPP of both groups was
217 + 108 umol/L, which is in agreement with earlier studies on AOPP levels in preterm infants

and indicates the presence of oxidative stress as compared to term infants™® 2 ',
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Figure 2: Plasma concentrations of advanced AOPP.

Plasma concentrations of advanced AOPP (expressed as umol/L chloramine-T equivalents) in preterm
infants early (n=8) and late (n=10) after birth. Data are expressed as box-plots. There were no statistically
significant differences in AOPP concentrations between groups (Student’s T-test).

DISCUSSION

In preterm infants, there is a rapid decline of GSH immediately after birth, possibly as a result
of higher oxidative stress after birth. Recently, we demonstrated that early AA administration
directly after birth leads to an increased GSH concentration on postnatal day 2®. In this study,
preterm infants receiving AAs from birth onwards showed an age-related rise in GSH concentra-
tion without a concomitant rise in GSH synthesis rate, despite a higher inspired oxygen fraction
in the late group.

The ASRg,
of 2.5 mg/(kg-d), but this was not significantly different. Power calculation based on ASR_,,

tended to be higher in the infants studied on day 2 (p=0.054) with a difference

showed that at least 4 infants in each group should have been included to reach a physiologic
difference of 4.5 mg/(kg-d). In this study, 8 and 10 infants were included and therefore, this
study has enough power. When speculating on a potential difference in ASR with an equal FSR,
the observed difference in ASR would probably be almost exclusively attributed to the differ-
ence in concentration.

Since no differences were found in GSH synthesis rates, it would seem that the increased
GSH concentration accompanying early AA administration is not caused by increased synthesis,
suggesting that GSH consumption decreases upon AA administration.

Intracellular GSH concentration is determined by de novo synthesis, recycling of GSSG (oxi-
dized, dimeric form of GSH) back to GSH, transport to the extracellular space, and utilization by
peroxides, transferases, transhydrogenases, and transpeptidases®. The method for measuring
GSH concentration in the present study does not discriminate between reduced and oxidized
GSH. Therefore, the increased total GSH concentration in the late group cannot be explained
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by different recycling rates between the groups. Moreover, recycling of oxidized GSSG back to
GSH seems to be enhanced rather than decreased in preterm infants 2 *. Consequently, the
increased GSH concentration is likely to be caused by decreased consumption of GSH after
early AA administration in preterm infants.

There are several possible explanations for this decreased GSH consumption upon AA
administration. First, AAs can serve as antioxidants themselves. A study in healthy elderly
people, demonstrated reduced oxidative stress after the administration of essential AAs,
including methionine and cysteine (both sulfur AAs)®. Itis possible that the latter two AAs were
responsible for the antioxidant effect. Previous studies indeed showed that methionine residues
may protect proteins from critical oxidative damage®, and that oral supplements with whey
proteins, which contain high amounts of sulfur AAs, increase plasma GSH levels in patients with
HIV¥. The mechanism behind this increase in plasma GSH remains to be elucidated, as kinetic
studies were not performed. Another possible explanation is that increased availability of AAs,
as shown by increased plasma concentrations®, up-regulates synthesis of other antioxidants.
Van den Akker et al showed that AA administration to preterm infants results in increased
albumin synthesis®® and albumin also exerts antioxidant properties®. Increased levels of other
antioxidants might decrease the consumption of GSH, resulting in its increased concentrations
and availability.

Besides antioxidant properties, GSH also functions as a cysteine reservoir. Consequently,
GSH is broken down in response to shortage of cysteine and compromised protein synthesis.
This follows from the observation that GSH levels become depleted if intakes of sulfur amino
acids are minimal but sufficient to maintain protein synthesis at adequate levels® *' It is
therefore possible that increased availability of cysteine reduces breakdown of GSH to gener-
ate free cysteine. Besides increased GSH concentration, plasma cysteine concentrations were
also increased in infants receiving AAs from birth onwards®, suggesting decreased necessity
for GSH breakdown to release cysteine. In the present study, however, plasma cysteine (mea-
sured as cystine) concentrations dropped in the first day after birth resulting in lower plasma
cysteine concentrations in the late group, whereas erythrocytic glutathione concentrations
had increased. Although plasma and erythrocytes represent two compartments, this decrease
suggests that serving as a substrate for GSH synthesis is the metabolic fate of cysteine, most
likely due to increased requirements imposed by extra uterine life. It is recently demonstrated,
however, that a further increase in cysteine intake did not result in an increased GSH synthesis®.
Alternatively, cysteine might be used for synthesis of important proteins such as albumin.

AOPP concentrations typically increase significantly in the first week in preterm infants,
both in hypoxic and non-hypoxic infants®. In the present study, however, plasma AOPP
concentrations were not yet increased in the late group, even though the maximum inspired
oxygen fraction was significantly higher in this group. It might well be that antioxidant defense
mechanismes, like the increased availability of GSH on day 2, avert some of the oxidative stress
in preterm infants after birth.
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There are some limitations in this study. First, it would have been useful to quantify oxidative
stress in a broader perspective, going beyond protein oxidation only. For example, determining
isoprostanes as a marker for lipid peroxidation®. Furthermore, the ratio between erythrocytic
reduced and oxidized GSH is also suggested to be an excellent marker for oxidative stress and
is already used to this aim in infants®*. Regrettably, we could not obtain enough plasma for
determining these markers, as a consequence of limited possibilities of blood withdrawal in
these preterm infants. Second, the proportion of cesarean sections in the early group was
significantly higher than that in the late group. It is argued that the mode of delivery might
influence the degree of oxidative stress in the neonate, but literature on this topic is contradic-
tory. Some authors report increased, while others report diminished oxidative stress®,

At first glance, it can be said that the ranges of the FSR appear wide. The ranges are not
caused by outliers, but are caused by variation of glutathione FSR within the population.
Although the range of fractional synthesis rates is between 30-70%/day, the standard deviation
is low in both groups as compared to similar studies conducted by others®* *°

In this study, we demonstrate an increase of GSH concentration in the first days after birth
in preterm infants receiving AAs, without a concomitant rise in GSH synthesis. Normally, gluta-
thione is rapidly depleted after birth in preterm infants, possibly as a consequence of increased
oxidative stress postnatally. Whether AA could serve as antioxidants themselves, promote syn-
thesis of other antioxidants and thereby reducing the need for glutathione as an antioxidant
or whether the increased plasma cysteine concentrations' decrease GSH breakdown to release

free cysteine remains to be clarified.
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ABSTRACT

Introduction

Preterm infants are subjected to increased oxidative stress, which is associated with broncho-
pulmonary dysplasia, retinopathy of prematurity and periventricular leukomalacia. Previously,
we demonstrated that early amino acid (AA) administration in preterm infants increased glu-
tathione (GSH) concentration, the main non-enzymatic intracellular antioxidant. The objective
of this study was to investigate whether additional AAs and energy would further increase GSH
synthesis and to investigate whether early lipid administration would increase oxidative stress.

Methods

Very low birth weight (VLBW) infants were randomized to receiving 2.4 or 3.6 g/(kg-d) AAs with
or without 2 g/(kg-d) lipids from birth onwards. On day 2, infants received a primed, continuous
infusion of [U-?Clglycine to determine intra-erythrocyte GSH synthesis rates. Oxidative stress

markers were measured in urine. Data are presented as median (interquartile range).

Results

Thirty-one VLBW infants with gestational age 27 (25%7-28%) weeks and birth weight 820 (670-
1000) g were included. Total GSH concentration, GSH synthesis and oxidative stress markers did
not change upon increasing the AA intake to 3.6 g/(kg-d) or increasing the energy intake by 2
g/(kg-d) lipid administration from birth onwards. Total median values were: GSH concentration
1.8 (1.4-2.0) mmol/L; fractional synthesis rate 41 (37-49) %/d; and absolute synthesis rate 6.5
(5.3-8.5) mg/(kg-d).

Conclusions

Increasing AA intake to 3.6 g/(kg-d) with a concomitant increase in energy intake from birth
onwards in VLBW infants did not increase GSH synthesis. Lipid infusion directly following birth
did not increase oxidative stress.



High amino acids and early lipids

INTRODUCTION

Preterm infants are highly susceptible to oxidative stress. Due to an immature antioxidant
defense system' ?, preterm infants are unable to counteract the increased production of reac-
tive oxygen species associated with, amongst others, supplemental oxygen administration
and infections® . This results in increased oxidative stress which is thought to play a role in
the pathogenesis of bronchopulmonary dysplasia, necrotizing enterocolitis, retinopathy of
prematurity and periventricular leukomalacia®.

Early nutritional intake is known to have a positive effect in preterm infants, e.g. improved
nitrogen balance, synthesis of specific proteins and growth, and is associated with improved
neurodevelopmental outcome®’. Previously, we demonstrated that immediate administration
of amino acids (AA) following birth increased the concentration of glutathione (GSH), the main
intracellular non-enzymatic antioxidant, without a concomitant increase of GSH synthesis® °.
This increased GSH availability was not associated with a decrease of oxidative stress markers,
suggesting that antioxidant defenses are still suboptimal.

Non-protein energy deficits are common in preterm infants during the first week of life'.
Optimizing early nutrition by increasing the AA intake and early administration of lipids directly
following birth might further improve outcome of preterm infants. However, the immediate
administration of lipids to preterm infants has been withheld frequently by concerns regarding
lipid intolerance and a possible association with bronchopulmonary dysplasia™ ™. Conse-
quently, some physicians are still reluctant to start administration of lipids to preterm infants
during the first days of life®, although recent meta-analyses do not suggest adverse effects' ™.
However, lipids are prone to peroxidation, which has been associated with increased oxida-
tive stress' . In this study, we hypothesized that a higher AA intake and additional energy,
provided via intravenous lipids from birth onwards, results in increased GSH synthesis, without

increasing oxidative stress.

SUBJECTS AND METHODS

This randomized, clinical trial was executed at the Neonatal Intensive Care Unit of the Eras-
mus MC - Sophia Children’s Hospital (Rotterdam, the Netherlands) between 2009 and 2011.
The study protocol was approved by the institutional medical ethical review board. Parental
informed consent was obtained prenatally or within a few hours after birth.

Subjects

Inborn very low birth weight (VLBW; birth weight <15009g) infants with a central venous
and arterial catheter for clinical purposes were eligible for the study. Exclusion criteria were
congenital anomalies, including chromosome defects, and infants with metabolic diseases, or
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endocrine, renal or hepatic disorders. The present study was part of a larger study testing the
hypothesis that anabolism, as measured by nitrogen balance, would significantly improve by
either additional energy alone (+18 kcal/(kg-d)) or by additional energy (+18 kcal/(kg-d)) and
additional AAs (+1.2 g/(kg-d)).

Randomization and masking

Within 6 hours after birth, the attending physician included the infant by opening a sealed
opaque randomization envelope, stratified for birth weight (<1000g and 1000-1499 g) and
sex. Envelopes were prepared by a research-pharmacist, who was not involved in clinical care,
based on a computer-generated block randomization list with variable block sizes, provided by
a statistician. For logistic reasons, randomization to the study group was open after inclusion.
The laboratory analysts were blinded for study group randomization.

Nutritional intervention

Infants were randomized to different nutritional regiments (Figure 1). All infants received
glucose and AAs [Primene 10%, Baxter, Deerfield, IL, USA; 2.4 g/(kg-d)] from birth onwards.
In infants in the control group, lipids [Intralipid 20%, Fresenius Kabi, Bad Homburg, Germany;
starting dose of 2 g/(kg-d)] were started at the end of the second postnatal day. Infants in the
intervention groups received lipids from birth onwards and were randomized to Intralipid
20% or SMOFlipid 20% [Fresenius Kabi, Bad Homburg,Germany; starting dose of 2 g/(kg-d),
following days 3 g/(kg-d)]. The type of lipid emulsion had no effect on our primary outcome
(data not shown), so groups were pooled according to their macronutrient intake. Whenever

VLBW infants

Birth weight <1500g
[ |
Control Group AA + lipid High AA + lipid
Glucose Glucose Glucose
AA 2.4 g/(kg-d) AA 2.4 g/(kg-d) AA 3.6 g/(kg-d)
Lipids from day 2 Lipid 2 — 3 g/(kg-d) Lipid 2 — 3 g/(kg-d)

Figure 1: Schematic representation of the nutritional regiments of study groups.
VLBW = very low birth weight, AA = amino acids (Primene 10%, Baxter, Deerfield, IL, USA), lipids (Intralipid
20% or SMOFlipid 20%, Fresenius Kabi, Germany).
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possible, minimal enteral feeding was initiated with either mother’s milk or preterm formula
on the day of birth and advanced to full enteral nutrition in the following days according to
standard protocol.

Glutathione kinetics

Tracer infusion protocol and blood sampling

[U-Clglycine (99% enriched, Cambridge Isotope Laboratories, Andover, MA, USA; GMP, sterility
and pyrogenicity tested) was dissolved in 0.9% saline by the hospital pharmacist according to
GMP guidelines. On the second postnatal day, a primed (20 umol/kg) continuous (20 pmol/
(kg-h)) infusion of [U-*Clglycine was administered intravenously during 8 hours using a Perfu-
sor fm infusion pump (B Braun Medical B.V., Oss, the Netherlands). Blood was sampled from an
indwelling arterial catheter after 6, 7 and 8 hours and collected in EDTA containing microtain-
ers. The blood samples were immediately put on melting ice and centrifuged at 3500 x g for 10
min. The plasma fraction was removed, and the lower layer (containing primarily erythrocytes)
was reconstituted to its original volume with ice-cold distilled water and stored at -80°C until
further analysis. To calculate the fractional synthesis rates (FSR) and absolute synthesis rates
(ASR), concentrations and enrichments of GSH and its precursor glycine were determined in the
erythrocytes by means of mass spectrometry techniques.

Mass spectrometric analysis of glutathione enrichment and concentration

Analysis of GSH was performed on a LC-Isolink interface coupled to a Delta XP isotope ratio
mass spectrometer (LC/IRMS) (Thermo Fisher, Bremen, Germany) using a previously described
method™. This highly sensitive method requires only a very small sample, and does not require

derivatization of the sample.

Mass spectrometric analysis of glycine enrichment

The erythrocyte enrichment of [U-"Clglycine was measured by gas chromatography-mass
spectrometry (GCMS) as their ethyl chloroformate (ECF) ester derivatives, using a MSD 5975C
Agilent GCMS (Agilent Technologies, Amstelveen, the Netherlands). Briefly, 25 pL aliquots of the
remaining supernatant used for the GSH analysis were taken, acidified by adding 50 pL of 0.1 M
HCl and diluted with 125 pL of distilled water. ECF derivatization of the samples was performed
according to a modified procedure of Husek™. A VF-17ms column (30 m x 0.25 mm id, 0.12 pm
film thickness; Varian, Middelburg, the Netherlands) was used for the separation. The samples
were measured using a selected ion monitoring (SIM) method in electron impact mode. The
mass fragments with a mass to charge (m/z) of 102.1 for unenriched (M) and a m/z 103.1 for
the enriched (M + 1) glycine respectively, were selected for this purpose. Due to fragmenta-
tion there is a loss of the primary *C of glycine. Therefore we used the m/z 103.1 fragment as
a measure for the enrichment of glycine. Each sample was analyzed in triplicate by GC/MS.
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Enrichments were calculated from the mean of the triplicate analyses using a calibration graph
and expressed as mole percent excess (MPE).

Calculations

The FSR,,
unit of time and is expressed as %/d.

represents the fraction of the total intraerythrocytic GSH pool that is renewed per

slope E 13
(U-"CIGSH ,

FSRygy, (%/d)= x 24h x 100%

Eintraerythrocystic[U-1 3c]g|ycine

where E stands for the enrichment expressed as MPE. The nominator (product) of this equation
represents the hourly increase in [U-®Clglycine bound GSH, as calculated from the increase
in enrichment between 6 and 8 hours of infusion. The denominator (precursor) represents
the intraerythrocytic [U-C] enrichment of free glycine at isotopic steady state. A steady-state
plateau was defined as an insignificant change in intraerythrocytic enrichment over time.
Subsequently, the intravascular ASR,,, which represents the absolute amount of GSH that is
produced per unit of time (mg/(kgxd)), can be calculated using the following equation:

ASR, (mg/(kged)) = FSR_,,/(100 x conc. x 307 X ht x 0.075),

where conc. is GSH concentration in mmol/L packed erythrocytes, 307 is the molecular weight
of GSH, ht is hematocrit and 0.075 is the estimated circulating volume in a preterm neonate,
expressed as L/kg.

Urinary oxidative stress markers

On postnatal day 2, 4 and 6, urine samples were collected. After centrifugation at 2800 x g for
5 minutes, the samples were stored at -20°C until analysis. Urine samples were shipped on dry
ice to the University & Polytechnic Hospital La Fe (Valencia, Spain), where the urinary oxidative
stress markers were determined.

Urinary 8-hydroxy-2'-deoxyguanosine/2-deoxyguanosine ratio (80hdG/2dG; marker of
oxidative damage to DNA), Ortho-tyrosine/phenylalanine ratio (O-Tyr/Phe; marker of oxidative
damage to protein), 3-Nitro-tyrosine (3-N-Tyr; marker of nitrosative damage to protein) and
3-Chloro-tyrosine (3-CI-Tyr; marker of inflammation caused by free radicals) were determined
by ultra performance liquid chromatography coupled to tandem mass spectrometry (UPLC-
MS/MS), modified for 3-N-Tyr and 3-Cl-Tyr based on the method previously described by Orhan
et al.?® *'. UPLC-MS/MS was carried out at the Central Service for the Support to Experimental
Research (SCSIE) of the University of Valencia, using an Acquity UPLC TQDetector (Waters, Man-
chester, UK). Analytical separation was performed using a core shell C18 Acquity UPLC® BEH
column (2.1x 50mm, 1.7 um, Waters). Transitions (m/z) and retention times for each considered
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analyte were the following, Phe (166.1>120.1; 1.7 min), O-Tyr (182.05>136.1; 1.38 min), 3-N-Tyr
(227.1>181.2; 1.96 min), 3-Cl-Tyr (216.1>170.1; 1.60 min), 80hdG (284.1>168.1; 0.91 min) and
2dG (268.1>152.1; 0.92 min).

For urinary isoprostanes, isofurans, neuroprostanes and neurofurans determinations,
samples were subjected to a solid phase extraction procedure for clean-up providing a pre-
concentration factor of 10. If the sample volume was too low for the direct application of the
procedure, samples were diluted in H,O prior to the extraction procedure. Chromatographic
separations were carried out using a Kinetex C18 column (2.1x100, 1.7 uM, Phenomenex, USA)
running alinear CH;OH:H,0 gradient from 30% to 90% CH,OH in 4 min at a flow of 0.4 ml min-1
and using an injection volume of 5 pL. Chromatograms for total isoprostanes, isofurans, neu-
roprostanes and neurofurans were recorded as described previously®’. Results were expressed
as ‘total response’ because, due to the lack of commercially available standards, only relative

response values were available.

Statistical analysis

Statistical analysis was performed using SPSS PASW 17 (SPSS Inc, Chicago, IL, USA). Unless
otherwise stated, data are expressed as medians (interquartile range). The primary outcome
of this study was the FSR,. Power calculation showed that, in order to detect a difference in
FSR¢y, of 10%/d and a SD of 6% (based on our earlier study®) with an a of 0.05 and a power of
0.80, group size needed to be 7 in each group, so 21 for the whole study. For continuous data,
differences between groups were determined using Kruskal-Wallis test and for categorical data,
differences were determined using the Chi-Square test. A p value of <0.05 was considered as
statistically significant.

RESULTS

Thirty-one VLBW infants were analyzed in this study (Figure 2). Due to the study design,
parental informed consent had to be obtained prior to or within 6 hours of birth, which was
not possible in 55 infants. After randomization to the three study groups, not all infants were
eligible for further analysis. The main reasons were reduction of nutrition according to clinical
protocol (i.e. plasma urea concentration = 10 mmol/L or triglyceride concentration = 3 mmol/L)
before the start of the isotope study and clinical contra-indications for the isotope study (e.g.,
fluid restriction or restriction of blood withdrawals).
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208 eligible infants

119 not randomized:
55 missed opportunities

53 refusal
11 other

30 assigned to
control group

7 included in analysis

23 notincluded:
10 adjusted nutrient intake

30 assigned to
AA + lipid

29 assigned to
High AA + lipid

11included in analysis

19 not included:

11 adjusted nutrient intake

13 included in analysis

16 not included:

7 adjusted nutrient intake

3 deceased 2 deceased 1 deceased
8 clinical contra-indication 4 clinical contra-indication 8 clinical contra-indication
2 other 2 other 0 other
Figure 2: Trial profile.
Table 1: Clinical characteristics.
Control AA + lipid High AA + lipid
N (male:female) 7 (6:1) 11 (6:5) 13 (8:5)

Gestational age (weeks)
Birth weight (g)

Birth weight Z-score
Cord blood pH

Apgar score at 5 min
CRIB score’

Mortality (n)

29%7 (27%7 - 29%)
980 (670 - 1135)
-2.0(-2.8--0.1)
7.21(7.12-7.24)
8(4-9)
4(1-8)
0

26% (25 - 27%)
800 (630 - 1000)
-1.0(-2.5--0.2)
7.30(7.21-7.36)
8(6-9)
4(2-8)
2

2697 (25%7 - 28)
760 (663 - 970)
-1.7 (-2.5--0.8)
7.30(7.21-7.33)
8(6-9)
4(1-9)
2

Data are presented as median (interquartile range). SThe CRIB score (Clinical Risk Index for Babies)
indicates the degree of illness?. The score has a maximum of 23 points and is positively correlated with

the severity of illness.
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Patient characteristics are shown in Table 1. Gestational age was not correlated with GSH kinet-

ics (data not shown). Nutritional intake and oxygen administration on the study day (postnatal

day 2) are displayed in Table 2. According to the study design, nutritional intakes were different

between groups.

Plasma concentrations of AAs involved in GSH synthesis were not different between groups

(Table 3). However, median cystine levels were below the reference values* in all groups, espe-
cially in the group receiving 2.4 g/(kg-d) AAs and 2 g/(kg-d) of lipids. Also, median methionine

level was below reference values in that group.

Table 2: Parenteral intake and oxygen administration on postnatal day 2.

Control AA + lipid High AA + lipid
Amino acid intake in g/(kgxd) 24(23-24) 23(23-24) 3.6 (3.5-3.7) #*
Non-protein intake in kcal/(kgxd) 35(25-43) 54 (50 - 60) # 53(47-57)*
Total energy intake in kcal/(kgxd) 44 (35-52) 63 (60-70)* 68 (62-71)*
FiO, (%) Minimum 21(21-21) 21(21-24) 21(21-28)
Maximum 33(21-40) 34 (30-50) 35(21-48)
Median 21(21-21) 24 (21-29) 23(21-32)

Data are presented as median (interquartile range). * p < 0.01 compared with Control, * p < 0.01 compared

with AA + lipid. FiO, = fraction of inspired oxygen.

Table 3: Plasma concentrations of amino acids involved in GSH synthesis (umol/L).

Te’i:‘f::j‘s';"y Control AA +lipid High AA + lipid
Methionine 21-52 21(17-42) 15(11-25) 35(22-42)
Cystine 33-55 32(26-33) 20(15-37) 32(26-42)
Glutamate 76-551 24(19-35) 28(17-42) 73 (28-96)
Glutamine 147-623 511 (356 - 888) 408 (322 - 481) 442 (421-751)
Glycine 66 - 432 228 (206 - 341) 249 (189 - 297) 278 (245 - 415)
Serine 79-227 143 (99 - 234) 138 (130 - 197) 225 (183 - 268)

Values are expressed as median (interquartile range).SReference concentrations of plasma amino acid

concentrations in healthy term breast-fed infants*.
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GSH kinetics and oxidative stress markers

GSH kinetic data are presented in Figure 3. The concentration of total erythrocyte GSH, the
FSRssy and the ASR_,, were not different between groups. Cystine concentrations were not
correlated with GSH kinetics (data not shown). Figure 4 depicts the urinary oxidative stress
markers. Total isofurans and neurofurans were significantly increased on postnatal day 2 in the
groups receiving lipids from birth onwards (p=0.002 and p=0.01 respectively). On postnatal
day 4 and 6, total isofurans and neurofurans were similar between groups. The other urinary
markers of oxidative damage were not different between the groups.
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Figure 3: GSH synthesis rates and concentration on postnatal day 2.
Data are shown as box-plots. Glutathione concentration, fractional synthesis rate (FSR) and absolute
synthesis rate (ASR) were similar in the groups.
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Figure 4: Urinary oxidative stress markers on postnatal day 2, 4 and 6.

Data are shown as box-plots. 80hdG/2dG = 8-hydroxy-2'-deoxyguanosine/2-deoxyguanosine ratio, O-Tyr/
Phe = Ortho-tyrosine/phenylalanine ratio, 3-N-Tyr = 3-

Nitro-tyrosine, 3-CI-Tyr = 3-Chloro-tyrosine. Total

isoprostanes, isofurans, neuroprostanes and neurofurans are expressed as ‘total response’. * p < 0.05
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DISCUSSION

Increased AA and early lipid administration did not result in increased glutathione synthesis
in very low birth weight infants. Although total isofurans and neurofurans were increased on
postnatal day 2 upon early lipid administration, these differences disappeared in the consecu-
tive days when all groups received lipids. Also, other oxidative stress markers were not different
between groups. Therefore, it seems that lipid administration from birth onwards does not
increase oxidative stress compared to initiation of lipids later.

Previously, we demonstrated that early AA administration of 2.4 g/(kg-d) directly from birth
onwards resulted in increased GSH availability, without concomitant increase in GSH synthesis
or decreased oxidative stress markers® °. To further enhance GSH availability, we hypothesized
that additional AA would increase GSH synthesis and thus decrease oxidative stress in preterm
infants. However, increasing AA administration to 3.6 g/(kg-d) did not further increase GSH
concentration or synthesis rate compared to starting at 2.4 g/(kg-d) in VLBW infants. Protein
synthesis is an energy demanding process and a positive energy balance is thus important for
protein synthesis. Since lipids become the main source of energy within hours after administra-
tion’, early lipid administration may result in protein sparing. However, lipid administration
from birth onwards did not result in increased GSH synthesis or concentration. On the other
hand, early lipid administration did not result in increased oxidative stress suggesting that
lipids can be administrated without increased oxidative stress.

The lack of increased GSH synthesis upon increased AA or energy intake might suggest that
there is no need for upregulation of GSH synthesis in preterm infants. A higher recycling of
GSSG (dimeric oxidized form of GSH) into GSH in erythrocytes was observed in preterm infants
compared with adults®. The more efficient recycling could decrease the need for de novo GSH
synthesis, since there is relatively more effective GSH. For measurement of the GSH kinetics, all
of the GSH was transformed to GSSG and we did not differentiate between GSH and its dimeric
form in this study. The GSH/GSSG ratio would have provided additional information and could
give us an indication of the oxidative stress in these infants*. Unfortunately, we were not able
to measure GSH and GSSG separately.

Another explanation for the lack of differences between the groups could be a maximum
synthetic capacity for GSH synthesis in preterm infants, either via an immature enzymatic
apparatus or lack of substrate. Glutamate-cysteine ligase - the rate-limiting enzyme in GSH
synthesis - seems to be present and active in preterm infants”. However, literature about
cystathionase is conflicting®®®'. Cystathionase converts homocysteine to L-cysteine, which is
a precursor for GSH. It has been suggested that cystathionase is not fully matured in preterm
infants, making cysteine a conditionally essential AA in preterm infants. However, previously
it has been shown that increased cysteine administration does not result in increased GSH
synthesis®. Also in the present study, cysteine concentrations were not correlated with GSH

synthesis. Furthermore, cysteine synthesis from methionine and serine is certainly possible in
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preterm infants®>*. Taken together, lack of cysteine, either by cystathionase deficiency or, even
less likely, insufficient substrate, does not seem to be the main determinant of GSH synthesis in
preterm infants. Moreover, median FSR in this study was 41%/d but with a range of 27 - 98%/d,
suggesting that GSH synthesis is not hampered in preterm infants by a maximum synthetic
capacity. Interestingly, median plasma cysteine and methionine concentrations were clearly
below reference range in the group receiving 2.4 g/(kg-d) AAs and 2 g/(kg-d) of lipids, whereas
mean cysteine values in the other groups were just below reference range®*. Although no cor-
relation was found between cysteine levels and GSH kinetics, again this finding shows that the
optimal AA mixture for preterm infants has not been found.

A possible limitation of this study might be a selection bias of infants. Due to clinical contra-
indications for the isotope study (e.g., fluid restriction or restriction of blood withdrawals), not
all randomized infants could be studied. It could be speculated that the excluded infants are
the most sick infants, creating a selection bias. However, this decision was made by the attend-
ing physician who was not involved in this study and this selection occurred equally in all study
groups. Therefore, we assume that it is not of influence on our results.

In conclusion, administration of high amounts of AA and/or additional energy (via intrave-
nous lipids) from birth onwards does not increase GSH concentration or synthesis. In addition,
administration of lipids from birth onwards does not result in increased oxidative stress as
reflected by GSH concentration and urinary oxidative stress markers. Although early initiation
of lipids did not results in differences in short-term clinical outcome (Vlaardingerbroek et al.,
submitted), long-term follow-up will determine whether the transient increase of isofurans and
neurofurans upon early initiation of lipids is indeed clinically irrelevant.
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ABSTRACT

Introduction

Parenteral lipids are an integral part of nutrition of preterm infants, but have been associated
with increased oxidative stress. In preterm infants, oxidative stress is associated with major
neonatal morbidities such as bronchopulmonary dysplasia and periventricular leukomalacia.
Traditional lipid emulsions are mainly manufactured from soybean oil and are rich in w-6 poly-
unsaturated fatty acids (PUFAs), which are highly susceptible for lipid peroxidation resulting in
increased oxidative stress. The objective of this study was to compare the effect of administra-
tion of a multicomponent lipid emulsion containing soybean oil, medium-chain triglycerides,
olive oil and fish oil versus a traditional pure soybean oil emulsion on oxidative stress markers
and glutathione (GSH) kinetics in very low birth weight (VLBW) infants in a double-blind ran-
domized controlled trial.

Methods

VLBW infants (birth weight < 1500 g) were randomized to receiving one of the lipid emulsions
from birth onwards. All infants received glucose and amino acids (2.4-3.6 g/(kg-d)) from birth
onwards. On day 2, infants received a primed, continuous infusion of [U-*Clglycine, a precursor
for glutathione synthesis, to determine intra-erythrocyte glutathione synthesis rates. Oxidative
stress markers were measured in urine. Data are presented as median (interquartile range).

Results

Twenty-four infants with a gestational age of 26¢7 (25%7-28) weeks and birth weight of 783 (649-
980) g were included. GSH concentration (1.8 (1.4-2.0) mmol/L), fractional synthesis rate (41
(38-52) %/d) and absolute synthesis rate (6.6 (5.5-9.3) mg/(kg-d)) were not different between
the two lipid emulsion groups. Total isofurans was reduced upon administration of the mul-
ticomponent lipid emulsion while the other oxidative stress markers, including isoprostanes,
were not different between the lipid emulsions.

Conclusions
The multicomponent lipid emulsion, containing a mixture of soybean oil, medium-chain tri-
glycerides, olive oil, and fish oil does not result in reduced oxidative stress compared to a pure

soybean oil emulsion.
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INTRODUCTION

Preterm infants who received amino acids and energy following birth have shown improved
nitrogen balance, higher synthesis rates of specific proteins and enhanced growth compared
to infants receiving glucose only' 2. Most studies aimed at improving nutritional management
in preterm infants have been focused on amino acids. Lipids are frequently not started directly
following birth or are started in low amounts’, although positive associations between energy
intake and neurodevelopmental development have been described**.

Traditional lipid emulsions are mainly manufactured from soybean oil and are very rich in w-6
polyunsaturated fatty acids (PUFAs), which are highly susceptible to lipid peroxidation result-
ing in increased oxidative stress’®. Due to an immature antioxidant defense system, preterm
infants are unable to counteract increased production of reactive oxygen species (ROS)'*". This
results in increased oxidative stress which is considered to play a role in the pathogenesis of
bronchopulmonary dysplasia, necrotizing enterocolitis, retinopathy of prematurity and peri-
ventricular leukomalacia™.

In newer lipid emulsions, soybean oil is (partially) replaced by other lipid sources, such
as coconut oil (providing medium-chain triglycerides), olive oil and/or fish oil. These newer
lipid emulsions might positively influence oxidative stress by a more balanced w-6 : w-3 fatty
acid ratio. Furthermore, the increased a-tocopherol content in newer lipid emulsions and
the phenolic compounds present in olive oil are strong antioxidants"”. Previously, it has been
shown that a multicomponent lipid emulsion increased the total antioxidant potential (TAP) in
preterm infants compared to a pure soybean oil emulsion'. However, other studies comparing
an olive oil-based lipid emulsion or a multicomponent lipid emulsion with a pure soybean oil
emulsion could not demonstrate such differences in oxidative stress”?°.

Since the results are conflicting, we performed a double-blind, randomized study in very
low birth weight (VLBW; birth weight <1500qg) infants and hypothesized that administration
of a multicomponent lipid emulsion, containing a more balanced w-6 : w-3 fatty acid ratio and
added a-tocopherol, would result in reduced oxidative stress, measured via oxidative stress
markers and glutathione (GSH) kinetics, compared to administration of a traditional pure
soybean oil emulsion.

SUBJECTS AND METHODS

This double-blind, randomized study was performed at the Neonatal Intensive Care Unit of the
Erasmus MC - Sophia Children’s Hospital (Rotterdam, the Netherlands) between 2009 and 2012.
The study protocol was approved by the institutional medical ethical review board.
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Subjects

Inborn VLBW infants with a central venous and arterial catheter inserted for clinical purposes
were eligible for the study. Exclusion criteria were congenital anomalies, including chromo-
some defects, and infants with metabolic diseases, or endocrine, renal or hepatic disorders.
Written informed consent was obtained from all parents prior to the study.

Randomization and masking

Within 6 hours after birth, the attending physician included the infant by opening a sealed
opaque randomization envelope. Envelopes were prepared by a research-pharmacist, who was
notinvolved in clinical care, based on a computer-generated block randomization list with vari-
able block sizes, provided by a statistician. Lipids were supplied individually for each included
infant by the hospitals’ pharmacy in unidentifiable syringes. Randomization to the lipid group

remained blinded throughout the whole study and analyses.

Nutritional intervention

Infants were randomly assigned to either Intralipid 20% (Control group; Fresenius Kabi, Ger-
many) or SMOFlipid 20% (Intervention group; Fresenius Kabi, Germany) from birth onwards
with a starting dose of 2 g/(kg-d) and 3 g/(kg-d) on the following days. Composition of the
two lipids is depicted in Table 1. The infants received glucose and amino acids [Primene 10%,
Baxter; 2.4-3.6 g/(kg-d)] from birth onwards. Whenever possible, minimal enteral feeding was

Table 1: Composition of the lipid emulsions.

Intralipid 20% SMOFlipid 20%
Soybean oil (g/L) 200 60
Medium-chain triglycerides (g/L) - 60
Olive oil (g/L) - 50
Fish oil (g/L) - 30
Egg phospholipids (g/L) 12 12
Major fatty acids (% by wt)
16:0, Palmitic acid 1 9.2
18:0, Stearic acid 4 2.7
18:1w-9, Oleic acid 21 27.8
18:2w-6, Linoleic acid 53 18.7
18:3w-3, a-Linolenic acid 8 24
20:4w-6, Arachidonic acid - 0.5
20:5w-3, Eicosapentaenoic acid - 24
22:6w-3, Docosahexaenoic acid - 2.2
a-Tocopherol (mg/L) ~38 ~200

w-6 : w-3 Fatty acid ratio 7:1 2.5:1




Comparison of different lipid emulsions

initiated on the day of birth and advanced to full enteral nutrition in the succeeding days
according to local protocol.

Glutathione kinetics

Tracer infusion protocol and blood sampling

[U-Clglycine (99% enriched; prepared according good clinical practice (GMP); sterility and
pyrogenicity tested; Cambridge Isotope Laboratories, Andover, MA, USA) was dissolved in a
0.9% saline solution by the hospital pharmacist according to GMP guidelines. On the second
postnatal day, a primed (20 umol/kg) continuous (20 pmol/(kgh)) infusion of [U-?Clglycine
was administered during 8 hours using a Perfusor fm infusion pump (B Braun Medical B.V., Oss,
the Netherlands). Blood was sampled from an indwelling arterial catheter after 6, 7 and 8 hours
and collected in EDTA containing microtainers. The blood samples were immediately put on
melting ice and centrifuged at 3500 x g for 10 min. The plasma fraction was removed, and the
lower layer (containing primarily erythrocytes) was reconstituted to its original volume with
ice-cold distilled water and stored at -80°C until analysis. To calculate the fractional synthesis
rates (FSR) and absolute synthesis rates (ASR), concentrations and enrichments of GSH and its
precursor glycine were determined in the erythrocytes.

Mass spectrometric analysis of glutathione enrichment and concentration

Measurement of GSH concentration and enrichment was performed with a LC-Isolink inter-
face coupled to a Delta XP isotope ratio mass spectrometer (LC-IRMS) (Thermo Fisher, Bremen,
Germany) using a previously described method?'. This highly sensitive method requires only a
very small sample amount, and does not require derivatization of the sample.

Mass spectrometric analysis of glycine enrichment

The erythrocyte enrichment of [U-?Clglycine was measured by gas chromatography-mass
spectrometry (GCMS) as their ethyl chloroformate (ECF) ester derivatives, using a MSD 5975C
Agilent GCMS (Agilent Technologies, Amstelveen, the Netherlands). Briefly, 25 pL aliquots of the
remaining supernatant used for the GSH analysis were taken, acidified by adding 50 pL of 0.1 M
HCl and diluted with 125 pL of distilled water. ECF derivatization of the samples was performed
according to a modified procedure of Husek®. A VF-17ms column (30 m x 0.25 mm id, 0.12 um
film thickness; Varian, Middelburg, the Netherlands) was used for the separation. The samples
were measured using a selected ion monitoring (SIM) method in electron impact mode. The
mass fragments with a mass to charge (m/z) of 102.1 for unenriched and a m/z 103.1 for the
enriched glycine respectively, were selected for this purpose (in this fragment one *C atom
was lost due to fragmentation in the source). Each sample was analyzed in triplicate by GCMS.
Enrichments were calculated from the mean of the triplicate analyses and expressed as mole
percent excess (MPE).
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Calculations
The FSR, represents the fraction of the total intraerythrocytic GSH pool that is renewed per

unit of time, expressed as %/d.

slope E .13
(U-"CIGsH,g .

8 X 24h x 100%

Eintraerythrocystic[UfBC]egcine

FSRgey, (%/d)=

where E stands for the enrichment expressed as MPE. The nominator (product) of this equation
represents the hourly increase in [U-*Clglycine bound GSH, as calculated from the increase
in enrichment between 6 and 8 hours of infusion. The denominator (precursor) represents
the intraerythrocytic [U-C] enrichment of free glycine at isotopic steady state. A steady-state
plateau was defined as an insignificant change in intraerythrocytic enrichment over time.

Subsequently, the intravascular ASR_.,,, which represents the absolute amount of GSH that is

GSH?
produced per unit of time (mg/(kgxd)), can be calculated using the following equation:

ASRy, (mg/(kged)) = FSR,,/(100 X conc. X 307 X ht X 0.075),

where conc. is GSH concentration in mmol/L packed erythrocytes, 307 is the molecular weight
of GSH, ht is hematocrit and 0.075 is the estimated circulating volume in a preterm neonate,
expressed as L/kg.

Urinary oxidative stress markers

On postnatal day 2, 4 and 6, urine samples were collected. After centrifugation at 2800 x g for
5 minutes, the samples were stored at -20°C until analysis. Urine samples were shipped on dry
ice to the University & Polytechnic Hospital La Fe (Valencia, Spain), where the urinary oxidative
stress markers were determined.

Urinary 8-hydroxy-2'-deoxyguanosine/2-deoxyguanosine ratio (80hdG/2dG; marker of
oxidative damage to DNA), Ortho-tyrosine/phenylalanine ratio (O-Tyr/Phe; marker of oxidative
damage to protein), 3-Nitro-tyrosine (3-N-Tyr; marker of nitrosative damage to protein) and
3-Chloro-tyrosine (3-CI-Tyr; marker of inflammation caused by free radicals) were determined
by ultra performance liquid chromatography coupled to tandem mass spectrometry (UPLC-
MS/MS), modified for 3-N-Tyr and 3-Cl-Tyr based on the method previously described by Orhan
et al.” **. UPLC-MS/MS was carried out at the Central Service for the Support to Experimental
Research (SCSIE) of the University of Valencia, using an Acquity UPLC TQ Detector (Waters, Man-
chester, UK). Analytical separation was performed using a core shell C18 Acquity UPLC® BEH
column (2.1x 50mm, 1.7 pm, Waters). Transitions (m/z) and retention times for each considered
analyte were the following, Phe (166.1>120.1; 1.7 min), O-Tyr (182.05>136.1; 1.38 min), 3-N-Tyr
(227.1>181.2; 1.96 min), 3-CI-Tyr (216.1>170.1; 1.60 min), 80hdG (284.1>168.1; 0.91 min) and
2dG (268.1>152.1; 0.92 min).
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For urinary isoprostanes, isofurans (both derived from peroxidation of predominantly ara-
chidonic acid, but also linolenic acid and eicosapentaenoic acid), neuroprostanes and neurofu-
rans (both derived from peroxidation of docosahexaenoic acid) determinations, samples were
subjected to a solid phase extraction procedure for clean-up and providing a pre-concentration
factor of 10. If the sample volume was too low for the direct application of the procedure,
samples were diluted in H,O prior to the extraction procedure. Chromatographic separations
were carried out using a Kinetex C18 column (2.1x100, 1.7 uM, Phenomenex, USA) running a
linear CH,OH:H,0 gradient from 30% to 90% CH,OH in 4 min at a flow of 0.4 ml/min and using
an injection volume of 5 puL. Chromatograms for total isoprostanes, isofurans, neuroprostanes
and neurofurans were recorded as described previously®. Results were expressed as ‘total
response’ because, due to the lack of commercially available standards, only relative response

values were available.

Statistical analysis

Statistical analysis was performed using SPSS PASW 17 (SPSS Inc, Chicago, IL, USA). Unless
otherwise stated, data are expressed as medians (interquartile range). The primary outcome
of this study was the FSR,. Power calculation showed that, in order to detect a difference in
FSR¢y, of 10%/d and a SD of 6% (based on our earlier study®®) with an a of 0.05 and a power of
0.80, group size needed to be 7 in each group. To allow for drop outs due to analytical problems
and to ensure adequate numbers after de-blinding, we included 24 infants in total.

For continuous data, differences between groups were determined using the Mann-Whitney
test and for categorical data, differences were determined using the Chi-Square test. A p value
of <0.05 was considered as statistically significant.

RESULTS

The trial profile is depicted in Figure 1. Due to the study design, parental informed consent
had to be obtained within 6 hours of birth, which was not possible in 55 infants. After random-
ization to the different nutritional regiments, not all infants were eligible for further analysis.
The main reasons were reduction of nutrient administration according to clinical protocol (i.e.
plasma urea concentration = 10 mmol/L or triacylglycerol concentration = 3 mmol/L) during
the isotope study and clinical contra-indications for the isotope study (e.g., fluid restriction,
restriction of blood withdrawals). In total, 24 VLBW infants were analyzed in this study.
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178 eligible infants

119 not randomized
55 missed opportunities
53 refusal

14 included in analysis

11 other
I |
4 2\ 4 2\
30 assigned to 29 assigned to
control group intervention
G J - J

10 included in analysis

16 not included

1 deceased

1 other

8 adjusted nutrient intake

6 clinical contra-indication

/

Figure 1: Trial profile.

Demographic and study characteristics

Patient characteristics are depicted in Table 2. Nutritional intake and oxygen administration on

19 not included

2 deceased

1 other

10 adjusted nutrient intake

6 clinical contra-indication

/

the study day (postnatal day 2) are displayed in Table 3.

Table 2: Baseline clinical characteristics of the infants included in the study.

Control

Intervention

N (male:female)
Gestational age (weeks)
Birth weight (g)

Birth weight Z-score
Cord blood pH

Apgar score at 5 min

CRIB score’

14 (8:6)
26%7(25%7 - 28)
783 (687 - 963)
-1.2(-2.6--0.6)

7.31(7.28-7.34)

8(6-9)

4(1-8)

10 (6:4)
27%7 (25 - 28Y)
790 (628 - 1000)
-1.9(-25--0.5)
7.26(7.18-7.32)
8(7-9)
5(2-8)

Data are presented as median (interquartile range). SThe CRIB score (Clinical Risk Index for Babies)

indicates the degree of illness” . The score has a maximum of 23 points and is positively correlated with

the severity of illness.



Table 3: Parenteral nutritional intake and oxygen administration on postnatal day 2.
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Control Intervention
Amino acid intake in g/(kgxd) 3.3+£0.7 27+06*
Non-protein intake in kcal/(kgxd) 54+10 54+7
Total energy intake in kcal/(kgxd) 68+ 11 65+7
FiO, (%) Minimum 21(21-26) 21(21-26)
Maximum 35(21-46) 33(26-50)
Median 24 (21-29) 24 (21 -35)

Data are presented as mean + SD or median (interquartile range). * p < 0.05.

GSH kinetics and oxidative stress markers

GSH kinetic data are presented in Figure 2. The concentrations of erythrocyte GSH, the FSR

and the ASR

Protein intake was higher in the control group, but this was not correlated with GSH con-
centration or synthesis (Figure 3). Figure 4 depicts the urinary oxidative stress markers. Total
isofurans were significantly decreased in the intervention group (day 2 p=0.009, day 4 p=0.003,
and day 6 p=0.026). The other urinary markers of oxidative damage were not different between

were not different between groups.
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Figure 2: Glutathione synthesis rates and concentrations on the second day of life.

T
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Data are shown as box-plots. Glutathione concentration, fractional synthesis rates (FSR) and absolute
synthesis rates (ASR) were similar in the groups.

GSH
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Figure 3: Correlation between amino acid intake and GSH synthesis on the second day of life.
Correlations were analyzed using Spearman’s correlation coefficient. FSR = fractional synthesis rate, ASR =
absolute synthesis rate.
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Figure 4: Urinary oxidative stress markers in the first week of life.

Data are shown as box-plots. 80hdG/2dG = 8-hydroxy-2'-deoxyguanosine/2-deoxyguanosine ratio, O-Tyr/

Phe = Ortho-tyrosine/phenylalanine ratio, 3-N-Tyr = 3-Nitro-tyrosine, 3-CI-Tyr = 3-Chloro-tyrosine. Total
isoprostanes, isofurans, neuroprostanes and neurofurans are expressed as ‘total response’. * p < 0.05
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DISCUSSION

In this study, we demonstrate that administration of a multicomponent lipid emulsion contain-
ing a mixture of soybean oil, medium-chain triglycerides, olive oil, and fish oil does not result
in either altered GSH concentration or synthesis rates compared to administration of a pure
soybean oil emulsion in VLBW infants. Besides a decrease in isofurans (indicative of a reduced
arachidonic acid peroxidation), all other markers of oxidative stress were not reduced in infants
receiving a multicomponent lipid emulsion. Taken together, there does not seem to be a clear
reduction of oxidative stress upon administration of the multicomponent lipid emulsion com-
pared to a pure soybean oil emulsion. As a consequence, GSH concentration and synthesis were
not altered upon administration of the two lipids.

Lipid peroxidation is a self-propagating chain-reaction with the formation of lipid radicals,
which will readily react with other lipid molecules. PUFAs are especially prone for lipid peroxi-
dation, because they contain multiple double bonds with reactive hydrogens. Isoprostanes are
prostaglandin-like compounds, which are formed from the peroxidation of mainly arachidonic
acid, linolenic acid and eicosapentaenoic acid® . Peroxidation of docosahexaenoic acid
results in the formation of neuroprostanes®. a-Tocopherol is an important scavenger of peroxyl
radicals, which are intermediates in lipid peroxidation. By reacting with the peroxyl radicals, a
tocopheryl radical is formed which will then be reduced by a hydrogen donor, such as vitamin
C. The more balanced fatty acid composition and increased a-tocopherol content in the multi-
component lipid emulsion did, however, not result in decreased formation of isoprostanes and/
or neuroprostanes.

There are several possible explanations for this finding. As depicted in Table 1, the content
of linoleic acid is considerably lower in the multicomponent lipid emulsion, but content of
arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid is slightly higher. The fatty
acid composition of the multicomponent lipid emulsion might therefore still be pro-oxidant.
Second, the levels of 80hdG/2dG and o-Tyr/Phenyl found in our study are increased from
day two onwards compared to levels found shortly after birth* *'. Oxidative stress is possibly
already so high in preterm infants that parenteral lipids do not seem to contribute significantly
to this oxidative burden. This is underscored by a recent meta-analyses showing no differences
in incidence of major neonatal morbidities associated with oxidative stress in relation with the
timing or type of lipid administration®.

Administration of the multicomponent lipid emulsion was associated with a reduction
of isofurans. Isofurans are similar to isoprostanes, but contain a substituted tetrahydrofuran
ring. The formation of isofurans seems to be affected by oxygen tension; at elevated oxygen
concentrations and otherwise similar conditions, the formation of isofurans is favored whereas
the formation of isoprostanes is unaffected®. The discrepancy between the reduced isofurans
while isoprostanes were unaffected upon administration of a multicomponent lipid emulsion
suggests an interplay between lipid peroxidation and oxygen, rather than an effect of sole lipid
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peroxidation. This is in agreement with previous studies comparing an olive oil based lipid
emulsion or a multicomponent lipid emulsion with a pure soybean oil emulsion, demonstrat-
ing no differences in oxidative stress” %,

The main strength of the present study is the double-blind, randomized study design.
Furthermore, in our study, lipids were initiated with a starting dose of 2 g/(kg-d) directly from
birth onwards, while in previous studies parenteral lipids were supplied either in low doses
from birth onwards or lipid administration was not started directly from birth onwards. Also,
we measured both the synthesis of the main intracellular antioxidant and multiple markers of
oxidative damage. Especially urinary isoprostanes are a well-known marker of lipid peroxida-
tion® 3%, A possible limitation is the exclusion of infants in whom nutrition was reduced based
on plasma urea or triglyceride concentration. These infants might be the smallest and sickest
infants creating a selection bias. However, this was the case in both study groups and the deci-
sion to exclude these infants was made to ensure comparison of oxidative stress at intended
nutritional intake.

In conclusion, a lipid emulsion containing a mixture of soybean oil, medium-chain triglycer-
ides, olive oil, and fish oil does not result in reduced oxidative stress compared to a traditional
pure soybean oil emulsion in preterm infants. However, caution is needed in interpreting these
results. Although the association of a reduction in isofurans seems to suggest an interplay
between lipid peroxidation and oxygen rather than an effect of sole lipid peroxidation, the
other markers were not affected and the type of lipid does not affect neonatal morbidities®, the
implication of differences in isofurans is unknown.
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ABSTRACT

Introduction

Preterm infants with sepsis have poorer long-term outcome than preterm infants without sep-
sis. In adults, increased free radical production during sepsis is associated with higher morbidity
and mortality. Since antioxidant defense is reduced in preterm infants, we hypothesized that
preterm infants are unable to upregulate synthesis of glutathione (GSH) - the major intracellular

antioxidant - during sepsis, which may contribute to the detrimental long-term effects of sepsis.

Methods

A stable isotope study was performed in preterm infants with nosocomial sepsis (n=8) and
preterm controls (n=6) to determine GSH kinetics and oxidative stress markers were measured

in plasma.

Results

Gestational age (26% (257-28%7) weeks) and birth weight (860 (610-1310) g) were not different
between groups. The GSH fractional synthesis rate (45 (40-52) %/d), GSH absolute synthesis rate
(11 (2.3-14) mg/(kg-d)), GSH concentration (2.6 (1.7-3.7) mmol/L) and non protein bound iron
concentration (0.8 (0-5.8) uM) were not different between groups.

Conclusions

Non protein bound iron, GSH concentration and GSH synthesis were not altered, suggesting
that oxidative stress is not increased during nosocomial sepsis in preterm infants. These results,
albeit from a small number of patients, suggest that the detrimental outcome following noso-
comial sepsis in premature infants seems not to be caused by increased oxidative stress.
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INTRODUCTION

Despite major improvements in neonatal care, sepsis remains an important cause of morbid-
ity and mortality in preterm infants. Reported incidence varies between 21 and 36%". In a
large survey, including 6956 preterm infants, those who developed late-onset sepsis were
significantly more likely to die than those who did not (18% vs. 7%)". Additionally, preterm
infants who had an episode of late-onset sepsis during the first weeks were at increased risk
of developing serious neonatal diseases such as patent ductus arteriosus, bronchopulmonary
dysplasia and necrotizing enterocolitis’. Sepsis in preterm infants is also associated with severe
adverse neurodevelopmental outcome at 2 years of age*°.

The relation between neonatal sepsis and the adverse neurodevelopmental outcome is
likely to be multifactorial, but oxidative stress is thought to be one of the major contributors*®.
During sepsis, ROS formation is increased as part of the defensive response against pathogens
through the stimulation of pro-inflammatory cytokine release, the formation of chemotactic
factors and neutrophil recruitment”™. In healthy adults, lipopolysaccharide stimulation results
in an upregulation of glutathione (GSH) synthesis, the main intracellular antioxidant". In both
adults and children, overstimulation of ROS production or an insufficient antioxidant capacity is
associated with increased morbidity and mortality>™. In a study by Kapoor et al., non-survivors
of neonatal sepsis had elevated levels of malondialdehyde, superoxide dismutase, glutathione
peroxidase and catalase compared with infants who survived after neonatal sepsis®. A com-
promised antioxidant defense makes preterm infants more susceptible to oxidative stress' 7,
and the increased ROS formation during sepsis might contribute to the detrimental long-term
outcome in preterm infants after neonatal sepsis.

In this study, we hypothesized that nosocomial sepsis in preterm infants results in increased
oxidative stress, but without a concomitant upregulation of GSH synthesis. To test this
hypothesis, we determined GSH synthesis and oxidative stress markers in preterm infants with

nosocomial sepsis and in controls.

METHODS

Subjects
Preterm infants with a birth weight <1500 g admitted to the Neonatal Intensive Care Unit (NICU)
of the Erasmus MC-Sophia Children’s Hospital (Rotterdam, The Netherlands) were eligible for
inclusion. Exclusion criteria were known congenital abnormalities or chromosomal defects;
metabolic, endocrine, renal or hepatic disorders; and erythrocyte transfusions during the study.
Parental informed consent was obtained during the first days after birth. If infants were
clinically suspected of having nosocomial sepsis (>72 hours of postnatal age) and antimicrobial
treatment was initiated, they were studied within 24 hours. Based on laboratory data and clinical
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symptoms, the diagnosis of nosocomial sepsis was confirmed or rejected by the attending
physician after 48 hours, with subsequent continuation or discontinuation of therapy. Patients
were included in the sepsis group if they met the Centers for Disease Control and Prevention
criteria for nosocomial infections with the adjusted clinical signs for the NICU population by
van der Zwet et al? ™. Infants who were not diagnosed with nosocomial sepsis served as the
control group.

Tracer infusion protocol

Infants received a primed (40 umol/kg), continuous (20 pmol/(kg+h)) infusion of [1-*Clglycine
or [U-"Clglycine for a period of 8 hours within 24 hours after the start of antimicrobial treat-
ment. The [1-*Clglycine and [U-Clglycine (99% enriched, sterility and pyrogenicity tested)
were purchased from Cambridge Isotope Laboratories (Andover, MA, USA) and were diluted in
a 0.9% saline solution by the hospital pharmacy, after which they were again tested for sterility
and pyrogenicity. Tracers were infused using a Perfusor fm infusion pump (B|Braun Medical B.V.,
Oss, The Netherlands) along the same route as the parenterally administered nutrition. Blood
was sampled from an indwelling arterial catheter after 6, 7 and 8 hours in heparin-containing
microtainers. If an arterial catheter was not present, blood was sampled via heel puncture after
6 and 8 hours, combined with routine blood withdrawal if possible. GSH concentration and
synthesis rates were quantified in erythrocytes.

Sample analyses

Blood samples were immediately put on melting ice and subsequently centrifuged at 3500 x g
for 10 min at 4°C. The plasma fraction was removed and stored separately for measurement of
oxidative stress markers. The lower layer, containing primarily erythrocytes, was reconstituted
to its original volume with ice-cold distilled water. The plasma fraction and the cell fraction

were subsequently stored at -80°C until further analysis.

Glutathione enrichments and concentration

To calculate FSR and ASR, enrichments of GSH and its precursor glycine as well as GSH concen-
trations were determined. For this purpose, a recently described technique based on an LC-
Isolink interface (Thermo Electron, Bremen, Germany) coupled to a Delta XP isotope ratio mass
spectrometer (Thermo Electron, Bremen, Germany) (LC-IRMS) was used™. This highly sensitive
method requires a very small sample volume and does not require derivatization of the sample.
The concentration of GSH in erythrocytes was measured by LC-IRMS using an internal standard
method described previously®™.

Calculations

The FSR, represents the fraction of the total intraerythrocytic GSH pool that is renewed per
unit of time and is expressed as %/d.
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slopeE |, 13
(1-CiGsHy, o

6 x 24h x 100%

intraerythrocystic[1 ! 3C]glycine

FSRegy (%/d)=

E

In the equation, E stands for enrichment, which is expressed as mole percent excess (MPE).
The nominator (product) of this equation represents the hourly increase in [1-*Clglycine
bound GSH calculated from the increase in enrichment between 6 and 8 hours of infusion.
The denominator (precursor) represents the intraerythrocytic 1-*C enrichment of free glycine
at isotopic steady state. In subjects in whom [U-®Clglycine was used, the [1-*Clglycine in the
equation was substituted with [U-*Clglycine.

Subsequently, the intravascular ASR ., which represents the absolute amount of GSH that

is produced per unit of time (mg/(kg-d)), can be calculated using the following equation:
ASR, (mg/(kg-d) = FSR.,,/(100 X conc. x 307 x ht x 0.075)

where conc. is GSH concentration in mmol/L packed erythrocytes, 307 is the molecular weight
of GSH, ht is hematocrit, and 0.075 is the estimated circulating volume in a preterm infant,

expressed as L/kg.

Plasma markers of oxidative stress

Plasma samples were shipped to the University of Siena (ltaly), where the concentrations of
isoprostane, a marker for lipid peroxidation, and non-protein bound iron (NPBI), an indirect
marker of increased free radical release, were determined according to methods described

previously® %',

RESULTS

In total, 12 preterm infants who were clinically suspected of having nosocomial sepsis were
included and studied within 24 hours after antimicrobial treatment was instituted. In retro-
spect, 7 infants were classified as having blood culture proven sepsis or clinical sepsis and 5 as
controls. In order to include more controls, 2 preterm infants without any suspicion of sepsis
were included and studied on day 6 of life.

Patient characteristics at baseline and clinical characteristics during the study are displayed
in Table 1. According to the study design, the highest measured C-reactive protein (CRP) and
the number of positive blood cultures were different between the groups.
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Table 1: Patient characteristics at baseline and clinical characteristics during the study.

Control Sepsis

N (male:female) 6 (2:4) 8(7:1)*
Gestational age (weeks) 277 (26Y7 - 28Y7) 26Y7 (25 - 29%)
Birth weight (g) 798 (693-1055) 898 (705-1025)
CRIB score® 4(1-9) 6 (3-8)
Postnatal age during study (days) 6(3-10) 11 (7-14)
CRP (mg/l) 2(1-2) 59 (15-88) *
Positive blood culture 0/6 4/8*
Median FiO, (%) 25(21-29) 34 (23-40)
Nutritional intake

Protein intake (g/(kg-d)) 22(1.7-27) 25(2.1-3.0)

Total energy intake (kcal/(kg-d)) 94 (90-102) 90 (74-98)

Values are presented as medians (interquartile range). * p < 0.05. SThe CRIB score (Clinical Risk Index for
Babies) indicates the degree of illness*”. The score has a maximum of 23 points and is positively correlated
with the severity of illness during the first 12 hours after birth. CRP = C-reactive protein. FiO, = fraction of
inspired oxygen.

GSH concentrations and synthesis rates

Free intraerythrocytic [U-"Clglycine enrichments reached a plateau after 4 - 6 hours of infusion.
Enrichments did not differ between the sepsis group (median 2.8 (IQR 2.5-3.5)) and the control
group (median 2.9 (IQR 2.7-3.2)). GSH kinetic data are presented in Figure 1. The concentration
of erythrocyte GSH, the FSR ¢, and the ASR ,, were not different between groups.

Oxidative stress markers
Due to the relative high volume of plasma needed for isoprostane determination, analysis
could only be performed in 5 infants in each group. Plasma levels of isoprostanes and NPBI are

presented in Figure 2. No differences were found between groups.
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Figure 1: Glutathione concentrations, fractional synthesis rates and absolute synthesis rates.
Data are shown as box-plots. Glutathione concentration, fractional synthesis rate (FSR) and absolute
synthesis rate (ASR) were similar in the groups.
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Figure 2: Plasma concentrations of isoprostanes and non protein bound iron.
Data are shown as box-plots. Isoprostanes and non protein bound iron (NPBI) were not different between
the groups.
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DISCUSSION

Nosocomial sepsis in premature infants does not result in decreased GSH concentrations or
increased NPBI levels. There might be an increase in isoprostane levels, but the sample size was
too small to detect statistically significant differences. The lack of difference in GSH concentra-
tions could be explained by an upregulation of GSH synthesis rates, but we show in this study
that neither the fractional nor the absolute GSH synthesis rate was upregulated. Therefore,
these data suggest that nosocomial sepsis in preterm infants does not result in increased
oxidative stress.

In preterm infants, sepsis is associated with increased morbidity and mortality, includ-
ing adverse neurodevelopmental outcome later in life' * >. One possible mechanism for this
association might be increased oxidative stress during sepsis* °. Preterm infants have reduced
antioxidant defenses and may be unable to counteract the increased ROS production during
sepsis, resulting in increased oxidative stress. Previous studies demonstrated increased concen-
tration of malondialdehyde and increased activity of certain antioxidant enzymes in, mostly
term, neonates™ . In this study, we were not able to demonstrate increased oxidative stress in
preterm infants during sepsis.

The lack of differences between the groups could be explained by the design of our study,
which resulted in a suboptimal control group. The control group mainly consisted of preterm
infants suspected of having sepsis, but who, in retrospect, did not have confirmed sepsis
because they did not fulfill the generally accepted criteria for sepsis®. It could be possible that
they had an underlying condition that made physicians suspect sepsis such as respiratory
or circulatory failure, which also caused an increase in oxidative stress. However, we found it
unethical to draw blood samples from otherwise healthy preterm infants. In addition, using
a different definition of late-onset sepsis in preterm infants, namely the definition used by
the National Institute of Child Health and Human Development (NICHD) Neonatal Research
Network', identical groups would have been formed.

The infants with nosocomial sepsis showed higher levels of isoprostanes (median 6.4 (0.96-
11.2) ng/ml) compared with levels found directly after birth (0.13 + 0.004 ng/ml), whereas the
levels in the control group were closer to the levels found in newborns*. NPBI levels in both
groups were within the range found in umbilical samples at birth of preterm infants®. However,
we want to emphasize that the study was not powered to detect differences in concentration
of oxidative stress markers.

In all patients, nosocomial sepsis was caused by coagulase-negative streptococci, the most
common causative of nosocomial infection in preterm infants'. These infections are known to
have a mild onset and are much less severe than septicemia caused by, for example, gram-
negative bacteria. This might explain the lack of response in either GSH concentration or NPBI.
The effect of a septic insult on GSH concentration and synthesis rates was apparent in healthy
volunteers, demonstrating that GSH responds to sepsis'". However, GSH synthesis might be
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limited by substrate availability in sick preterm infants, resulting in the absence of GSH upregu-
lation in response to sepsis®.

In conclusion, no differences in GSH synthesis, GSH concentration or oxidative stress mark-
ers were found between the preterm infants with nosocomial sepsis and the controls. These
results suggest that oxidative stress in preterm infants is already high during the first weeks of
life and that nosocomial sepsis does not cause an additional increase. Our data do not explain
the association between nosocomial sepsis in preterm infants and adverse long-term outcome.
Further research into other mechanisms, such as the production of pro-inflammatory cytokines
that are known to be neurotoxic and altered cerebral blood flow through circulatory insuf-

ficiency, is warranted.
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ABSTRACT

Background

Gender, gestational age (GA) and birth weight (BW) are important prognostic factors for
long-term outcome of preterm infants. Since oxidative stress is associated with both morbidity
and mortality in preterm infants, we hypothesized that gender, GA and BW would affect both
glutathione (GSH) synthesis and GSH-GSSH ratio. The latter is an indicator for recycling of GSH,
i.e. oxidation to its dimeric form GSSG and reduction back to GSH.

Methods

For the correlation with GSH synthesis rates, very low birth weight (VLBW) infants (BW < 1500 g)
were included, who participated in several intervention studies aimed atimproving glutathione
kinetics. On day 2, all infants received a primed, continuous infusion of [1-*C] or [U-®Clglycine,
a precursor for GSH synthesis, to determine GSH fractional synthesis rate (FSR). Absolute GSH
synthesis rate (ASR) was calculated from the FSR and erythrocyte GSH concentration. In addi-
tion, GSH-GSSG ratio was measured in preterm infants with GA < 32 weeks on the first day of
life in blood using a mass spectrometry technique.

Results

Gender, GA and BW were not correlated with total GSH concentration or synthesis rates (n =
109). GA and BW were also not correlated with GSH-GSSG ratio, but female gender was associ-
ated with decreased GSH-GSSG ratio (p = 0.024, n = 75).

Conclusion

Glutathione synthesis and recycling is not influenced by birth weight or gestational age in pre-
term infants. However, GSH-GSSG ratio was slightly reduced in female infants. The implication
of this finding must be further investigated in a larger study measuring multiple oxidative stress

biomarkers simultaneously.
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INTRODUCTION

Preterm infants are highly susceptible for oxidative stress. Due to an immature antioxidant
defense system'?, preterm infants are unable to counteract the increased production of reactive
oxygen species (ROS) associated with amongst others supplemental oxygen administration and
infections® *. This results in increased oxidative stress which is associated with serious neonatal
diseases like bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), retinopathy of
prematurity (ROP), intraventricular hemorrhage (IVH) and periventricular leucomalacia (PVL)®.

Gestational age (GA), birth weight (BW) and gender are important determinants of outcome
after preterm birth as a shorter gestation, lower birth weight and male gender are associated
with poorer outcome®®. This effect might be partly mediated by differences in antioxidant
capacity. The antioxidant enzyme system is upregulated during the last 15% of gestation, a
timeframe when non-enzymatic antioxidants are also crossing the placenta in increasing
concentrations™. As a resultant, prematurity is associated with decreased antioxidant reserve.
Previously, it has been shown that markers of oxidative stress were reduced in girls compared to
boys during the first 24 hours of postnatal life"". Furthermore, enzymes involved in glutathione
(GSH) oxidation and recycling were increased in girls compared to boys, possibly reflecting
increased oxidant removal and more efficient recycling of GSH by girls™.

GSH is the main non-enzymatic intracellular antioxidant. GSH is a tripeptide synthesized
from the amino acids glutamate, cysteine and glycine. It is synthesized in virtually all tissues,
but is mainly produced in the liver and erythrocytes with erythrocytic concentrations being in
the millimolar range®. Erythrocytes likely play a major role in antioxidant defense by being a
physiological source of GSH and by taking up ROS™ . GSH exerts its antioxidant properties by
1) oxidation of GSH to its dimeric form (GSSG) thereby reducing hydrogen peroxide by transfer-
ring the energy of the reactive peroxides to the sulphydryl group from the cysteine residue,
2) functioning as an essential cofactor for enzymes such as GSH-S-transferases (GST) which
catalyses binding with lipid oxidation products, and 3) by direct binding of toxic metals to its
sulphydryl group. While preterm infants show diminished availability of other components
of the antioxidant defense systems, the GSH concentrations in cord blood of preterm infants
resemble those found in term infants™ ' 7. GSH concentrations, however, fall rapidly after birth
in preterm infants'™. Whether this drop in concentration, at the time when antioxidants are
needed most, is due to immaturity of the antioxidant system is not studied yet.

To determine whether gender, GA and BW are correlated with GSH synthesis and recycling,
we performed a retrospective analysis of all available data of previous studies performed by our
research group. We hypothesized that longer gestation, higher birth weight and female gender
are associated with higher GSH synthesis and more efficient GSH recycling.
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SUBJECTS AND METHODS

This analysis is a secondary analysis of studies previously performed at the Neonatal Intensive
Care Unit of the Erasmus MC - Sophia Children’s Hospital (Rotterdam, The Netherlands). All stud-
ies were investigator-initiated, without external funding. The study protocols were approved by
the Erasmus MC Medical Ethical Committee. Written parental informed consent was obtained
for all infants.

Glutathione synthesis rates

Subjects

Very low birth weight (VLBW; birth weight <1500g) infants from five studies on GSH kinetics
performed between October 2005 and October 2011 were included in the analysis'®?" Chapter8,
VLBW infants with a central venous and arterial catheter for clinical purposes were eligible for
the studies. Exclusion criteria were major congenital anomalies, chromosome defects, meta-
bolic diseases, and endocrine, renal or hepatic disorders. Data on administration of antenatal
steroids, gestational age (based on early fetal ultrasonography or on the date of last menstrual
period), birth weight, gender, mode of delivery, Apgar scores, umbilical cord pH, Clinical Risk
Index for Babies (CRIB) score” and other demographic characteristics were recorded.

Blood sampling and analytical methodology

On the second postnatal day, a primed (20 to 40 pmol/kg) continuous (20 pmol/(kg-h)) infusion
of [1-*Clglycine or [U-*Clglycine (99% enriched; Cambridge Isotope Laboratories, Andover, MA,
USA; GMP, sterility and pyrogenicity tested; dissolved in 0.9% saline by the hospital pharmacist)
was administered during 6 to 8 hours using a Perfusor fm infusion pump (B|Braun Medical
B.V., Oss, the Netherlands). Blood was sampled from an indwelling arterial catheter and col-
lected in EDTA containing microtainers. The blood samples were immediately put on melting
ice and centrifuged at 3500 x g for 10 min. The plasma fraction was removed, and the lower
layer (containing primarily erythrocytes) was reconstituted to its original volume with ice-cold
distilled water and stored at -80°C until further analysis. To calculate the fractional synthesis
rates (FSR) and absolute synthesis rates (ASR), the concentrations and enrichments of GSH and
its precursor glycine were determined in the erythrocytes according to previously described

mass spectrometric analysis> **.

GSH-GSSG ratio

Subjects

Preterm infants with a GA < 32 weeks (based on early fetal ultrasonography or on the date of last
menstrual period) who participated in a double-blind study on optimal oxygen concentration
during resuscitation and from whom GSH-GSSG ratio was determined on the first postnatal day
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were included in this analysis®. Exclusion criteria and data collection were similar as described
for GSH synthesis rates.

Blood sampling

Within 24 hours of birth, blood samples were drawn from an arterial catheter or via a heel prick.
Blood samples were collected in heparinized microtainers and immediately placed on melting
ice. After centrifugation at 3500 x g for 10 min, the plasma fraction was removed and the lower
layer, containing primarily erythrocytes, was reconstituted to regain the original volume with
ice-cold destilled water and stored at -80°C until analysis.

Analytical methodology

An aliquot of 50 pL erythrocytes suspension was diluted with 50 L of water and 10 pL of
internal standard solution was added. The internal standard consisted of T mM cycloleucine
(Sigma, St Louis, USA) and 1.5 mM 13C2,15N-GSH (Cambridge Isotope Laboratories Buchem,
Apeldoorn, The Netherlands) dissolved in 0.1 M HCl (37% v/v; Merck, Darmstadt, Germany). The
erythrocytes were disrupted by freezing the mixture in liquid nitrogen and thawing at room
temperature. After three freeze/thaw cycles, the samples were sonicated for 5 minutes. Then,
50 pL of 2M perchloric acid (70% v/v; Merck, Darmstadt, Germany) was added to the samples,
and they were placed on ice. After 10 minutes, the samples were centrifuged for 10 min at
3000 rpm. Next 50 L 200 mM N-ethylmaleimide (NEM; Sigma, St Louis, USA) was added to the
supernatant and the mixture was transferred to a costar spin filter (0.22 pm). After centrifuga-
tion for 5 min at 1500 rpm, the filtrate was incubated for 4 hours at 40°C.

Stock solutions of GSH and GSSG (Sigma, St Louis, USA) in 0.1 M HCI were prepared at
concentrations of 8 mM and 1 mM, respectively and stored at -80°C. A calibration curve was
prepared by diluting the stock solution with 0.1M HCl to achieve a concentration range of 0.1-2
mM and 0.1-100 uM for GSH and GSSG respectively. 100 uL of each diluted solution was mixed
with 20 pL of internal standard and 50 pL of 200 mM NEM in water and incubated for 4 hours
at 40°C before analysis.

Analysis was performed on aVelos Pro LC-linear ion trap system consisting of an autosampler
(Accela AS autosampler), an HPLC pump (Accela 600 Pump), fitted with a Hypersil gold-column
(C18,50x 2.1 mm, 1.9um) (Thermo Fischer, Rockford, USA). The samples were kept at 10°C upon
analysis. Aliquots of 5 pL of each sample were injected in triplicate. The column oven tempera-
ture was set to 26°C. The LC-flow rate was 200 pL/min, and a multistep gradient with 0.05%
heptafluorobutyric acid (Thermo Fisher, Rockford, USA) and 0.05% trifluoroacetic acid (Applied
Biosystems Limited, Warrington, UK) as solvent A and Acetonitrile (Biosolve, Valkenswaard, The
Netherlands) as solvent B was used to separate the components of interest. After 15 injections,
the column was rinsed with solvent B to prevent peak shifting, followed by two blank injections
with the analysis gradient before continuing the analysis of samples. A HESI interface was used

to introduce the samples to the Velos Pro ion trap MS. The capillary temperature was set to
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300°C, and the source heater to 350°C. The sheath gas flow and auxiliary gas flow were 84 and
34, respectively. The components of interest, GSH, GSSG, GSH-NEM and cycloleucine were mea-
sured in zoom mode. During all segments, mass range was set to normal; scan rate to zoom; full
scan; positive polarity and the data were recorded in profile mode.

The results obtained by mass spectrometry were used for calculation of the GSH/GSSG
ratio. [13C2,15N]-GSH served as an internal standard for GSH, and cycloleucine as an internal
standard for GSSG. When a pool consists of both unlabelled GSH (A) and [13C2,15N]-GSH (B),
three isotopologues of GSSG are formed. The distribution between unlabelled GSSG (AA),
[13C2,15N]-GSSG (AB) and [13C4,15N2]-GSSG (BB) can be predicted from the ratio of GSH to
[13C2,15N]-GSH in the pool using a statistical equation. If A<B, AA = (A/B) x 0.25 x AB. However,
if A>B, AA = (A/2B-0.25) x AB. Thus, by measuring the ratio unlabeled GSH to [13C2,15N]-GSH
and the concentration of [13C2,15N]-GSSG, the amount of unlabeled GSSG that was formed in
vitro (i.e. after addition of [13C2,15N]-GSH) can be calculated. After subtraction of this amount
from the concentration unlabeled GSSG measured in the sample, the true value in vivo is
obtained. The GSH concentration was corrected using a calibration graph and an isotopologue
as internal standard. Dimerization and incomplete derivatization occur when using NEM as a
reacting reagent. In both processes, losses and inefficiencies are accounted for by the same
percentage loss of [13C2,15N]-GSH, so the ratio GSH: [13C2,15N]-GSH remains constant. In
conclusion, [13C2,15N]-GSH is not only added to be able to calculate the GSSG formation in
vitro, but is also necessary for correct quantification of GSH.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 20 (IBM Corporation, Armonk, NY,
USA). The Mann-Whitney test was used to determine differences in GSH kinetics for nominal
determinants, like gender. For continuous determinants, like GA, correlations with GSH kinetics

were determined with Spearman’s correlation.

RESULTS

In total, 109 infants were included in the analysis of GSH concentration and synthesis rate and
75 different infants were included in the analysis of the GSH-GSSH ratio. Table 1 depicts the

general demographic data of both groups.



Table 1: Clinical and obstetric characteristics.

Modulators of GSH kinetics

GSH synthesis rates GSH-GSSG ratio

N (male : female) 109 (73:36) 75(34:41)
Gestational age (weeks) 27 £1% 273%+2
Birth weight (g) 914+ 214 980 +322
Birth weight Z-score -1.0+1.3 -1.0+14
Umbilical cord pH 7.25+0.13 7.29+£0.10
Apgar score at 5 min 8+2 8+1

CRIB score* 45+32 40+35

Data are depicted as mean + SD. #The CRIB score (Clinical Risk Index for Babies) indicates the degree of
iliness?. The score has a maximum of 23 points and is positively correlated with the severity of illness.

Glutathione concentration and synthesis rates on postnatal day 2

GSH concentration and synthesis rates were not different between males and females (Figure
1). Both gestational age and birth weight were also not correlated with GSH concentration
and synthesis rates (Figure 2). We also explored the effect of other potential modulators.

Administration of antenatal steroids, mode of delivery or CRIB score were not correlated with

differences in GSH kinetics (data not shown).
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Figure 1: Gender and GSH synthesis.

Data are shown as box-plots. Glutathione concentration, fractional synthesis rate (FSR) and absolute
synthesis rate (ASR) were not different between males and females.
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Figure 2: Correlation of gestational age and birth weight with GSH synthesis.
Correlations were analyzed using Spearman’s correlation. FSR = fractional synthesis rate, ASR = absolute
synthesis rate.

GSH-GSSG ratio on the first postnatal day

GSH-GSSG ratio was slightly lower in females than in males (Figure 3). The difference in the

ratio was small (females 274 + 53 and males 311 + 74, p 0.024). Both gestational age and birth

weight (Figure 4) were not correlated with GSH-GSSG ratio.
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) )
Male Female

Figure 3: Gender and GSH-GSSG ratio.
Data are shown as box-plots. GSH — GSSG ratio was significantly lower in females compared to males

(p =0.024).

The time interval between administration of antenatal steroids and birth, mode of delivery,
umbilical cord pH and Apgar scores were not correlated with differences in GSH kinetics (data
not shown). CRIB score, however, was correlated with GSH-GSSG ratio (R* = 0.062, p = 0.035).
The low R? indicates that the contribution of the CRIB score to the GSH-GSSG ratio is, although

statistically significant, not very relevant.
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Figure 4: Correlation of gestational age and birth weight with GSH-GSSG ratio.
Correlations were analyzed using Spearman’s correlation.

DISCUSSION

Gender, gestational age, birth weight and neonatal morbidities related to oxidative stress are
important prognostic factors for long-term outcome of preterm infants. We hypothesized that
gender, gestational age and birth weight would influence GSH synthesis and GSH oxidation. In
this study, we demonstrate that GSH concentration and synthesis rates are unaffected by these

factors, but GSH-GSSG ratio was slightly but significantly lower in females than in males.
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GSH is the most important non-enzymatic intracellular antioxidant. At birth, GSH concentra-
tions of preterm infants resemble those found in term infants, but decrease rapidly during the
first days of life and become significantly lower than in term neonates™ '*™ 2° 7, This rapid
decline is probably caused by increased consumption of GSH due to oxidative stress, but it has
also been suggested that GSH synthesis is insufficient in preterm infants due to immaturity of
the enzymatic apparatus. However, we did not find a correlation between gestational age and
GSH synthesis. GSH synthesis is also dependent on adequate substrate for GSH synthesis, but
increasing amino acid intake or supplying preterm infants with increased energy for protein
synthesis do not seem to affect GSH synthesis (discussed in Chapters 7 and 8). Mean FSR of
the 109 included preterm infants was 45%/d, with a ranges of 27 - 98%/d, demonstrating large
interindividual differences. The mechanism resulting in these large differences remains unclear.

Interestingly, the GSH-GSSG ratio was slightly lower in females than in males, which is
considered to be indicative of higher exposure to oxidative stress as more GSH is oxidized to
GSSH. Our finding is in contrast to previously reported increased glutathione peroxidase (GPx)
and glutathione reductase (GR) and reduced markers of oxidative stress in girls compared to
boys" ™. Those findings suggest a more efficient recycling of GSH resulting in decreased oxida-
tive stress in girls, which might be a possible mechanism explaining the better outcome of girls.
Since we are not aware of any factors that would impose females to more oxidative stress than
males in our study and the difference was not very large, the difference between males and
females may very well be a variation from the mean. Unfortunately, we were not able to relate
the GSH-GSSH ratio to other markers of oxidative stress or measure enzyme activities of GPx
and GR to unravel this issue. Availability of blood samples for research is limited in the studied
population.

GA and BW were not correlated with differences in GSH-GSSG ratio. Preterm birth is often
associated with fetal or maternal morbidities, such as preeclampsia or chorioamnionitis,
which are linked to increased oxidative stress®® ?°. Possibly, oxidative stress is already so highly
increased in preterm infants, that immaturity, as reflected by GA or BW, does nor further add to
this burden. We did demonstrate a small association between the CRIB score, reflecting illness
within the first 12 hours after birth, and the GSH-GSSG ratio.

Previously, it has been shown that administration of antenatal steroids resulted in increased
superoxide dismutase (SOD) and catalase activity (CAT), both important enzymatic antioxi-
dants". Also, enzymes involved in the GSH redox cycle were increased upon antenatal steroid
administration, resulting in decreased GSH-GSSG ratio. In our study, administration and the
timing of administration of antenatal steroids was not correlated with GSH synthesis. All infants
included in the analysis of GSH-GSSG ratio received antenatal steroids, thus the effect of
administration versus no administration could not be studied. However, the interval between
its administration and birth was not correlated with GSH-GSSG ratio. Also, GSH synthesis was
not related to administration of antenatal steroids or the timing of administration.
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A possible explanation for the large interindividual differences in GSH synthesis, and also
GSH recycling, might be found in genetic differences in the GSH synthesis apparatus. Research
in this field is still in its infancy and has been mainly focused on the risk of adult cancer.
Polymorphisms in the glutathione-S-transferase (GST) and SOD gene have been associated
with the risk of developing infant respiratory distress syndrome, BPD, IVH and ROP in preterm
infants®>*. Polymorphisms in microsomal epoxide hydrolase (EPHX), involved in the detoxifica-
tion of epoxides which may be extremely toxic by the induction of oxidative stress, have also
been associated with perinatal mortality®. Polymorphisms in antioxidant enzymes have indeed
been found to alter enzyme activity in response to oxidative stress and might therefore be
associated with differences in the ability to counteract oxidative stress** *. It would be interest-
ing to investigate whether polymorphisms in enzymes involved in GSH synthesis might alter
GSH synthesis and its response to oxidative stress.

A main limitation of this analysis is that GSH synthesis and GSH-GSSG ratio were measured
in different populations and on different postnatal days. Also, we measured GSH-GSSG ratio
in erythrocytes and it could be argued whether this is representative for the total GSH-GSSG
ratio. Furthermore, we could not related our findings to other markers of oxidative stress and
therefore we cannot draw definite conclusions. The mechanisms of oxidative stress and anti-
oxidant defense in relation to maturation and morbidity remain of high interest in perinatal
medicine. Future studies should measure GSH synthesis, recycling, enzyme activity and levels
of oxidative stress simultaneously and in different tissues or compartments in order to uncover
determinants of GSH kinetics in preterm infants.

In conclusion, differences in outcome related to gestational age, birth weight and gender
cannot be explained by differences in GSH synthesis rates. The GSH-GSSG ratio is lower in girls
compared to boys, but the implications of this finding need to be determined. Further research
into modulators of GSH kinetics should focus on, amongst others, (epi)genetic differences in
components of the antioxidant apparatus and measurement of multiple parameters of oxida-

tive stress simultaneously.
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ABSTRACT

Introduction

Both hyperoxia and hypoxia can have detrimental consequences for preterm infants. The
manual control of the oxygenation is difficult and oxygen saturation levels measured by a
pulse oximeter (SpO,) are frequently outside of the target range. The objective of this study
was to evaluate hazards in the process of supplemental oxygen therapy in very preterm infants

hospitalized in a Dutch Neonatal Intensive Care Unit prospectively.

Methods

A Failure Mode and Effects Analysis (FMEA) was conducted by a multidisciplinary team. This
team identified, evaluated, and prioritized hazards of supplemental oxygen therapy in preterm
infants. After accrediting ‘hazard scores’ for each step in this process, recommendations were
formulated for the main hazards.

Results

Performing the FMEA took seven meetings of two hours. The top ten hazards could all be
categorized to three main topics: incorrect adjustment of the fraction of inspired oxygen (FiO,),
incorrect alarm limits for SpO,, and incorrect pulse-oximetry alarm limits on patient moni-
tors for temporarily use. The FMEA culminated in recommendations in both educational and
technical directions. These included suggestions for (changes in) protocols on alarm limits and
manual FiO, adjustments, education of NICU staff on hazards of supplemental oxygen, and
technical improvements in respiratory devices and patient monitors.

Conclusions

The FMEA prioritized flaws in the process of supplemental oxygen therapy in very preterm
infants. Thanks to the structured approach of the analysis by a multidisciplinary team, several
recommendations were made. These recommendations are currently implemented in the

study’s centre.



Defining hazards of supplemental oxygen therapy
INTRODUCTION

As a result of on-going developments in neonatal care, long-term outcomes of preterm infants
are stillimproving'. However, innovations in neonatal intensive care units (NICUs) are accompa-
nied with an increased complexity of daily practice. In complex environments like NICUs, where
people from different disciplines work in shifts and with high-tech equipment, the occurrence
of errors is, unfortunately, undeniable.

In the year 2000, the Institute of Medicine published ‘To Err Is Human: Building a Safer Health
System”. Thanks to this report, patient safety and the reduction of medical errors obtained
major priority in health care. In the NICU, where care focuses on a specific and very vulnerable
patient group, errors may have even more impact than in other disciplines of health care. There-
fore, although much work has already been performed, each opportunity to increase (patient)
safety in the NICU should be seized®.

In 2005, a ‘Neonatology System for Analysis and Feedback on medical Events (NEOSAFE)’
was introduced in the Netherlands to establish specialty-based learning from (near-) misses*.
The (near-) misses are reported by NICU personnel on a voluntary basis. In the NICU of the Eras-
mus Medical Center-Sophia Children’s Hospital in Rotterdam, 909 (near-) misses were reported
in 2010. While only 58 (6%) of the reports were related to ‘supplemental oxygen therapy; these
58 reports were responsible for 90% of the (near-) misses that were categorised as‘most risky"

In supplemental oxygen therapy, a gas mixture with >21% of oxygen is supplied to the
patient via (mechanical) ventilation. Due to the immaturity of the preterm infants’ lungs,
supplemental oxygen therapy is often needed immediately after birth to reach and maintain
adequate oxygenation. Unfortunately, supplemental oxygen therapy has a very narrow thera-
peutic range. Both too high and too low blood oxygen levels may have severe consequences
for the outcome of these infants’.

Literature shows that manual control of the oxygenation is difficult and that oxygen satura-
tion levels measured by a pulse oximeter (Sp0O,) are frequently outside of the target range®”.
Therefore, the aim of this study was to evaluate hazards in the process of supplemental oxygen
therapy in very preterm infants hospitalized on the NICU prospectively, and to provide recom-
mendations for improvement.

To evaluate the process, a‘Failure Mode and Effects Analysis (FMEA)'tool was used. To prevent
failure modes in high risk industries, like aviation, and nuclear power plants, engineers analyse
products and processes for potential hazards. Since the mid-1960s, formal ‘Failure Mode and
Effects Analyses (FMEAs)" have been performed to standardize the approach in failure mode
detection. Although performing an FMEA is often considered as time-consuming and needs
organizational commitment, the method is a useful tool for structural analysis, identification
of (unnoticed) errors, and has been demonstrated to increase safety’. Unfortunately, FMEAs
could not be applied easily to healthcare situations. Therefore, several adaptations on the
methodology of FMEAs have been considered, developed and used™ ™.
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METHODS

On the NICU of the Erasmus Medical Center-Sophia Children’s Hospital in Rotterdam, the
Netherlands, an FMEA on supplemental oxygen therapy in very preterm infants was performed.
Approval from the hospital research ethics board was not necessary because no patients were
involved in the study.

The Erasmus MC has a level-lll-c"* NICU with 30 beds divided over three subunits. The nurs-
ing staff works in shifts of 8 hours. After each shift, half an hour of‘'handover’takes place. During
the handover, nurses inform each other verbally about the (clinical) situation of the infants.
Moreover, relevant patient data are collected and validated at least once per hour in the Patient
Data Management System (PDMS) by the nursing and/or medical staff.

The FMEA consisted of five steps (Table 1) . With the FMEA team, several plenary sessions
were held to complete each of the steps. Besides the actual FMEA-team, other employees were
asked to join in a separate panel of FMEA advisors: the FMEA support-team (as suggested by
Ashley et al."®). This support-team was included in e-mail conversations, but was not present at
the plenary meetings.

Table 1: The 5 steps forming the FMEA.
Step  Object

1 Define a topic

2 Assemble a multidisciplinary team

3 Analyse the process by dividing the process in (sub)steps
4 Perform Hazard analysis

§ Identify ‘Hazards, i.e. potential ‘failure modes, and possible ‘causes’ and ‘effects’ of these failure
modes

§  Accredit risk priority numbers (RPN) for each of the identified Hazards
§ Determine the top ten hazards

5 Develop recommendations to resolve Hazards

The FMEA-team analysed the process of supplemental oxygen therapy and subdivided it in
(sub)sub-steps. For each (sub)sub-step potential ‘failure modes, and possible ‘causes’ and
‘effects’ of these failure modes were identified. The team was encouraged to identify as many
failure modes, causes and effects as possible by brainstorming.

After defining the ‘hazards, i.e. the ‘failure mode-cause-effects combinations, each team
member individually accredited three scores for each of these hazards by using the Hazard
Scoring Matrix (Table 2). The scores were provided for‘severity (S); likelihood of occurrence (O);
and ‘detectability (D). Based on these scorings, for each hazard a risk priority number (RPN =
S x O x D) was calculated. For each hazard the ‘overall RPN’ was calculated by taking the mean
of all RPN's that were given to this specific hazard by each of the individual team members. The
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Table 2: Hazard Scoring Matrix.

Rating Severity of hazard Occurrence of hazard Detectability of hazard
(s) (0) (D)

1-3 No consequences Rare Always detected

4-6 Minor consequences Occasional Probably detected

7-8 Temporary consequences Frequent Low probability of detection

9 Permanent consequences Often Probably undetected

10 Fatal consequences Always Undetected

The Risk Priority Number (RPN) is calculated by multiplying the Severity (S), Occurrence (O) and
detectability (D) of the hazard. For example, a hazard that has “minor consequences” (rate 4), that occurs
“often” (rate 9) and that has a “low probability of detection” (rate 7) has a RPN of 4 x 9 x 7 = 252.

ten hazards with the highest overall RPN were defined as the “top ten hazards”. Finally, the team

made recommendations to minimize the hazards.

RESULTS

Step 1. Defining the topic

First, the topic for the FMEA was defined in detail. It was decided to focus on supplemental
oxygen therapy for very preterm infants with a postmenstrual age (PMA) <30 weeks, who are
admitted to the NICU of the Erasmus MC. In the NICU, every bed space has a separate outlet in
the wall for oxygen. Devices for respiratory support are connected to these outlets with a tube.
It was decided to include the devices for respiratory support in the FMEA, but to exclude the

supply of oxygen from the central oxygen storage to the device for respiratory support.

Step 2. Team assembly

A multidisciplinary team of six members and two team leaders was composed. The members of
the team (1 neonatologist, 1 nurse practitioner, 2 NICU-nurses, 1 leading NICU-nurse, and 1 PhD
student (second author )) were instructed about the FMEA procedure by the team leaders (first
author), and by a consultant for quality improvement and patient safety from the directorate
patient care of the study’s center. The team was chosen such that all parties relevant in the
process of supplemental oxygen therapy in the NICU were represented. In a four month period,
the team had seven meetings of approximately two hours. In between meetings, communica-
tion via e-mail was used to spread relevant documents. The FMEA support team was included
in the e-mail conversation, and existed of seven members (five employees of the NICU, and the
third and fourth author).
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Step 3. Process analysis

During the process analysis, all process-steps involved in supplemental oxygen therapy were
defined. Four main steps were determined:
«  Process-step 1: Nurse prepares admission of neonate to NICU
+  Process-step 2: Neonate arrives at NICU
«  Process-step 3: Neonate is hospitalized on NICU
+  Process-step 4: Neonate is discharged from NICU

To prevent unnecessary complexity of the FMEA, only situations that were directly related
to supplemental oxygen therapy in preterm infants with a GA <30 weeks admitted to the NICU
were included in the analysis. Where applicable, the process-steps were divided in (sub)sub-
steps. For example, for process-step 3 “Neonate is hospitalized on NICU’, eleven sub-steps were
defined (Figure 1).

| From Process-step 2 |

Neonate in

incubator /
v v v v v v
31 33 35 3.7 3.9 3.11
Alarm ‘Loud’ FiO, Alarms 3 MD orders Neonate
interference alarm for adjustment minutes deviating reaches
of pulse very low while SpO, suppressed alarm limits PMA of 37
oximeter Sp02 is within by snooze for SpO, weeks
(<70%) target range button
Y Y A 4 Y Y
3.2 34 3.6 3.8 3.10
Alarm for Alarm for Neonate Neonate is Neonate is
low Sp02 high Sp02 requires prepared handed
(<85%) (>93%) other type for over to
of resp. transport other nurse
device
I I I
L 2
Subsubsteps
OR

To process-step 4

Figure 1: Substeps of process step 3: ‘Neonate is hospitalized on NICU..
Subsubsteps are not shown in detail.

Step 4. Hazard analysis

In step four of the FMEA, the actual hazard analysis was performed. In total, 134 hazards were
defined. The overall RPN ranged from a minimum score of 45 to the highest RPN of 507.The 10
hazards with the highest overall RPN are shown in Table 3. These hazards were all related to



Table 3: Top 10 hazards.
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Overall

# Hazard Category RPN Action Recommendation
Too slow reduction of FiO,, Incorrect FiO « Protocol on manual FiO
1 - 2 . 2 507 Controlled i 2
resulting in hyperoxia adjustments adjustments
No adjustment of SpO, alarm Incorrect Technical imorovements in
2 limits when reaching GA of 37 alarm 502 Eliminated . p
L . - . patient monitors
weeks, resulting in hypoxia limit settings
+ Protocol on manual FiO,
adjustments
No reduction of FiO,, Incorrect FiO X
3 o 2 ) 2 501 Controlled - Education on hazard of
resulting in hyperoxia adjustments
supplemental oxygen
therapy
Incorrect alarm limits of Incorrect
monitor during transport. alarm + 'Check alarm limits’is added
4 L g . port, limit settings 488 Eliminated to the checklist used before
resulting in hyperoxia or . ”
. in temporarily transport
hypoxia X
monitor
No adjustment of SpO, alarm s
. . Incorrect » Technical improvements
limits when going from room e . ) .
5 . alarm 486 Eliminated in respiratory devices and
air to supplemental oxygen, L . . .
L . limit settings patient monitors
resulting in hyperoxia
No adjustment of SpO,
alarm limits when reaching Incorrect Technical imorovements in
6  GA of 37 weeks, resulting alarm 434 Eliminated . p
h - ) patient monitors
in unnecessary alarms for limit settings
hyperoxia
+ Protocol on manual FiO,
) ) ) adjustments
Too fast increase FiO,, Incorrect FiO, ) . .
7 - . . 408 Controlled + Education on potential
resulting in hyperoxia adjustments
hazard of supplemental
oxygen therapy
« Create awareness for
. Incorrect . . .
8 Physician does not record alarm 402 Temporarily the need to fill in patient
deviating alarm limits . X accepted records completely and
limit settings
correctly
+ Protocol on manual FiO,
adjustments
Too fast reduction of FiO,, Incorrect FiO, ) X X
9 . R ) 402 Controlled « Education on potential
resulting in hypoxia adjustments
hazard of supplemental
oxygen therapy
Nurse does not record Incorrect Technical imorovements in
10  adjustments of alarm limits alarm 376 Controlled . p
. - . patient monitors
in PDMS limit settings

The Hazard Scoring is represented by the overall Risk Priority Number (RPN), i.e. the mean RPN calculated
over all the RPN's given to the hazard by each of the team members.
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incorrect adjustment of the fraction of inspired oxygen (FiO,), incorrect alarm limit settings for
Sp0,, or incorrect pulse oximetry alarm limit settings on patient monitors for temporary use.

Incorrect adjustments of FiO,

Incorrect adjustments of FiO, can result in periods of hyperoxia and hypoxia. The severity of this
effect is difficult to quantify, but probably depends on the length and frequency of the periods.
Incorrect adjustments of FiO, are defined by the combination of frequency and step size in FiO,
adjustments. For example, multiple adjustments with a small step size, or a single adjustment
with a large step size may have a similar effect on the patient, thus both situations were defined
as 'too quick’.

Too slow decreasing of FiO, was thought to result from the fact that the risk for hyperoxia
might not be sufficiently realized by the nursing staff and the lack of a protocol describing the
step size and timing of FiO, adjustments. The lack of a protocol was also thought to be the
cause for the ‘too quick’ adjustments in FiO,. Another cause for ‘too quick’ increases was the
high workload of the nursing staff. Because the nurse has to perform other tasks (simultane-
ously), (s)he might adjust FiO, without waiting for the result of previous adjustment.

Incorrect pulse oximetry alarm limit settings

Just as incorrect adjustments in FiO,, no or incorrect adjustment of alarm limits for SpO, may
also lead to periods of hyperoxia or hypoxia. In the study’s centre, the protocol for alarm limits
for patients with a GA <37 weeks, prescribes alarm limits of 85-100% when patients are on room
air, and 85-93% for FiO, >21%. Thus, when the need for oxygen increases from 21% to >21%
or vice versa, the alarm limit needs to be adjusted. This protocol for alarm limits is based on,
amongst others, a study by Finer & Leone®. The causes for incorrect alarm limits were thought
to lie in the fact that nurses forget to adjust alarm limits, and that nurses think they do better
when they do not make an adjustment in alarm limits because, for instance, (s)he supposes the
need for supplemental oxygen will not last long.

Another situation in which incorrect alarm limits can occur is related to conscious deviations
from the protocol. In consultation with the physician, nurses can deviate from the protocol
for alarm limits for medical reasons. However, when the non-protocolled alarm limits are not
recorded, other NICU personnel may not be aware of the deviating alarm limits, and further-
more, cannot detect who decided to adjust the alarm limits for what reason.

When a preterm infant reaches a PMA of 37 weeks, the protocol for alarm limits changes. The
protocol for this patient group prescribes 92-100% for patients on room air, and 92-96% for FiO,
>21%. It often happens that the alarm limits are not adjusted at 37 weeks of PMA, because the
responsible nurse is not aware of the actual age of the patient.
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Incorrect pulse oximetry alarm limit settings on patient monitors for temporary use

Another hazard was the incorrect settings of alarm limits for SpO, on patient monitors for
temporary use. Next to the standard monitor belonging to each incubator, there are situations
in which the patient is monitored by separate monitors. For instance, during transport, dur-
ing a surgical procedure, or when an MRI is performed, the patient is disconnected from its
‘own’ monitor, and connected to another monitor specifically used for transport, surgery, or
MRI. These monitors are used for multiple patients. A consequence of the variety in patients is
that monitor settings are not always correctly set for the specific patient. The effects of these
incorrect settings depend on the actual setting, but can, for instance, cause unnoticed hypoxia
or hyperoxia. The reasons for incorrect monitor settings are probably the variety in default
settings of the monitors, and the fact that the nurse and/or physician forget to adjust monitor
settings when connecting the patient.

Step 5. Develop Risk Reduction Methods

For each hazard in the top ten, it was determined whether the hazard should be ‘eliminated;,
‘controlled’ or ‘accepted- Afterwards recommendations were defined. Several of these recom-
mendations were applicable on multiple hazards. For instance, the fact that caregivers do not
recognize the potential harm of hyperoxia, could be improved by a structured educational pro-
gram. In the study’s centre, this encompassed the inclusion of supplemental oxygen therapy
as a subject in the education of new NICU nurses, and in the obligatory monthly training for all
NICU nurses. The implementation of a protocol for FiO, adjustments, like described by Chow et
al.” and Wilkinson & Andersen', could be the solution to minimize incorrect FiO, adjustment,
and increase standardization in patient care.

The oxygen blender used for respiratory support with a nasal prong, or during manual
ventilation, is associated with (near-) misses because the pre-set FiO, is difficult to read. The
possibility of a more user-friendly oxygen blender will be investigated.

The frequency of incorrect alarm limit settings may decrease by introducing technical solu-
tions. In the most extreme solution, the protocol for alarm limits is implemented in the patient
monitor to make sure alarm limits are adjusted automatically. However, to be able to realize
this, the monitor needs to be informed about the actual FiO, supplied to the infant. In the
study’s centre, the monitors cannot receive information from ventilators yet. Other solutions
could be related to automatic reminders in the PDMS to prompt caregivers to verify pre-set
alarm limits. Incorrect setting of temporarily used patient monitors will probably be solved by
changing the default alarm limits of all monitors to the same, most conservative, settings. Also,
checking of the alarm limits is now included in the checklist for transportation of neonates. For
each of the recommendations made in the FMEA, individuals responsible for implementing
were identified.
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DISCUSSION

This article discusses the FMEA performed on supplemental oxygen therapy in very preterm
infants admitted to a NICU. The FMEA resulted in a top ten of hazards for which recommenda-
tions were suggested. These hazards could be categorized to three topics, namely incorrect
adjustment of the fraction of inspired oxygen (FiO,), incorrect alarm limit settings for oxygen
saturation measured by pulse oximetry (Sp0O,), and incorrect pulse oximetry alarm limit set-
tings on patient monitors for temporary use.

With respect to FiO, adjustments, protocols describing the step size and timing of FiO,
adjustments are lacking in the study’s centre, and FiO, adjustments are now highly dependent
on the workload, personal training, and opinion of the caregiver. Literature on this topic
is scarce and no randomized studies on how and when to adjust the FiO, exist. To improve
manual FiO, adjustment, the FMEA-team will develop a protocol for FiO, adjustments based
on current literature and expertise. Another recommendation is to educate caregivers on the
hazards of both hypoxia and hyperoxia in preterm infants. However, the effect of education
may be transient, and therefore, a structural repetitive program will be implemented.

Incorrect alarm limits for SpO, may be resolved with technical solutions. First, awareness by
using reminders in the PDMS or the patient monitors could be introduced. These reminders will
prompt caregivers to verify alarm limits. Ultimately, automated adjustment of alarm limits for
SpO,, based on the actual FiO,, should be constructed. Unfortunately, currently used respiratory
devices and patient monitors are not able to send and receive information to/from each other.
Solutions will be discussed with the industry so recommendations can be taken into account for
future developments. Finally, the hazard of incorrect settings in patient monitors was tackled by
changing the default alarm limits of all monitors to equal, most conservative settings. Also, in the
checklist for transportation of neonates, the task‘check the alarm limits’was included.

Implementation of the recommendations has proven to be difficult. Some of the recom-
mendations are not possible to implement immediately due to technical limitations, other
recommendations are part of larger changes in the NICU (e.g. implementation of checklists
and protocols), and will be implemented in the near future. Certainly, the knowledge and
understanding obtained while performing the FMEA will be shared with other NICUs.

The study was performed in one center, and the question remains whether the hazards are
generalizable to other NICUs. However, Nghiem et al."” showed that 32% of the centers in the
US do not have a protocol for SpO, alarm limits, which may also implicate absence of protocols
for FiO, adjustment. Furthermore, in centres that have a protocol for alarm limits, SpO, is fre-
quently outside of the alarm limits®” .

Compared to other processes that were prospectively analysed for hazards, like the admin-

istration of medication®"?®

, in the process of supplemental oxygen therapy no clear ‘endpoint’
can be defined. The process of supplemental oxygen therapy is continued until the patient is

discharged from the NICU. This complexity made it difficult to quantify the RPN for hazards.
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For instance, in the hazard analysis, the severity of potential consequences was scored ranging
from 'no consequences to the patient’ to ‘fatal consequences for the patient. However, most
failure modes in this FMEA could result in either hypoxia or hyperoxia, with unknown (long-
term) consequences. It is known that both hypoxia and hyperoxia can cause permanent dam-
age”, but it is impossible to determine whether this damage will actually occur and whether
this damage will be either temporarily, permanent or fatal.

Besides the difficulty of determining the ‘occurrence’ and ‘severity’ of hazards, Ashley and
Armitage® illustrated that determination of RPNs of hazards is also subjective. To minimize
subjectivity, it was decided to first determine RPNs individually, and to discuss the results
afterwards in a plenary session. Although the RPNs of the hazards differed slightly between
individuals, there was overall consensus about the hazards in the final top ten.

To quantify the effects of implementation of recommendations on the (near-) misses, the
FMEA-team is dependent of the voluntary reports of these (near-) misses. The number of reports
is not only dependent on the actual (near-) misses, but also on the willingness, and focus of
caregivers to detect, and report the (near-) misses.? Since these reports of (near-) misses thus
only provide an indication for the actual number of (near-) misses, it is impossible to compare
failure rates before and after this FMEA. However, despite the lack of quantification, performing
an FMEA on supplemental oxygen therapy in very preterm infants hospitalized on the NICU
provided interesting insights, and is expected to enhance patient safety.

Lessons learned by the FMEA-team

Performing the FMEA was a new experience for most of the team members. Though, despite
the inexperienced team, the FMEA was considered as easy to learn, and intuitive method. The
discussions in the plenary meetings were very open minded, and, thanks to the multidisci-
plinary character, diverse ideas and visions were mentioned. Because the FMEA consultant was
not related to the neonatology department, she had independent judgement.

The team members all agreed that performing an FMEA is time consuming. One of the largest
challenges for the team leaders was to plan appointments for plenary sessions which all of the
team members were able to join. The difficulty to organize meetings was partly caused by the
varying working shifts of the caregivers. However, despite the time issue, it is expected that
the FMEA tool will be used more frequently in the near future for other processes in Neonatal
Intensive Care.

Although the FMEA team existed of only eight members, the importance of reporting (near)
misses, identifying failure modes, and implementing recommendations in clinical practice, was
probably apprehended by a much larger part of the staff. Not only because of the fact that
the results of this FMEA were presented to all NICU nurses and physicians, but also because
of the monthly education rounds where (near) misses are discussed, amongst others. Hence,
the performance of the FMEA for supplemental oxygen therapy may have positive effects on

patient safety in general just by creating awareness among the caregivers.
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Conclusion

Performing an FMEA on supplemental oxygen therapy in very preterm infants hospitalized on
the NICU provided interesting insights. The main hazards were all related to incorrect adjust-
ment of the FiO,, incorrect alarm limit settings for SpO,, and incorrect pulse oximetry alarm
limit settings on patient monitors for temporary use. Thanks to the structured approach of the
FMEA, and the multidisciplinary team, several recommendations for improvement were made

and implemented.
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Chapter 13

Summary and general discussion

Partly based on: Denise Rook & Johannes B. van Goudoever. Oxidative stress and Glutathione
synthesis rates in early postnatal life. In: Studies on Perinatal & Prenatal Disorders. In press.






Summary and general discussion

Due to ongoing developments and research, mortality and outcome of preterm infants have
greatly improved over the last decades' % While the number of survivors is increasing and the
gestational age (GA) of survivors is decreasing, morbidity after preterm birth is not decreasing.
Therefore, reducing morbidity should also be a main objective of neonatal research. Neonatal
diseases like bronchopulmonary dysplasia, intraventricular hemorrhage, retinopathy of prema-
turity and necrotizing enterocolitis continue to be a great problem in neonatology and greatly
influence the outcome of preterm infants' %,

PART I: GENERAL INTRODUCTION

The pathogenesis of these diseases is still not fully unraveled, but seems to be multifacto-
rial. It has been postulated, first by dr. Ola Saugstad, that oxidative stress plays a role in the
pathogenesis of all of these diseases. As described in Chapter 1, oxidative stress is the resultant
from an imbalance between antioxidant defense mechanisms and the formation of reactive
oxygen species (ROS). Preterm infants are said to be at increased risk of oxidative stress due
to immaturity of their antioxidant defenses and increased production of ROS. To improve the
long-term outcome of preterm infants, research towards reduction of damage by oxidative
stress is important and should be focused both on increasing the antioxidant defenses and
reduction of oxidative stress.

Clinical outcome, i.e. ‘oxygen radical diseases of neonatology; is the main outcome when
studying the effects of an intervention on oxidative stress in preterm infants. However, indica-
tors of oxidative stress are also important. To assess the level of oxidative stress, we measured
biomarkers of oxidative stress and glutathione (GSH) kinetics, which is the main intracellular
antioxidant. Markers of oxidative stress were measured in urine, which is readily available with-
out harming preterm infants. GSH kinetics were determined in erythrocytes. Since research in
preterm infants is limited by small blood volumes, it is therefore important to reliably measure
GSH enrichments and concentrations in small samples. Chapter 2 describes the development
of the simultaneous analysis of both GSH and its precursor glycine using liquid chromatogra-
phy-isotope ratio mass spectrometry (LC/IRMS), thereby reducing the blood volume needed to
measure GSH kinetics.

PART Il: OXIDATIVE STRESS AT BIRTH

The first focus of this thesis was to reduce the oxidative insult as a result of oxygen administra-
tion during the resuscitation after birth of preterm infants, while warranting a safe transition
to extrauterine life (Chapters 3-5). Due to immature lungs, preterm infants often require some
sort of respiratory support with supplemental oxygen after birth in order to reach adequate
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oxygenation. However, oxygen during resuscitation, even when only administered for a few
minutes, can have long lasting detrimental effects in term infants®. In a meta-analysis including
10 studies and over 2000 infants, the risk of neonatal mortality was reduced after resuscita-
tion with 21% oxygen compared to 100% oxygen (relative risk 0.69, 95% confidence interval
0.54-0.88)>. This reduction was even more striking when including only randomized studies
in the meta-analysis. There was also a trend toward a decrease in the risk of hypoxic ischemic
encephalopathy after resuscitation with 21% oxygen compared to 100% oxygen. Although
recent resuscitation guidelines advise to start resuscitation of preterm infants with lower oxy-
gen concentrations, the optimal fraction of inspired oxygen (FiO,) for preterm infants during
resuscitation is still undetermined.

Initial FiO, during the resuscitation of preterm infants

Previous studies on the initial fraction of inspired oxygen (FiO,) during the resuscitation of pre-
term infants compared the use of low FiO,, i.e. room air or 30% oxygen, with either 90% or 100%
oxygen*”.In these studies, FiO, in the low-oxygen group had to be increased to reach appropri-
ate oxygenation, while the FiO, in the high-oxygen group was often decreased. Resuscitation
of preterm infants with an initial FiO, of 30% resulted in decreased oxidative stress markers
and a decreased risk of bronchopulmonary dysplasia (BPD) compared to an initial FiO, of 90%?°.
Based on these studies, we concluded that initiating the resuscitation of preterm infants with
room air was too low, while starting with 90% FiO, was too high. As stated by Augusto Sola:
“Errors have been generalizing guidelines for FiO, in delivered gas, focusing on FiO, extremes
(0.21 and 1.0) when there are 79 other options”® °. Therefore, to assess the safety and efficacy
of starting resuscitation of preterm infants with low oxygen concentrations, the next objective
was to compare 30% oxygen with an intermediate FiO,.

For this aim, we performed a double-blind, randomized controlled trial comparing an initial
FiO, of 30% with an initial FiO, of 65% for the resuscitation of very preterm infants (Chapters 3
and 4). In total, we included 193 preterm infants with a GA below 32 weeks who were random-
ized to start resuscitation with either 30% or 65% oxygen for which the physician was blinded. In
this study, we demonstrated that resuscitation of preterm infants with 30% oxygen is as safe as
resuscitation with 65% oxygen, but does not offer benefits with regard to survival without BPD.
The amount of oxygen administered in the high-oxygen group was significantly higher during
the first five minutes. Since preterm infants are difficult to ventilate in the immediate postnatal
phase due to immaturity of the lungs, oxygen supplementation will not warrant immediate
effect and might result in overexposure of the lung to oxygen. In our study, the higher oxygen
load actually resulted in higher oxygen saturations, indicating that the oxygen administered
diffused into the blood stream. In addition, preterm infants lack sufficient (pulmonary) anti-

oxidant defences to overcome sudden exposure to oxygen™ "

, making them more susceptible
for oxidative (lung) damage. Taken together, we conclude that resuscitation of preterm infants

with a GA below 32 weeks is preferably done with an initial FiO, of 30%, rather than with 65%.
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As soon as the lungs are aerated and oxygen saturation rises, individual adjustment of the FiO,
is needed based on oxygen saturation measured by pulse oximetry (SpO,).

Although we could not demonstrate differences in short-term clinical outcome and in oxida-
tive stress, long-term outcome of these infants will unravel if there are subtle differences due
to different exposure to oxygen, that did not manifest in the neonatal period. As part of the
randomized study, we will determine the neurodevelopmental outcome at 2 years of age. The
long-term follow up is described in Chapter 5. Currently, the follow up is still ongoing and de-
blinding will be performed after all infants have been tested for neurodevelopmental outcome
at 2 years of corrected age.

FiO, adjustment during the resuscitation of preterm infants

After the initial phase of the resuscitation of preterm infants, subsequent adjustment of the
FiO, should be based on individual SpO, measurements. In 2010, the resuscitation guideline
of the European Resuscitation Council (ERC) introduced SpO, targets for the first 10 minutes
after birth”. These SpO, targets are based on a study by Dawson et al., where normative values
of heart rate and SpO, were obtained in 468 healthy, mostly term infants who did not require
respiratory support during resuscitation”. It is debatable whether these SpO, targets are
appropriate for preterm infants. In the study by Dawson et al., preterm infants who did not
require respiratory support during resuscitation after birth showed a slower rise in SpO, after
birth®™. It can be discussed what the appropriate SpO, targets are for preterm infants; those
of healthy term infants or those of preterm infants who do not require respiratory support.
To date, the current ERC guidelines are however the best available evidence and these SpO,
targets should be used to guide FiO, administration during resuscitation.

Currently, to reach and maintain the SpO, targets, the fraction of inspired oxygen (FiO,) is
adjusted manually but the manual control of the SpO, is known to be difficult, as demonstrated
by reported time spend outside the target range of approximately 50% in neonatal intensive
care units (NICU)"". During resuscitation, the unknown maturation of the infants lungs, the
need for the SpO, to rise and the complex proceedings of the resuscitation make controlling
the saturation even more difficult. The guidelines do not provide any advice on how and when
to adjust the FiO, and although some strategies have been published, they have yet to be
proven effective™. As shown in Chapter 6, following the SpO, targets has proven to be difficult
in current clinical practice. In this observational study, large deviations from the SpO, targets
were observed during the resuscitation of 78 very preterm infants. During the first minutes
of resuscitation the deviations were probably caused by an inability to control the SpO, due
to absent or unreliable SpO, measurement in the immediate postnatal phase, difficulties in
appropriate aeration of the immature lungs or suboptimal ventilation. The single value targets
from the ERC can never be met precisely and it seems therefore preferable to define an accept-
able target range and evaluate this in clinical practice.
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Conclusion and future perspectives

The initial FiO, for the resuscitation of preterm infants has been studied in multiple trials with
different initial FiO,, different GA of included infants and different SpO, targets for subsequent
adjustments*”. From these studies, it can be concluded that resuscitation should be initiated
with low oxygen concentrations. Our study demonstrates that an initial supplementation of
preterm infants with 30% oxygen during fetal-to-neonatal transition is as safe as 65% oxygen
and results in reduced oxygen exposure during resuscitation, but does not offer benefits with
respect to short-term clinical outcome and oxidative stress. Currently, we are awaiting long-
term neurodevelopmental follow up.

We acknowledge, however, a potentially important limitation of our study design. As paren-
tal informed consent was needed prenatally, we selected cases with expected premature birth
as is seen in preeclampsia, intrauterine growth retardation and chorioamnionitis. We did not
include the cases with unexpected acute premature labor, in whom there was no opportunity
for administration of prenatal steroids. Future studies should include a waiver of consent in
order to also include infants without prenatal steroids. Prenatal steroids are known to positively
influence antioxidant defense in preterm infants and therefor untreated infants might be at
increased risk for overexposure to oxygen'. In addition, combining data of all completed and
ongoing studies in a meta-analysis might reveal subtle effects, since large numbers are needed
to demonstrate differences in less common outcomes, such as mortality.

After the initial FiO,, subsequent adjustments should be based on individual SpO, mea-
surements. To date, no randomized studies have been performed on the appropriate SpO,
target range during the resuscitation of preterm infants. To compare different SpO, target
regimes, it is important that current clinical practice is able to control the SpO, adequately,
which is a challenging task. New technological developments might aid in SpO, control. By
displaying actual SpO, and the target together on one screen, deviation from the target and
the trend of the actual SpO, are better interpreted and this might contribute to improved
control of the SpO,,. The use of a respiratory function monitor, such as the one developed
by Schmélzer et al *°, might contribute to controlling the infants oxygenation by supplying
feedback on ventilation status. Closed loop SpO, control is available for use in a NICU set-
ting (CliO2, CareFusion, San Diego, USA), and similar technology might be beneficial during

resuscitation.

PART I1l: NUTRITIONAL MODULATION OF OXIDATIVE STRESS

Another way of preventing oxidative stress is to enhance antioxidant defense, which might be
achieved via nutritional modulation. Protein synthesis, like the synthesis of GSH, is dependent
on adequate substrate, i.e. amino acids (AA). In addition, a positive energy balance is important
for protein synthesis, since protein synthesis is an energy demanding process. Non-protein
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energy deficits are, however, still common in premature infants during the first week of life”.
Optimizing early nutrition by increasing AA intake and early administration of lipids might
improve antioxidant defenses by increased GSH synthesis.

Amino acids

Frans te Braake et al. previously showed that early administration of 2.4 g/(kg-d) AAs to pre-
term infants resulted in increased concentration of GSH on the second day of life, without a
concomitant rise in the fractional synthesis rate of GSH (FSR,))**. In follow up of this study, we
demonstrate in Chapter 7 significantly lower GSH concentrations within a few hours after birth
as compared to the second day of life in infants receiving 2.4 g/(kg-d) AAs. Also in this study,
FSR4c, Was not increased. These data suggest that the increased GSH concentration after initial
low concentrations after birth could be the result of decreased GSH consumption upon AA
administration. Possible explanations for this might be that AAs, including methionine and cys-
teine, can serve as antioxidants themselves® or that increased availability of AAs up-regulates
synthesis of other antioxidants like albumin synthesis®*. Besides antioxidant properties, GSH

also functions as a cysteine reservoir® >

and it might be possible that increased availability of
cysteine reduces breakdown of GSH to generate free cysteine. As demonstrated in Chapter 8,
increasing AA administration even further to 3.6 g/(kg-d) did not have an additional effect on

either GSH availability or synthesis rate.

Lipids
Lipids are an essential component of the parenteral nutrition of preterm infants, because they
supply the essential fatty acids and are a source of high calories. Since lipids become the main
source of energy within hours after administration”, early lipid administration may result in
protein sparing. In Chapter 8, we demonstrated that increasing the energy balance via lipid
administration form birth onwards did not result in increased GSH synthesis. As lipids are
vulnerable for lipid peroxidation, it might be possible that early introduction of parenteral
lipids could contribute to increased oxidative stress in preterm infants. Total isofurans and
neurofurans were increased on postnatal day 2 upon early lipid administration. However, these
differences disappeared in the consecutive days when all groups received lipids and other oxi-
dative stress markers were not different between groups. Furthermore, early initiation of lipids
did not results in differences in short-term clinical outcome (Vlaardingerbroek et al., submitted).
Therefore, it seems that lipid administration from birth onwards does not increase oxidative
stress compared to initiation of lipids later, but long-term follow-up will determine whether the
transient increase of isofurans and neurofurans upon early initiation of lipids is indeed clinically
irrelevant.

Besides the timing of parenteral lipid administration, we also studied the effect of the type
of lipid emulsion administered. Traditional lipid emulsions are mainly manufactured from
soybean oil and are very rich in w-6 polyunsaturated fatty acids (PUFAs), which are highly
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susceptible for lipid peroxidation resulting in increased oxidative stress®®*°. A multicomponent
lipid emulsion, containing soya bean oil, medium-chain triglycerides, olive oil and fish oil with
increased added a-tocopherol, might positively influence oxidative stress due to a more bal-
anced w-3:w-6 fatty acid ratio and the added a-tocopherol. However, literature comparing the
effect of a multicomponent lipid emulsion with a pure soybean oil emulsion on oxidative stress
is conflicting®*. Also, parenteral lipids were supplied either with low doses form birth onwards
or lipids were not started directly from birth onwards in most of these studies. Therefore, we
performed a double-blind randomized study comparing a multicomponent lipid with a pure
soybean oil emulsion with a starting dose of 2 g/(kg-d) directly after birth and 3 g/(kg-d) on the
following days (Chapter 9). GSH concentration and synthesis rate were not altered following
administration of different lipids emulsions from birth onward in preterm infants. Besides a
decrease in isofurans (indicative of a reduced arachidonic acid peroxidation), all other markers
of oxidative stress were not reduced in infants receiving a multicomponent lipid emulsion.
Although the association of a reduction in isofurans seems to suggest an interplay between
lipid peroxidation and oxygen rather than an effect of sole lipid peroxidation, the other markers
were not affected and type of lipid does not affect neonatal morbidities®, the implication of dif-
ferences in isofurans is unknown. Taken together, there does not seem to be a clear reduction
of oxidative stress upon administration of the multicomponent lipid emulsion compared to a

pure soybean oil emulsion.

Conclusion and future perspectives

Initiation of AAs from birth onwards resulted in increased GSH concentration, probably caused
by decreased GSH consumption. Extracellular amino acid substrate availability suppresses the
cellular glutathione loss through oxidation, thereby facilitating the preservation of cellular
glutathione content”. Consequently, increased AA availability limits GSH recycling and the
need for de-novo synthesis. However, there appears to be a limit to this effect on GSH, since
high dose AA administration did not have an additive effect.

Increasing energy intake via intravenous lipids also did not result in increased GSH synthe-
sis. However and fortunately, timing and type of lipid emulsion supplied as part of parenteral
nutrition to preterm infants does not seem to influence oxidative stress significantly. Probably,
oxidative stress is already so highly increased in preterm infants that parenteral lipids do not
have a detectable effect. However, long-term follow up will reveal whether the differences in
isofurans and neurofurans are of clinical relevance.

In conclusion, nutritional modulation of GSH synthesis in preterm infants seems to warrant
only minimal effects. Increased AAs and/or lipids do not increase GSH synthesis rate. Maximum
synthetic capacity caused by immaturity of the enzymatic apparatus in preterm infants is not
the (sole) explanation for this, since preterm infants seem to be capable of synthesizing GSH
(discussed elsewhere in this chapter). Shortage of substrate should have been intercepted
by increased AA administration, but the composition of the AA might have been suboptimal.
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Protein synthesis is dependent on availability of all precursor AAs and the rate of protein syn-
thesis is thus determined by the first limiting AA.

Generally, the AA content of human milk should be adequate for term infants and, therefore,
most infant formulas have a composition comparable to human milk. Specific requirements
for preterm infants might be different, since preterm infants have to experience a postnatal
growth in the extrauterine environment equivalent to intrauterine growth. Cysteine was always
considered to be conditionally essential in preterm infants, but shortage of cysteine also does
not seem to be the main limiting factor in preterm infants (discussed elsewhere in this chapter).
Currently, studies are undertaken to establish requirements of the individual AAs in preterm
infants and future studies should investigate the effect of other AA compositions with these
requirements on GSH synthesis. Another course of future research on nutritional modulation of
oxidative stress is the supplementation of vitamins and other antioxidants in preterm infants.

However, to date, results are inconclusive and the search for the holy grail continues.

PART VI: OTHER MODULATORS OF OXIDATIVE STRESS

Effect of neonatal sepsis on oxidative stress

Many preterm infants will develop nosocomial sepsis during the first weeks of life, with
reported incidences of 21 to 36% ***°. Despite major improvements in neonatal care, sepsis
remains an important cause of morbidity and mortality in preterm infants. Amongst others,
sepsis in preterm infants is associated with severe adverse neurodevelopmental outcome at 2
years of age* *. The relation between neonatal sepsis and the adverse outcome is likely to be
multifactorial, but oxidative stress is thought to be one of the major contributors*' *. During
sepsis, ROS formation is increased as part of the defensive response against pathogens through
the stimulation of pro-inflammatory cytokine release, the formation of chemotactic factors and
neutrophil recruitment **¥. In both adults and children, overstimulation of ROS production or
an insufficient antioxidant capacity is associated with increased morbidity and mortality**>°.
A compromised antioxidant defense makes preterm infants more susceptible to oxidative

*1%2 and the increased ROS formation during sepsis might be an etiological factor to the

stress
detrimental long-term outcome in preterm infants after neonatal sepsis. In Chapter 10, how-
ever, we demonstrated that nosocomial sepsis in premature infants did not result in increased
oxidative stress and therefore there was no up-regulation of GSH synthesis.

Our study design might have been suboptimal. We designed the study to detect differences
in GSH kinetics and the study was therefore not powered to detect differences in oxidative
stress markers. Nowadays, less invasive methods to measure oxidative stress markers, i.e. urine,
are available. This allows future studies to include more preterm infants and also to include
‘healthy’ preterm infants as controls. Our data do not explain the association between nosoco-

mial neonatal sepsis in preterm infants and adverse long-term outcome. It would be of great
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interest to further explore other mechanisms, such as the production of pro-inflammatory
cytokines which are known to be neurotoxic and altered cerebral blood flow through circula-

tory insufficiency.

Determinants of GSH synthesis

Shorter gestation, lower birth weight (BW) and male gender are associated with poorer out-
come. This effect might be partly mediated by differences in antioxidant capacity. Since oxida-
tive stress is associated with both morbidity and mortality in preterm infants, we hypothesized
that gender, GA and BW would affect GSH kinetics. However, differences in outcome related to
GA, BW and gender seem to be unexplained by differences in GSH synthesis rates (Chapter 11).

Interestingly, the GSH-GSSG ratio was slightly lower in females than in males, which is in
contrast with previous reports on gender differences in oxidative stress. This should be further
investigated with, amongst others, measurement of multiple parameters of oxidative stress

simultaneously.

The process of oxygen supplementation

Another important factor leading to increased oxidative stress in preterm infants is the oxygen
supplementation during their stay on the NICU. Due to immature lungs, supplemental oxygen
therapy is often needed in the first days to weeks of life to maintain adequate oxygenation.
Unfortunately, supplemental oxygen therapy has a very narrow therapeutic range, since both
hypoxia and hyperoxia may have severe consequences for the outcome of these infants®.
Currently, FiO, is adjusted manually to maintain SpO, within the SpO, target range. As stated
by Alexander Pope: “To err is human” (An Essay on Criticism, 1711). Therefore, the process of
manually controlling SpO, might be subjected to flaws. This is underscored by the Neonatology
System for Analysis and Feedback on medical Events (NEOSAFE), where (near-) accidents are
reported by NICU personnel on an anonymous and voluntary basis. In 2010, only 6% of the
reports on the NICU of the Erasmus Medical Center-Sophia Children’s Hospital in Rotterdam
were related to ‘supplemental oxygen therapy’ However, these reports were responsible for
90% of the (near-)accidents that were categorized as ‘most risky' Therefore, we performed a
Failure Mode and Effects Analysis (FMEA)' to evaluate hazards in the process of supplemental
oxygen therapy in very preterm infants hospitalized on the NICU, and to provide recommenda-
tions for improvement (Chapter 12).

The top ten hazards could all be categorized to three main topics: incorrect adjustment of
the FiO,, incorrect alarm limits for SpO, and incorrect pulse-oximetry alarm limits on patient
monitors for temporary use. The FMEA culminated in recommendations in both educational
and technical directions. These included suggestions for (changes in) protocols on alarm limits
and manual FiO, adjustments, education of NICU staff on hazards of supplemental oxygen, and
technical improvements in respiratory devices and patient monitors.
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GENERAL DISCUSSION

Oxidative stress and “fetal origins” of adult diseases

Fetal development takes place in a relative hypoxic environment, with the partial pressure of
oxygen (pO,) in the fetus rarely above 4 kPa>. As soon as infants start breathing, the pO, rises
sharply. This sudden increase in pO, at birth is essential for cardiopulmonary adaptation at
birth, which includes a decrease of pulmonary vascular resistance and vascular remodeling,
like the closure of the ductus arteriosus® *®. Hence, a certain amount of oxygen is essential for
an adequate transition at birth. To achieve a normal oxygenation, preterm infants often require
additional oxygen during resuscitation after birth. However, oxygen exposure goes hand in
hand with the formation of reactive oxygen species (ROS), while preterm infants are already
highly susceptible to oxidative damage due to their immature antioxidant defenses. So, there
seems to be a delicate balance between hypoxia and hyperoxia during the initial phase after
birth, which might have long-term consequences.

Fetal origins of diseases have been studied extensively, mainly focusing on growth and
nutrition. Dr. Barker and Dr. Hales (1992) were the first to retrospectively observe that poor
fetal growth, and thus fetal malnutrition, is associated with impaired glucose tolerance, the
metabolic syndrome and cardiovascular risk in adulthoods. Since then, many others studied
this association, both epidemiologically and biochemically, and this association became known
as the ‘Barker hypothesis. However, the underlying mechanisms remain poorly understood.
Major hypotheses on this developmental programming include the ‘thrifty phenotype) postna-
tal accelerated or catch-up growth, glucocorticoid effects and epigenetic changes®. Recently,
it has been hypothesized that oxidative stress might also be involved in this fetal programming
for diseases in later life>”°.

There are several mechanisms how ROS and/or oxidative stress might be implicated in fetal
programming. First, ROS and the redox balance play an important role as regulatory mediators
in signaling processes. This is important for the control of gene expression during physiologi-
cal processes like programmed cell death in fetal development, the physiological response to
pathogens and maintaining vascular tone® ¢, However, increased ROS levels change the nor-
mal redox balance with subsequent alterations of gene expression®. Second, ROS are highly
reactive molecules and will react with other molecules in order to stabilize themselves. This
includes direct damage to nucleotides, which could result in permanent DNA mutations when
not repaired appropriately. Furthermore, ROS can cause epigenetic changes, like modification
of methylation or telomere length, leading to permanent changes in gene transcription and
expression. Finally, oxygen sensing might be altered under different conditions of oxidative
stress. Specialized cells, like cells of the carotid body, neuroepithelial bodies in the lungs and
smooth-muscle cells of the pulmonary arteries and the ductus arteriosus, sense the local
oxygen tension and constitute a specialized homeostatic oxygen-sensing system®®. The tran-
scription of hypoxia-inducible factor-1a (HIF-1a) is oxygen dependent and is an integral part
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of this oxygen-sensing system® ¢, HIF-1a is an is activated during hypoxia and transcribes
a large number of genes which defend the organism against hypoxia, including genes related
to angiogenesis, erythropoiesis and glucose uptake resulting in reduced oxygen consumption
and increased oxygen delivery. In normoxia and hyperoxia, HIF-1a is turned off and degraded.
Adaptation of the human body encompasses a whole array of changes and exposure to
hypoxia or hyperoxia during this adaptation might result in altered oxygen sensing, with an
adjustment of the normoxia set point so that cells perceive hyperoxia under otherwise normal
oxygen concentrations™*.

Especially preterm infants are subjected to increased oxidative stress, both during fetal
development and the neonatal period. Many conditions associated with preterm birth, such as
pre-eclampsia and chorioamnionitis, have also been associated with oxidative stress® ¢. After
birth, preterm infants are also subjected to increased levels of oxidative stress during a period
where preterm infants experience equivalent intrauterine development stage in an oxygen-
rich environment postnatally®®. Subsequently, this increased oxidative stress during this ‘critical
window’ might predispose for diseases in later life. This stresses the importance of long-term
follow-up and meta-analysis of smaller studies, to establish the effects of oxygen in the early
phase of premature life on health and functioning in adult life.

Glutathione kinetics

In this thesis, GSH kinetics were used as a marker for oxidative stress. GSH is the main intracellu-
lar non-enzymatic antioxidant and kinetic studies should contribute to a better understanding
into antioxidant response to an oxidative insult. In the clinical studies presented in this thesis,
we measured GSH synthesis in erythrocytes. Besides being readily accessible as opposed to
other tissues, erythrocytes are also suggested to function as antioxidant defense by being a
physiological source of GSH and by taking up ROS®' %, Giustarini et al. (2007) provided strong
evidence for a role of erythrocytes as GSH donor for other tissues®. In this manner, erythrocytes
can provide protection against oxidative injury to other tissues, such as the lungs, by supplying
them with intracellular antioxidant™ ®*72, Furthermore, membranes of erythrocytes are perme-
able to superoxide and hydrogen peroxide. By taking up these ROS, erythrocytes are also able
to protect other tissues against oxidative damage” ’*. Taken together, erythrocytes seem to be
a good representative of systemic oxidative stress.

In the studies presented in this thesis, erythrocytic fractional synthesis rate (FSR) was not
upregulated upon any intervention (i.e. oxygen administration, nutritional interventions or
during nosocomial sepsis), which raises the question why preterm infants exhibit such a stable
FSR. Immaturity of the enzymatic apparatus might be an obvious explanation. Glutamate-
cysteine ligase - the rate-limiting enzyme in GSH synthesis - is present and active in preterm
infants”. However, literature about cystathionase, which converts homocysteine to L-cysteine,
is conflicting’®”. It has been suggested that cystathionase is not fully matured in preterm
infants, making cysteine a conditionally essential AA in preterm infants. On the other hand,
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stable isotope studies have shown that conversion of homocysteine to cysteine is not ham-
pered in preterm infants® ®'. Moreover, biosynthesis of glutathione has proven to be active in
leukocytes from preterm infants® and is not dependent on gestational age (Chapter 11). As
discussed previously in Chapter 11, it would be very interesting to investigate whether genetic
differences, like polymorphisms, in the GSH synthesis apparatus might alter GSH synthesis and
its response to oxidative stress. Polymorphisms in other antioxidant enzymes have already
been associated with perinatal mortality and neonatal morbidity®*®.

Another explanation for the absence of up-regulation of GSH synthesis in response to the
postnatal decrease of GSH synthesis could be lack of sufficient substrate. Providing preterm
infants with additional parenteral AAs does however not up-regulate GSH synthesis (Chapters
7 and 8). Cysteine is considered to be the rate-limiting substrate for glutathione synthesis.
Although the capacity for cysteine synthesis is thus present in preterm infants, demands might
very well exceed the capacity for de novo synthesis. Preterm infants could thus still be dependent
on exogenous cysteine, while most neonatal AA solutions contain small amounts of cysteine or
none at all. However, increased parenteral cysteine administration did not result in increased
GSH synthesis”. Also in the our study, cysteine concentrations were not correlated with GSH
synthesis (Chapter 8). Taken together, lack of cysteine, either by cystathionase deficiency or
insufficient substrate, does not seem to be the main determinant of GSH synthesis in preterm
infants. As discussed previously in this chapter, current AA solutions might not be optimal for
preterm infants and protein synthesis is dependent of availability of all precursor AAs. Studies
on the requirements of the individual AAs in preterm infants should reveal whether current AA
solutions are sufficient for the needs of preterm infants.

Finally, preterm infants are shown to have a higher recycling of GSSGinto GSH in erythrocytes
compared with adults®®. This more efficient recycling could decrease the need for de novo GSH
synthesis, since there is relatively more effective GSH. It can, therefore, be questioned whether
GSH synthesis rate alone is a suitable marker to study oxidative stress in preterm infants.
Simultaneous measurement of all players of the GSH antioxidant defense system, namely GSH
synthesis, the ratio of GSH and its oxidized GSSG, and the enzymes involved in GSH synthesis
and recycling, should provide a better insight into GSH in preterm infants.

In conclusion, preterm infants seem to be able to up-regulate GSH synthesis. The stimuli to

do so, however, are unclear.

CLOSING REMARKS

As repeatedly stressed in this thesis, increased oxidative stress can have detrimental conse-
quences, especially in preterm infants who are experiencing equivalent intrauterine develop-
ment stage in an oxygen-rich environment postnatally. However, it is important to remember
that oxidative stress also has a physiological function as in cardiopulmonary adaptation at
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birth, the defense against microorganisms and in inter- and intracellular signaling. So, there
seems to be a delicate balance between pathologic and physiologic oxidative stress.

Although we could not demonstrate differences in oxidative stress upon oxygen supple-
mentation or differences in antioxidant defense upon nutritional interventions, it is evident
that oxidative stress plays an important role in neonatal morbidity and mortality. Clearly, the
mechanisms of oxidative stress and antioxidant defense are complex and warrant further
research. We suggest that future research on oxidative stress in preterm infants should focus on
finding more sensitive biomarkers of oxidative stress, genetic polymorphisms and the adaptive

mechanisms.
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Door wetenschappelijk onderzoek en verbetering van de zorg zijn de sterftecijfers en de
uitkomst van premature pasgeborenen, dit zijn kinderen geboren na een zwangerschapsduur
korter dan 37 weken, in de afgelopen decennia sterk verbeterd. Hoewel de overleving van
premature pasgeborenen verbetert en ook pasgeborenen met een steeds kortere zwanger-
schapsduur overleven, neemt de ziektelast, ook wel morbiditeit genoemd, na vroeggeboorte
niet af. Het verminderen van de morbiditeit is dan ook een belangrijk doel van onderzoek
bij pasgeborenen. Neonatale aandoeningen zoals bronchopulmonale dysplasie (chronische
longaandoening), intraventriculaire bloeding (hersenbloeding), retinopathie van prematuriteit
(afwijking van het netvlies van het oog) en necrotiserende enterocolitis (ernstige darmziekte)
blijven een groot probleem in de neonatale zorg en zijn van grote invloed op de uitkomst van
premature pasgeborenen.

DEEL 1: INTRODUCTIE

De oorzaak van bovengenoemde neonatale aandoeningen is nog steeds niet volledig ont-
rafeld, maar lijkt multifactorieel te zijn. In de jaren 80, stelde Dr. Ola Saugstad de hypothese
dat oxidatieve stress een rol speelt in de pathogenese van al deze ziekten en noemde deze
aandoeningen ‘zuurstofradicale ziekten van de neonatologie’ Zoals beschreven in Hoofdstuk
1, is oxidatieve stress het gevolg van een disbalans tussen antioxidanten en zuurstofradicalen.
Hierbij worden zuurstofradicalen onvoldoende geneutraliseerd door antioxidanten, waardoor
zij lichaamscellen en -weefsels kunnen beschadigen. Als gevolg van onrijpheid en tekort aan
antioxidanten enerzijds en een toegenomen productie van zuurstofradicalen anderzijds, heb-
ben premature pasgeborenen een verhoogd risico op het ontstaan van oxidatieve stress. Om de
morbiditeit van premature pasgeborenen te verminderen, is onderzoek naar oxidatieve stress
van groot belang en dient dit gericht te zijn op zowel het verbeteren van de antioxidanten van
premature pasgeborenen als op het verminderen van vorming van zuurstofradicalen.

Het ontstaan van de zogenaamde ‘zuurstofradicale ziekten van de neonatologie’ is de
belangrijkste uitkomst bij onderzoek naar oxidatieve stress bij premature pasgeborenen. Om
oxidatieve stress te meten, hebben we markers van oxidatieve stress gemeten in de urine,
wat gemakkelijk beschikbaar is zonder nadelige gevolgen voor de premature pasgeborenen.
Daarnaast hebben we de synthese van glutathion, de belangrijkste intracellulaire antioxidant,
gemeten. Deze werd bepaald in de rode bloedcellen. Aangezien onderzoek bij premature
pasgeborenen wordt beperkt door kleine bloedvolumes, is het daarom belangrijk om de GSH
synthese betrouwbaar te kunnen meten in kleine samples. Hoofdstuk 2 beschrijft de ontwik-
keling van een nieuwe methode, waarbij zowel GSH als diens voorloper glycine gelijktijdig
worden gemeten door middel van Liquid Chromatography Isotope Ratio Mass Spectrometry
(LC-IRMS), waardoor het benodigde bloedvolume kon worden gereduceerd.
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DEEL 2: OXIDATIEVE STRESS BlJ GEBOORTE

Het eerste doel van dit proefschrift was het verminderen van de oxidatieve stress als gevolg
van het toedienen van zuurstof tijdens de resuscitatie (opvang en stabilisatie) direct na de
geboorte van premature pasgeborenen (Hoofdstukken 3-5). Vanwege onrijpheid van de
longen, hebben premature pasgeborenen na de geboorte vaak beademing met extra zuurstof
nodig om voldoende oxygenatie (SpO,; zuurstofverzadiging in het bloed) te bereiken. Echter,
zuurstof tijdens de resuscitatie na geboorte, zelfs wanneer het slechts enkele minuten wordt
toegediend, kan langdurige schadelijke effecten hebben. Eerder onderzoek bij voldragen
pasgeborenen heeft aangetoond dat het risico op overlijden wordt gereduceerd indien 21%
zuurstof wordt gebruikt in plaats van 100% zuurstof. Ook werd er een trend tot afname van
het risico op hersenschade geconstateerd na resuscitatie met 21% zuurstof in vergelijking
met 100% zuurstof. Hoewel in recente richtlijnen wordt geadviseerd om te starten met lagere
zuurstofconcentraties, is de optimale fractie van ingeademde zuurstof (FiO,) bij prematuren
pasgeborenen tijdens resuscitatie nog onbekend.

Initiéle FiO, tijdens de resuscitatie van premature pasgeborenen

Eerdere studies naar de optimale FiO, tijdens de resuscitatie van premature pasgeborenen
vergeleken het gebruik van lage FiO,, dat wil zeggen 21% of 30% zuurstof, met een hele hoge
FiO, zoals 90% of 100% zuurstof. In deze studies moest de FiO, in de groep startend met lage
zuurstof vaak worden verhoogd om voldoende oxygenatie bereiken, terwijl de FiO, in de groep
startend met hoge zuurstof vaak verlaagd werd. Resuscitatie van premature pasgeborenen met
een initi€le FiO, van 30% leidde wel tot een verlaging van de oxidatieve stress markers en een
verminderd risico op bronchopulmonale dysplasie in vergelijking met een initiéle FiO, van
90%. Om de veiligheid en effectiviteit van het gebruik van lage zuurstofconcentraties tijdens
de resuscitatie van premature pasgeborenen te bepalen, was de volgende doelstelling om 30%
zuurstof te vergelijken met een gemiddelde FiO,.

Voor dit doel hebben we een dubbelblind, gerandomiseerd onderzoek verricht, waarin
we een initiéle FiO, van 30% vergeleken met 65% voor de resuscitatie van premature pasge-
borenen (Hoofdstukken 3 en 4). In dit onderzoek hebben we 193 premature pasgeborenen
geincludeerd met een zwangerschapsduur onder de 32 weken. De premature pasgeborenen
werden gerandomiseerd voor een initi€le resuscitatie met 30% of 65% zuurstof, waarvoor de
arts was geblindeerd. In deze studie hebben we aangetoond dat resuscitatie van premature
pasgeborenen met 30% zuurstof net zo veilig is als resuscitatie met 65% zuurstof, maar het
biedt geen voordelen met betrekking tot de overleving zonder bronchopulmonale dysplasie.
De hoeveelheid zuurstof toegediend in de hoge zuurstofgroep was wel significant hoger
tijdens de eerste vijf minuten. In onze studie resulteerde de hogere zuurstofbelasting daad-
werkelijk in een hogere SpO, in het bloed, wat betekent dat het toegediende zuurstof ook

daadwerkelijk in het bloed aankomt. Daarnaast beschikken premature pasgeborenen niet over



Nederlandse samenvatting

voldoende (pulmonale) antioxidanten om de plotselinge blootstelling aan zuurstof te overwin-
nen, waardoor ze gevoeliger zijn voor oxidatieve (long) schade. Bij elkaar genomen kunnen
we concluderen dat resuscitatie van premature pasgeborenen met een zwangerschapsduur
onder de 32 weken bij voorkeur wordt uitgevoerd met een initiéle FiO, van 30%, in plaats van
65%. Zodra de zuurstofverzadiging stijgt, is individuele aanpassing van de FiO, noodzakelijk
op basis van SpO,.

Hoewel we geen verschillen hebben aangetoond in klinische korte termijn uitkomsten
en oxidatieve stress, zal de lange termijn uitkomst van deze kinderen laten zien of er subtiele
verschillen zijn als gevolg van blootstelling aan verschillende zuurstofpercentages die zich niet
manifesteerden in de neonatale periode. Als onderdeel van de gerandomiseerde studie, zullen
we de neurologische ontwikkeling onderzoeken op 2 jarige leeftijd (Hoofdstuk 5). Momenteel
is deze follow-up nog gaande. Deblindering zal worden uitgevoerd nadat alle kinderen zijn
getest op neurologische ontwikkeling op 2 jarige leeftijd.

FiO, aanpassingen tijdens de resuscitatie van premature pasgeborenen

Na de initi€le fase van de resuscitatie van prematuren, moet de FiO, vervolgens worden aan-
gepast op basis van de SpO,,. In 2010 introduceerde de richtlijn van de European Resuscitation
Council (ERC) doelstellingen voor de SpO, gedurende de eerste 10 minuten na geboorte. Deze
Sp0, doelstellingen zijn gebaseerd op SpO, waarden van gezonde, meestal voldragen kinderen
die geen ademhalingsondersteuning tijdens de resuscitatie nodig hadden. Het is de vraag of
deze SpO, doelstellingen ideaal zijn voor premature pasgeborenen. Het is aangetoond dat pre-
mature pasgeborenen die geen ademhalingsondersteuning nodig hebben tijdens resuscitatie
na de geboorte een tragere stijging van de SpO, hebben. Het kan worden bediscussieerd wat
de juiste SpO, doelstellingen zijn voor premature pasgeborenen; die van gezonde voldragen
kinderen of die van premature pasgeborenen die geen ademhalingsondersteuning nodig heb-
ben. Vooralsnog is de huidige ERC richtlijn het best beschikbare bewijs en dienen deze SpO,
doelstellingen te worden gebruikt om de FiO, toediening te titreren tijdens de resuscitatie.

Om de SpO, doelstellingen te bereiken en in stand te houden, wordt de FiO, handmatig
aangepast. Deze handmatige controle van de SpO, is echter moeizaam, zoals blijkt uit het feit
dat op de neonatale intensive care unit de SpO, 50% van de tijd buiten het doelbereik ligt.
Tijdens de resuscitatie maken de onrijpheid van de longen, de noodzaak van een stijging van
de SpO, en de complexe procedures van de resuscitatie het reguleren van de SpO, nog moei-
lijker dan op de neonatale intensive care unit. De huidige richtlijnen geven geen advies over
de wijze waarop en op welk moment de FiO, aangepast dient te worden en hoewel sommige
strategieén zijn gepubliceerd, moet hun effectiviteit nog bewezen worden.

Zoals beschreven in Hoofdstuk 6, blijkt het volgen van de SpO, doelstellingen tijdens de
resuscitatie van premature pasgeborenen in de huidige klinische praktijk moeilijk. In deze
observationele studie werden grote afwijkingen van de SpO, doelstellingen waargenomen
tijdens de resuscitatie van 78 premature pasgeborenen. Tijdens de eerste minuten van
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resuscitatie waren de afwijkingen waarschijnlijk het gevolg van ontbrekende of onbetrouw-
bare SpO,-meting in de onmiddellijke postnatale fase en moeilijkheden in ventilatie van de
onrijpe longen. De huidige SpO, doelstellingen van de ERC zijn enkele waarden in plaats van
een range en kunnen nooit precies worden gehaald. Het lijkt dus beter om een aanvaardbaar
doelbereik te definiéren en deze te evalueren in de klinische praktijk.

Conclusies

De initi€le FiO, voor de resuscitatie van premature pasgeborenen is tot op heden onderzocht
in meerdere onderzoeken met verschillende initi€le FiO,, verschillende zwangerschapsduur
van geincludeerde kinderen en verschillende SpO, doelstellingen. Uit deze studies kan worden
geconcludeerd dat resuscitatie moet worden gestart met lage zuurstofconcentraties. Onze
studie toont aan dat een initi€le FiO, van 30% voor premature pasgeborenen tijdens de foe-
tale naar neonatale overgang net zo veilig is als 65% zuurstof en resulteert in verminderde
blootstelling aan zuurstof tijdens de resuscitatie, maar 30% zuurstof biedt geen voordelen met
betrekking tot kortdurende klinische uitkomst en de oxidatieve stress. Op dit moment wordt
op de lange termijn neurologische follow-up gewacht.

Ons studieontwerp had een potentieel belangrijke beperking. Omdat toestemming van de
ouders voor de geboorte gevraagd diende te worden, hebben we de premature pasgeborenen
met een verwachte vroeggeboorte geselecteerd die dus ook allemaal prenatale corticostero-
iden ter bevordering van de longrijping hebben ontvangen. De gevallen met onverwachte
acute vroeggeboorte, waarbij ook geen tijd was voor deze prenatale corticosteroiden, hebben
we niet geincludeerd. Prenatale corticosteroiden bevorderen de longrijping en hebben een
positieve invloed op de antioxidante afweer in premature pasgeborenen. De niet-geinclu-
deerde kinderen zouden dus mogelijk meer zuurstof nodig hebben vanwege de onrijpheid
van de longen, maar zijn ook gevoeliger voor schadelijke gevolgen van blootstelling aan zuur-
stof. Toekomstige studies zouden gebruik moeten maken van een uitgestelde toestemming,
waarbij toestemming achteraf kan worden gevraagd, om zo ook kinderen zonder prenatale
corticosteroiden te kunnen includeren. Daarnaast kan het combineren van gegevens van alle
voltooide en lopende studies in een meta-analyse subtiele effecten blootleggen, omdat grote
aantallen inclusies nodig zijn voor minder voorkomende resultaten, zoals sterfte.

Na de initi€le FiO,, moeten latere aanpassingen worden gebaseerd op individuele SpO,
metingen. Tot op heden zijn er geen gerandomiseerde studies verricht naar het juiste SpO,
doelbereik tijdens de resuscitatie van premature pasgeborenen. Om verschillende regimes in
SpO, doelen te vergelijken, is het belangrijk dat de SpO, voldoende gereguleerd kan worden,
wat in de huidige klinische praktijk moeilijk is gebleken. Nieuwe technologische ontwikkelin-
gen kunnen helpen bij‘de regulatie van SpO,. Door het tonen van de actuele SpO, en het Sp0O,
doel samen op een scherm, worden afwijkingen van het doel en de trend van de werkelijke
SpO, beter geinterpreteerd hetgeen kan bijdragen tot een betere beheersing van de SpO.,.
Een automatische SpO,-regelaar is reeds beschikbaar voor gebruik op de neonatale intensive
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care unit (CliO,, CareFusion, San Diego, Verenigde Staten) en het ontwikkelen van vergelijkbare
technologie voor gebruik tijdens de resuscitatie kan nuttig zijn.

DEEL 3: VOEDING EN OXIDATIEVE STRESS

Een andere manier om de schadelijke effecten van oxidatieve stress tegen te gaan, is het verbe-
teren van de antioxidanten door optimalisatie van de voeding van premature pasgeborenen.
De productie van eiwitten, zoals de synthese van glutathion, is afhankelijk van voldoende
aanwezigheid en beschikbaarheid van aminozuren. Aminozuren zijn de ‘bouwstenen’ waaruit
eiwitten opgebouwd worden. Bovendien is een energie belangrijk voor de eiwitsynthese, aan-
gezien eiwitsynthese een proces is dat veel energie verbruikt. Energietekorten zijn echter nog
steeds gebruikelijk bij premature pasgeborenen in de eerste levensweek. Het optimaliseren
van de initiéle voeding door het verhogen van de aminozuur toediening en het vroeg starten
van toedienen van vetten zouden mogelijk weerstand tegen oxidatieve stress kunnen verbete-
ren door een verhoogde glutathion synthese.

Aminozuren

Frans te Braake et al. toonden eerder aan dat vroege toediening van 2.4 g/(kg-d) aminozuren aan
premature pasgeborenen resulteerde in verhoogde concentratie van glutathion op de tweede
levensdag, zonder een gelijktijdige stijging van de synthese van glutathion. In navolging van
deze studie hebben we in Hoofdstuk 7 laten zien dat de glutathion concentraties enkele uren
na de geboorte significant lager zijn vergeleken met dag 2 in premature pasgeborenen die 2.4
g/(kg-d) aminozuren toegediend kregen vanaf geboorte. Deze stijging van de glutathion con-
centratie konden we niet verklaren door een verhoogde synthese van glutathion, aangezien
deze op beide dagen niet verhoogd was. Dit suggereert dat de verhoogde glutathion concen-
tratie na de initiéle lage concentraties na de geboorte het gevolg kan zijn van een verminderd
glutathion verbruik als gevolg van het toedienen van aminozuren. Mogelijke verklaringen
hiervoor zijn het feit dat aminozuren, zoals methionine en cysteine, op zichzelf kunnen dienen
als antioxidant of dat de verhoogde beschikbaarheid van aminozuren de synthese van andere
antioxidanten zoals albumine synthese stimuleert. Naast antioxidante eigenschappen, dient
glutathion ook als een cysteine reservoir. Het is mogelijk dat een toename van de beschikbaar-
heid van cysteine door de verhoogde toediening van aminozuren, leidt tot een verminderde
afbraak van glutathion om cysteine vrij te genereren. Zoals aangetoond in Hoofdstuk 8, had
het verder verhogen van aminozuur toediening tot 3.6 g/(kg-d) geen extra effect op glutathion
beschikbaarheid of synthese.
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Vetten

Vetten zijn een belangrijk onderdeel van de voeding van premature pasgeborenen, omdat zij
de essentiéle vetzuren leveren en een grote bron zijn van calorieén. Omdat vetten de belang-
rijkste bron van energie worden binnen enkele uren na toediening, kan vroege toediening van
vetten resulteren in het sparen van eiwitten. In Hoofdstuk 8 hebben we aangetoond dat het
verhogen van de energie door middel van het toedienen van vetten direct vanaf de geboorte
niet leidt tot een verhoogde glutathion synthese.

Vetten zijn gevoelig voor oxidatie en kunnen zo leiden tot verhoogde oxidatieve stress.
De isofuranen and neurofuranen, markers van vetoxidatie, waren verhoogd op dag 2 in de
groepen die vetten vanaf geboorte kregen toegediend. Deze verschillen verdwenen echter op
de opvolgende dagen en de andere markers van oxidatieve stress waren niet verschillend tus-
sen de groepen. Daarnaast resulteerde het vroeg starten van vetten niet in een verschillende
klinische uitkomst. Samengevat lijkt het vroeg toedienen van vetten vanaf de geboorte geen
relevant effect te hebben op oxidatieve stress in premature pasgeborenen.

Naast de timing van toediening van vetten, bestudeerden we ook het effect van het type
vetemulsie dat werd toegediend. Traditionele vetemulsies worden hoofdzakelijk vervaardigd
uit sojaolie en zijn zeer rijk aan w-6 meervoudig onverzadigde vetzuren (PUFA’s), die zeer gevoe-
lig zijn voor vetoxidatie. Een multicomponent vetemulsie, bestaande uit sojaolie, middellange
keten triglyceriden, olijfolie en visolie, met een hogere toegevoegde a-tocoferol (vitamine E)
zou een positief effect kunnen hebben op oxidatieve stress. Echter, literatuur waarin het effect
op oxidatieve stress van een multicomponent vetemulsie werd vergeleken met een pure soja-
olie emulsie is tegenstrijdig. In de meeste van deze studies werden de vetten ofwel vanaf de
geboorte in lage doses toegediend, of werden de vetten pas na een aantal dagen gestart. We
voerden daarom dubbelblind gerandomiseerd onderzoek uit waarin we een multicomponent
vetemulsie vergeleken met een pure sojaolie emulsie met een startdosering van 2 g/(kg-d)
vanaf de geboorte (Hoofdstuk 9). Concentratie en synthese van glutathion waren niet verschil-
lend na toediening van de twee vetemulsies vanaf de geboorte bij premature pasgeborenen.
Behalve een verlaagde concentratie van de isofuranen, waren alle markers van oxidatieve stress
gelijk tussen de twee verschillende vetemulsies. Daarnaast is in een recente meta-analyse
aangetoond dat het type vetemulsie geen effect heeft op het ontstaan van neonatale ziekten.
Alhoewel de consequenties van het verschil in isofuranen onbekend is, lijkt het toediening van
een multicomponent vetemulsie niet te resulteren in een duidelijke vermindering van oxida-
tieve stress bij premature pasgeborenen.

Conclusies

Het starten van aminozuren vanaf de geboorte resulteerde in een verhoogde glutathion con-
centratie, waarschijnlijk als gevolg van een verminderde glutathion consumptie. Het is bekend
dat de beschikbaarheid van extracellulaire aminozuren het verlies van glutathion door oxidatie
onderdrukt. Derhalve limiteert de verhoogde beschikbaarheid van aminozuren het recyclen
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van glutathion en dus de noodzaak voor synthese van glutathion. Er lijkt echter een limiet te
zitten aan dit effect op glutathion, aangezien het toedienen van hoge doses aminozuren geen
additief effect had.

Het verhogen van de energie door het vroeg starten van vetten resulteerde ook niet in
een verhoogde glutathion synthese. Echter, de timing en het type van vetemulsie dat wordt
toegediend aan premature pasgeborenen lijkt niet van aanzienlijke invloed op oxidatieve
stress. Waarschijnlijk is oxidatieve stress al zo sterk verhoogd bij premature pasgeborenen dat
de vroege toediening van vetten geen aantoonbaar effect hebben. Maar uit de lange termijn
follow-up van de patiénten moet blijken of het kleine verschil in isofuranen en neurofuranen
van klinische betekenis zijn.

We kunnen concluderen dat aanpassing van de voeding slechts een klein effect heeft op
de synthese van glutathion bij premature pasgeborenen. Een maximale capaciteit van de
synthese als gevolg van onrijpheid van de betrokken enzymen is niet de enige verklaring
hiervoor, omdat premature pasgeborenen wel degelijk in staat lijken om glutathion te kunnen
synthetiseren. Een tekort aan substraat zou moeten zijn ondervangen door een verhoogde toe-
diening van aminozuren, maar mogelijk is de samenstelling van de aminozuren niet optimaal
geweest. Eiwitsynthese is afhankelijk van de beschikbaarheid van alle benodigde aminozuren
en de snelheid van de eiwitsynthese wordt dus bepaald door het eerste limiterende aminozuur.

Momenteel worden studies uitgevoerd om de behoefte van de individuele aminozuren bij
premature pasgeborenen vast te stellen en toekomstige studies moeten het effect van ver-
schillende aminozuur samenstellingen op basis van deze gegevens onderzoeken. Een andere
aanpak van toekomstig onderzoek naar modulatie van oxidatieve stress via de voeding is de
aanvulling van vitamines en andere antioxidanten bij premature pasgeborenen. Echter, tot op
heden zijn de resultaten van dergelijk onderzoek niet eenduidig en is verder onderzoek dus
belangrijk.

DEEL 4: ANDERE MODULATOREN VAN OXIDATIEVE STRESS

Het effect van neonatale infectie op oxidatieve stress

Een groot deel van premature pasgeborenen zal gedurende de eerste levensweken een infec-
tie ontwikkelen, waarbij de gerapporteerde incidentie tussen 21 tot 36% ligt. Ondanks grote
verbeteringen in de neonatale zorg, blijven infecties een belangrijke oorzaak van morbiditeit
en overlijden bij premature pasgeborenen. Infecties bij premature pasgeborenen zijn geas-
socieerd met een nadelige neurologische ontwikkeling op 2-jarige leeftijd. De relatie tussen
neonatale infectie en de nadelige ontwikkeling is waarschijnlijk multifactorieel, maar oxidatieve
stress zou een belangrijke oorzaak kunnen zijn. Tijdens een infectie is de vorming van zuurstof-
radicalen verhoogd als onderdeel van normale afweer tegen ziekteverwekkers. Overstimulatie

van de productie van zuurstofradicalen of onvoldoende antioxidanten zijn bij volwassenen
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en kinderen geassocieerd met een verhoogde morbiditeit en overlijden. Door onrijpe en
onvoldoende antioxidanten zijn premature pasgeborenen gevoeliger voor oxidatieve stress.
Verhoogde vorming van zuurstofradicalen tijdens een infectie zou derhalve een belangrijke
factor kunnen zijn in de nadelige lange-termijn uitkomst bij premature pasgeborenen na
een neonatale infectie. In Hoofdstuk 10 hebben we aangetoond dat infectie bij premature
pasgeborenen niet resulteerde in een veranderde glutathion concentratie en synthese. Ook de
markers van oxidatieve stress waren niet verschillend.

Hierbij valt op te merken dat het studie ontwerp wellicht niet optimaal was. De studie was
opgezet om verschillen in glutathion synthese te detecteren en daarom waren niet voldoende
kinderen geincludeerd om betrouwbaar verschillen in oxidatieve stress op te sporen. Tegen-
woordig zijn er minder invasieve methoden beschikbaar om markers van oxidatieve stress te
meten, zoals bijvoorbeeld oxidatieve stress markers in de urine. Hierdoor zouden toekomstige
studies meer premature pasgeborenen kunnen includeren en is het ook mogelijk om‘gezonde’
premature pasgeborenen als controle groep te gebruiken. Onze resultaten geven geen ver-
klaring voor de relatie tussen een neonatale infectie en een nadelig lange-termijn uitkomst.
Het is van groot belang om andere mechanismen verder te verkennen, zoals de productie van
pro-inflammatoire cytokines, waarvan bekend is dat ze neurotoxisch zijn.

Determinanten van glutathion synthese

Een kortere zwangerschapsduur, een lager geboortegewicht en mannelijk geslacht worden
geassocieerd met een slechtere uitkomst. Dit effect zou deels gemedieerd kunnen zijn door
verschillen in de antioxidanten capaciteit. Omdat oxidatieve stress wordt geassocieerd met
zowel morbiditeit en overlijden bij premature pasgeborenen, veronderstelden we dat geslacht,
zwangerschapsduur en geboortegewicht van invloed zijn op metabolisme van glutathion.
Echter, de verschillen in uitkomsten gerelateerd aan geslacht, zwangerschapsduur en geboor-
tegewicht lijken niet te worden verklaard door verschillen in glutathion synthese (Hoofdstuk
11).

Een interessante bevinding was het feit dat de GSH-GSSG verhouding (verhouding tus-
sen glutathion en zijn geoxideerde vorm) lager was bij meisjes vergeleken met jongens, wat
in tegenstelling is tot eerder gerapporteerde verschillen van oxidatieve stress in relatie tot

geslacht. Dit dient dan ook verder te worden uitgezocht.

Het proces van zuurstof toediening

Een andere belangrijke factor die leidt tot een verhoogde oxidatieve stress bij premature zui-
gelingen, is de toediening van zuurstof tijdens hun verblijf op de neonatale intensive care unit.
Door de onrijpe longen hebben premature pasgeborenen vaak extra zuurstof nodig om een
voldoende oxygenatie van het bloed te bereiken en te behouden. Helaas heeft aanvullende
zuurstoftherapie een zeer klein therapeutisch bereik, aangezien zowel te veel als te weinig
zuurstof ernstige gevolgen kunnen hebben voor de uitkomst van premature pasgeborenen.
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Momenteel wordt de toegediende zuurstof handmatig aangepast om de SpO, binnen het
doelbereik te houden. Het proces van handmatige bediening van de zuurstof kan echter aan
fouten onderhevig zijn. Dit wordt onderstreept door het Neonatology System for Analysis and
Feedback on medical Events (NEOSAFE), waar (bijna-) ongevallen door personeel op anonieme
en vrijwillige basis worden gerapporteerd. In 2010 had slechts 6% van de gerapporteerde
ongevallen betrekking op ‘extra zuurstof therapie’ Echter, deze rapporten waren wel verant-
woordelijk voor 90% van de (bijna-) ongevallen die werden gecategoriseerd als ‘meest riskant.
Daarom hebben we een zogenaamd Failure Mode and Effects Analysis (FMEA) uitgevoerd om
gevaren in het proces van extra zuurstoftherapie bij premature pasgeborenen opgenomen op
de neonatale intensive care unit te evalueren en om aanbevelingen voor verbetering te geven
(Hoofdstuk 12).

De top tien risico’s kunnen allen worden gecategoriseerd binnen drie hoofdthema’s: onjuiste
aanpassing van de zuurstof, onjuiste alarmgrenzen voor SpO, op de neonatale intensive care
unit en onjuiste alarmgrenzen voor SpO, op patiéntmonitoren voor tijdelijk gebruik. De FMEA
resulteerde in aanbevelingen voor zowel scholing als technische verbeteringen. Deze omvat-
ten suggesties voor (veranderingen in) protocollen op alarmgrenzen en handmatige FiO,
aanpassingen, het opleiden van medewerkers in de gevaren van extra zuurstof en technische
verbeteringen in beademingsapparaten en patiéntmonitoren.

CONCLUSIE

Verhoogde oxidatieve stress kan nadelige gevolgen hebben, met name bij premature pas-
geboren die postnataal de normale intra-uteriene ontwikkeling moeten doormaken in een
zuurstofrijke omgeving. Oxidatieve stress heeft echter ook een belangrijke functie in normale
processen, zoals bij cardiopulmonale adaptatie bij de geboorte, de verdediging tegen ziek-
teverwekkers en bij inter- en intracellulaire signalering. Er lijkt dus een delicaat evenwicht te
bestaan tussen pathologische en fysiologische oxidatieve stress. Het is duidelijk dat oxidatieve
stress een belangrijke rol speelt in neonatale morbiditeit en overlijden. De mechanismen van
oxidatieve stress en de antioxidanten afweer zijn complex en verder onderzoek blijft noodza-
kelijk.
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Beste Marijn, gaandeweg raakte jij als copromotor betrokken bij mijn onderzoek en dat was
een waardevolle bijdrage aan dit eindresultaat. Naast je eindeloze wetenschappelijke input, wil
ik je ook bedanken voor je persoonlijke inzet. Je was altijd beschikbaar op de momenten dat ik
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