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Preface

Maternal and neonatal care technologies have been developing quickly over the last
few decades.

The reason for this activity is the vast influence of neonatal care on the future eco-
nomic stability of society; no other specialties of medicine have that influence on
human resources. It is not now just a question of saving lives. It is a question of the
possibilities of programming the future quality of life, somatic and mental disease
rates, socialization, and life expectancy. New possibilities of respiratory support,
instrumental and laboratory monitoring, and new materials are playing a big role in
decreasing neonatal and infant mortality. The earliest period of infant life is called
the “golden hours” because the sophisticated application of new technologies can
save life and reduce negative consequences for the future.

Another trend associated with technological evolution is the humanization of care.
Creating a friendly atmosphere in hospitals, parent involvement in neonatal care,
and reducing mothers’ anxieties are simple but effective methods for improving

child health.

The external factors that are interacting with an organism can play a role in pro-
gramming stimulus if they act in that special critical period of differentiation

of tissues and the forming of functions. For humans the perinatal and neonatal
periods are the most important in epigenetic programming. Epigenetic mechanisms
can regulate gene activity and create stability for all future life. The most important
epigenetic mechanisms are methylation, histone modification, and miRNA and
tiRNA pathways.

By means of simple environmental factors like nutrition, oxygen support, moth-
ers’ behavior, and others metabolic and immune pathways can be programmed for
the future. We now understand why throughout life the most important period is
infancy, especially the neonatal period.

This book combines different aspects of perinatal care that can be of enormous
importance for the health of future generations.

Antonina Chubarova

Professor

Pirogov Russian National Research Medical University,
Russia






Chapter1

Introductory Chapter:
Neonatology - Combining
Intensive Care and
Family-Friendly Atmosphere

Antonina Chubarova

1. Introduction

The new millennium is of course the epoch of technologies. New technologies
are already everywhere in our life: information technologies, reproductive technolo-
gies, new materials, and world globalization. What can this lead to in the inner
world of mother and child, in everlasting mystery of childbirth, and in the struggle
of physicians for every lifesaving?

This book combines different chapters united by the same idea to improve medi-
cal aid to neonate and its parents by the means of modern technologies.

Each of them gives an overview of a very important area of perinatology begin-
ning from technologies applied during the first minutes of life till methods that help
family to be socialized.

It is very important to know that perinatal period is a period of adaptation of
fetus and child organism to the environment. “Adaptation” means changes in genes
working that will allow a child to have the most advantageous metabolism and
behavior in future life. The more we know about genotype, the more it is clear that
it is not the only one factor that determines phenotype. The environmental factors
such as nutrition, microbiota, mother’s behavior, and others can be the strong regu-
lators of gene work. Such factors are called epigenetic factors. During some periods
of intensive changes of gene activity, the so-called critical window, these factors can
lead to permanent changes in gene activity and form a phenotype. In other words
epigenetic factors have a programming role in critical periods. The patterns of reac-
tion to infection, stress, food deprivation, and other environmental factors in later
periods of life including aging are formed in gestational period and neonatal period.
Perinatal period is the most important critical period in mammal’s life. It is a period
when the health of future generations can be programmed for all the life period [1].

The mechanisms of programming are already discovered. The process of gene
methylation is called “the prima donna” of epigenetic. Methylation inactivates gene
transcription [2]. In embryo before implantation, the majority of genes are methyl-
ated, and all the next development is a series of demethylation and methylation.
Other mechanisms are histone modifications, regulatory miRNA, and tiRNA [3, 4].

Nutrition is a strong external factor of programming. It is a signal of availability
of nutrient resources, their quantity and quality [5]. Nutrition contains methyl
(-CHj;) group donors: folates, B12, B6, choline, methionine, and betaine. Also
nutrition is a platform for macro- and microorganism interaction. And finally itis a
functional molecular donor and direct regulator of gene function.

1 IntechOpen
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The mother’s under- and overnutrition can lead to placenta regulatory gene
changes. The placenta can, for example, increase glucose transport to fetus, but
in some critical situations, its functioning may be “selfish” through accumulating
nutrients for its own needs [6]. The placenta regulates also the synthesis of neuroac-
tive factors, serving as a major source of serotonin to the fetal forebrain [7].

In the fetus itself, major changes following nutrition impairment are happening
in genes and their products regulating reaction to stress, fat, and glucose metabo-
lism [8, 9]. Is now shown in big cohort studies that body composition, rate of meta-
bolic syndrome, obesity, atherosclerosis, type 2 diabetes, and rate of cardiovascular
death depend on nutrition in prenatal period and infancy [10]. For example in
the population of the survivors of Dutch Hunger Winter at the age of 60-65, birth
weight negatively correlated with the rate of glucose intolerance, hyperlipidemia,
and arterial hypertension, and there was found less DNA methylation of the
maternally imprinted IGF2 gene [11, 12]. Learning ability, behavior, and fertility
in adult life are also dependent on nutrition in critical period [13-15]. Psychiatric
diseases are also partially programmed by continuous dietary deficiency by inacti-
vation of expression of genes for myelin development and oligodendrocyte-related
genes [16].

What can we do to regulate undesirable effects of complicated pregnancy? We
should know that the infancy period is also a critical period and neonatologists and
other specialists can do a lot to regulate future development, especially in prema-
ture neonates.

It is important to minimize stressful factors such as hypo- and hyperoxia, pain,
and caloric and protein deficit. The moment of adaptation to extrauterine life is of a
great importance. The first hours of life are “golden hours,” and they are important
not only in the context of lifesaving but in the context of programming.

After birth nutritional programming continues through nutrients, regulatory
factors, and microflora of milk, but there are specific ways of continuing direct
gene regulation through microvesicles containing mRNA transcripts, which possess
reverse transcriptase activity [17].

To provide breast milk feeding [18] with or without combination with artificial
parenteral or enteral nutrition, to take care of forming microbiota [19], is a way to
prevent a big number of negative metabolic changes.

Finally, the mothers’ behavior and her integration in child care also have a pro-
gramming effect. Animal experiments and big cohort studies [20-22] showed that
less anxious and more positive mother more often takes a child and contacts with
him or her and this has enormous effect on offspring’s reaction to stress in cognitive
development in future life.

This book gives an overview of modern strategies in neonatology that can influ-
ence health of adult.
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Chapter2

Golden Hours: An Approach
to Postnatal Stabilization and
Improving Outcomes

Omid Fathi, Roopali Bapat, Edward G. Shepherd
and John Wells Logan

Abstract

The “Golden Hour” model of care originated in adult trauma medicine. Recently,
this concept has been applied to premature neonates and the care they receive
immediately after birth. This is not limited to the first hour of life, however, as
this approach encompasses the first hours and days after birth. While no universal
description defines the Golden Hour model, critical domains include initial delivery
room management, thermoregulation, ventilation and oxygenation, glycemic con-
trol and prevention of infection. Strong evidence favors standardization of care to
improve short- and long-term outcomes. This approach to care for the most at-risk
premature infant is typically institution-specific; thus, team-building and quality
improvement are critical to the care of these vulnerable patients.

Keywords: Golden Hour, prematurity, preterm, neonate, extremely low birth weight
infant, resuscitation, quality improvement

1. History and introduction

The “Golden Hour” concept derives from the adult trauma literature, and
generally describes the period after a traumatic injury during which prompt medical
attention is needed to prevent death. The term was first introduced by a military
surgeon, R. Adams Cowley. Cowley’s research was directed primarily at the manage-
ment of post-traumatic shock. According to Cowley, shock is a “momentary pause”
in the pathway leading to death, and the “golden hour” is that period in which
life-saving interventions can be initiated to prevent death or extreme morbidity.
Cowley’s research was instrumental in the study of shock and trauma in the United
States, and his contribution has influenced the care of high-risk newborns as well.

For over a decade, neonatologists have been applying this concept to the care of
high-risk newborns in the neonatal intensive care unit (NICU) [1]. However, the
Golden Hour conveys a slightly different meaning in the NICU. In the NICU, the
term generally refers to the first few hours immediately after birth. High-quality,
timely, and efficient care, initiated within the Golden Hour window, can mitigate
at least some of the risks associated with high-risk newborn care. Golden Hour pro-
tocols generally include standards and guidelines based on available evidence that
can decrease morbidity and mortality. Here we discuss the Golden Hour concept for
care of preterm infants, especially those born less than 28 weeks post-menstrual age
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(PMA). Extremely preterm newborns are highly vulnerable to complications in the
early postnatal period, and adherence to best-evidence standards or guidelines can
improve both survival and neurodevelopmental outcomes [2].

The aim of a Golden Hour protocol in the NICU is to apply evidence to clinical
practice as safely and efficiently as possible. While the term “Golden Hour” implies
the first 60 minutes after birth, the first several hours to days are critical as well [3].
The care of each infant must be individualized, but the Golden Hour concept empha-
sizes preparedness and adherence to guidelines with the aim of improving the quality
of care. One author described the Golden Hour as a “philosophical approach” that
reinforces communications, evidence-based protocols and procedures, and standard-
izes as many elements as possible with the aim of improving care and outcomes [2].

The outcomes improved by Golden Hour care are those most important to
parents: survival, chronic lung disease, hearing and vision, and long-term neurode-
velopment [3]. Early postnatal metrics are essential in the development of Golden
Hour protocols, and there is strong evidence that improving specific components of
care improves long-term outcomes as well. Among the most important of these are
delivery-room practices such as teamwork, leadership, and communication, the use
of oxygen and positive pressure ventilation, hemodynamic management, mainte-
nance of a thermo-neutral environment, glycemic control, and identification and
management of infectious risk factors.

While there are no randomized controlled trials evaluating any one comprehen-
sive Golden Hour protocol, there is ample support for the use of evidence-based
standards in several clinical domains unique to the early postnatal period. One
report of a standardized protocol demonstrated a 67% reduction in mortality over
the course of 10 years (1978-1988) [4]. Standardization may be just as important as
the specific clinical practice strategy being implemented. This is important because
resuscitation teams frequently deviate from resuscitation algorithms [5]. Finer et al.
identified several deviations from resuscitation guidelines, including deep oro-
pharyngeal suctioning, excessive stimulation, poor communication of heart rate,
and failure to troubleshoot during bag-mask ventilation [6]. Units in the United
Kingdom reported marked variations in practice between units with different des-
ignations, suggesting that either the level of care or the experience of clinical staff
were factors in the quality of care delivered [7]. Similarly, a national survey in the
United Kingdom demonstrated marked variations in delivery room practice; and
differences persisted 1 year after publication of revised consensus guidelines [8].

2. Burden and global impact

Adaptation to extra-uterine life occurs during the early postnatal period and
is a very high-risk period for premature infants, especially those born extremely
preterm. Clinical domains of special interest during the Golden Hours include:
delayed clamping of the umbilical cord, appropriate use of supplemental oxygen,
non-invasive ventilation, and thermoregulation. Each of these is vitally important
components of early postnatal care for the premature infant, and each impacts the
others. Multiple studies demonstrate that the complex interplay of interventions in
the first few minutes after birth can cause structural changes, trigger inflammatory
or pro-oxidant cascades, and predispose premature infants to life-long complica-
tions [9]. Therefore, a standardized approach addressing many of these immedi-
ate postnatal concerns will likely improve both short and long-term outcomes in
extremely premature infants.

An estimated 8 million infants die each year, worldwide. Over half of these deaths
occur in the neonatal period, the first 28 days of life. The large majority of infant
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deaths occur in the first week of life, but the highest risk is on the first day [10]. While
developing countries with scarce resources are most affected, the impact of infant
and neonatal mortality is significant in industrialized nations as well. In 2010, the
United States infant mortality rate was 6.1 infant deaths per 1000 live births, which
ranked 26th among similarly industrialized nations. Even after excluding births at
less than 24 weeks of gestation, the U.S. infant mortality rate was more than double
that of Finland, Sweden and Denmark [11]. Compared to 30 years ago, there has been
an overall decrease in infant mortality rates on the first day of life, and this has been
attributed largely to advances in delivery room management, non-invasive ventila-
tion, and the use of postnatal surfactant. Nonetheless, infant mortality remains
highest on the first day of life, and the first 4 hours is the period of greatest risk [12].

Neonatal mortality continues to be a serious issue, then, even in industrialized
nations, and the risk appears to be greatest in the first hours after birth. The risks of
adversity are amplified for preterm infants by the unique challenges of transitional
physiology, immature adaptive systems, and fragile brain structures. Further, dif-
ferences in outcomes in similar centers cannot be explained by the characteristics of
infants alone, suggesting that differences in care may be responsible for suboptimal
outcomes [13]. While this is disturbing, the obvious implication is that interven-
tions aimed at improving early postnatal care can improve outcomes in this high-
risk population.

3. The newborn transition to postnatal life

Why is the preterm infant at such great risk? Like infants born at term, the preterm
infant must transition from fetal to neonatal life in the first minutes to hours after
birth, but the risks that accompany this transition are greater for preterm infants than
for infants born at term. Anything that disrupts the normal transition to extrauterine
life can have negative effects on physiologic function and outcome. Clearance of lung
fluid and lung aeration is perhaps the most important early adaptations to postnatal
life. The immature lungs, which are fluid-filled in-utero, must provide gas-exchange
immediately after delivery. Similarly, oxygen-delivery to the tissues in-utero is
dependent on maternal/placental blood flow, but depends on the infant’s immature
cardio-vascular system immediately after birth. Once born, the immature myocardium
must provide cardiac output in the context of increased systemic vascular resistance
and significant circulatory shunts. Various hormonal systems are in transition as well,
and organ systems that control thermoregulation, vascular tone, glycemic control and
neuroprotection are functionally immature in the preterm newborn.

Immature organ function coupled with the stress of physiologic adaptation to
early postnatal life increases the likelihood that the preterm infant will be born phys-
iologically unstable. Indeed, extremely premature infants almost universally require
cardio-respiratory support in the first hours to days of life. Mechanical ventilation,
continuous positive airway pressure (CPAP) and high levels of oxygen are often
needed to stabilize oxygenation and ventilation. This, along with persistent fetal
circulatory shunts, frequently manifest as hypoxemia and systemic hypotension in
the early postnatal period. The preterm infant is also at significant risk of cold stress.
Preterm skin is poorly keratinized and vulnerable to radiant heat and water losses.
So while the clinical team is focused on ensuring cardio-respiratory stability and
appropriate vascular access, the baby must be kept warm, dry and euglycemic.

The preterm brain is especially vulnerable in the early postnatal period [14, 15].
The periventricular germinal matrix is highly vascular, and susceptible to fluctua-
tions in blood pressure and intravascular volume [16]. Postnatal stress and wide
swings in blood pressure increase the risk of severe intraventricular hemorrhage
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(IVH) [17, 18]. Oligodendrocyte precursors, present in the primitive white matter,
are susceptible to oxidative injury and can have life-long effects on neuromotor
function [19]. Moreover, endogenous neuroprotective systems which might oth-
erwise protect the newborn from injury are immature and unable to provide such
protections in the extremely preterm neonate [20, 21]. These, and other clinical fac-
tors discussed below, explain why the preterm infants is so vulnerable in the early
postnatal period, and why the concept of a “Golden Hour” protocol is so important
for this high-risk population.

3.1 Early physiologic instability and the risk of subsequent adversities

Physiologic depression is common in the newborn period, and heart rate is the
most sensitive and reliable indicator of the response to resuscitative efforts [22, 23].
One of the greatest challenges in neonatal resuscitation, however, is the ability to
adequately assess the efficacy of resuscitative efforts. Clinicians are unable to accu-
rately assess chest rise from either the head or side of the resuscitation bed [24, 25],
and clinical assessment of heart rate by auscultation or palpation is less accurate than
assessments with ECG monitoring [26-28]. Further, even normal healthy newborns
may not achieve normal oxygen saturation levels until 5-10 minutes of life [29].
These data, and clinical studies in underdeveloped nations, suggest the importance
of the early postnatal clinical assessment [30]. In a clinical study in rural Tanzania,
which included all live-born, “lifeless”, and stillborn infants, early initiation of basic
resuscitation interventions significantly reduced birth-asphyxia related mortality.
Mortality increased by 16% for every 30 second delay in initiating positive pressure
ventilation (PPV) and by 6% for every minute of PPV required [31, 32]. Preterm
infants are at great risk, then, of early postnatal physiologically depression, and
there is sufficient evidence that efforts to enhance physiologic stability can improve
important outcomes.

The Score for Neonatal Acute Physiology-II (SNAP-II), a validated illness-
severity score, derives from clinical data obtained in the first 12 hours after birth
[33]. SNAP-II includes six indicators of physiologic instability, among these the
lowest recorded blood pressure, the lowest serum pH, the lowest temperature, and
the lowest recorded oxygen fraction. In a multi-center epidemiologic study from the
Extremely Low Gestational Age Newborn (ELGAN) Study Group, mortality risk
was significantly greater among infants with an elevated SNAP-II, and the risk was
inversely related to the gestational age at birth [33]. Interestingly, mortality risk per-
sisted even after adjusting for gestational age, suggesting that physiologic instability
increases the risk of mortality independent of the risk associated with gestational
age. In a separate analysis from the same study cohort, blood gas derangements
noted in the first 12 hours after birth were associated with several indicators of
inflammation, [34] and these were significantly associated with indicators of brain
damage [35]. In a recent publication from the same group, physiologic derange-
ments noted in the first 12 hours were associated with neurocognitive dysfunctions
in several testing domains at 10 years of age [36]. Overall, the literature suggests
that early postnatal physiologic instability increases the risk of adversity in children
born preterm, and efforts to improve physiologic instability could mitigate this risk.

4. Delivery room considerations

Any discussion of Golden Hour strategies begins with delivery room manage-
ment. It is here that the initial changes in transitional physiology begin, and here
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that several targeted Golden Hour interventions take place. While only 5-10% of
neonates require intervention at birth, neonatal resuscitation is the most com-

mon form of resuscitation performed in hospitals worldwide [6]. The Neonatal
Resuscitation Program (NRP) exists to guide practitioners in the management of
neonates that require help with transitioning immediately after birth. Many institu-
tions employ their own supplementary guidelines and protocols for practice in the
delivery room. These focus largely on thermoregulation, advanced non-invasive
ventilation techniques, and criteria for administering surfactant. Yet despite the
availability of supplementary guidelines, studies have shown that even the most
experienced teams will deviate from established guidelines [6]. Like any other skill,
neonatal resuscitation and Golden Hour care can be improved with focused prac-
tice. Studies have demonstrated that standardized scripts can lead to improvements
in care and outcomes. In 2009, Reynolds et al. demonstrated that use of resuscita-
tion checklists, videotaped simulations and team debriefing sessions resulted in
improvements in rates of chronic lung disease, intraventricular hemorrhage and
retinopathy of prematurity [37].

It is important to recognize that the quality of a resuscitation is only as good as
the quality of the resuscitation team. Skilled resuscitation teams improve not only
the quality of resuscitation, but the associated outcomes as well. This has been
shown specifically with regard to endotracheal intubation [38]. While endotracheal
intubation is not unique to NRP or Golden Hour care, this finding suggests that
experienced personnel are more successful in high-risk circumstances than less-
experienced personnel. Golden Hour care of the extremely preterm infant, espe-
cially in the delivery room, should be thought of in the same way. It is not sufficient
to advocate for Golden Hour care without first having qualified personnel with the
appropriate skillset to perform such care. Moreover, current consensus suggests that
interdisciplinary training, team development and the practicing of specific Golden
Hour care strategies will not only reduce errors, but improves outcomes [39].

This encompasses strategies such as delivery room simulations with both briefing
and de-briefing exercises, as well as content knowledge, technical skills and team

building.
4.1 Delayed cord clamping

Delayed cord clamping (DCC), sometimes referred to as placental transfusion,
allows the freshly born neonate to remain attached to the placenta, typically for
30-60 seconds. The goal of DCC is to “recapture” as much circulating blood volume
from the placental vasculature as possible. This increases the amount of fetal
hemoglobin available to the neonate, thus increasing oxygen content, native cardiac
output and oxygen delivery. In the premature population, large meta-analyses have
demonstrated that DCC has potential benefits for the neonate. A Cochrane analysis
published in 2012 concluded that placental transfusion at birth was associated with
fewer blood transfusions, better hemodynamic stability in the first few days of life,
fewer intraventricular hemorrhages, and fewer cases of necrotizing enterocolitis
[40]. Subsequent publications have mostly re-demonstrated similar findings, albeit
with differences in certain morbidities and mortality [41]. The theoretical risks of
DCC include volume overload and polycythemia, resulting in hyperbilirubinemia,
but these risks have yet to be demonstrated in the literature [42].

While there is currently no consensus regarding the use of DCC, it is generally
considered safe in term and preterm infants, as long as treatment for hyperbili-
rubinemia is available. DCC is routinely performed in term neonates, but many
institutions also consider DCC for preterm infants born physiologically stable. The
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randomized control trial by Tarnow-Mordi et al. in 2017 demonstrated no differ-
ence in the combined outcome death or major morbidity at 36 weeks in the delayed
cord clamping vs. immediate clamping group [43]. Interestingly, this study found a
significant decrease in mortality in the delayed clamping group but no difference in
the combined outcome after post hoc analyses. In preterm infants, it is important to
weigh the benefits of delayed cord clamping versus those of delaying resuscitation
and other Golden Hour measures.

5. Ventilation and oxygenation

Support of newborn’s respiratory system is fundamental to Golden Hour princi-
ples. In utero, gas exchange occurs at the level of the placenta, but an immense shift
in cardiopulmonary physiology occurs at birth. Respiratory distress is common,
especially in preterm infants, due to this physiologic transition to postnatal life.
The most immediate concern in the delivery room is proper support the respiratory
system [2]. A recent update to Neonatal Resuscitation Program (NRP) guidelines
highlights several important changes related to respiratory care [44]. These include
recommendations on the use of oxygen in the delivery room, guidance on the
use of pulse oximetry, and oxygen saturation targets based on the postnatal age
in minutes. NRP now advises against routine endotracheal intubation to suction
meconium in infants born through meconium-stained amniotic fluids. Revised
guidelines suggest prompt intubation of neonates not responding to positive pres-
sure ventilation and for infants requiring chest compressions for cardiovascular
depression [45]. Adherence to NRP guidelines is important, as standardization
improves care, but adherence to NRP guidelines does not preclude the use of
institution-specific Golden Hour practices.

Preterm infants face various challenges in the transition to extra-uterine life.
Respiratory drive is frequently depressed, muscles of respiration are weak, chest
wall elasticity is high, and surfactant deficiency is common in infants born preterm
[9]. This manifests clinically as decreased functional residual capacity (FRC), poor
lung fluid clearance and aeration, and ventilation/perfusion (V/Q) mismatch
[46]. In addition, the relatively small caliber of the preterm airways leads to greater
airway resistance compared to full-term neonates. To overcome this, and to pro-
mote lung fluid clearance and expansion, positive end-expiratory pressure (PEEP)
are used with great success to support spontaneously breathing preterm infants
[47]. The benefits of early CPAP are numerous, including increased FRC, improved
ventilation/perfusion matching, and decreased energy expenditure [48]. The need
for endotracheal intubation and exogenous surfactant administration reduces, as
is the need for mechanical ventilation [2]. While early CPAP has not been shown to
reduce bronchopulmonary dysplasia (BPD) rates, it has been shown to reduce other
respiratory morbidities at 18-22 months of age [49].

Finally, oxygen should be used judiciously in the delivery room. Avoiding the
extremes of both hypoxemia and hyperoxia during the initial phase of resuscitation
is crucial. Preterm infants have reduced capacity for mitigating oxidative stress,
and are prone to morbidities like BPD, retinopathy of prematurity, intraventricular
hemorrhage and necrotizing enterocolitis [2]. For preterm infants, NRP recom-
mends that a pulse oximeter be applied to the right hand or wrist during the start
of resuscitation, and that an initial FiO, of 0.3-0.4 is reasonable. While optimal
goal oxygen saturations based on postnatal age in minutes are not known for

extremely premature neonates, the current ranges for term newborns are recom-
mended [2].
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6. Glucose homeostasis and early vascular access

A critical component of Golden Hour care is minimizing the maladaptive
patterns that accompany the postnatal transition. The premature neonate is ill-
equipped to deal with many of these challenges due to immature organ structure
and function. One area of particular concern is energy metabolism and glucose
homeostasis. Preterm infants are at increased risk of hypoglycemia due to the lim-
ited availability of hepatic glycogen stores and brown fat and are at increased risk of
hypoglycemia, and its consequences, than are infants born at term gestation.

The developing fetus receives its energy from the placenta in the form of
glucose, amino acids, free fatty acids and ketones, with the majority of glucose
accretion taking place during the third trimester [50]. Glycogen storage typically
begins around 27 weeks’ gestation and increases until roughly 36 weeks. Following
birth and clamping of the umbilical cord, the glucose concentration decreases to a
nadir at about 60 to 90 minutes. Neonates born extremely premature are especially
vulnerable during this period as they have limited ability to mobilize glucose, and
lack the cerebral defense mechanisms present in term neonates to combat hypo-
glycemia [6, 51]. Further, the incidence of hypoglycemia is inversely proportional
to the gestational age [52]. Prevention of hypoglycemia is therefore an essential
component of Golden Hour care for preterm neonates.

Glucose is the primary substrate for cerebral metabolism, and the deleterious
short-term effects of neonatal hypoglycemia are well described. Transient hypo-
glycemia can produce jitteriness, poor feeding, respiratory distress, and in some
instances seizures. The risks are greater in premature infants than in term infants.
Of greater concern, however, is the potential for long-term neurodevelopmental
impairments associated with even transient neonatal hypoglycemia [51, 53, 54]. It
is likely that the risks are even greater for sustained or prolonged hypoglycemia.
Preterm infants, and infants born small for gestational age, are dependent on
exogenous sources of glucose in the early postnatal period. Intravenous access is
therefore critical to resuscitative efforts in this population.

Umbilical vein cannulation remains the preferred method of rapid intravenous
(IV) access in preterm infants, but a peripheral IV is often adequate. The principle
benefits of vascular access are for administering volume resuscitation, maintenance
fluids, glucose delivery, and/or medication administration. The presence of a
highly skilled, dedicated neonatal resuscitation team is essential for achieving early
vascular access and improved outcomes [55].

7. Thermoregulation

Thermoregulation is essential to newborn homeostasis, and this is especially
true for the preterm or growth-restricted newborn [56, 57]. NRP guidelines recom-
mend that the temperature of neonates be maintained between 36.5 and 37.5°C
after birth through admission and stabilization [58]. Indeed, we have known since
1907 [59] that admission temperature of neonate is a strong predictor of mortal-
ity at all gestational ages [60, 61]. Despite these recommendations, it is common
for critically ill term and preterm infants to be hypothermic on admission to the
NICU; roughly half of preterm infants in the EPICURE Study were admitted to
the NICU with a temperature less than 36.5°C [62]. Temperature dysregulation is
associated with Apgar scores less than 7, intraventricular hemorrhage, respiratory
distress, hypoglycemia, acid-base imbalances, lactic acidosis, and late onset sepsis
[58, 63-70].
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7.1 Strategies to maintain a thermoneutral environment

Environmental conditions vary significantly from center to center, and even
from room to room. One of the most successful interventions is to increase the
ambient temperature of the delivery room or operating room to 77-78.8°F (25-
26°C) before the delivery occurs [71, 72]. Some authors have described success by
increasing the delivery room temperature to 80°F [37]. Since very preterm and very
low birthweight infants are at increased risk of hypothermia, various risk-minimi-
zation strategies may be needed, including: covering the infant with heat-resistant
plastic wrap, covering the infant’s head with a cap, use of exothermic mattresses,
stabilization under a radiant warmer, and the use of warmed, humidified resuscita-
tion gases [58, 73]. An updated Cochrane analysis suggests that the best approach to
maintaining a thermoneutral environment is not yet clear [74]. Techniques recom-
mended for the term newborn are not universally applicable, but may be appropri-
ate for the mid-to-late preterm newborn, including: pre-warming of linens, drying
the infant after delivery, removal of wet linens, swaddling, covering the scalp with a
hat/cap, and/or placing the infant skin-to-skin based on the stability of the neonate
[58, 75].

Serial monitoring of the infant’s temperature is imperative, as there is some
risk of hyperthermia using the combination of strategies advocated here [76]. In
resource-limited settings, or in the absence of the aforementioned supplies, NRP
2015 recommends the use of clean food-grade plastic bag below the level of the
neck, and swaddling the infant after drying [58]. Infants who are hypothermic after
resuscitation should be rewarmed slowly [58] to avoid complications such as apnea
and arrhythmias. Current evidence is insufficient to recommend a preference for
either rapid (0.5°C/h or greater) or slow rewarming (less than 0.5°C/h) of uninten-
tionally hypothermic newborns (temperature less than 36°C) at hospital admission.
Additional research is needed.

8. Management of infants at-risk for infection

Neonates are vulnerable to infection before, during and after delivery.
Worldwide, neonatal infection contributes substantially to neonatal mortality
[77-79]. Risk factors for early-onset neonatal sepsis (EOS) include prematu-
rity, immunologic immaturity, maternal Group B streptococcal colonization,
prolonged rupture of membranes, and maternal intra-amniotic infection [80].
Chorioamnionitis is a major risk factor for spontaneous preterm birth, especially
at early gestational ages, and contributes to prematurity-associated morbidity and
mortality. Chorioamnionitis is an independent risk factor for neonatal sepsis, and
is associated with white matter damage and cerebral palsy in preterm infants [81].
Late-onset neonatal sepsis has been largely attributed to Gram-positive organ-
isms, including coagulase negative Staphylococci and Staphylococcus aureus, and is
associated with increased morbidity and mortality among premature infants [80].
Therefore, the timely administration of antibiotics is recommended for at-risk
infants.

Early initiation of antibiotics in the first hour of life when sepsis is clinically
suspected has been shown to prevent some serious sequelae of early onset sepsis
[82-84]. Challenges in establishing intravenous access in very premature neonates
may delay the initiation of antibiotics. Application of Golden Hour quality improve-
ment initiatives, including dedicated personnel for placement of vascular access
and better communication with pharmacy can lead to improvements in antibiotic
initiation time [85].
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9. Environment and developmental support systems

Neuronal development begins as early as the 3rd week of gestation and is largely
complete by the 20th week of gestation [86]. Neuronal migration begins in early
gestation and continues through early childhood. Synaptic pruning, apoptosis,
and patterning are important aspects of brain development, and both prenatal and
postnatal events play a role in establishing cortical brain development [86]. Biologic
and environmental exposures during these critical periods of development can have
adverse effects on brain development. Indeed, events or exposures that interfere
with these important developmental processes can adversely affect the organization
and function of the developing brain [87, 88].

Exposures common to the NICU have been associated with several indicators
of abnormal neurologic function, including poor orientation, low tolerance of
handling, poor self-regulation, poor reflexes, and abnormalities of tone [89-91].
Conversely, supportive experiences are associated with stronger brain responses in
the developing neonate [87]. A NICU environment that provides developmentally-
appropriate cares and supports parental involvement and touch likely improves
long term outcomes.

Minimizing the frequency of laboratory blood draws, painful procedures, and
interruptions to sleep are simple ways of mitigating exposure to stress that can
interfere with normal brain growth and development [92]. Noise reduction, human
touch, cycling of light, age-appropriate music, and recordings of mother’ voice
could also be reasonably placed in a Golden Hour protocol to improve the neuro-
developmental outcomes of surviving extremely preterm infants [93]. Neonatal
programs caring for high-risk preterm infants should include a developmentally-
rich and supportive environment as a core clinical domain for the Golden Hours.

10. Quality improvement and sustained outcomes

The International Liaison Committee on Resuscitation (ILCOR), the American
Academy of Pediatrics (AAP), and the American Heart Association (AHA) have
published guidelines or recommendations on specific resuscitation practices
supported by evidence [58]. Translating this evidence and implementing it into
practice requires the development of institution-specific guidelines or protocols
that standardize as many elements as possible [71].

Low volume centers should develop thresholds or criteria for timely transfer
to higher levels of care in addition to developing regionalization of networks of
care. Level ITI/IV centers also should provide leadership and support for regional
hospitals and nurseries that make up their referral base, and it is our hope that this
publication can be used as a means of enhancing the flow of information to that end
[94-96]. Strategies such as the use of checklists, collaboration/teamwork, consistent
approach to care, minimizing variation, [37, 97] simulation- based learning with
debriefing; [37] development of steps and checklist in Golden Hour protocol, [85]
immediate skin to skin in eligible infant [98] have been described in literature to
be effective in providing the caregivers ability to remain organized, aware of time
management and provide effective Golden Hour resuscitation measures.

Despite the paucity of evidence supporting specific delivery room protocols,
the literature favors standardization of as many elements as possible [71]. The
introduction of evidence-based delivery room guidelines has been credited with
improvements in the quality of care in a variety of clinical settings [4]. Importantly,
utilization of standardized protocols has been associated with improvements
in morbidity and mortality [99-101]. Ashmeade et al. focused primarily of 4
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processes: interdisciplinary team training to improve communication and care in
the delivery room, attention to temperature regulation, respiratory support and
timely administration of surfactant, and early initiation of dextrose and amino acid
infusion [102].

Developing a protocol for any process or improvement requires careful study,
inclusion of key stake-holders, thoughtful protocol development and a compre-
hensive educational process prior to implementation [103]. Quality improvement,
however, requires an ongoing evaluation of systems and processes. This continuous
cycle of improvement will lead to improvements in teamwork and collaboration,
skills and knowledge, consistency of care, and outcomes [104-106]. Consider using
this Golden Hour review as a framework for evaluating systems and processes, for
developing clinical guidelines or protocols, and for addressing the challenges unique
to your institution [107].

10.1 Teamwork and collaboration

Standardized protocols, technical skills, and repeated training are the corner-
stones of successful resuscitation. Emerging evidence suggests that human factors,
including team interaction, communication and leadership, play a pivotal role in
compliance with protocols and the success of resuscitations [108, 109]. One unit
described their experience with implementation of Golden Hour protocol that
included the use of realistic simulation-based learning, followed by team debriefing
sessions as critical pieces of the implementation process [37]. Finer et al., improved
their resuscitation outcomes by identifying opportunities and improving team
and leader performance [6]. They utilized Crew Resource Management (CRM), a
methodology developed for air crews from the late 1970s that evolved from a careful
evaluation of the role of human error in air crashes. Communication and team lead-
ers are the primary framework of CRM.

11. Conclusion

Despite advances in medical care, a large number of preterm neonates remain at
risk for significant morbidity or mortality. Golden Hour care of the at-risk prema-
ture neonate is a philosophical and team-based and highly specialized care that
focuses on the first hours and days after birth. It is devised with the understanding
that preterm neonates have unique risk factors based on physiology and immature
adaptive systems. Key Golden Hour domains include: optimizing delivery room
management of ventilation/oxygenation and thermoregulation, early establish-
ment of vascular access, prevention of hypoglycemia, prevention and treatment of
infection, and promotion of a developmentally-focused environment that promotes
optimal short and long-term outcomes. The available literature supports standard-
ization at the institutional level. In addition, it is critical to have a dedicated team
of providers who regularly practice and hone the clinical skills relevant to Golden
Hour care. While this discussion can be used as a framework for developing a
Golden Hour protocol, each institution, with its own resource limitations and chal-
lenges, must devise an approach that captures not only the needs of their patient
population, but the knowledge, skills and experience of the team providing care.
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Chapter 3

Neonatal Bacterial Meningitis

Mehmet Sah Ipek

Abstract

Despite improvements in neonatal intensive care, neonatal bacterial meningitis
continues to be a serious disease with mortality rates varying between 10 and 15%.
Additionally, long-term complications are observed among 20-50% of survi-
vors, depending on time of diagnosis and therapy and virulence of the infecting
pathogen. It is more common during the neonatal period than at any other age with
the estimated incidence of 0.25 per 1000 live births. The absence of specific clinical
presentation makes diagnosis of meningitis more difficult in neonates than in older
children. Culture of cerebrospinal fluid is the traditional gold standard for diagno-
sis of bacterial meningitis, so all newborn infants with proven or suspected sepsis
should undergo lumbar puncture. However, deciding when to perform lumbar
puncture and interpretation of the results are challenging. Although the patho-
physiology of neonatal meningitis is complex and not fully understood, researches
on diagnostic and prognostic tools are ongoing. Prevention of neonatal sepsis, early
recognition of infants at risk, development of novel, rapid diagnostics and adjunc-
tive therapies, and appropriate and aggressive antimicrobial treatment to sterilize
cerebrospinal fluid as soon as possible may prevent the lifelong squeal of bacterial
meningitis in newborn infants.

Keywords: neonate, meningitis, diagnosis, treatment, outcome

1. Introduction

Along with the Millennium Development Goals, under-5 mortality rate reduced
by an impressive 53% globally, from 1990 until 2015 [1]. Forty-five percent of
under-5 mortality now occurs in the first month of life. Besides intrapartum causes
and preterm birth complications, infections are one of the leading causes of neona-
tal deaths [2]. Neonatal sepsis and meningitis are collectively responsible for 6.8%
of the global under-5 deaths [3].

Neonatal meningitis is a devastating disease associated with significant mor-
tality and morbidity in both developed and developing countries. The improve-
ments in healthcare delivery systems over the last several decades, especially in
developed countries, resulted in a decline in mortality, but the rate of neurological
morbidities in infants who survive remains substantial and ranged from 20 to 50%
[4-8]. However, the incidence and mortality of neonatal meningitis in developing
countries remain unacceptably high, variably reported as 0.8-6.1 per 1000 live
births and 40-58%, respectively [7].

Bacterial meningitis is more common in the neonatal period than at any other
time, with higher incidence in preterm and chronically hospitalized infants [9-11].
Additionally, the epidemiology of bacterial meningitis, the corresponding patho-
gens, the immature immune system and its response to infection and outcomes are
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distinctive to the neonatal period [12, 13]. A cerebral insult related to meningitis has
a greater impact on the vulnerable, developing brain, so a younger age during dis-
ease is usually associated with a poorer outcome [14]. Therefore, overall improved
recognition, evaluation, and aggressive antimicrobial treatment of bacterial
meningitis in newborn infants are essential to lead to a reduction in the mortality
and the lifelong squeals.

This chapter will focus on the epidemiology, etiology, pathogenesis, diagnosis,
treatment, and outcome of neonatal bacterial meningitis.

2. Definition

Meningitis is defined as infection and inflammation of the meninges, subarach-
noid space and brain vasculature [15]. Since epidemiology of neonatal meningitis
is similar to that of neonatal sepsis, neonatal meningitis is also divided into early-
onset and late-onset meningitis, based on timing of infection and presumed mode
of transmission [16, 17]. The cutoff for these definitions is variable throughout
the literature. Early-onset meningitis is typically defined as meningitis occurring
within the first 3 or 7 days after birth, and especially those in the first 2 days after
birth reflect vertical transmission of invasive organism from maternal genital tract
flora. Late-onset meningitis is usually defined as infection occurring as early as 4 or
8 days after birth and as late as 28 days after birth, and it is attributed to organisms
acquired from interaction with the hospital environment or the community [16-18].
In very low-birth weight preterm and high-risk term infants, many of whom have
prolonged hospital stays, the description of late-onset meningitis may be applicable
until hospital discharge regardless of the age at the time of the infection [16]. The
distinction between two patterns is useful to guide therapy. However, this distinc-
tion does not necessarily be valid in the developing world, where unsanitary birth
practices and newborn care at home or in hospitals confront newborns with the risk
of acquiring environmental pathogens at or soon after birth [19, 20].

3. Epidemiology

Worldwide, the incidence of neonatal bacterial meningitis is between 0.22 and
2.66 per 1000 live births. However, the incidence varies by countries of different
income levels [11, 20-22].

The incidence of culture-proven neonatal meningitis is estimated between
0.21 and 0.3 per 1000 live births in developed countries [4, 11, 23]. This number is
probably underestimated since a lumbar puncture is not performed in up to 50% of
infants who were evaluated for sepsis in the intensive care nursery [4], and when it
is performed, it may be done after the initiation of antibiotics, likely biasing culture
results [4, 24]. The incidence in very-low-birth weight (VLBW) infants may be as
high as 1.4%, and about 5% of those with at least one lumbar puncture performed
during the hospital stay suffer from late-onset meningitis [25]. Bacterial meningitis
occurs in 25% of neonates with bacteremia [17], whereas in LVBW infants with
meningitis, the rate of blood culture positivity is as much as 55% [25].

In developed countries, mortality from neonatal meningitis was nearly 50% in
the 1970s, and then it has dropped to figures ranging from 10 to 15% [5, 7, 26-29].
However, long-term sequelae rates did not change, with up to 50% of survivors hav-
ing long-term neurodevelopmental complications [4-8, 27]. In a prospective study
including 444 cases of confirmed meningitis during 2001-2007, it was reported
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that the case fatality for neonatal bacterial meningitis was 13%, but much higher in
preterm babies (25%) [29].

It may be difficult to estimate the incidence in developing countries due to
under-developed surveillance systems. A few community-based studies published
from developing countries tend to reveal higher incidence of neonatal meningitis
[20]. In these studies, the incidence of neonatal meningitis in the first week of
life ranged from 0.8 to 6.1 per 1000 live births [4, 5, 20]. In developing countries,
mortality from neonatal meningitis ranges from 40 to 58% [7]. It is very likely that
most of the studies from developing countries have biases in selection of study
population, which may have underestimated true incidence rates. Additionally, the
lack of laboratory-based confirmation as well as varied clinical criteria and access
to health care facilities and limited resources may lead to underreporting in these
regions [20].

The most common organisms associated with neonatal meningitis are Group B
Streptococcus (GBS), Escherichia coli, and Listeria monocytogenes, and GBS and
E coli account for approximately two-thirds of all cases of neonatal meningitis [8,
30]. Thanks to the program consists of identifying pregnant women who are GBS
carriers by screening and/or identifying the presence of risk factors that predispose
the infants to infection, the incidence of early onset neonatal GBS sepsis in the
United States has declined from 1.5 per 1000 live birth to 0.3 per 1000 live births.
However, the incidence in late onset neonatal GBS infection appears to remain
unchanged or even increasing [30-35]. Additionally, there is an increased incidence
of Gram-negative bacteria, specifically antibiotic-resistant E coli, in early-onset
infection in the preterm and VLBW infants [30].

4. Etiology

The types and distribution of organisms that commonly cause neonatal menin-
gitis depend on age at presentation, location, and gestational age. The distribution
of organisms observed in neonatal meningitis is similar to that of neonatal sepsis
(Table 1) [4, 18, 23]. So, meningitis may be a component of early-onset, late-onset,
and nosocomial infection.

The group B streptococcus (especially capsular serotype III) is the major
causative pathogen, implicated in up to 50% of cases. Late-onset GBS sepsis is
more likely to be complicated by meningitis when compared to early-onset GBS

Causative pathogen

Group B Streptococcus

Otbher streptococci and staphylococci (including especially group D streptococci, Streptococcus pneumoniae,
Staphylococcus epidermidist, and Staphylococcus aureus)

Escherichia coli

Other Gram-negative enteric bacteria (including Pseudomonas aeruginosa, Klebsiella and Enterobacter species,
Proteus species, Citrobacter species, and Serratia marcescens)

Otbhers (including Haemophilus influenzae, Salmonella species, and Flavobacterium meningosepticum)

Listeria monocytogenes

For more, see Ref. [18].
fCoagulase-negative staphylococci are particularly common etiologies in very-low-birth-weight infants with late-
onset meningitis.

Table 1.
Bacteria causing neonatal meningitis in developed countries.
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sepsis [36]. Colonization of the neonate with GBS may be acquired from maternal
genital tract during delivery or from nosocomial sources [17]. The attack rate of the
colonized newborn is approximately 1%. The risk factors that influence the attack
rate include prematurity, dose and virulence of the organism, prolonged duration
of ruptured membrane prior to the delivery, and maternal fever during labor [31].
Despite intrapartum antibiotic prophylaxis (IAP) to reduce vertical transmission of
GBS infection, not all cases of early-onset GBS are prevented, and GBS continues
to be the most common cause of early-onset disease in term neonates [4, 21, 37].
However, it is uncommon in developing countries, even if the prevalence of coloni-
zation in women has been reported as high as 22% and implementation of IAP is not
possible [16, 38].

Escherichia coli is the second most common pathogen and represents 50% of
gram-negative bacteria which account for 30-40% of cases of neonatal meningi-
tis [4, 11, 30]. Most of E coli (80%) strains causing meningitis possessed the K1
polysaccharide capsular antigen which inhibits phagocytosis and resists antibody-
independent serum bactericidal activity [39, 40]. With the implementation of IAP
against GBS, E Coli has emerged as the most common cause of early-onset sepsis
and meningitis among VLBW infants [41, 42], and it has become the leading cause
of sepsis-related mortality in this weight group [43]. Additionally, there is a grow-
ing concern on emerging antimicrobial resistance in E coli infections [41]. Klebsiella
spp. are the second most important Gram-negative bacteria causing neonatal
meningitis, especially in developing countries [4, 7]. The other Gram-negative
organisms less commonly isolated include Enterobacter spp., Pseudomonas aerugi-
nosa, Citrobacter spp., and Servatia spp. [17]. Citrobacter spp. are usually associated
with brain abscesses, emphasizing the importance of brain imaging as part of the
evaluation whenever Citrobacter is isolated from the CSF [23].

It has been estimated that Listeria monocytogenes accounts for approximately
5-7% of cases of neonatal meningitis [5, 28], since the incidence of neonatal Listeria
infections has decreased substantially in recent years [44]. It continues to be impor-
tant in contribution to significant morbidity and mortality because of its association
with thrombo-encephalitis. Similar to GBS neonatal infections, early-onset Listeria
disease is often sepsis whereas late-onset Listeria disease is often meningitis [45].
Listeria serotype IVb is responsible for almost all cases of meningitis caused by
this organism [46]. Listeria may be acquired following placental invasion during
pregnancy, passively during the birth process or following horizontal transmission
from environmental sources [17, 45].

Coagulase-negative staphylococcus (CNS) and Staphylococcus aureus are com-
monly seen in very premature and high-risk neonates who require prolonged
hospitalization, central venous catheters, external devices and ventilator support
[5]. Other less common but important pathogens associated with neonatal men-
ingitis include enterococcus, Streptococcus pneumoniae, Neisseria meningitidis, and
Haemophilus influenzae [8, 18, 21]. Moreover, there is a wider range of more unusual
and potentially antibiotic-resistant organisms causing late-onset meningitis in
hospitalized patients [11, 18, 47-49].

5. Pathogenesis

Meningitis most commonly results as a consequence of hematogenous dissemi-
nation of bacteria via choroid plexus and cerebral microvasculature into the central
nervous system during the course of sepsis [4, 15]. Rarely, meningitis may develop
following the spread of an infection in the scalp or skull, and a contamination of
open neural tube defect, congenital sinus tract, or ventricular device [4, 18, 50].
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The early- and late-onset patterns of the disease have been associated with sepsis
during the first month of life, as invasion of the meninges occurs in as many as
25% of infants with bacteremia [23, 50]. So, meningitis and sepsis typically share a
common cause and pathogenesis.

Neonates are the most vulnerable of all age groups to infectious pathogens,
because of immaturity of the immune system, as well as decreased placental passage
of maternal antibodies, especially in preterm infants [16, 37]. All limitations of
both initiate and adaptive immunity, decreased inflammatory and immune effec-
tor responses, and the deficient expression of complement and of antimicrobial
proteins make fetus and neonate, particularly the premature neonate, susceptible to
a wide variety of microorganisms [18, 51]. In addition to host susceptibility, obstet-
ric and nursery practices, socioeconomic status, and the health and nutrition of
mothers are important in determining neonates at risk for infection, and similarly,
in the pathogenesis of neonatal sepsis and meningitis [18, 37].

Initial colonization of the neonate usually occurs in utero from ascending
bacteria entering the uterus from vaginal environment after rupture of amniotic
membranes [18, 37]. If delivery is delayed, microbial invasion of amniotic fluid
may cause an acute inflammation of the fetal membranes, which is defined as
chorioamnionitis [18, 37]. Infected amniotic fluid may lead to fetal systemic
inflammatory response syndrome, stillbirth, preterm delivery, or neonatal sepsis
following invasion of bacteria into the fetus through respiratory tract (fetal breath-
ing), gastrointestinal tract (swallowing), skin, and ear [52]. Additionally, the
neonate may be colonized with potentially pathogenic bacteria through the birth
canal during delivery. Microorganism acquired by the neonate just before or during
birth colonizes the skin and mucosa of multiple sites including the nasopharynx,
conjunctivae, oropharynx, umbilical cord, and in the female infant, the external
genitalia. Microorganisms can invade through any site where skin or mucosal
barrier is disrupted [15, 17]. Bacteria may proliferate at the initial site of attachment
without causing serious illness, or then, pass into the subepithelial blood vessel
from where they can be transported to other parts of the body including the CNS
[15, 18]. Transplacental hematogenous infection is also possible. Listeria monocy-
togenes is usually acquired transplacentally [4, 45]. In rare cases, hematogenous
transmission of GBS, S pneumoniae, and N meningitidis from maternal bacteremia
has been reported as causes of early-onset neonatal meningitis [18, 37, 53].

As infants grow up, they are exposed to environmental microorganisms that
might be pathogenic to them. Poor hand hygiene among caregivers and hospital
personnel, nutritional sources, and contaminated equipment all can transfer
microorganism from infected infants to uninfected infants [13, 37, 53]. Most VLBW
and high-risk infants have one or more procedures that expose them to risk of infec-
tion during their hospital stay. Invasive devices such as venous or arterial catheters,
endotracheal tubes, ventricular shunts, urinary catheters, and feeding tubes can
insert pathogen into the body of the infant. Parenteral nutrition, exposure to pro-
longed courses of empiric antibiotics, Hp-receptor blocker or proton pump inhibitor
use can also result in increased risk for late-onset infections [13, 18, 37, 54, 55].

Once the bacterium has entered into the systemic circulation, the polysaccha-
ride capsule of the pathogen plays a key role in the survival of the pathogen in the
hostile environment of the blood [15, 17, 56]. The polysaccharide capsule mediates
resistance to complement-mediated lysis and phagocytosis by polymorphonuclear
leukocytes and macrophages [15, 57]. The potential sites for bacteria entering the
CNS are the cerebral microvascular endothelium of the arachnoid membrane and
the choroid plexus epithelium where capillary endothelial cells are fused along the
terminal edge by tight junctions [17]. The attachment of bacteria to microvascular
endothelial cells and passage through the blood brain barrier (BBB) are promoted
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by the interaction of specific bacterial factors with host receptors [57]. To facilitate
crossing the BBB, Streptococcus pneumoniae interacts with cell wall phosphoryl-
choline and platelet activating factor receptor [8]. Streptococcus agalactiae uses the
lipoprotein laminin-binding protein and K1 E Coli express type 1 fimbriae and

the OmpA protein to contribute to the bacterium binding to cerebral endothelial
cells [57-59]. The bacteria can cross the BBB transcellularly, paracellularly, and

in infected phagocytes. Transcellular traversal occurs when the microorganism
penetrates the cells without any evidence in the cells or intracellular tight-junction
disruption [58]. Streptococcus pneumoniae, Streptococcus agalactiae, and E. coli can all
cross the BBB via this mechanism [58]. Paracellular traversal occurs when micro-
organism penetrates between barrier cells [17]. L monocytogenes crosses the BBB
by microbial penetration using transmigration within L monocytogenes-infected
monocytes or myeloid cells across the BBB by a so-called Trojan horse mechanism
[15, 58].

Once bacteria enter the cerebrospinal fluid, they are free to replicate and spread
unchecked at least initially, as phagocytes, immunoglobulins, and complement
components are excluded by the BBB. This bacterial multiplication goes on until
bacteria die following the stationary growth phase or the exposure to the treatment
with B-lactams that causes antibiotic-induced bacteriolysis. The subsequent release
of subcapsular bacterial products such as peptidoglycan, lipoteichoic acids, lipopro-
teins, lipopolysaccharides, and bacterial DNA leads to an increased inflammatory
response in the host [15, 59]. Many brain cells including astrocytes, glial cells,
endothelial cells, ependymal cells, and resident macrophages can produce pro-
inflammatory and anti-inflammatory cytokines in response to bacterial replication
and its components [60, 61]. Although this inflammation is needed to eliminate
the bacteria and allow the host to recover, it is also a major cause of brain injury in
meningitis [11, 61].

Neuronal injury in bacterial meningitis is caused by several mechanisms, which
have been identified by experimental studies during the last years [15, 60-62].
Neuronal injury likely results from a combination of the following events: dysfunc-
tioning cerebral blood flow (increased BBB permeability, cerebral edema, vasospasm,
vasculitis, cerebral venous thrombosis, and systemic hypotension), detrimental
effects of inflammatory mediators (e.g., tumor necrosis factor-alpha, interleukin-1,
and nitric oxide) and infiltrating cells (leukocytes, macrophages, and microglia),
neurotoxicity (free radicals, proteases, and some microbial compounds), increased
CSF outflow resistance, and excitatory amino acids, which finally lead to energy
failure and cell death executed by caspases [15, 17, 60-63]. The mode of neuronal
cell death in different regions of the brain depends on the strength and type of the
noxious stimulus and may be a form of apoptotic, necrotic, or hybrid [62, 63]. For
example, neuronal cell death occurs mostly as apoptosis in the dentate gyrus of the
hippocampal formation, whereas it occurs mostly as necrosis due to focal ischemia in
the cortex [15, 62, 63].

6. Risk factors

Since meningitis is most commonly a complication of bacteremia, the risk factors
are similar to those that contribute to neonatal sepsis [4-6]. Risk factors for neonatal
sepsis include maternal factors, neonatal host factors, and virulence of infecting
organism. The most important neonatal factor is prematurity or low birth weight.
Small preterm infants have a 3-10 times higher incidence of infection than full-term
normal birth weight infants [4-6]. Immaturity of the immune system and diminishing
transplacentally acquired maternal immunoglobulins in premature infants contribute
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to increased risk of infections. Additionally, preterm infants often require prolonged
hospital stay and so have one or more procedures such as parenteral nutrition, intuba-
tion, and central catheters that place them at risk for infection [18, 37]. Other host
factors include hypoxia, acidosis, hyperbilirubinemia, hypothermia, galactosemia,
indomethacin, lipid administration, and parenteral iron supplementation [37].
Maternal risk factors include GBS colonization or GBS bacteriuria, prolonged rupture
of membranes of 18-24 hours or greater, chorioamnionitis, urinary tract infections,
multiple pregnancies, and septic or traumatic delivery [13, 18, 37].

7. Clinical presentation

The earliest signs and symptoms of neonates with meningitis may be subtle
and nonspecific, especially more problematic in premature infants [5]. The clinical
presentation of neonatal meningitis is similar to those of neonatal sepsis without
meningitis. Most commonly reported clinical features include temperature instabil-
ity (62%), irritability or lethargy (52%), and poor feeding or vomiting (48%) [18].
However, in preterm infants, respiratory decompensation consisting of an increased
number of apnea and bradycardia episodes and increased oxygen requirement are
prominent clinical signs [50]. Term infants are more likely to have fever (>37.2°C),
whereas preterm infants more frequently have hypothermia (<36°C) [64]. Other
findings associated with neonatal meningitis include respiratory distress, jaundice,
diarrhea and hepatosplenomegaly. However, all these features could not help to
establish an early diagnosis of meningitis [18].

Neurologic signs of neonatal meningitis include irritability, alteration in con-
sciousness, poor tone, tremors, seizures, high-pitched cry, twitching of facial or
an extremity, focal signs including hemiparesis, gaze deviation, and cranial nerve
deficits [4, 18]. Seizures are generally focal and seen in 40% of cases, and consider-
ing subtle ones is also possible [5, 18]. Since cranial sutures in the neonate are open
and allow for expansion of the intracranial contents and for increasing head size,
meningeal signs are not commonly seen. Bulging fontanelle occurs in about 25% of
cases and nuchal rigidity in only 15% [28].

Early-onset neonatal infections are generally presented as sepsis or pneumonia,
so meningitis is relatively less common. The signs of early-onset infection get to
appear within the first 24-48 hours of life in 90% of affected cases [65]. However,
late-onset sepsis, in addition to bacteremia, is frequently manifested as focal infec-
tions such as meningitis and osteomyelitis resulting from hematogenous seeding
[11, 18]. Neonatal meningitis can complicate 14% of episodes of early-onset GBS
sepsis and 54% of episodes of late-onset GBS sepsis [36], so the later condition is
more likely to have specific signs of meningitis [28].

Lack of data on the timing of onset of features listed above makes it difficult
for the early recognition of a baby with meningitis. Additionally, these features are
likely to be affected by other factors such as gestational age, partial antibiotic treat-
ment, and postnatal age [6]. Classical meningitic signs such as convulsions, bulging
fontanel, altered mental status, and nuchal rigidity are often late findings that
are associated with a worse outcome [5, 6]. So, the timing of the onset of clinical
features may be crucial for early recognition, prompt management and potentially,
better outcome [6]. Although several useful clinical features were defined to predict
meningitis in children, the most accurate combination of clinical features to raise or
lower suspicion of meningitis is still unclear. Furthermore, small infants present-
ing nonspecific but concerning features such as fever, lethargy, poor feeding, or
irritability, should be approached with a high index of suspicion regardless of how
well they appear [66].
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Brain abscess, which can be presented by the findings of increased intracranial
pressure, focal neurologic deficit, poor clinical response to antibiotic therapy,
and new-onset focal seizures, occurs in about 13% of neonates with neonatal
meningitis. However, the risk of brain abscess is increased in cases of meningitis
caused by Citrobacter koseri (up to 75%), Serratia marcescens, Proteus mirabilis,
and Enterobacter sakazakii. Therefore, when these pathogens are detected as the
cause of the disease, neuroimaging should be performed even with no clinical
indication [18, 28].

8. Diagnosis

Since the clinical signs and symptoms are nonspecific and similar to those
seen in sepsis, CSF examination via lumbar puncture (LP) is essential to establish
the diagnosis of bacterial meningitis and to identify the causative organism with
antibiotic susceptibility testing [4]. LP should be performed in all neonates whose
blood culture is positive and be considered in all neonates when sepsis is possible.
As many as 40% of infants with meningitis who have a gestational age of >34 weeks
do not have a positive blood culture at the time of their diagnosis [67]. Similarly,
among VLBW infants who survived >3 days, one third of cases of meningitis have
negative blood cultures [25]. Therefore, if LP is performed based on the presence of
blood culture positivity, a significant number of cases of meningitis will be over-
looked [11]. This means that if sepsis or meningitis is suspected, performing LP is
mandatory.

Debate continues as to whether an LP should be performed on all babies sus-
pected of sepsis or only on symptomatic babies. In the past, the LP had been a
routine part of the evaluation of infants suspected of having sepsis, in conjunction
with a complete blood cell count and blood cultures [17]. Meningitis in preterm
infants with respiratory distress syndrome is unlikely, so an LP is not mandatory
unless sepsis is suspected [68, 69]. Similarly, the yield of an LP from babies who
are asymptomatic with or without maternal risk factors is likely to be very low
[70]. However, during the first week of life, if the blood cultures yield a pathogenic
organism or clinical features of sepsis exist, evaluation of CSF should be done
[18]. It should be kept in mind that the use of intrapartum antibiotics makes blood
culture results unreliable. In every infant older than 1 week, an LP is indicated as
a routine part of the work-up for sepsis [17]. Performance of the LP is sometimes
delayed due to cardiorespiratory instability, extreme prematurity with the risk of
intraventricular hemorrhage, or thrombocytopenia, resulting in delay in diagnosis
and prolonged and possibly inappropriate antibiotic use [25]. If it is not possible to
perform an LP in the infant with presumed sepsis and meningitis, antimicrobials in
doses sufficient for the treatment of meningitis should be initiated immediately fol-
lowing obtaining blood for culture. When the infant is stabilized, even if antibiotic
therapy is being taken for several days, LP should be performed. A delayed LP is still
likely to show the presence of CSF pleocytosis and abnormal CSF chemistry and
thus confirms the diagnosis of meningitis, although CSF culture may be negative
[4, 11, 23]. In such cases, real-time polymerase chain reaction (PCR) may have an
important role as a better diagnostic tool, although its routine use in the context of
neonatal infection is currently limited [11, 71].

Infants with suspected bacterial meningitis or late-onset sepsis should undergo
a full laboratory evaluation consisting of a complete blood count with differen-
tial, blood culture, a urine analysis and culture (useful only after the third day
of life), and lumbar puncture to examine the CSF [50]. Ancillary tests such as
complete blood cell count, C-reactive protein, interleukin-6, and procalcitonin
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have suboptimal sensitivity and specificity for the diagnosis of neonatal sepsis, but
these diagnostic tests may be useful in supporting the diagnosis of infection as well
as determining the length of therapy when they are serial abnormal and accompa-
nied by clinical features of infection [23, 37, 50].

CSF culture is the gold standard method for diagnosing bacterial meningitis.
So, it is important to perform an LP early in the course of illness, ideally before
the administration of antibiotic therapy [72]. However, infants may be exposed to
intrapartum or empiric antibiotics before performing an LP, making CSF param-
eters helpful in determining the likelihood of meningitis, because of the possibility
of false CSF culture negativity in those with meningitis [4].

9. Examination of cerebrospinal fluid

Although examination of the CSF is highly important in supporting the diag-
nosis of meningitis, interpretation of CSF findings can be challenging in newborn
infants [72]. Values for both the cellular and chemical parameters of CSF are
different for neonates than for older infants and children, and also vary according
to gestational age, birth weight, and chronologic age (Table 2) [73-77]. The cell
content and protein concentration in the CSF of a healthy neonate are higher than
those of older infants, whereas CSF glucose levels may be as low as 30 mg/dl in

Age [Ref.] WBC/mm’® Protein (mg/dL) Glucose (mg/dL)

Term neonates evaluated in the nursery setting [73]

<7 days (n: 130) Median (IQR): Median (IQR): Median (IQR):
3 (1-6); 95th 78 (60-100); 95th 50 (44-56); 5th
percentile: 23 percentile: 137 percentile: 35

8 days to 6 months Median (IQR): Median (IQR): Median (IQR):

(n: 140)* 2 (1-4); 95th 57 (42-77); 95th 52 (45-64); 5th

percentile: 32 percentile: 158 percentile: 38

Term neonates evaluated in the emergency department setting*

<28 days (n: 3467) [74] Mean: 5.5; 95th Mean (+SD): 69.9 Mean (+SD): 45.7

(£8.0); lower bound:

percentile: 16

(+25.7); upper bound:

127

25

<28 days (n: 278) [75] Mean (range): 6.1

(0-18.0)

Mean (range): 75.4
(15.8-131.0)

Mean (range): 45.3
(30.0-61.0)

28-56 days (n: 318) [75] Mean (range): 3.1

(0-8.5)

Mean (range): 58.9
(5.5-105.5)

Mean (range): 48.0
(30.5-65.5)

Preterm very low birth weight (<1500 g) neonates

<7 days (n: 88) [76] Mean (range): 71

(0-30)

Mean (range): 144
(51-270)

Mean (range): 50.4
(11-138)

<28 days (n: 45) [77] Mean (range): 5

(0-44)

Mean (range): 148
(54-370)

Mean(range): 67
(33-217)

WBC: white blood cell count; SD: standard deviation; IQR: interquartile range; CSF: cevebrospinal fluid; neonatal
intensive care unit; and n: number of cases.

TCSF was obtained from infants evaluated for sepsis in the NICU setting.

*In this study, only a small proportion of infants were aged >28 days.

#CSF was obtained in the emergency department during evaluation for possible infection; infection was excluded
by sterile cultures (CSF, blood, and urine). Infants with positive polymerase chain reaction for enterovirus were also
excluded.

Table 2.
Characteristics of cevebrospinal fluid in term and preterm neonates without bacterial meningitis.
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term infants and as low as 20 mg/dl in preterm infants [77]. CSF protein is higher
in preterm versus term infants. Moreover, the values of CSF parameters in neonates
with and without confirmed meningitis may overlap [72].

Characteristic CSF findings of neonatal bacterial meningitis include poly-
morphonuclear pleocytosis, hypoglycorrhachia, and increased protein concen-
trations [8]. Cerebrospinal fluid white blood cell (WBC) counts of >21 cells/
mm’ in infants with gestational age > 34 weeks have a sensitivity and specificity
of approximately 80% to suggest confirmed meningitis. However, this cut off
may be resulted in a missed diagnosis in 13% of infants with confirmed men-
ingitis, since neonatal meningitis can also occur with normal CSF parameters
without bacteremia [4, 67]. If CSF is examined so early, before meninges are
not inflamed enough, CSF findings may not be definitive for bacterial menin-
gitis, requiring the repeat LP 24-48 hours later. In a neonate, a CSF WBC count
of >20 cells/mm” is consistent with meningeal inflammation, and suggests
bacterial meningitis [4]. The number of WBCs in the CSF is higher in neonates
with meningitis caused by Gram-negative bacteria than those caused by Gram-
positive bacteria [78], and can be up to thousands, with predominantly poly-
morphonuclear leukocytes in the early course of the disease [18, 28]. The level
of CSF protein is considered a poor predictor of neonatal meningitis because
of considerable overlap of values between infants with and without confirmed
meningitis [4, 67]. In general practice, a CSF protein of 170 mg/dl in preterm
and > 100 mg/dl in term infants is interpreted in favor of neonatal bacterial men-
ingitis. However, caution should be employed when interpreting CSF parameters
in preterm infants [79, 80].

Antibiotic treatment before the LP is a common practice because LPs are not
being performed in all cases [5]. When patients with true meningitis are exposed to
antibiotics for up to 24-36 hours, CSF WBC values remain elevated without signifi-
cance. However, CSF protein values decrease but still remain higher than normative
values, whereas CSF glucose values show rapid normalization [72, 81]. So, because
of limited impact of pretreatment antibiotics on CSF WBC, it does not prevent
the diagnosis of meningitis up to 24 hours. Additionally, once CSF is obtained,
the sample should be analyzed as soon as possible, otherwise a delay in laboratory
analysis may result in the decline in measured WBC [82].

Gram stain of CSF is useful in providing an early presumptive etiologic diag-
nosis, especially Gram-negative bacteria, since the culture of CSF can take up to
48 hours [6]. Its positivity rates depend on the CSF concentration of bacteria, so the
absence of the organism on Gram stain does not exclude meningitis [8]. In cases of
meningitis caused by L. monocytogenes, Gram stain is frequently negative due to the
low number of bacteria in the CSF [17].

Traumatic LP is defined as the presence of blood in the CSF obtained, and
occurs very frequently in neonates, with reported incidences ranging from 35 to
46% [72]. This condition makes the interpretation of CSF results more compli-
cated. Adjustment of CSF WBC in traumatic LPs does not improve the diagnosis
of neonatal bacterial meningitis, and adjustment can result in loss of sensitivity
with marginal gain in specificity [72]. CSF protein may be elevated in the presence
of blood contamination from a traumatic LP [83]. It may be useful to repeat the LP
24-48 hours later, so that normal WBC can exclude bacterial meningitis, but fre-
quently it is inconclusive. Neonates in whom the LP is traumatic should be treated
with antibiotic presumed meningitis, until results of CSF culture are available.

Among nonculture tests of CSF, the PCR has been useful in the identification
of infecting bacteria including Streptococcus pneumoniae, E coli, GBS, S aureus,
and L monocytogenes, with higher detection rate of any CSF pathogen compared
with traditional cultures (72% vs. 48%) in patients with antibiotic administration
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[71]. However, the use of PCR is limited to selected cases for now, and before used
routinely, requires further researches and institutional facilities [84, 85]. Since PCR
neither detects all causes of CNS infection nor provides any information on antimi-
crobial susceptibility, it should be used in conjunction with standard microbiologic
tests. A number of CSF biomarkers such as tumor necrosis factor a, interleukin (IL)
1b, IL-6, IL-8, IL-10, IL-12, IL-17, C-reactive protein, procalcitonin, and lipocalin 2
have been examined for differentiating bacterial meningitis from viral meningitis
and noninfectious origins, and the results have been encouraging [8, 86]. However,
the validity and use of these biomarkers in clinical practice have been limited, and
the interpretation of the results of these assays should be done with caution.

10. Differential diagnosis

Besides sepsis and other specific infections, symptoms and signs may be due
to noninfectious conditions such as cardiac, pulmonary, gastrointestinal, and
metabolic disorders [11, 18]. Disorders mimicking the neurological features of
meningitis include intracranial hemorrhage, ischemic stroke, hypoxic-ischemic
encephalopathy, injuries, and inborn errors of metabolism [11, 18]. Conditions
where CSF culture is negative despite CSF changes include infectious and non-
infectious causes of aseptic meningitis, partially treated bacterial meningitis,
parameningeal infected focus such as abscess, and intraventricular hemorrhage.
Since some of the pathogens that cause aseptic meningitis have specific therapy,

a comprehensive evaluation including viral, anaerobic, mycoplasma, and fungal
cultures, antigen detection, PCR, and serology should be performed [18]. Elevated
CSF protein values and leukocyte counts and hypoglycorrhachia may develop in
preterm infants after intraventricular hemorrhage. Many nonpyogenic congenital
infections (toxoplasmosis, cytomegalovirus, herpes simplex virus, and syphilis
producing aseptic meningitis) can also produce alterations in CSF protein values
and leukocyte counts. [18, 50].

11. Antimicrobial treatment

Eradication of the infecting pathogen from the CSF is entirely dependent on
antimicrobial therapy which should be initiated as soon as possible after the evalua-
tion which is suggestive of bacterial meningitis [8]. Since clinical presentation may
be subtle and nonspecific and the outcome may be devastating, a low threshold
for initiating antimicrobial therapy is necessary without knowledge of the specific
pathogen [6]. Decisions on which antibiotics to use empirically are designed to
cover the likely pathogens based on the age of the patient (e.g., early-onset
meningitis), specific risk factors, data regarding pathogens and their susceptibility
within nursery, and the ability to penetrate the CSF [8, 87, 88]. The initial choice
of intravenous antibiotics for neonates suspected of having meningitis must cover
both Gram-positive and Gram-negative organisms [89]. Efficient elimination of
bacteria depends also on the relationship between the concentration of antibiotic
in the CSF and the minimal bactericidal concentration (MBC) for the infecting
pathogen [17]. Then, antibiotics are modified according to culture and antibiotic
susceptibility tests, as indicated.

Initial empirical therapy for early-onset bacterial meningitis must include a com-
bination regimen containing ampicillin and an aminoglycoside (e.g., gentamicin)
to cover GBS, E coli, and L monocytogenes, whereas a regimen including a third-
generation cephalosporin (e.g., cefotaxime) is preferred when meningitis resulting
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from a Gram-negative organism is strongly suspected [8, 18]. This empirical anti-
microbial therapy should be continued until the pathogen and its antibiotic sus-
ceptibility are identified. Since eradication of Gram-negative bacteria from CSF is
often delayed and high rates of ampicillin resistance among E. coli isolates have been
reported, cefotaxime is the agent of choice, thanks to its higher CSF bactericidal
activity [89, 90]. However, when the use of cefotaxime is routine, rapid emergence
of cephalosporin-resistant strains, especially Enterobacter cloaca, Klebsiella pneu-
moniae, Pseudomonas aeruginosa, E coli, and Servatia species, can occur (via inducible
beta-lactamases), even during therapy [91-94]. It is reccommended that such infec-
tions should be treated with a carbapenem (usually meropenem), in combination
with an aminoglycoside, since carbapenem resistance has recently emerged among
Gram-negative bacilli [50, 95, 96]. Therefore, meningitis caused by Gram-negative
bacteria need to be closely monitored, which includes repeating LP for documenta-
tion of CSF sterility and brain imaging studies with clinical indications [8, 97].

There is a synergy for ampicillin and gentamycin in the treatment of meningitis
caused by GBS, and this combination should be continued until sterility of the CSF
has been documented [17]. Afterwards, single therapy with penicillin or ampicillin
should be used for 14 days [97]. Although GBS is also susceptible to cephalosporins,
the use of the narrower agent, like penicillin, will minimize any potential impact on
antibiotic resistance among other pathogens [87]. Infection caused by L monocyto-
genes and Enterococcus should be treated with ampicillin and gentamycin, since both
are resistant to cephalosporins [17, 87]. When the CSF has been sterilized and the
patient has improved clinically, ampicillin alone can be used to complete therapy.
Because of high rate of ampicillin resistance among E. coli and other Gram-negative
organisms, a combination of cefotaxime (or ceftazidime in the case of P, aeruginosa)
and an aminoglycoside, usually gentamicin, is preferable. Once sterility of the CSF
is documented, the aminoglycoside can be discontinued and the appropriate beta-
lactam should be continued for a minimum of 21 or 14 days after the CSF is sterile,
whichever is the longest [17-19, 87, 97].

Initial empirical therapy for late-onset bacterial meningitis usually depends
on whether the infection is community or hospital acquired. For babies admitted
from home, an empiric antibiotic combination of amoxicillin or ampicillin and
cefotaxime is likely to provide excellent cover for possible pathogens, with good
CSF penetration [5, 11, 88]. In areas where there are high rates of cephalosporins
resistance among Streptococcus pneumonia, initial treatment of meningitis may
include high doses of third-generation cephalosporins in association with vancomy-
cin before the results of antibiotic susceptibility [98]. Although the implementation
of pneumococcal vaccination led to a near disappearance of vaccine serotypes resis-
tant to f-lactams, it also contributed to the emergence of the 19A serotype, which
was particularly resistant to antibiotics [98]. Some community-based studies from
developing countries have reported increasing resistance, particularly of Gram-
negative organism to first-line and even second-line antibiotics [88]. Therefore, in
the choice of empirical antibiotics, the resistance pattern of possible pathogens in
the community should also be considered.

For babies already in hospital or discharged recently from hospital, initial
antimicrobial therapy should be chosen according to the pathogen commonly seen
in that particular nursery and their susceptibility pattern [11]. There are various
factors that may influence the likely spectrum of causative pathogens, especially
their risk of unusual or multidrug resistant bacteria [5, 18]. These include prior
exposure to broad-spectrum antibiotics, the presence of central venous lines, ven-
triculoperitoneal shunt, or ventricular reservoir, parenteral nutrition, and their risk
of acquiring infections through nosocomial transmission [5, 55, 99, 100]. Therefore,
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empirical therapy may include ampicillin (if GBS, L monocytogenes or enterococci
are suspected), nafcillin, or vancomycin and an aminoglycoside, and cefotaxime,
or meropenem, depending on the predominant pathogen seen in the neonatal unit
[50, 97]. Meningitis with organisms such as CNS, which is more common in neo-
nates requiring prolonged hospitalization, need for central venous catheters, and
surgical manipulations or placement of a ventriculoperitoneal shunt due to intra-
ventricular hemorrhage and hydrocephalus [55, 100], can be treated with nafcillin
or vancomycin, assuming that the isolate is susceptible [18, 50, 101]. The duration
of therapy is generally 14-21 days after CSF sterilization, with removal of any
foreign body if possible [18, 50, 101]. Meropenem is recommended for treatment of
neonatal meningitis that is caused by MDR Gram-negative organisms, although it is
approved for use only in infants aged older than 3 months for bacterial meningitis
or complicated intra-abdominal infections due to limited data on meropenem use in
neonates [97, 102]. Metronidazole is the treatment of choice for infection caused by
Bacteroides fragilis and other anaerobic organisms [18, 50].

The recommended antimicrobial treatment based on causative organism and dos-
age of common antibiotics used for neonatal meningitis are provided in Tables 3 and 4
(4, 50, 87, 97,103, 104].

Although the intraventricular or intrathecal route of administration of antibiot-
ics is able to achieve higher antibiotic concentrations in the CSF and eliminate the
bacteria more quickly, intraventricular antibiotics in combination with intravenous
antibiotics resulted in a three-fold increased relative risk for mortality compared to
standard treatment with intravenous antibiotics alone and should be avoided [105].
However, it remains an option in patients who already have a ventricular drain in
place and persistently positive CSF cultures [101].

In the cases of neonates with bacteremia and CSF findings indicative of men-
ingitis with negative CSF culture (obtained before or after antibiotic therapy), the
antimicrobial therapy should be continued with meningeal doses as if they have
proven bacterial meningitis [97, 106].

The role of routinely repeating CSF evaluation during treatment in a neonate
with confirmed meningitis is controversial. Some experts recommended that an
LP should be repeated routinely at 48-72 hours after initiation of appropriate
antimicrobial therapy to document CSF sterilization, as persistence of posi-
tive cultures despite treatment may result in a greater risk of complications and
poor outcomes [87, 107]. Gram-positive bacteria usually clear rapidly (within
24-48 hours) from the CSF, whereas Gram-negative bacteria may persist for
several days in severe cases [18, 97]. A delayed clearance of a Gram-negative
organism may be an indication for antimicrobial resistance and prompts a change
in therapy or diagnostic neuroimaging showing a purulent focus of the disease
such as an emphysema, obstructive ventriculitis, or brain abscess requiring addi-
tional intervention or increased duration of antimicrobial therapy [18, 97, 108].
Additionally, performing repeating LP is also reasonable for discontinuing combi-
nation therapy. Delayed sterilization of the CSF is associated with an increased risk
of poor outcome [17, 87, 109]. So, a repeat LP may have therapeutic and prognostic
significance. Conversely, some experts recommend a repeat LP only if the patient
does not exhibit a satisfactory clinical response by 24-72 hours after initiation of
antimicrobial therapy or show a complicated clinical course, including seizures,
abnormal neuroimaging, or prolonged positive CSF cultures [4, 110]. The decision
of whether to perform an LP before completion of therapy in the neonates with
meningitis caused by GBS, L. monocytogenes, and Gram-negative bacteria can be
based on clinical course including seizures, significant hypotension, prolonged
positive CSF cultures, and abnormal neuroimaging [50].
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Causative organism

Recommended therapy

Comment

Initial therapy, CSF
abnormal but organism
unknown

Ampicillin IV and gentamicin
1V, IM and cefotaxime IV

Cefotaxime is added if meningitis is
suspected or cannot be excluded.
Alternatives to ampicillin in nursery-
acquired infections: vancomycin or
nafcillin.

Alternatives to cefotaxime: ceftazidime,
cefepime, or meropenem (limit use to
multidrug-resistant organisms in nursery
(e.g., extended-spectrum b-lactamase-
producing organisms).

Bacteroides fragilis spp.

Metronidazole IV

Alternative: meropenem.

Coliform bacteria (E coli,
Klebsiella sp., Enterobacter
sp., Citrobacter sp., and
Serratia sp.)

Cefotaxime IV, IM, and
gentamicin

Discontinue gentamicin when clinical and
microbiologic response is documented.
Alternative: ampicillin if organism is
susceptible; meropenem or cefepime for
multiresistant organisms.

Lumbar intrathecal or intraventricular
gentamicin usually not beneficial.

Chryseobacterium Vancomycin IV and rifampin Alternatives: clindamycin and
meningosepticum IV, PO ciprofloxacin
Group A streptococcus Penicillin G or ampicillin IV

Group B streptococcus

Ampicillin or penicillin G IV
and gentamicin IV, IM

Discontinue gentamicin when clinical and
microbiologic response is documented

Enterococcus spp.

Ampicillin IV, IM, and
gentamicin IV, IM; for
ampicillin-resistant organisms:
vancomycin and gentamicin

Gentamicin only if synergy documented

Other streptococcal Penicillin or ampicillin IV, IM
species
Gonococcal Ceftriaxone IV, IM or Duration of therapy uncertain

cefotaxime IV, IM

(5-10 days?)

Haemophilus influenzae

Cefotaxime IV, IM

Ampicillin if f-lactamase negative

Listeria monocytogenes

Ampicillin IV, IM, and
gentamicin IV, IM

Gentamicin is synergistic in vitro with
ampicillin but can be discontinued when
sterilization is achieved

Staphylococcus epidermidis
(or any coagulase-
negative staphylococci)

Vancomycin IV

Add rifampin if cultures are persistently
positive
Alternative: linezolid

Staphylococcus aureus MSSA: nafcillin IV; MRSA: Gentamicin may provide synergy;
vancomycin IV rifampin if cultures are persistently
positive. Nafcillin is superior to
vancomycin for treatment of methicillin-
sensitive S aureus
Pseudomonas aeruginosa Ceftazidime IV, IM and Meropenem or cefepime are suitable

aminoglycoside IV, IM

alternatives

Ureaplasma spp.

Doxycycline IV or
azithromycin IV

Alternatives: ciprofloxacin

Mycoplasma hominis

Clindamycin or doxycycline IV

Alternatives: ciprofloxacin

IM, intramuscularly; IV, intravenously; MSSA: methicillin-susceptible S. aureus; MRSA: methicillin-vesistant
S. aureus; PO, periorally.
T Adapted from Ref. [50].

Table 3.
Recommended antimicrobial treatment for neonatal bacterial meningitis. ¥
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Antibiotic Susceptible Dose per kilogram Comments
bacteria
Body Body
weight < 2000 g weight > 2000 g
Penicillin G GBS 100,000 U 100,000 U Monotherapy
<7dold, every 12 h <7dold, every 8 h acceptable if GBS
8-28 d old, every 8-28 d old, every is confirmed by
8h 6h culture and clinical
improvement is
observed
Ampicillin GBS 50 mg 50 mg 17-78% of E. coli
L. <7d old, every12 h <7d old, every12 h isolates are resistant
monocytogenes 8-28 d old, every 8-28 d old, every Poor CNS penetration
Enterococcus 8h 8h
sp.
Gentamicin/ E. coli 5mg/15mg 4 mg/15 mg Poor CNS penetration
Amikacin Klebsiella sp. <7d old, every 48 h <7d old, every 24 h Synergistic effect with
Enterobacter 8-28 d old, every 8-28 d old, every ampicillin in treatment
sp. 36h 24h of L. monocytogenes
Pseudomonas Pseudomonas sp. may
sp. require combination
Citrobacter therapy with a second
Sp. agent
Serratia sp. Require therapeutic
drug monitoring
Cefotaxime E. coli 50 mg 50 mg Good CNS penetration
Klebsiella sp. <7d old, every 12 h <7d old, every 12 h Used instead of
Enterobacter 8-28 d old, every 8-28 d old, every gentamicin in cases
sp. 8-12h 8h of suspected or
Citrobacter confirmed meningitis
sp. Not active against
Serratia sp. L. monocytogenes or
Entevococcus sp.
Meropenem E. coli 40 mg 40 mg Good CNS penetration
Kilebsiella sp. <14 d old, every <14 d old, every Limit use to multidrug
Enterobacter 12h 8h resistant organisms
sp. 14-28 d old, every 14-28 d old, every (e.g., extended-
Citrobacter 8h 8h spectrum beta-
sp. lactamase-producing
Serratia sp. organisms)
Pseudomonas
sp.
Vancomycin Coagulase- 15mg 15mg Variable CNS
negative <7d old, every 24 h <7d old, every 12 h penetration
staphylococci 8-28 d old, every 8-28 d old, every Effective against
S. aureus 12h 8h methicillin-resistant
Enterococcus S. aureus
sp. Requires therapeutic
drug monitoring
Nafcillin Methicillin- 50 mg 50 mg Good CNS penetration
sensitive S. <7d old, every 12 h <7d old, every 8 h Superior to
aureus 8-28 d old, every 8-28 d old, every vancomycin for
8h 6h treatment of

methicillin-sensitive
S. aureus

GBS, group B streptococcus; CNS, central nervous system; g, gram; d, day.

tAdapted from Refs. [4, 87, 97, 102, 103].

Table 4.

Dosage of antibacterial drugs commonly used to treat neonatal meningitis.
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12. Neuroimaging

Neuroimaging is recommended to assist in defining the potential complica-
tions of neonatal meningitis [50, 87]. Ultrasonography, which is a safe, conve-
nient, and noninvasive method, can be done at bedside early in the course of the
disease. It provides rapid and reliable information regarding ventricular size,
the presence of hemorrhage, and development of hydrocephalus [111, 112]. It
is also useful to detect periventricular white matter injury which may initially
be manifested by increased periventricular echogenicity and later by cystic
periventricular leukomalacia, ventriculitis, echogenic sulci, and extracerebral
fluid collections [113, 114]. Computed tomography is rapid and easy imag-
ing modality, but carries the risk of neonatal brain to radiation. It is useful to
provide information on whether the course of meningitis has been complicated
by hydrocephalus, brain abscess, or subdural collection. These findings may
have a role in decision-making for potential neurosurgical interventions or
duration of antimicrobial therapy [28, 87]. Magnetic resonance imaging (MRI)
is the best currently available modality for evaluation of the neonatal brain
[115]. It provides information on the status of white matter, cortex, subdural
and epidural spaces, and even the posterior fossa, when performed either early
or late in the course of the disease. It is useful to document the distribution
pattern, severity, and complications of the disease [115, 116]. It has also been
used in providing the best prognostic information [28]. For these reasons, it is
recommended that at least one brain MRI should be performed on every case
of neonatal meningitis, especially those caused by organisms that have a pro-
pensity for formation of intracranial abscesses [17, 28, 87]. Ideally in all cases,
MRI scans must include pre-contrast and post-contrast-enhanced T1-weighted
and T2-weighted images in at least two perpendicular planes. Fluid attenuated
inversion recovery (FLAIR) sequence and diffusion weighted imaging (DWTI)
are preferred whenever purulent collections are suspected because of their high
sensitivity in showing pus accumulation [115].

13. Adjunctive therapy

Bacterial meningitis in the newborn infant is characterized by high risk of
mortality and serious neurological sequelae among most survivors. It is believed
that most sequelae occur as a result of neural injury during the acute inflamma-
tory process that characterizes bacterial meningitis. Given that corticosteroids
may help attenuate the acute inflammatory process, adjuvant corticosteroid
treatment in children with bacterial meningitis may reduce mortality in S pneu-
moniae meningitis but not in H. influenzae nor N. meningitidis meningitis, and
severe hearing loss among children with H. influenza meningitis but not among
those with meningitis due to non-Haemophilus species [117]. Additionally, these
beneficial effects of corticosteroids have been reported in the reports from high-
income countries, but not in those from low-income countries, probably due to
the types of pathogens prevalent in the developing world, delay in the initiation
of appropriate antibiotic treatment, partial treatment involving indiscriminate
antibiotic use outside of hospitals, or lack of facilities [7]. A few studies suggest
that some reduction in death and hearing loss is evident when adjunctive steroids
are used in the treatment of neonatal meningitis, but experimental animal studies
reported that adjunctive treatment with corticosteroid is associated with an
increase in hippocampal neuronal apoptosis [118]. In conclusion, it should not be
used routinely in the treatment of neonatal meningitis due to limited data [119].
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Similarly, the limited studies showed that glycerol, when used as osmotic therapy,
may reduce neurological deficiency and deafness in adults and children with acute
bacterial meningitis [120], but it is not currently recommended in neonates with
bacterial meningitis [4].

14. Complications

Short-term neurological complication of neonatal bacterial meningitis includes
cerebral edema, increased intracranial pressure, ventriculitis, cerebritis, hydroceph-
alus, brain abscess, cerebrovascular disease including ischemic arterial stroke and
cerebral venous thrombosis, and subdural effusion or empyema [18, 121]. Cerebral
edema results from vasogenic changes, cytotoxic cell injury, and occasionally inap-
propriate antidiuretic hormone secretion [28]. Ventriculitis, which occurs in about
20% of neonates with meningitis caused by Gram-negative organisms, is a result of
bacterial entry into the CNS through the choroid plexus [28, 121, 122]. Inflammatory
exudate covers the epidermal lining and the choroid plexus, disrupts ependymal
lining, and causes subependymal venous thrombosis and eventually necrosis [28]. It
is usually associated with obstruction of CSF outflow [121]. Cerebritis results from
extension of exudate along perivascular space [18, 28]. Hydrocephalus, which occurs
in approximately one-quarter of neonates with meningitis, develops as a result of
fibrous inflammatory exudate obstructing CSF flow through the ventricular system
or dysfunction of arachnoid villi [18, 28, 122, 123]. Cerebral infarction occurs in
approximately 30% of neonates with meningitis and is frequently hemorrhagic
[28, 124]. The mechanisms leading to cerebrovascular complications in bacterial
meningitis are not completely understood and likely are multifactorial [15, 62].
Brain abscesses, which occur in approximately 10 percent of patients with neonatal
meningitis, may result from a hematogenous spread of microorganism into infarcted
brain, or by local spread [28, 121]. Subdural effusions occur in approximately 11% of
neonates with meningitis and rarely cause clinically significant finding and lead to
empyema. [28, 121].

Neonates with bacterial meningitis should be monitored for signs of these com-
plications throughout their treatment. It must be suspected when there is a failure
to respond clinically and microbiologically to appropriate antimicrobial therapy,
or a focal neurologic deficit, or new-onset seizures, especially focal seizures, or
when there are signs of increased intracranial pressure such as bulging fontanelle,
accelerated head growth, bradycardia, hypertension, and separation of the cranial
sutures [18, 121]. Acute deterioration in an otherwise stable neonate with meningi-
tis can occur if the abscess ruptures into ventricular system or subarachnoid space
[28, 121]. In case of suspicion regarding these complications, additional evaluation
including neuroimaging studies, neurosurgical consultation, and prolonged dura-
tion of antimicrobial treatment may be required.

15. Outcome

In developed countries, the rate of mortality from bacterial meningitis among
neonates has declined substantially from nearly 50% in the 1970s to figures cur-
rently ranging from 10 to 15% [4, 5, 26-29]. In developing countries, the mortality
rate is much higher at 40-58% [7]. Mortality is higher among preterm infants, in
cases with meningitis caused by microorganism that causes vasculitis and brain
abscess and in late-onset cases [26-29]. Risk factors involved in higher mortality
rate and severe disability are low birth weight or prematurity, history of symptoms
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for >24 hours before admission, leukopenia (<5000/mm?) and neutropenia
(<1000/mm?>), seizures lasting longer than 72 hours, coma, focal neurologic defi-
cits, ventilator support, the need for inotropes, higher CSF protein level,

and delayed sterilization of the CSF [4, 5, 24, 26-29, 109, 121-125].

Long-term complications in survivors are mental and motor disabilities
including mental retardation, learning disabilities, cerebral palsy, and behavioral
problems, seizures, hydrocephalus, language disorders, hearing loss, and impaired
visual acuity [4, 5, 14, 27]. Approximately 20% of survivors have severe disability
and another 35% have mild to moderate disability [4, 5, 122]. Neonatal meningitis
caused by S. pneumoniae and Gram-negative bacteria carries a worse prognosis
[24, 50, 122, 126]. All infants experienced with bacterial meningitis should be fol-
lowed long-term for development of neurological sequelae.

16. Prevention

Intrapartum antibiotic prophylaxis for GBS colonized women or based on the
presence of clinical risk factors is efficacious against early onset GBS disease but
has no impact on late-onset disease, when most GBS meningitis occurs [5, 127].
The incidence of late-onset GBS disease remains unaffected by IAP use [33, 35].
Vaccines against GBS can reduce the number of missed opportunities due to
various reasons. So, maternal immunity to the most common serotypes of GBS
(serotypes Ia, Ib, and III) can be transferred passively to the fetus and protect
against invasive infection in infancy due to covered serotypes [128]. Clinical trials
of a trivalent GBS vaccine are encouraging in this regard. In the case of pneumo-
coccal meningitis, the 10- and 13-valent conjugate vaccines may be protective for
infants aged <3 months [5].

The prevention of the spread of the pathogens responsible for neonatal sepsis
and meningitis also has an impact on disease burden [6]. Several interventions,
which can be introduced at the community level, with prevention strategies applied
during the antenatal, intrapartum, and early neonatal period, will reduce the
number of early-onset diseases [16, 129]. Prevention of nosocomial infections is
based on strategies that aim to limit susceptibility to infections by enhancing host
defenses, interrupting transmission of organisms by healthcare workers, and by
promoting the judicious use of antimicrobials [130].

17. Summary

Bacterial meningitis is associated with significant morbidity and mortality in the
neonatal population. Although overall incidence and mortality have declined over
the last several decades, morbidity associated with neonatal meningitis remains
unchanged. Prompt diagnosis and treatment are mandatory to improve both short-
and long-term outcomes. CSF culture obtained via LP is the gold-standard method
for the diagnosis of meningitis, which is the key to rapid institution of effective
antimicrobial therapy. Prevention strategies, adjunctive therapies, improved
diagnostic strategies, and development of vaccines may further reduce the burden
of this devastating disease.
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Abstract

Platelets were first described in the mid-nineteenth century. Since then, their
roles were identified in hemostasis and thrombosis, inflammation, leukocyte
interactions, angiogenesis, and cancer growth. But there is little information about
such platelet functions in the newborn. Several studies highlighted some platelet
differences between newborns and adults. Yet, in spite of these differences, healthy
newborns appear to be adequately protected. A number of factors, however, were
reported to negatively affect neonatal platelets. These include maternal hyperten-
sive disorders or infections, neonatal asphyxia or respiratory distress, therapies
such as ampicillin or indomethacin, and treatment modalities such as ventilators,
nitric oxide, or extracorporeal membrane oxygenation (ECMO). Their effects on
newborn platelets are usually transitory, lasting from several hours to a few days
or weeks. If these effects are well characterized, they could serve as reporters for
diagnosis and monitoring during therapy. Careful studies of neonatal platelets are
needed to improve the understanding of basic physiology and pathophysiology in
this cohort and to identify possible targets for intervention and therapy.

Keywords: platelet function, hemostasis, prematurity, platelet transfusion,
newborn, sepsis, ECMO

1. Introduction

Platelets are small discoid cellular particles, produced by megakaryocytes, and
best known for their role in thrombus or platelet plug formation. Since their initial
description in the mid-nineteenth century, further details have emerged about
their structure and function. More recently, their roles in processes as wide rang-
ing as tissue repair and wound healing, angiogenesis, tumor killing, tumor growth
and metastasis, inflammation, and host defense have come to light [1, 2]. Platelets
perform these varied functions and diverse interactions because of several receptors
and ligands on their surface, and a store of over 300 proteins within their cytoplasm
and granules. With newer technological advances, more platelet functions were
discovered and the mechanisms for some of them are now clearer.

Platelets mediate primary hemostasis, a dynamic process involving several
reactions resulting in thrombus formation. Initially, platelets aggregate to form a
platelet plug at the site of injury [3, 4]. In secondary hemostasis, thrombin is gener-
ated after a cascade of enzymatic reactions. The generated thrombin subsequently
cleaves fibrinogen to fibrin [5]. Fibrin spontaneously polymerizes forming a fibrous
network which stabilizes the platelet plug [6]. The process of tertiary hemostasis,
or fibrinolysis, restricts clot formation to the site of injury, dissolves clots after the
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damaged endothelium has been repaired, and prevents the formation of patho-
logic thrombi [7, 8]. These reactions are tightly regulated to minimize the risk of
either bleeding or thrombosis. Components of the hemostatic system are usually
preformed and circulate in their respective inactive forms. Apart from their role in
hemostasis, some of these factors also play a role in other physiological processes
such as embryonic development, angiogenesis, or immunity [9].

Most of the information about platelets is based on studies conducted in adults
or in animal models. Despite recognized roles of platelets in processes as wide
ranging as inflammation and angiogenesis, information about these roles of neo-
natal platelets is limited. However, clinical observations suggest that there likely
are some functional differences between neonatal and adult platelets. Newborns
are at greater risk of contracting infections and may not cope adequately with
inflammatory stresses [10]. New blood vessels are formed to meet the demands of
rapidly growing tissues. The roles of platelets in these processes and reactions in
the newborn are not yet well described. Additionally, certain prematurity-related
morbidities such as intraventricular hemorrhage, retinopathy of prematurity, and
necrotizing enterocolitis are associated with bleeding and inflammation [11, 12].
Platelets or their functional deficits are believed to be involved in these disorders.
Studying platelet function in the newborn is difficult, but emerging methodological
approaches requiring small volumes of newborn’s blood are making such studies
feasible. Following a general description of platelet structure and functions, this
review will highlight documented differences in the newborn.

2. Platelet structure and functions

Platelets mediate primary hemostasis and play roles in procoagulant and fibri-
nolytic processes [13]. They are nonnucleated fragments derived from bone marrow
megakaryocytes. The adult human produces about 10" platelets daily, rising by
more than 20-fold during increased need [14]. In the fetus and neonate, platelets are
produced largely in the liver and spleen [15, 16]. Thrombopoietin maintains platelet
homeostasis by regulating thrombopoiesis [17, 18]. The resting platelet is disk shaped
with a diameter of about 1.5 pm and a lifespan of 7-10 days [19]. Its surface does not
promote coagulation or aggregation. In circulation, the platelets’ resting state is fur-
ther supported by the release of prostacyclin and nitric oxide from endothelial cells, by
the expression of CD39 (an ADPase) on the endothelial surface, and by the inability of
normal plasma vWF to bind spontaneously to the platelet surface [20].

Platelets have a complex internal structure with a series of organelles. Lacking
a nucleus, they nevertheless contain some nucleic acid in the form of ribonucleic
acid (RNA), which is used for synthesis of new proteins, especially during or after
platelet activation [21]. The secretory granules comprise the a-granules and dense
or 8-granules. The a-granules contain adhesion molecules important for platelet
interactions with other platelets and blood cells, angiogenic and mitogenic factors,
plasma proteins, and several factors relevant for coagulation and fibrinolysis [22].
The dense- or §-granules contain non-protein molecules such as adenosine diphos-
phate (ADP), adenosine triphosphate (ATP), calcium and serotonin [22]. These
play central roles in amplification of platelet activation and aggregation and in
modulation of vascular endothelium and leukocyte functions. Within lysosomes are
membrane proteins and acid hydrolases that digest the material in platelet aggre-
gates through hydrolytic degradation [23]. Over 300 proteins are secreted from
these granules during activation [24]. In the unstimulated platelets, the granule
contents remain internalized. When stimulated, however, platelets release such
contents through an open canalicular system [25].
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A number of factors and agonists can stimulate platelets. These include shear
stress during blood flow, agonists such as thrombin, collagen, or ADP, and recogni-
tion of and interaction with viruses, bacteria, or damaged vascular endothelium
[26, 27]. Typically, platelet activation is triggered when there is a break in the
vascular endothelium. The activated platelets first adhere to the damaged endo-
thelium by binding to von Willebrand factor (vWF) through its surface membrane
glycoprotein Ib (GPIb). Further interactions of platelet glycoprotein VI (GPVI)
with fibrillary collagen and platelet p1 integrin with laminin, collagen, and fibro-
nectin maintain platelet adhesion to exposed extracellular matrix [8].

Following activation, platelet membrane phospholipid distribution changes to
include exposure of phosphatidylserine on the outer surface, thus promoting the con-
densation of vitamin K-dependent coagulation factors on this surface, and inducing
the activation of the procoagulant cascade [28]. Additionally, a rearrangement of the
cytoskeleton leads to a change in platelet structure [29] from the resting discoid form,
via an intermediate spherical shape, to a fully activated amoeboid form with numerous
extending pseudopodia able to interact with some nearby surfaces [29]. Meanwhile,
the contents of a- and §-granules are released into the immediate environment, fur-
ther amplifying the original activation signal [23]. As a result, in response to a number
of biological mediators, the activated platelets adhere to each other, to leukocytes and
endothelial cells, and to components of the sub-endothelial matrix [30].

During extension of platelet plug formation, activated platelets accumulate on
top of the initial monolayer of platelets bound to collagen of the sub-endothelium
[3]. Expressed receptors on each platelet allow binding of agonists such as ADP,
thrombin, and thromboxane A,, which are released from activated platelets [31].
Consequently, more platelets are recruited to the site of injury, thereby consolidat-
ing the initial hemostatic plug. Binding of fibrin to aggregated platelets through
activated receptor glycoprotein GPIIb/IIla (integrin oyf3) helps to further stabilize
the hemostatic plug [32].

Several proteins are released during platelet aggregation at a damaged blood
vessel surface [22]. Some are believed to be responsible for repair of damaged blood
vessels and development of new ones. Although precise mechanisms are not well
understood, it was suggested that platelets are necessary for formation of new blood
vessels [33]. Supporting this are observations of reduced retinal neovascularization
in a mouse hypoxia-induced retinal angiogenesis model due to thrombocytopenia
or in response to treatment with inhibitors of platelet aggregation [33]. In this con-
text, platelet granules are believed to contain pro- and anti-angiogenic compounds
[34, 35]. Similarly, platelet interactions with cancer cells appear to play a role in the
development of metastases and tumor angiogenesis [36]. While cerebrovascular
remodeling is known to occur in the newborn in the first few postnatal weeks [37],
the roles of platelets in this developmental process are not yet well described.

Platelets may also play a role in newborn’s inflammatory processes and host
defense. Neonates are generally believed to be at least partially immunologically
incompetent and susceptible to a variety of infections. In this context, it is of inter-
est that platelets have toll-like receptors (TLRs) that directly recognize and interact
with a number of microorganisms or their products. Platelets may be responsible
for killing microbes directly by phagocytosis, by release of microbicidal agents, or
as sentinels communicating information about microbial encounters to cells of the
innate immune system [15]. Bacterial infections, found in preterm newborns admit-
ted to the neonatal intensive care unit (NICU), appear similar to infections found in
adults with severe neutropenia [38]. This suggests reduced neutrophil functions in
these babies. Neonates rely heavily on innate immunity for protection because their
adaptive immunity is not yet fully developed [39]. Neutrophils are usually the first
cells to be recruited to infection sites. They kill pathogens by various mechanisms
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including (a) direct phagocytosis and chemical killing by degranulation and (b) by
formation of neutrophil extracellular traps (NETs) [40]. Recent studies showed that
platelet interactions with neutrophils are important for optimal neutrophil func-
tions [41-44]. One such aspect of neutrophil function involves their chemotaxis
and extravasation to sites of infection. Platelets were observed to act as “pathfind-
ers” guiding neutrophils to infection sites, and platelet inhibition resulted in poor
neutrophil chemotaxis [45, 46]. Interaction of platelets with leukocytes may induce
inflammation. Understanding the role and mechanisms involved in platelet-leuko-
cyte interactions in the newborn, particularly those born prematurely, could lead to
development of more rational approaches to morbidities common to this group.

3. Newborn platelets

Thrombopoietin, a protein regulator of platelet synthesis and homeostasis [18], was
detected in the fetal liver as early as the sixth week of gestation [18]. In turn, megakary-
ocytes, the precursor cells that form and release platelets into circulation, were detected
in the liver and circulation at the eighth week [19]. The megakaryocyte numbers were
observed to be, at least in part, inversely correlated to gestational age, so that healthy
preterm newborns characteristically have higher levels, while levels in healthy full term
newborns and adults are similar [47, 48]. Neonatal megakaryocyte progenitor cells are
more sensitive and have higher proliferative potential in response to thrombopoietin
compared to adult cells, and this sensitivity is even greater in preterm newborns [49].
However, neonatal megakaryocytes, tending to be smaller and with a lower ploidy
than adult cells, produce fewer platelets per megakaryocyte [48, 50, 51]. Newborn and
adult platelets are ultra-structurally similar [52, 53] and contain comparable mem-
brane receptor glycoproteins (GPs) [54] and thromboxane receptors [55]. However,
newborn platelets tend to include more immature forms, with the ability to form fewer
pseudopods, fewer developed microtubular structures, and fewer a-granules [53].
Additionally, neonatal platelets have fewer adrenergic receptors [56]. Although they
store comparably adult levels of ADP, ATP and serotonin in their dense granules, the
overall dense granule release during platelet activation is lower in the newborn [57].

Platelet count is dependent on gestational age, increasing during fetal life, but
usually reaches the expected adult range of 150,000 to 450,000/uL [58] from about 22
weeks of gestation [59]. The percentage of reticulated platelets, an indication of newly
produced platelets, is higher in the newborn circulation [60], while the mean platelet
volume (MPV), a measure of platelet size, tends to be comparable to adults.

Platelet adhesion to, and coverage of, sub-endothelial extracellular matrix is
higher in the newborns than in adults [61, 62]. This is in spite of comparable colla-
gen binding or platelet aggregation [61]. The enhanced neonatal platelet adhesion is
believed to be mediated by the neonatal plasma von Willebrand factor (vWF) [61],
which was reported to include unusually large multimers [63, 64]. Nevertheless,
compared to full-term newborns, platelet adhesion tended to be lower in earlier
gestational age neonates [62]. In part, these observations could help to explain how
hemostatic function is usually maintained in full-term newborns, despite decreased
intrinsic platelet activation, and why the preterm neonates are progressively decom-
pensated the earlier their gestational age.

The phospholipid content and baseline exposure of platelet surface phospha-
tidylserine is comparable in adults and newborns [65, 66]. However, more platelet
microparticles are generated and more phosphatidylserine molecules are exposed in
the term and preterm platelets when thrombin or calcium ionophores were used as
activators [67]. Microparticles or exposed phosphatidylserine is expected to induce a
procoagulant state. Yet, the procoagulant activity, especially in the preterm newborn,
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is generally lower despite the higher levels of generated microparticles and exposed
phosphatidylserine [67]. Supplementing neonatal plasma with coagulation factors
improves its procoagulant activity so that it becomes comparable to adults. This
implies that newborn platelets can often present adequate procoagulant surface, but
the apparent poor activity may in part be due to a deficiency of humoral factors [68].

P-selectin expression, as an index of a-granule secretion, was reported lower in
newborn platelets compared to adults, especially in the <30 week gestation group
[69, 70]. Neonatal dense granule secretion, measured by secreted serotonin, was
similar to that in adults when inositol triphosphate, 1-oleoyl-2-acetyl-glycerol, or
thrombin was used as an agonist. Collagen-mediated stimulation, however, resulted
in lower serotonin secretion in cord blood, although the number of dense granules
in adults and neonates was found to be similar [57, 68]. GPIIb/IIIa receptors are
expressed early during gestation. Yet, the fraction of active GPIIb/IIIa in neonatal
cord and peripheral blood is lower compared to adults [69].

During the first few days of life, platelet activation appears to be less effective,
as indicated by flow cytometric studies [69]. However, these activation profiles
approach the adult patterns between the tenth and the fourteenth day of life [71].
Proposed explanations for this observed hypo-responsiveness include: relative defi-
ciencies of phospholipid metabolism including thromboxane production, differential
regulation of GPIIb/IIIa activation, impaired mobilization of calcium and intracel-
lular signaling, impaired granule secretion, and lower aggregation [72]. These could
result from lower intrinsic signal transduction in neonatal platelets [72]. Such effects
are further enhanced by lower expression of protease-activated receptor-1 (PAR-1)
and PAR-4 [73, 74], which mediate thrombin-dependent platelet activation.

Various components of the hemostatic system in the fetus and neonate are qualita-
tively and quantitatively different from those in adults [8]. Such differences could be
explained either by lower synthesis, higher clearance, or higher consumption [75, 76].
Although the hemostatic system is sometimes thought to be incomplete at birth [72],
it nevertheless appears to be adequate for the majority of healthy full-term newborns.

4. Perinatal factors affecting platelet function in the newborn

Acquired platelet dysfunctions are common during the neonatal period espe-
cially in preterm newborns. These disorders are usually secondary to perinatal or
neonatal conditions such as maternal and neonatal state of health, presence of
infections, medications given to mother or to newborn, or interventions for the
newborn (Tables 1 and 2). Platelet count and function are usually restored several
hours or days after the triggering condition is removed.

4.1 Prenatal and maternal factors associated with neonatal platelet dysfunction

There are several maternal factors that can impact neonatal platelet function
especially during the days preceding delivery. These include maternal hypertensive
disorders and prenatal use of aspirin, magnesium sulfate, or antibiotics.

Hypertensive disorders of pregnancy are associated with platelet dysfunctions in
the newborn. Pregnancy-induced hypertension (PIH) is a risk factor for early onset
thrombocytopenia in the newborn [77]. This is especially true for babies born prior to
36 weeks of gestation [78, 79]. Neonatal platelet counts tend to be inversely correlated
to maternal blood pressure [79]. These platelets also exhibited lower adhesion proper-
ties [80]. Babies with low birth weight, meconium aspiration, or infections are also at
greater risk for thrombocytopenia [81, 82]. Flow cytometric analyses of platelets from
premature newborns from preeclamptic mothers demonstrated lower expression of
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Factor Effect on newborn platelet

Hypertension in mother Reduced platelet adhesion and surface coverage [80]

Low platelet count [78, 79]

Decreased secretion and expression of CD62P, CD63, and CD36 [83]
Increased expression of CD62P and CD63 [84]

Low platelet and megakaryocyte counts [84]

Magnesium sulfate (prenatal) Reduced ADP-mediated platelet aggregation [97]

Low dose aspirin (prenatal) Reduced platelet aggregation [95]

No change in platelet count and aggregation [92, 93]

Reduced thromboxane B2 production [94]

Indomethacin * Prolonged bleeding time and gastrointestinal hemorrhage [104, 105]
* Reduced prostacyclin and prostaglandin levels [104]
* Abnormal platelet aggregation up to 4 days after medication [106]
Ibuprofen * Prolonged PFA-100 closure time [108]
Table 1.

Maternal factors affecting platelets in the newborn.

Neonatal factor Effect on newborn platelet

Nitric oxide Abnormal thromboelastogram values [109]

Prolonged prothrombin time [109]

Prolonged bleeding time [111]

Therapeutic hypothermia Abnormal thromboelastogram values, associated with

bleeding [199]
Reduced platelet count [123, 200]
Prolonged bleeding time and PFA 100 closure time [201]

Asphyxiaand RDS

.

Reduced platelet count [113, 118, 120]
High MPV and PDW [113, 117]

Increased thrombopoietin level [118]

.

Increased thromboxane level [120]

Mechanical ventilation Reduced platelet count [121]

Extracorporeal membrane oxygenation

(ECMO)

Reduced platelet count [125, 126]

Reduced platelet activation [126]

RDS, respiratory distress syndrome; MPV, mean platelet volume; PDW, platelet distribution width.

Table 2.
Neonatal factors affecting platelets in the newborn.

CD62P (P-selectin), CD63 (platelet activation marker), or CD36 (platelet glycoprotein
IV (GPIV)) after thrombin stimulation, compared to full-term neonates [83]. However,
when compared to other similar preterms, the expression of platelet CD62P and CD63
was relatively higher in newborns from preeclamptic mothers [84]. Additionally,
this cohort was also characterized by lower platelet and megakaryocyte counts [84],
implying possible disturbances in platelet production [85]. Infants born to hypertensive
mothers tend to be hypoxic [86]. Animal model studies suggest that hypoxia tends to
favor erythropoiesis over megakaryopoiesis, leading to lower platelet counts [87].

Low dose aspirin (LDA), about 60-100 mg, is sometimes given to pregnant
women, who are at risk of developing a hypertensive disorder, or whose fetus has
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intrauterine growth restriction [88, 89]. Aspirin inhibits cyclooxygenase, which
catalyzes the initial steps in conversion of arachidonic acid to prostaglandins and
thromboxanes [90]. Thromboxane A2 (TxA2) serves to amplify the signal during
platelet activation [91]. Nevertheless, while some reports suggest that prenatal
aspirin does not alter cord blood platelet count and aggregation [92] or thrombox-
ane B2 (TxB2) inhibition [93], others challenge this with clear TxB2 differences in
newborns of mothers exposed to LDA even several days after the medication was
stopped [94]. This apparent contradiction may be resolved by taking into account
the actual timing of LDA treatment prior to delivery. It was noted that newborn
platelet dysfunction, including reduced collagen-stimulated platelet aggregation, is
generally observable if the mother had aspirin within a week of delivery [95]. In this
context, aspirin also increases the risk for mucocutaneous bleeding in the newborn,
especially if the mother took it within five days of delivery [72, 95].

While aspirin is perhaps the best described with respect to its potential to alter
platelet functions, it is not the only drug to do so. Indomethacin, given to the
mother as a tocolytic, increased the risk of subsequent neonatal intraventricular
hemorrhage (IVH) [96], presumably by affecting cerebral blood flow and by
altering platelet and neutrophil functions. Similarly, platelets in newborns, from
mothers receiving tocolytic magnesium sulfate, tended to be less effective in form-
ing aggregates in response to ADP-mediated activation, but not so in response to
collagen stimulation [97].

4.2 Postnatal and neonatal factors associated with platelet dysfunction in
the newborn

Neonatal infections tend to lead to platelet consumption. This is implied by the
observed upregulation of thrombopoietin and elevated megakaryocyte progenitor
cells in septic newborns [98]. Reduced platelet adhesion was also reported in such
neonates [99]. However, enhanced granule secretion and aggregate formation in
response to agonists during experimental conditions [100] suggest that these circu-
lating platelets may already be to some extent primed and not in their resting state.
Furthermore, neonates born following chorioamnionitis had significantly higher levels
of soluble P-selectin and higher CD40L (CD40 ligand, able to bind CD40 protein on
antigen presenting cells) on their platelets [101].

Antibiotics are often used to treat infections and sepsis, and some of them could
alter hemostatic responses. Prolonged template bleeding and PFA-100 closure times
were correlated with duration and dosage of neonatal ampicillin treatment [102, 103].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are known to affect platelet
function in adults. Yet, they are sometimes given to newborns as a treatment for
patent ductus arteriosus (PDA). Indomethacin is associated with prolonged bleed-
ing time and gastrointestinal bleeding in preterm newborns [104]. These effects
tend to last up to 48 h [105], but normal platelet values are restored about the
tenth day [106]. Nevertheless, in preterm newborns with intracranial hemorrhage,
indomethacin administration for treatment of PDA did not extend the hemorrhage
[107]. In contrast, ibuprofen treatment is associated with prolonged PFA-100
closure time, but not with altered bleeding time [108].

Inhaled nitric oxide (NO) is used as a selective pulmonary vasodilator to treat
hypoxemic respiratory failure or pulmonary hypertension in newborns (>34 week
gestation) [109]. Inhaled NO prolongs bleeding time in adults [110]. Persistent pul-
monary hypertension and treatment with inhaled NO were reported to alter neonatal
platelet thromboelastogram (TEG) values [109]. Bleeding time was also prolonged
in such babies [111]. These clinical tests, however, returned to normal after about 24
h of stopping therapy. It is of interest that newborns receiving NO therapy did not
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experience increased risk of intracranial hemorrhage [72]. Nitric oxide is known to
inhibit platelet adhesion and aggregation by inhibiting GPIIb/IIla activation [110].
A reduction in expressed P-selectin and activated GPIIb/IIIa on collagen-stimulated
platelets was reported after NO treatment in adults and newborns [112].

Term newborns who were small for gestational age tended to have lower platelet
counts but higher mean platelet volumes (MPVs) [113, 114]. A similar pattern was
also observed in asphyxiated term newborns [113]. MPV is a measure of average
platelet size [115] and may serve as a marker of platelet production, consumption,
or severity of some disorder of bone marrow, thrombosis, or infection [116, 117].
For example, MPV was elevated in preterm newborns with respiratory distress
[117], suggesting potential issues in platelet production, consumption, or both.
Asphyxia is associated with upregulation of thrombopoietin concentration, which
in turn is negatively correlated to platelet count up to the 7th day of life [118].
Thrombocytopenia, however, when associated with perinatal asphyxia, does not
tend to resolve until about the 19th to 21st day of life [119]. Increased thromboxane
levels in asphyxiated newborns [120] suggest platelet activation, and possibly
consumption, as an explanation for the observed thrombocytopenia. Hypoxia leads
to preferential upregulation of erythropoiesis over megakaryopoiesis [87, 114],
consistent with elevated thrombopoietin observed [118].

Mechanical ventilation is generally used to resuscitate hypoxic or asphyxiated
newborns. It was reported that mechanical ventilation led to reduced platelet counts
in newborns with respiratory distress, or in rabbit models, regardless of the oxygen
concentration used [121]. However, using newborn piglet models of hypoxia, it was
found that various platelet indices were affected particularly by high oxygen level
used [122]. Resuscitation with 100% oxygen led to enhanced collagen-stimulated
platelet aggregation, while using 18-21% oxygen did not do so [122].

To prevent permanent brain damage following perinatal asphyxia, the newborns
are sometimes treated with therapeutic hypothermia. The hypothermia treatment,
in turn, led to decreased platelet counts, but had an overall protective effect by
reducing risk of cerebral hemorrhage [123] and restoring other hemostatic param-
eters [124]. Similarly, extracorporeal membrane oxygenation (ECMO) is used
to rescue term newborns with persistent pulmonary hypertension, asphyxia, or
congenital diaphragmatic hernia [125]. Platelet counts and rates of activation were
reduced during ECMO therapy, and were not fully restored with transfusion, until
several hours post-ECMO [125, 126].

5. Platelets and sepsis

Sepsis is a complex syndrome characterized by disordered immune, endocrine,
and metabolic responses to infection [127]. The exaggerated responses can lead to
multi-organ failure (MOF), shock, and death [127]. Sepsis is generally considered if
a documented or suspected infection is present with at least one additional finding
(e.g., fever/hypothermia, elevated heart rate, and leukocytosis/leukopenia). In
contrast to infection, however, sepsis is defined by additional evidence of organ
dysfunction and a dysregulated host immune response [127], its key features.
Notably, interactions between the innate immune system and the hemostatic system,
including platelets and coagulation factors, were identified as principal steps in the
pathogenesis of sepsis. Progressive thrombocytopenia and coagulopathy are strong
negative prognostic findings in severe sepsis and have recently been included in the
updated definition of the disease [127]. Platelets are able to release cytokines, recruit
leukocytes, interact with bacteria and the endothelium, and contribute to formation
of microthrombi [128]. These processes are adaptive and protective in the context of
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Biomarker Association References
Thrombocytopenia Mortality [133]
Impaired platelet function MOF, mortality [132,133]
Impaired platelet aggregation ALI [133]
P-selectin MOF [133]
Platelet-neutrophil aggregates Sepsis progression [132,133]
Immature platelet fraction MOF [133]

MOE, multi-organ failure; ALI, acute lung injury; TPO, thrombopoietin.

Table 3.
Platelet-related biomarkers of sepsis severity in human studies.

alocalized infection, but may become dysregulated and “maladaptive” during sepsis,
contributing to organ damage [129]. A low platelet count is a well-known biomarker
for disease severity. More recently, attention has been focused on the active role of
platelets in the pathogenesis of multi-organ failure.

The correlation between thrombocytopenia and sepsis is well documented [130].
Platelet count below <50,000/pL is a strong negative prognostic marker in patients with
sepsis and is thought to result from platelet activation and consumption [131, 132]. A
number of platelet function markers were proposed as biomarkers for sepsis correlating
with its severity [133] (Table 3).

Moreover, platelets interact with neutrophils in the formation of NETSs (neutro-
phil extracellular traps) resulting in the trapping and killing of pathogens [133].
They also play a central role in driving and modulating host inflammatory and
immune responses, influencing directly the function of endothelial cells, neu-
trophils, and lymphocytes [134]. Platelets are the most numerous blood cells
with immune function, able to interact with bacteria in several ways: (1) direct
interaction between platelet glycoproteins and bacterial surface proteins, as occurs
between GPIb and S. sanguis SrpA [134]; (2) indirect interactions, such as the inter-
action of platelet oyypp3 with fibrinogen to which the clumping factors of S. aureus
bind [134]; and (3) upon activation, platelets release a series of factors which can
modulate the immune response or have direct microbicidal effects. For example,
released thrombin-induced platelet microbicidal protein (tPMP-1) can directly lyse
bacteria, like S. aureus [134].

5.1 Conclusions

In addition to hemostasis, platelets actively participate in the innate immune
defense system. Participating in the recognition of pathogens, signal transduction,
or the release of cytokines/chemokines, they reveal a functional similarity with
leucocytes in sepsis and septic shock. There is abundant evidence that platelets can
influence key host responses to sepsis. Further studies are needed to address the
effects of platelet transfusion or inhibition toward sepsis prevention and treatment
particularly in the newborn.

6. Platelets in neonates with extracorporeal membrane oxygenation
Extracorporeal membrane oxygenators are used to provide gas exchange in
severe respiratory failure employing venovenous (VV) circuits or, increasingly,

if associated with concurrent cardiac failure, veno-arterial (VA) circuits, while
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waiting for organ recovery to occur. Support by cardiopulmonary bypass (CPB)
systems decreased the morbidity and mortality of children, especially those
who require surgery for life-threatening anatomical heart defects [135, 136].
ECMO contributed to decreased mortality for children with severe cardiac or
respiratory failure [137, 138]. While annually thousands of neonates are helped
by ECMO support, thromboembolic complications also frequently occur [139].
Nevertheless, for many neonatal patients, survival is made possible only because
of ECMO support [136]. ECMO is used to treat a variety of conditions in neo-
natal patients, including respiratory and cardiac failure as a result of persistent
pulmonary hypertension (PPHN), congenital diaphragmatic hernia (CDH),
meconium aspiration syndrome (MAS), respiratory distress syndrome (RDS),
pneumonia, severe air-leak syndromes, or sepsis [140].

Both bleeding and clotting complications can occur during ECMO support,
often coexist in the same patient, and are associated with significant morbidity
and mortality [141]. Moreover, patients requiring ECMO are critically ill, thus
making it difficult to distinguish the relative contributions of the underlying
pathology from that of the ECMO circuit as such. Rates of reported ECMO-
associated venous thromboembolism (VTE) in general population, ranging from
18 to 85% in various centers, may be at least partly dependent on anticoagulation
regimens [141]. Severe hemorrhage is reported in nearly 40% and intracranial
hemorrhage in 16-21% of patients [142, 143]. At the same time, there is broad
variation in practice, without clear consensus, on the administration and moni-
toring of anticoagulation during ECMO, or the management of ECMO-related
hemorrhage and VTE [144].

Activation of the coagulation system is initiated by the exposure of blood to
foreign synthetic surfaces and by shear stresses of the circuit, especially from
device pumps. The shift to a pro-coagulant state appears to be mediated primar-
ily by thrombin, while an excessive fibrinolytic tendency is mediated by plasmin,
resulting in a consumption of clotting factors, impaired platelet function, throm-
bocytopenia, and fibrinolysis [145]. Initial fibrinogen deposition and subsequent
activation of coagulation and complement factors allow platelets and leukocytes
to adhere to oxygenator surfaces further enhancing thrombin generation. Such
changes contribute to higher rates of thrombosis in these patients [145]. Meanwhile,
several of a series of processes contribute to higher bleeding rates. (a) Primary
hemostasis is impaired because of platelet dysfunction and loss of key adhesive
molecules. (b) Shear stress causes the development of an acquired von Willebrand
defect. (c) Widespread fibrin deposits on surfaces trigger an enhanced fibrinolytic
response. (d) Administration of systemic anticoagulation, required to maintain
circuit patency, raises bleeding risks [146].

Balancing the relative risks of bleeding and thrombosis can be difficult. Factors
related to patient’s illness, the extracorporeal support, and the interplay between
pro-inflammatory and anti-inflammatory processes vary among patients.

6.1 Platelet dysfunction during ECMO

If the ECMO circuit is primed only with crystalloid or RBCs and plasma, then
dilutional coagulopathy and dilutional thrombocytopenia develop as the ECMO
is initiated. Dilutional coagulopathy is generally not severe, but will complement
the systemic anticoagulation. Dilutional thrombocytopenia, however, may further
aggravate any preexisting thrombocytopenia or platelet dysfunction, frequently
present in premature neonates. Accurate assessment of platelet function under
these circumstances can be difficult, further complicating evaluation of patient’s
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bleeding or thrombotic potential. Impairment of platelets can occur as early as
15 min after starting ECMO and last until it is discontinued [125].

Platelets adhere to the protein-coated monolayer of the ECMO circuit surfaces
and interact with activated components of the coagulation and complement
systems [147]. Elevated shear flow from the ECMO circuit causes some platelet
receptor shedding. Of particular interest are the losses of key platelet adhesion
glycoproteins GPI and GPVI, and the associated reduction of high molecular
weight vWF multimers. GPI serves as a receptor for vWF and GPVI as a receptor
for collagen [126]. Adhesive proteins, vWF, and fibrinogen assist platelets to bind
to damaged vessel wall surface and to other platelets [148]. As platelet thrombus
is being formed, the prothrombinase enzyme complex assembles on the activated
platelet surfaces to produce thrombin. In turn, thrombin cleaves fibrinogen to
form fibrin, which spontaneously polymerizes to form the fibrin meshwork, which
further strengthens the thrombus [149]. Consequently, shedding of GPI and loss
of high molecular weight vWF lead to dysfunctional platelet responses to vascular
injury. This persists despite platelet transfusion and throughout the period of
ECMO use [126]. Subsequently, lower levels of platelet aggregation are observed
by light aggregometry using various agonists including ADP, ristocetin, collagen,
or epinephrine [150]. Such decreased potential for platelet aggregation may lead to
increased bleeding risk particularly when combined with the effects of anticoagu-
lants or antiplatelet agents. Flow cytometry of blood, from those receiving ECMO
support, showed severely reduced membrane-bound P-selectin (CD62P) and
CD63, both of which modulate platelet spreading [151].

Despite reduced aggregation and lower expression of key platelet adhesion
and structural molecules, there is a time-dependent platelet activation marked by
increased levels of circulating matrix metalloproteinase-2 (MMP-2) and soluble
P-selectin [126]. This is not associated with significant activation of the endothe-
lium [126], but may be due to the release of platelet granules [152]. Furthermore,
this time-dependent platelet activation is also accompanied by platelet recep-
tor shedding and the release of platelet microparticles (PMPs) [153]. These are
small cell-derived particles, typically 0.1-1 pm in size, that are produced from
activated platelets in situations of shear stress [154]. While these PMPs can pres-
ent a prothrombotic surface, it is not clear whether they are a major contributor
to the prothrombotic phenotype or to the pathogenesis of ECMO-associated
coagulopathy [153].

6.2 Platelet counts during ECMO

Thrombocytopenia is common in critically ill patients. A constant shear force,
caused by the ECMO pump, is implicated in acquired platelet dysfunctions.
Appropriate anticoagulation is difficult to achieve during ECMO since severe
thrombocytopenia of <50,000/pL may be present even prior to ECMO. This
situation increases the practice of platelet transfusions [155]. Minimal target
platelet counts vary from 25,000 to 100,000/pL between hospitals. However,
if bleeding occurs or is expected, then target platelet counts are increased to
150,000/pL or higher, particularly if platelet dysfunction is suspected. As in any
setting of thrombocytopenia, it is important to try and identify the cause and
treat appropriately [156, 157]. Bleeding in critically ill patients with a platelet
count of 30,000/pL is believed to be associated with additional disturbances of
hemostasis [158]. Platelet transfusion is recommended in bleeding patients with
either primary or secondary platelet abnormalities regardless of platelet counts
[158]. Required thresholds for prophylactic platelet transfusions, however, are
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generally at platelet levels above 20,000/pL, given the requirements of invasive
procedures and potential bleeding risk [158]. Many centers describe targeting a
platelet count of >100,000/uL during an ECMO [159]. Research to support this
practice, however, is lacking and urgently needed.

6.3 Anticoagulation during ECMO

Unfractionated heparin is the most widely used anticoagulant during ECMO
[160]. Heparin levels tend to be monitored primarily indirectly by activated
clotting time (ACT) [159]. While there are a number of devices that promise to
describe certain characteristics of platelet function, it is not yet clear to what extent
the data produced by them actually reflect the physiological platelet interactions
and roles. Viscoelastic tests using rotational thromboelastometry (ROTEM) assess
whole blood coagulation, and thus provide information on the dynamics of clot
development, stabilization, and dissolution. Several reports suggest that ROTEM-
guided coagulation management could reduce bleeding episodes in ECMO patients
[160, 161]. Similarly, whole blood platelet aggregometry using the Multiplate
(Roche Diagnostics, Munich, Germany) demonstrated decreased platelet aggrega-
tion in ECMO patients [161].

Other intravenous anticoagulants, such as bivalirudin and argatroban, are
used increasingly, particularly if heparin-induced thrombocytopenia (HIT),
heparin resistance, or allergy is suspected [162, 163]. At present, there is no clear
consensus on administration and monitoring of anticoagulation during ECMO or
on management of ECMO-related hemorrhage and VTE [164]. The current aim of
anticoagulation is to reduce thrombin generation. This, however, increases the risk
of hemorrhage. The ideal therapeutic agent, which would reduce thrombotic risk
without increasing the risk of bleeding, remains elusive.

6.4 Heparin-induced thrombocytopenia

Heparin-induced thrombocytopenia (HIT) is an immune-mediated coagulation
side effect of heparin therapy characterized by a prothrombotic state mediated by
platelets, leukocytes, and antibodies against complexes of platelet factor 4 (PF4) with
long chain heparins [165]. Rapid platelet consumption leads to thrombocytopenia.
HIT was considered to be very rare in the pediatric population. However, more recent
reports indicate that it occurs in children receiving unfractionated heparin therapy
with an incidence similar to that seen in adults [166]. The highest incidence of pedi-
atric HIT was found in pediatric intensive care units supporting patients following
cardiac surgery [167].

At least 70 cases of reported HIT were documented in pediatric patients [168],
with the majority occurring during care following cardiac surgery. HIT in children
was reported to occur in all age groups, but with a bimodal distribution. The higher
incidences occur a) early in life, between 0-2, and b) during puberty, between 11-17
years of age [168, 169]. The balance between the risk of procoagulant and throm-
boembolic events on one hand and the risk of severe, sometimes fatal, bleeding on
the other hand can be very challenging in ECMO patients with HIT. Pollak et al.
reported a case of HIT with evidence of small vessel arterial thrombosis in a 5-day-
old newborn receiving ECMO for congenital diaphragmatic hernia. It was assumed
that the leading cause of death in this patient was massive disseminated intravascu-
lar coagulation. In this case, however, it is more likely that repeated platelet transfu-
sions proved fatal and, retrospectively speaking, should have been avoided [170].
Although HIT is a recognizable and treatable complication, its relative infrequency
increases the risk for delayed diagnosis leading to significant morbidity.
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Diagnostic studies for HIT tend to be unreliable. Therefore, early intervention
using alternative anticoagulants is a crucial step when HIT is suspected. This can
hopefully lead to improved outcomes in these patients. Treatment of confirmed or
suspected HIT in patients on ECMO includes removing unfractionated heparin,
and possibly the entire ECMO circuit. Certain modern ECMO circuit components
are heparin bonded in an effort to reduce immune reactivity to foreign surfaces
[171-173]. If platelet recovery does not occur after withdrawal of heparin, it is
possible that ongoing exposure to heparin bonding may be a factor [173]. Options
for alternative anticoagulation if HIT is suspected include direct thrombin inhibi-
tors (argatroban and bivalirudin) as well as short heparinoids (fondaparinux and
danaparoid) [162, 174].

6.5 Conclusions

The predominant challenge for the clinician caring for a patient on ECMO
is making an informed assessment of bleeding and clotting risks. The goal is to
minimize bleeding and transfusion requirements while avoiding formation of micro
or macro thrombi either in the circuit or within the patient’s cardiovascular system
[175]. Assessment of the patient’s hemostasis includes consideration of the patho-
physiology, type and severity of organ failure, and extent of tissue trauma during
cannulation. A holistic approach to hemostatic management is needed to balance all
these factors. ROTEM and whole blood platelet aggregometry provide rapid infor-
mation on whole blood coagulation, and may be helpful in providing blood product
support, factor replacement, anti-coagulation therapy and anti-fibrinolytics.
Further research using ROTEM and whole blood platelet aggregometry in ECMO
patients is needed to demonstrate efficacy in support of real-time hemostatic
management in this cohort.

7. Platelet transfusions in neonates

Transfusion of blood products in neonates is not an uncommon practice in
neonatal intensive care units. Extremely premature neonates (<28 week gesta-
tion) or extremely low birth weight (ELBW) infants (<1000 g) receive at least one
packed red blood cell (pRBC) transfusion per hospital admission [176]. Platelet
transfusions are also quite prevalent in ELBW infants, occurring in up to 90% of
those weighing less than 750 g [177]. Unfortunately, while platelet transfusions for
thrombocytopenia may be helpful, they are not without risk. Further, because the
guidelines for transfusion thresholds in neonates are not based on a well-developed
body of evidence, there is considerable variability in circumstances for such trans-
fusions, and in particular clinical scenarios triggering them.

Thrombocytopenia is defined by a platelet count of less than 150,000/pL,
and is further sub-classified as mild (100,000-149,000/uL), moderate
(50,000-99,000/pL), or severe (<50,000/pL) [178]. The reference values for
very low birth weight (VLBW) babies (<1500 g), however, remain controversial
[179]. Thrombocytopenia affects 18-35% of all neonates in the neonatal inten-
sive care unit [180, 181] and up to 73% of ELBW infants [182]. While clinical
significance of platelet counts between 100,000 and 150,000/pL is debatable,
it is well known that platelet counts below 20,000/pL are associated with
increased risk of hemorrhage, at least in the adult population [183]. The rela-
tionship between thrombocytopenia and hemorrhage, however, remains one of
the associations. It is not clear that neonatal thrombocytopenia directly causes
hemorrhagic events [184].
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Thrombocytopenia may be described by time of onset, where early onset (occur-
ring in the first 72 h of life) is distinguished from late onset (occurring after the first
72 hof life) [179, 184]. In the premature population, the early onset thrombocyto-
penia is most often mild to moderate, develops gradually, and tends to be related
to causes of chronic fetal hypoxia, as seen with intra-uterine growth restriction
(IUGR), pregnancy-induced hypertension (PIH), hemolysis, elevated liver enzymes
and low platelet count (HELLP) syndrome, or preeclampsia [185]. In term neonates,
however, platelet destruction tends to be antibody-mediated [184]. In contrast to
early onset, late onset thrombocytopenia tends to be more severe, more acute, and
most frequently associated with infections (NEC, sepsis, and viral infections) [184].

7.1Indications for platelet transfusion

Due to limited understanding of neonatal platelet functions, transfusion practice
in the newborn is generally extrapolated from what is recognized as beneficial within
the pediatric and adult populations. However, neonates are vulnerable to particular
illnesses with varying underlying disease processes. Moreover, they tend to have
developmental differences in regulation of primary hemostasis [178]. Nevertheless,
platelet transfusions are typically given in two distinct clinical scenarios: (a) acutely,
as a life-saving procedure and (b) prophylactically, under the presumption that
they diminish the risk for hemorrhage. Surprisingly, an overwhelming majority
of neonatal transfusions are done prophylactically, accounting for 98% of platelet
transfusions [59]. Yet, it is not clear that this practice is beneficial. Prophylactic
platelet transfusion in clinically stable neonates with no active bleeding remains con-
troversial at best [186], consistent with the wide range of national and international
clinical practices by neonatologists [177]. In this context, the severity of thrombocy-
topenia does not correlate with increased risk of intraventricular hemorrhage (IVH),
and platelet transfusion for mild to moderate thrombocytopenia does not appear to
prevent or reduce the incidence of intracranial hemorrhage [183, 187].

Although adequate quantities of platelets are necessary for hemostasis,
increased risk of hemorrhage appears to be dependent on factors other than throm-
bocytopenia alone. Additional relevant platelet parameters include functional
competency, immature platelet fraction, and developmental differences in neonatal
thrombopoiesis [49, 188, 189]. Underlying clinical conditions associated with
increased risk of hemorrhage include: preterm premature rupture of membranes,
low birth weight, sepsis, shock, pulmonary hypertension, respiratory distress,
NEC, and premature gestational age [182, 190-192]. Thus, recommendations to
transfuse platelets should not be solely based on thrombocytopenia, but also on the
presence of such other contributory factors [178, 190]. In spite of such consider-
ations, it appears that management of thrombocytopenia in the newborn still lacks
adequately rigorous scientific basis [179].

7.2 Clinical guidelines for platelet transfusion in neonates

In the United States, there are currently no national guidelines for neonatal
platelet transfusion and only two published randomized controlled trials assessing
prophylactic transfusions [183, 193]. Most countries recommend therapeutic trans-
fusion in actively bleeding neonates when platelets fall below 50,000/uL. However,
there is no agreement regarding prophylactic transfusions when platelets are any-
where between 20,000 and 90,000/pL [184, 194, 195]. A wide range of thrombocy-
topenia thresholds are employed, tending to be markedly higher in the United States,
between 50,000 and 149,000/pL [187, 196, 197]. Nonetheless, such trends are based
on clinical experience and judgment, rather than on reliable and consistent data.
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7.3 Adverse outcomes of platelet transfusions

A growing number of adverse effects of platelet transfusions are being docu-
mented, including but not limited to increased risk of infection, transfusion-related
injuries in various organs, alloimmunization, hemolytic reactions, febrile reactions,
allergic reactions, anaphylaxis, and NEC [177, 185]. Randomized controlled tri-
als comparing thresholds for platelet transfusion in thrombocytopenic neonates
concluded that the frequency of IVH is not reduced by more aggressive thresholds
[183]. Additionally, platelet transfusions, themselves, are implicated in increased
mortality, linking the number of transfusions with death rate [198]. This was fur-
ther supported by a recent large, multicenter, randomized clinical trial suggesting
that significant hemorrhage and death could be prevented by lowering thrombocy-
topenia transfusion thresholds from 50,000 to 25,000/pL [193].

8. Conclusions

Platelets are best known for their role in hemostasis. But beyond forming a
platelet plug, they are also important in several processes such as recognition
and elimination of invading microorganisms, inflammation and interaction with
leukocytes, wound healing and tissue repair, angiogenesis, and even tumor growth.
These are emerging areas of investigation and there is little to no information on the
roles of platelets in such processes in the newborn. Although current understanding
suggests that newborn platelets may be somewhat different from adult platelets,
they nonetheless protect the healthy newborn adequately. Certain perinatal factors
were identified to affect platelet counts and function, but the platelet dysfunctions
induced by them are acquired and transitory in nature. Premature neonates are
likely at greatest risk for reduced platelet counts and functions, and by extension,
at greatest risk of hemorrhage, particularly if prematurity is in combination with
antenatal infections or postnatal respiratory disorders. There is, however, still a lot
that is not known about platelets in the newborn. Such information is critical to
improving the standard of care, intervention, and therapy.
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Chapter 5

Therapeutic Options in
Retinopathy of Prematurity

Simona Delia Nicoard

Abstract

Preterm babies may develop retinopathy of prematurity (ROP) in various stages.
Most of them regress spontaneously without treatment, and a small proportion
develops severe ROP that can lead to visual loss if not treated promptly. Less than
10% of the ROP cases require treatment worldwide. Before 1980, the only treatment
for ROP was vitreoretinal surgery for retinal detachment in advanced stages of
the disease. Around this time, cryotherapy started to be used in order to ablate the
peripheral retina and interrupt the pathogenic chain in ROP, but there were no indi-
cations correlated with the severity of the disease. Few years later, cryotherapy was
replaced by indirect laser photocoagulation of the nonvascular retina that became
the golden standard of treatment for ROP. During the last years, efforts have been
made in order to find therapeutic methods to induce the regression of new vessels
with minimal side effects. Among these, intravitreal injections of anti-vascular
endothelial growth factor (VEGF) became increasingly popular in the treatment of
ROP worldwide. Personal experience in treating aggressive posterior ROP (APROP)
with laser versus intravitreal anti-VEGF is presented. Intravitreal anti-VEGF proved
its superiority in treating APROP as compared to laser, with no systemic and/or
local side effects in our series.

Keywords: retinopathy of prematurity, laser, bevacizumab, cryotherapy, blindness

1. Introduction

All high-risk pregnancies are on the rise, and most of them result in a premature
birth which is induced either due to maternal factors or fetal factors. Moreover,
theoretically there could be more instances where retinopathy of prematurity
(ROP) can develop because there has been a lot of development as well as success
in management of preterm babies. Progress in neonatal care was associated with
higher survival rates of low birth weight and low gestational age newborns.

Retinopathy of prematurity (ROP) is an important threat for the vision of the
premature infants, especially for those born at low postconceptional ages (PCAs)
and with low birth weights (BWs) [1, 2].

Following progress in neonatal care, the prevalence of ROP is increasing in the
developing world, justifying the identification of ROP as a leading cause of visual
impairment in children in the developing world, by the World Health Organization
(WHO) [1].

In the developed countries, ROP accounts for 4% of childhood blindness,
whereas in the developing ones, ROP generates 40% of it [1].
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Many preterm babies will develop ROP in various stages. Most of them regress
spontaneously without treatment, and a small proportion develops severe ROP
that can lead to visual loss if not treated promptly [3]. ROP is one of the few largely
preventable causes of visual impairment in children [3-5].

Fortunately, a treatment is available that can significantly reduce the rate of
unfavorable outcomes [1]. The early detection of ROP and the prompt treatment
are crucial for the prevention of blindness. Currently, there are two therapeutic
methods to treat ROP: intravitreal injections with anti-vascular endothelial growth
factor (VEGF) agents and indirect laser photocoagulation of the nonvascularized
retina [2].

2. Pathophysiology of ROP

During the first 4 months of gestation, the retina has no blood vessels, and it is
nourished by the hyaloid vasculature [6].

At 16 weeks, the angioblasts near the hyaloid artery invade the nerve fiber layer,
and the first retinal vessels appear at the level of the optic nerve head. They grow
progressively toward the periphery, reaching the ora serrata at 36 weeks in the nasal
sector and at 40 weeks in the temporal one [6].

The development of the superficial and deep layers of the retinal vasculature
depends on the delicate balance between the growth factors which are secreted by
the astrocytes and the microglia: vascular endothelial growth factor (VEGF) and
insulin growth factor-1 (IGF-1) [6].

During the second half of pregnancy, there is relative intrauterine hypoxia.
When premature birth occurs, retinal vessels are not completely developed. Altered
oxygen condition is a risk factor for the development of ROP which is a biphasic
disease.

The first phase (from the moment of birth to 31- to 32-week postconceptional
age) is characterized by relative environmental hyperoxia which leads to the arrest
of the normal retinal development [6].

During the second phase (from 32- to 36-week postconceptional age), the retina
matures, and its metabolic needs increase. By consequence, it is characterized by
relative hypoxia and overexpression of VEGF, IGF-1, and oxidative damage with
subsequent new vessel growth and retinal detachment [6].

The association between ROP and the administration of high doses of oxygen
was demonstrated for the first time by Patz et al. in 1953 [6].

3. ROP classification

ROP was classified for the first time in 1984 by an international group of experts
and updated in 2005. In classifying ROP, three criteria are used: zone, stage, and
presence/absence of “plus” disease [7].

Topographically, the retina is divided into three zones. Zone 1 corresponds to
a circle centered on the optic disc and with the radius equal to the double distance
between the optic disc and the fovea. Zone 2 corresponds to a circle centered on
the optic disc with the radius equal to the distance between the optic disc and ora
serrata nasally. Zone 3 corresponds to the remaining crescent of the temporal retina
up to ora serrata [7].

The stage describes the retinal changes at the limit between the vascular and
nonvascular retina. Stage 1 is defined by a demarcation line, stage 2 by a nonvas-
cular (white) ridge, and stage 3 by a vascular (red) ridge. Stage 4a corresponds to
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peripheral retinal detachment, stage 4b involves also the detachment of the fovea,
and stage 5 represents total retinal detachment in an open or closed funnel. “Plus”
disease refers to the dilation and irregularity of retinal arteries and veins in the
posterior pole, as compared to a standard photograph [7].

Aggressive posterior ROP (APROP) is a subtype of ROP with a very unpredict-
able and aggressive behavior. It is always located posterior (zone 1 and posterior
zone 2), with very severe “plus” disease and with flat neovascularization that
progresses rapidly, without getting through the stages described above [7].

The Early Treatment for ROP (ETROP) study reclassified ROP according to
the required attitude: type 1, ROP requiring treatment and type 2, ROP requiring
closely monitoring.

4. Diagnosis and screening for ROP

Fortunately, it is estimated that less than 10% of the ROP cases require treatment
worldwide. More than 90% regress spontaneously [1].

Various screening criteria apply in different countries/regions. For instance,
in the USA, the screening criteria updated in 2013 include all infants with BW of
1500 g or less or GA 30 weeks or less.

Heavier and more mature babies are included in the screening at the discretion
of the neonatologist, especially if other complications are present: necrotizing
enterocolitis, intraventricular hemorrhage, sepsis, and bronchopulmonary dys-
plasia. According to our national guidelines, all premature newborns with GA of
34 weeks or less or with BW 2000 grams or less are included in the ROP screening.

The first screening should be performed at 4-6 weeks after birth or at PCA
31 weeks whichever is later. When examining a premature infant, one of three
situations can be identified: mature retina, immature retinal vascularization, or
ROP. ROP screening can be discontinued if retinal vascularization is present in zone
3, without previous zone 1 or zone 2 disease; there is no evidence of prethreshold
disease or worse ROP by 50 weeks PCA; there is regressing ROP in zone 3 without
abnormal vascular tissue that can reactivate in zone 2 or 3.

ROP screening is made by trained ophthalmologists, using indirect ophthalmos-
copy and scleral indentation in order to have access to the retinal periphery. Pupils
must be dilated with a mixture of tropicamide 0.5% and phenylephrine 2.5%, and
the lids are maintained open with a lid speculum throughout the examination.

5. Prevention and risk factors

The most important factor to prevent ROP is preventing premature birth [6].

The STOP-ROP multicenter study evaluated the risk for prethreshold ROP
development in correlation with the oxygen saturation, and it showed no difference
between maintaining an oxygen saturation level of 96-99% versus 89-94% [6].

BOOST II study showed a higher survival rate in infants younger than 28 weeks
GA with 91-95% oxygen saturation levels but with an increased risk of ROP at this
oxygen rate in other studies [6].

6. Treatment of ROP

Before 1980 the only treatment for ROP was vitreoretinal surgery for retinal
detachment in advanced stages of the disease. Around this time cryotherapy started
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to be used in order to ablate the peripheral retina and thus interrupt the pathogenic
chain in ROP, but there were no guided indications in correlation with the severity
of the disease [6].

CRYO-ROP elaborated a classification of ROP and defined “threshold” disease in
which therapy was indicated: 5 contiguous hours or 8 non-contiguous hours of stage
3 ROP with plus disease in zone 1 or 2 [8].

A subsequent study, ETROP investigated whether treatment performed earlier
than in threshold disease would further reduce the rate of anatomic unfavorable
outcomes. Prethreshold disease was defined as type 1 and type 2 ROP. Clinically,
type 1 ROP includes the following categories: zone 1 ROP of any stage with plus,
zone 1 stage 3 ROP without plus, and zone 2 stage 2 or 3 disease with plus. In type 2
ROP, the following situations are included: zone 1 stage 1 or 2 without plus or zone
2 stage 3 without plus. ETROP recommends treatment in type 1 ROP and monitor-
ing in type 2 ROP. At 6-year follow-up, the study proved 9% unfavorable structural
outcomes in the early treated eyes, as compared to 15% unfavorable structural
outcomes in the conventional treatment group. ETROP recommends peripheral
laser ablation in type 1 ROP and frequent observation in type 2 ROP.

At this point, ablation of the peripheral retina was made by indirect laser photo-
coagulation that had replaced cryotherapy [9].

There are several advantages of laser over cryotherapy: laser requires less general
anesthesia, it treats easier the posterior ROP, and it is associated with less systemic
side effects: apnea, bradycardia, and cardiopulmonary arrest requiring resuscita-
tion. However, ocular complications were reported after extensive indirect diode
laser photocoagulation: vitreous hemorrhage, cataract, intraocular inflammation,
choroidal effusion, and elevated intraocular pressure [9]. Theoretically, the risk of
cataract is very low, given the fact that the infrared radiation that we use is absorbed
deep into the choroid and not in the crystalline lens. Vitreous hemorrhage is rather a
sign of ROP progression than a complication related to the laser itself.

Parvaresh et al. published the results of transscleral diode laser photocoagula-
tion instead of transpupillary approach and concluded that it is technically easier,
especially for retinal periphery and with fewer complications at the level of the
anterior segment such as cataract formation [10].

During the last years, efforts have been made in order to find therapeutic meth-
ods to induce the regression of new vessels with minimal side effects [10].

Given the role of VEGF in angiogenesis, anti-VEGF administered intravitreally
emerged as a promising tool for the treatment of ROP, alongside its use in ischemic
retinopathies. Research conducted over the latest two decades proved that VEGF is
one of the major factors involved in ROP pathogenesis [10].

VEGF inhibition with subsequent suppression of neovascular disease was
proved by several experimental and clinical studies [10].

Clinical studies showed significantly higher levels of VEGF in the vitreous of
patients with vasoproliferative ROP [11-13]. Sato et al. analyzed 27 cytokines in the
vitreous of ROP eyes and found that VEGF was the most strongly correlated with
vascularly active ROP [11]. This study also identified other factors elevated in ROP:
fibroblast growth factor (FGF), granulocyte-colony stimulating factor (G-CSF),
and granulocyte macrophage-colony stimulating factor (GM-CSF). This observa-
tion sustains the participation of an inflammatory response in the complex process
of ROP development in addition to known vascular growth factors such as VEGF.

Animal ROP models showed the suppression of the vascular disease following
intravitreal anti-VEGF injection [14, 15].

Nonobe et al. injected bevacizumab in the vitreous of five premature infants and
showed the marked decrease of aqueous humor concentration of VEGF in four of
them. Law et al. injected bevacizumab in 13 eyes of seven premature infants prior
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to laser or vitrectomy, and they noticed the improvement of the visualization of the
retina with no systemic side effects, suggesting the role of anti-VEGF therapy prior
these procedures [10].

A retrospective study carried by Lee et al. on 15 premature infants with stage
3 ROP showed the rapid regression of plus disease with more rapid development
of normal vessels toward the retinal periphery, with no significant increase in
systemic or ocular complications, compared with patients treated with laser
photocoagulation [10].

Considerably concerns remain regarding the safety of anti-VEGF treatment in
ROP, especially considering the correct dosage, timing of injection, and potential
local complications such as infection, lens damage, and effect on the development
of the neurosensory retina. Systemic side effects were not reported yet, but concern
persists especially regarding the development of the central nervous system.

The Bevacizumab Eliminates the Angiogenic Threat of Retinopathy of
Prematurity (BEATROP) study concluded that one doze of bevacizumab 0.625 mg
in 0.025 ml had significantly better results in reducing the recurrence rate in zone 1
stage 3 ROP as compared to laser: 6 versus 42%, respectively. However, in posterior
zone 2 ROP, the results were similar with intravitreal bevacizumab and laser. An
interesting observation was that in some cases treated with intravitreal bevaci-
zumab, late recurrence was noted: 16 + 4.6 weeks with bevacizumab, as compared
to 6.2 + 5.7 weeks with laser. Therefore, follow-up in anti-VEGF-treated eyes should
be performed for longer periods [10].

Erythropoietin (Epo) is another growth factor that was proved to promote
angiogenesis in vitro and in animal models. Recombinant Epo (rhEpo) is used to
treat anemia in premature infants, as it promotes red blood cell formation. Sato
et al. showed significantly elevated levels of Epo in 40 eyes from 27 premature
infants with stage 4 ROP [13]. Suk et al. carried out a retrospective study in which
he investigated the rhEpo treatment and ROP in 265 patients. The study concluded
that high dose and later starting age for rhEpo treatment are risk factors for ROP
(the phase of the disease was not taken into account). However, Shah et al. ina
retrospective study on 85 patients found no correlation between the rhEpo treat-
ment and the incidence and severity of ROP [16].

Research in the field of angiogenesis led to a number of new ways to prevent
ROP progression: targeting the insulin growth factor (IGF-1) pathway and dietary
supplementation with omega-3 polyunsaturated fatty acids (PUFAs) [10].

Following preterm birth, serum IGF-1 is substantially reduced due to the inter-
ruption of fetal-maternal interaction. Animal models of ROP proved that IGF-1is
essential for vascular growth through interaction with VEGF signaling. Therefore,
theoretically, supplementation of IGF-1 during phase 1 ROP would normalize
vascular growth and subsequently prevent abnormal vascular proliferation in phase
2 ROP [10].

Omega-3 PUFAs protect against pathologic neovascularization in ROP. They
lack from the diet of premature infants because there is no transfer from the mother
during the last trimester. Therefore, studies are planned to investigate the potential
benefit of supplementing omega-3 PUFA intake in premature infants [10].

Currently, laser photocoagulation of the nonvascular retina remains the only
well-established, gold standard therapy to prevent ROP progression toward blind-
ness. There is clinical and experimental research going on in order to add therapeu-
tic strategies meant to improve the prognosis of this potentially blinding disease.

Despite timely treatment, it is estimated that approximately 16% of patients
with type 1 ROP develop retinal detachment. The results reported by a large series
of cases showed that the reattachment rate following pars plana vitrectomy is corre-
lated with the stage of ROP: 82% for stage 4A, 70% for stage 4B, and 43% for stage
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5 ROP. Scleral buckles can also be used for stage 4A ROP. A small case series showed
that the association of a scleral buckle to pars plana vitrectomy did not improve the
reattachment rate as compared cu PPV alone [10].

Because the therapeutic results in stage 5 ROP are extremely poor, the goal is to
screen and treat type 1 ROP before the occurrence of retinal detachment.

In some circumstances, exudative retinal detachment is present, as a result of
leakage from the vascular structures. This type of detachment is usually located
posterior to the ridge, and it is convex in shape. Favorable results were reported in
some of these cases after intravitreal administration of bevacizumab [10].

7. Personal experience in the treatment of aggressive posterior ROP
(APROP)

7.1 Background

APROP is a particularly severe form of ROP defined by the following charac-
teristics: posterior location (zone I or posterior zone II), very dilated and tortuous
vessels, and development of arteriovenous shunts [17]. The evolution of APROP
toward retinal detachment is very rapid, without the stages described in the “clas-
sic” form of ROP.

Laser treatment of ROP became available in the Ophthalmology Department
(“Iuliu Hatieganu” University of Medicine and Pharmacy from Cluj-Napoca,
Romania) in 2006, whereas intravitreal bevacizumab injections started to be used
in 2009 (Avastin; Genentech Inc., San Francisco, California, USA).

In this study, we aimed to establish the relative effectiveness and safety of intra-
vitreal bevacizumab (IVB) as compared to laser photocoagulation in APROP.

7.2 Method

We analyzed retrospectively all the files of the consecutive infants with APROP
that we treated either by laser photocoagulation or with IVB between January 1,
2006 and December 31, 2013 and were followed for at least 60 weeks (for the laser
group) and 80 weeks (for the IVB group). The overall follow-up ranged between
60 and 144 weeks from the treatment. The study was in agreement with the dec-
laration of Helsinki (1964), and it has the approval of the ethics committee of our
university.

Main outcome measures are represented by APROP regression, and the struc-
tural outcome associated either with laser photocoagulation or with IVB.

7.2.1 Medical intervention

In APROP we perform treatment (laser or IVB) within 24 hours from diagnosis.
Before the intervention, a mixture of tropicamide 0.5% and phenylephrine 2.5%
was instilled four times, every 15 minutes in order to obtain pupil dilatation. All laser
treatments were performed under analgesia and sedation in the neonatology unit. Laser
energy was delivered transpupillary from a portable diode laser having the emission of
810 nm, through the indirect ophthalmoscope. The lids were maintained open with a
lid speculum, and the light and laser energy were focalized on the retina with the help
of a + 28 diopters lens. We started laser photocoagulation of the retina with a power of
150 mW which we increased gradually up to the obtaining of the desired effect (whitish
burn on the retina). We did not exceed 300 mW, the exposure time was 200 ms, and the
spot dimension was 200 microns in all circumstances. We applied between 4000 and
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6000 burns per eye in 1 or 2 sessions, according to the amount of the nonvascularized
retina. The first postlaser checkup took place at 6-7 days and continued every 6-7 days,
until there was evidence of APROP regression. If APROP failed to regress, re-treatment
was carried out immediately. The frequency of checkups was determined by the clinical
course of the disease.

We injected bevacizumab intravitreally for APROP according to the following
guidelines: topical anesthesia with 0.5% proparacaine hydrochloride administered
three times, every 2 minutes, topical administration of betadine 5%, fixation of the
lid speculum, and injection of 0.025 ml (0.625 mg) bevacizumab at 1.5-1.75 mm
from the limbus (in the pars plicata), with a 30G needle, perpendicularly on the
globe, aiming the center of the eyeball. For the next 3 days, topical tobramycin eye
drops were instilled five times/day. The first checkup took place the next day (for
the risk of endophthalmitis) and then 7 days following the injection. The follow-up
continued every week and then according to the clinical course of the disease.

7.2.2 Follow-up

The infants treated by laser were followed for at least 60 weeks, every month,
whereas the ones treated with IVB were followed for at least 80 weeks, every
2 weeks for the first 3 months and then every month. The follow-up was discontin-
ued when full vascularization of the retina was noticed. The exams were performed
by three ophthalmologists trained in ROP. In the same time, the patients were fol-
lowed by pediatricians for the risk of systemic complications related to intravitreal
anti-VEGF therapy.

7.2.3 Anatomical outcome

The anatomical outcome was evaluated by indirect ophthalmoscopy. The follow-
ing signs were considered positive outcome: good pupil dilation and the decrease/
disappearance of retinal vessel tortuosity and of the neovascularization. In the IVB
group, normal development of the retinal vessels toward periphery was noted. The
aggravation of APROP was defined if “plus disease” and/or neovascularization
persisted/reappeared, and there were signs of retinal detachment. In these circum-
stances, laser photocoagulation was added if possible.

7.2.4 Statistical analysis

Statistical analysis was performed using Microsoft Excel and IBM SPSS
(version 23.0).

7.3 Results

Between January 1, 2006 and December 31, 2013, we treated 23 infants with
APROP. The laser group includes 6 APROP infants and the intravitreal bevacizumab
(IVB group) and 17 APROP infants. In both groups, the treatment was bilateral.

7.3.1 Evolution following treatment

APROP treated by laser totalized 24 eyes and by bevacizumab, 34 eyes. Among
the laser-treated eyes, the outcome was favorable in 18 eyes (75%), and within
the IVB-treated eyes, result was favorable in 29 eyes (85.29%). Chi-square test
and Fisher exact test prove no statistically significant difference: p = 0.419 and
p = 0.412, respectively.
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We needed to repeat laser treatment in 10 of the 24 eyes with APROP (41.66%)
with good outcome in 8 of them. Supplementary laser spots were applied on the
skipped areas toward the macula.

APROP regressed in 29 eyes (85.29%) from the IVB-treated group and failed to
regress in five eyes (14.71%). In three of the five eyes, laser photocoagulation was
carried out, with favorable outcome in all of them. In the remaining two eyes, laser
treatment could not be performed due to the lack of visualization.

7.3.2 Comparative evolution after treatment between the two groups

The observed differences between the two groups are statistically significant, as
proved by McNemar’s test (p < 0.001). Global success rate (bilateral or unilateral
regression) versus unsuccessful treatment was higher for IVB (94, 12% of cases)
against laser photocoagulation (66, 66%), but no statistically significance higher
(Chi-square test p = 0.420, Fisher exact test p = 0.462).

After excluding the infants with bad outcome, who came from the same NICU,
the difference between the two groups regarding regression rate is no longer sig-
nificant: 85.29% in the IVB group and 81.25% in the laser photocoagulation group
(p > 0.05).

Treatment worked quicker within the IVB group, as compared to the laser
photocoagulation group.

The bad outcome was identified 1 week after treatment, in all the 16 eyes within
this series (11 from the laser photocoagulation group and 5 from the IVB group). We
had no late recurrence in this series.

7.4 Discussion
7.4.1 Indirect diode laser photocoagulation for APROP

Laser photocoagulation of the retina is the gold standard in the treatment of
ROP, and it proved its efficacy in more than 90% of ROP cases [18]. On the other
hand, laser destroys the retina, and complications were cited in relation to it:
cornea, iris and lens burns, hyphema, uveitis, retinal hemorrhages, and choroidal
ruptures [19]. In our series, we report two cases of mild anterior uveitis following
laser photocoagulation for APROP, with prompt resolution following mydriatic and
anti-inflammatory eye drops.

Laser photocoagulation does not address the underlying cause of the disease
[18]. Zone 1 APROP is known to have worse prognosis following laser photocoagu-
lation, as compared to the classical form of the disease [20].

Because of the lack of landmarks in APROP, laser photocoagulation of the retina
toward the posterior pole is difficult, and sometimes untreated areas of the avascu-
lar retina remain as a source of VEGF explaining the progression of the disease. By
consequence, one single session of laser treatment is often insufficient in APROP.

Within the laser photocoagulation group, APROP final failure rate was 45.83%,
represented by 11 eyes from 7 infants (four, bilaterally and three, unilaterally).
From these seven cases, five came from the same neonatal unit and totalize eight
eyes with bad outcome (three, bilaterally and two, unilaterally). This observation
can lead us to the supposition that the inadequate neonatal care and oxygen admin-
istration might be at the origin of the severity and unresponsiveness to the laser
treatment in these cases.

If we exclude these eight eyes from our analysis, the success rate following laser
photocoagulation for APROP becomes 81.25% (in 13 of the remaining 16 cases,
APROP could be stopped by laser treatment).
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7.4.2 IVB for APROP in our series

APROP regression rate following IVB was 85.29% in our series (29 of the 34
eyes). We added laser photocoagulation in all the five eyes with lack of regression
following IVB, with good outcome in three of them. The two eyes with final poor
outcome belonged to different infants.

We did not identify any local complication subsequent to IVB in our group. No
late reactivation of the disease was present.

7.4.3 IVB versus laser photocoagulation in the treatment of APROP

The main reason that determined us to replace laser photocoagulation with IVB
in APROP was the high failure rate in this form of ROP, following laser treatment,
in our practice, which is in agreement with data in the literature (45.83%) [21].
Besides, there are other disadvantages of laser treatment for APROP: the need to
apply many laser spots during long and laborious sessions and the need to repeat
laser because often at the moment of treatment there are no well-defined land-
marks between the vascularized and the nonvascularized retina (typical feature
of APROP). Often pupils do not dilate well in these severe cases, and vitreous
hemorrhage can be associated, making laser treatment inadequate. The general
status of the infant is often severe in APROP cases, making laser treatment risky for
the patient’s life. Finally, IVB does not destroy the retina as opposed to laser which
ablates the nonvascularized retina in order to keep alive its vascular part. [21].

APROP regression rate was significantly better following IVB as compared with
laser photocoagulation in our series. However, when we remove from the laser
photocoagulation group, the infants with bad outcome, who came from the same
NICU, the difference is no longer significant.

Another major advantage of IVB over laser is the continuation of retinal vas-
cularization following treatment up to the periphery [20]. This observation was
verified in our series. Anti-VEGF and laser act by different mechanisms in stopping
the progression of ROP toward retinal detachment. Whereas laser photocoagula-
tion destroys the source of VEGF (ischemic retina), anti-VEGF annihilates also the
VEGF already present in the vitreous. This explains the quicker response and higher
efficacy of IVB as compared to laser in APROP.

According to our experience, all bad outcomes were identified 1 week after
treatment. Therefore, we consider them as unresponsiveness to treatment, not late
recurrences [21].

7.4.4 Asymmetric response to treatment

We identified asymmetric response to treatment in six cases: three from the
laser group and three from the IVB group. The possible explanation of this outcome
might be the unequal development of the eyes which also explains the rare situation
of unilateral ROP.

7.4.5 Safety issues velated to anti-VEGF thevapy

The main issue related to IVB treatment is its safety. There is proof that follow-
ing IVB injections the serum VEGF levels decrease and anti-VEGF was found in the
systemic circulation [21]. It is known that in ROP the blood-retinal barrier is broken
down, allowing the exit of anti-VEGF in the systemic circulation, while the infant is
still during the process of organogenesis. Concern comes from the fact that VEGF is
necessary for the development of the lungs, brain, kidneys, and skeleton. VEGF also
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acts as a neural survivor factor inside the eye, and its suppression might prevent the
development of neural components in the retina [21].

7.4.6 Comparison between laser and IVB in the treatment of ROP

The advantages of IVB over laser photocoagulation in the treatment of ROP
are related to its simplicity; short duration; lack of retinal destruction, conduct-
ing under topical anesthesia; lower price; and possibility to be performed in the
eyes with small pupils and hazy media and in infants with poor general condition
in which laser treatment under general anesthesia would be risky [21]. As proved
by our series, IVB allows further development of retinal normal vasculariza-
tion up to periphery, as opposed to laser. However, IVB is not risk free as far as
local complications are considered. Lens injury, intraocular hemorrhage, retinal
detachment, and endophthalmitis are possible, but they were not reported in the
literature so far.

According to our experience, the most important advantage of IVB as compared
to laser treatment is the better outcome in APROP, as published by other authors
[21]. In this context, IVB represents our first therapeutic indication for APROP,
even if the systemic safety issues were not fully addressed [21].

In a study that compared laser with bevacizumab in ROP and published in 2015,
similar results were reported in the two groups, but it included all ROP cases, not
just the severe ones (APROP) [22].

Other authors found higher recurrence rate of ROP following IVB as compared
to laser, but within the laser group, macular ectopia had a higher incidence [23].
This observation is in agreement with our study that identified macular ectopia
only in one case from the laser treated group.

In a previously published study, we showed that in the IVB-treated eyes, the
retinal vascularization continued up to the periphery, unlike with laser [24].

Another observation of this comparative study is that the response to IVB was
quicker than following laser. The explanation is represented by the fact that anti-
VEGF suppresses not only the VEGF in the retina (such as laser does) but also the
VEGF which is already released in the vitreous.

8. Conclusion
8.1 Personal experience

Intravitreal bevacizumab has emerged as a very useful tool in the treatment of
ROP. We found a statistically significant higher APROP regression rate after IVB,
as compared to laser photocoagulation in our series. IVB is much shorter, easier,
accessible, and less expensive than laser photocoagulation. We could perform IVB
in the eyes with small pupils and hazy media. By consequence, bevacizumab given
intravitreally replaced laser in APROP, becoming the standard of care in this severe
form of ROP, in our practice.

8.2 General

Progress in neonatal care was associated with higher survival rates of low birth
weight and low gestational age newborns.

ROP is a biphasic disease: the first phase (from the moment of birth to
31-32 weeks postconceptional age) is called hyperoxic and it leads to the arrest
of the normal retinal development, and the second phase (from 32- to 36-week
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postconceptional age) is called hypoxic with overexpression of VEGF, IGF-1, and
oxidative damage with subsequent new vessel growth and retinal detachment.

The Early Treatment for ROP study (ETROP) reclassified ROP according to
the required attitude: type 1, ROP requiring treatment and type 2, ROP requiring
closely monitoring. APROP is a very severe type 1 ROP characterized by rapid
evolution toward retinal detachment if not addressed accordingly.

ROP screening should be made by trained ophthalmologists and started at
4-6 weeks after birth or at PCA 31 weeks whichever is later and continued up to the
complete vascularization of the retina.

The most important factor to prevent ROP is preventing premature birth.

The gold standard for the treatment of ROP is indirect laser photocoagula-
tion of the nonvascularized retina. Clinical studies conducted during the last
years proved the superior efficacy of IVB over laser in APROP as well as its other
advantages.

Research in the field of angiogenesis led to a number of new ways to prevent
ROP progression: targeting the insulin growth factor (IGF-1) pathway and dietary
supplementation with omega-3 polyunsaturated fatty acids (PUFA).
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Chapter 6

Parent-Carer Education: Reducing
the Risks for Neonatal and Infant
Mortality

Thillagavathie Pillay

Abstract

In this chapter, the role of engaging parents, family members, partners, signifi-
cant others and carers (subsequently referred to as parent-carers) as key partners in
targeted strategies for reducing the risks associated with neonatal mortality is
discussed, especially within the context of less resource-constrained environments.
Parent-carer education, sharing information on regionally prevalent risk factors and
associations with death in the first 28 days of life and in infancy, can be potentially
impactful and could drive behavioural changes, while promoting acquisition of
newer life-saving skills such as basic life support training. Such education can be
considered participatory learning and action. It affords parent-carers the confidence
and knowledge on measures to key risks in infancy, such as the risk of sudden infant
death, and how to recognize when their baby may be ill, facilitating timely access to
appropriate healthcare services. Potentially, these then empower parent-carers to
work with health services proactively in measures to reduce the risks for neonatal
mortality.

Keywords: parent-carer education, reducing risks, neonatal mortality

1. Introduction

Neonatal mortality refers to deaths in the first 28 days after birth and contributes
to the total burden of mortality in children. Globally, 5.4 million children under
5 years of age died in 2017, of which 2.5 million were neonates [1]. In this millen-
nium alone, there have been overall improvements in survival in children under 5,
but the greatest reduction in mortality is seen in those between 1 and 4 years of age.
Between 2000 and 2017, there was a 60% worldwide reduction in mortality in this
age group. In contrast, neonatal mortality reduced by 41% [1, 2]. Two key factors
have influenced this improvement in outcomes: access to healthcare services and
maternal education.

A faster rate of decline in childhood mortality rates compared to neonatal death
rate results in the latter assuming a higher proportion of the overall burden of
deaths in children. This is especially obvious in more developed economies such as
in England, where, with relatively lower child and infant death profiles, the pro-
portion of neonatal deaths to those in infancy and childhood is much higher (70%)
[3]. As a result, here, the spotlight has now readjusted towards addressing neonatal
mortality [4-6]. In this chapter, the potential for further reductions in neonatal
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mortality is explored, especially in less resource-constrained environments, by
focusing on parent-carer education around risks for neonatal mortality, while using
learning points from around the world. Potentially, these initiatives empower
parent-carers to acquire the necessary skills to manage their baby at risk and also
engage in risk-reducing behaviours for the benefit of their baby.

2. Reducing neonatal mortality through parent-carer education

Before embarking on parent education, understanding the risk factors for neo-
natal mortality is important. In poorly resourced areas, key risk factors and associ-
ations are infection, hypothermia, lack of breastfeeding, failure to recognise signs of
illness in their baby and failure to provide adequate basic resuscitation at birth.
Education packages focused on improving neonatal mortality therefore include
information on maintaining warmth; drying; wrapping; skin-to-skin contact;
supporting breastfeeding; infection prevention including handwashing, cord
care, recognising signs of illness in their newborn baby and infant and basic life
support [7].

For neonatal teams in relatively higher resourced environments, where access to
public health facilities and general maternal education are less of an issue, and most
of the above are routinely adopted, what are other key risk factors and what other
kinds of initiatives are needed in order to make a difference to current neonatal
mortality rates, and can they work?

In attempting to address this, the key risk factors here for neonatal mortality
need to be identified. The most significant of these is prematurity [8-10]. In a
report on perinatal mortality from MBRRACE on 2016 deaths, approximately 70%
of all extended perinatal deaths occurred preterm, and almost 40% were in less than
28 weeks’ gestation [9]. Optimising place of birth for the most vulnerable preterm
births less than 26 weeks gestation at birth does reduce their mortality rates [11] and
optimising nurse staffing for the care of especially preterm babies in neonatal
intensive care units appears to be crucial [12]. Evidence-based or consensus medical
and nursing care, robust reviews of mortalities and complex morbidities and sound
clinical governance are instinctively important. But, simply improving clinical care
provided, and in the correct place, is probably not enough.

By virtue of these babies being born prematurely, much of the potential factors
that could influence outcome predate the birth of baby. These include obstetric,
maternal health and social factors [13] and are usually out of the bounds of care of
neonatal teams. For example, in the risk factors for neonatal mortality in a region in
the West Midlands in England, prematurity, being born with low birth weight,
congenital abnormalities, born at the extremes of maternal age, late maternal pre-
sentation for antenatal care, smoking, not breastfeeding and sudden infant death
syndrome (SIDS) were the key associations with infant mortality [8]. All of these
are influenced by upstream issues, that is, before birth (except SIDS). Just focusing
on care pathways and postnatal care for these babies on neonatal units and in the
community will have little impact on their mortality rate. A more multidisciplinary,
lateral approach is needed, and there are lessons too, from developments in parent
education in resource-limited environments.

Apart from optimising clinical care, what else can neonatal teams do? An area of
focus for neonatal units could potentially be enhanced primary preventive care [4].
There is evidence that early parental interventions in preterm births are effective in
promoting child health [14], and there is possible value in targeting parent-carer
empowerment in reducing the risks of mortality for their newly born baby in
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infancy and beyond. Data on this as a package of care, however, are very limited.
Maternal education improves infant, child and maternal mortality globally [15-17].
These relate to mothers’ general awareness through education, which empowers
women to make better decisions on the care of their baby and themselves. Engaging
them in understanding the regional mortality risks for their baby, and their future
babies, and what they could do to minimise these where possible may be of value.
This kind of awareness of risk factors for infant mortality could provide parents and
carers with knowledge that could drive longer term behavioural change that could
influence the outcome of current baby, subsequent pregnancies and, in a cascade
effect, those of close family members.

A recent project on parent education around the risks of mortality in a region in
the West Midlands [8] in England revealed that parental uptake for the education
on understanding risks for mortality was well accepted and supported (Table 1).
Educating parents and carers on the basics of life support, how to manage their
choking child and how to recognise that their baby is ill may empower parents and
carers, enabling them to initiate preventative intervention earlier, which may be
life-saving. Evidence that this can affect short-term behavioural change and
empowerment through confidence building in parents appears to be possible [8],
but more studies are needed in this regard.

Very informative and should be offered to all parents

I think this should be available to all parents. Found it really useful even after having three babies

All parents should be offered this!

It is a great programme and all parents will benefit from it. I know I have!

Really useful—should be available to all parents

Really appreciate eagerness of staff to come and help us

Include grandparents/relatives; make it compulsory for first-time parents. Make nursing staff more
aware for STORK referrals

I can truly say this service has made me feel 100% confident in taking my baby home! Could not be
more grateful. Thank you!

Very useful and helpful instructor. Wish all mums had this opportunity.

Really helpful. Get to know things you did not before and understand it better

It is good to help save babies’ life. Every parent should do

Very informative, thank you

This made me feel at ease about taking my baby Harry home knowing about the ways to safe sleep.
Brilliant today. Thank you very much!

Very good. Helped put my mind at ease should the need arise. Felt very comfortable

Trainer very informative and helpful. Additional advice given on other topics; reassurance given

Covered a lot [ wasn’t even aware of

Was very useful and has made me aware now as I did not have a clue about any

Absolutely I think all parents should go through this not just ones on neonates unit

Brilliant!!

Table 1.
Selected parent feedback comments for parent/carer training on a neonatal unit in the West Midlands,
England. Extracted from [8].
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3. The benefits of overall maternal education on infant mortality

The most significant factor globally in reducing mortality for young children
under 5 years of age is maternal education, and universal primary education for
mothers is an established key focus of the United Nations Millennium Development
Goal [17]. Better maternal education decreases not only childhood mortality but also
maternal mortality [18] and is evident across resource-constrained and resource-
richer environments. This is most striking in the former, where lower levels of
maternal education (i.e., less than secondary school education) are significantly
associated with neonatal mortality. In resource-richer environments, this effect is
less noticeable [19] but prevalent in pockets with lower socio-economic status and
lower levels of maternal education [19, 20]. While not easy to tease out, it is
assumed that the impact of general maternal education on infant and childhood
outcomes relates to empowerment of women to make better decisions over the care
of their baby and care of themselves. Therefore, any targeted education, through
providing parents and carers with knowledge of risks and associations with neonatal
mortality, may contribute to empowering them into making decisions in the best
interest of their baby, in an attempt to reduce risks for mortality.

4. Methods of delivering targeted parent-carer education

A synopsis of this can be found in Table 2.

4.1 One-to-one point-of-care education

This refers to education around a reason for a healthcare visit, usually in the
home, or a visiting point. This has its benefits, providing an opportunity for mater-
nal and family engagement with health services and focused learning and
behavioural change. It is best reported in resource-constrained environments, as
evidenced by the impact of health visits and education on behavioural changes and
infant mortality, in women who have recently given birth [21]. Keeping baby
warm, dry and wrapped to prevent hypothermia, skin-to-skin contact,
breastfeeding and infection prevention, including delivering in a clean environ-
ment, handwashing, cord care and knowing what the signs of illness are in their
baby, are key aspects of shared knowledge [21]. Guidelines for postnatal care of the
mother and newborn, especially in resource-limited environments, were produced
by the World Health Organisation ([22], Table 3), and these include parent educa-
tion via home visits in the first week after birth and at least three additional
postnatal contact points in the first 6 weeks of life.

In resource-richer environments, for example, England, similar 1:1 point-of-care
visits at home usually occur post-delivery, initially by midwives and later by
healthcare workers. NICE Guidelines on 1:1 postnatal care [23] guide the basic
requirements for routine postnatal care for women and their babies and their
partners and families. Support for feeding, advice on safe sleeping, recognising and
dealing with health problems for both mother and baby are included in the quality
standard, but there are limitations to its success to date [24]. These are usually
delivered by midwives or health visitors, as the primary healthcare contacts for a
mother and family with a newly born baby.

Educational engagement with parents and carers on the neonatal unit occurs as
per unit policy and can include a wide variety of information supported by online
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Method

Example

Home visits by community health
care workers [69]

Home visit by community-based worker after birth in India:
information shared included breastfeeding, basic care of the
baby—temperature control, hygiene, care of the umbilical cord
stump, danger signs in the baby and how to use the healthcare
system, especially for the sick, or preterm, or low-birth weight
baby. There was a significant reduction in neonatal mortality rate
in those who received the education [35.7 deaths per 1000 live
births compared to those who did not (53.8 per 1000 live births)]

Regular community group sessions
by Lady Health Workers [70]

Group sessions by lady health workers in Pakistan included
sharing information on immediate newborn care, cord care
(cleaning and avoiding the use of traditional materials, such as
ash and lead powder), and promotion of exclusive breastfeeding.
There was also additional sharing of information on early
breastfeeding (within the first hour) use of colostrum,
thermoregulation, home care of low-birth weight infants,
treatment of neonatal pneumonia, recognising the sick baby and
danger signs needing treatment. Here the neonatal mortality rate
significantly decreased from 57.3 to 41.3 per 1000 live births.

Community-based package of care in
[71]

In India, this package included birth preparedness, clean delivery
and cord care, thermal care (including skin-to-skin care),
breastfeeding promotion, and danger sign recognition, and in
one group a hypothermia indicator.

Compared with controls, neonatal mortality rate was
significantly reduced by 54%.

Participatory learning and action via
women’s groups [25]

This was a meta-analysis of seven trials in India, Bangladesh,
Nepal, Malawi, estimating the effect of women’s group
interventions on behavioural outcomes. Women’s groups
practising PLA showed improved behaviours during and after
home deliveries, including the use of safe birthing kits, sterile
blade to cut the cord, birth attendant washing hands before
delivery, delayed bathing of baby for at least 24 hours and
wrapping baby within 10 minutes of birth. Here, neonatal
mortality was 32% lower in the clusters that had the intervention.

In resource-richer environments

Organised support groups

Peer support groups may work on one-to-one or group basis,
face-to-face, via telephone, social media or social engagement
and include online and physical resources for training and
guidance to parents on antenatal, birth and child issues.

E.g.: Child birth peer support groups, supporting antenatal, birth
and parenting in the UK (NCT); https://www.nct.org.uk/

E.g.: BLISS charity for sick and preterm babies; https://www.
bliss.org.uk/

Support groups: local, regional,
national and international [72]

E.g.: Breastfeeding support may be delivered on one-to-one or
group format, at the bedside while in hospital and in the home.
Breastfeeding support workers, nurses and breastfeeding
buddies may be local and regional and hospital or community
based. There also exists international organisational support
through La Leche League International; https://www.llli.org/

Support for specialised conditions/
congenital anomalies

These are usually groups based on national or international need
and include for example the national Down syndrome group in
the UK, and its international counterpart—Down syndrome
international, which co-ordinates working with and advocating
the case for children with Down syndrome in over 136 countries
around the world.

Table 2.

Examples of parent-carer engagement: examples from around the world.
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1: Timing of discharge from a

health facility after birth

After an uncomplicated vaginal birth in a health facility, healthy
mothers and babies should receive care in the facility for at least
24 hours after birth.

2: Number and timing of
postnatal contacts

If birth is at home, the first postnatal contact should be as early as
possible within 24 hours of birth. At least three additional postnatal
contacts are recommended for all mothers and babies, on day 3,
between days 7 and 14 after birth, and 6 weeks after birth.

3: Home visits for postnatal care

If birth is in a health facility, mothers and babies should receive
postnatal care in the facility for at least 24 hours after birth.

Home visits in the first week after birth are recommended for care
of the mother and her baby.

4: Assessment of the baby

The following signs should be assessed during each postnatal care
contact and the baby should be referred for further evaluation if
any of the signs is present:

stopped feeding well, history of convulsions, fast breathing (breathing
rate 60 per minute), seveve chest in-drawing, no spontaneous
movement, fever (temperature 37.5°C), low body temperature
(temperature < 35.5°C), any jaundice in fivst 24 hours of life, or yellow
palms and soles at any age. The family should be encouraged to seek
health care early if they identify any of the above danger signs in
between postnatal care visits.

5: Exclusive breastfeeding

All babies should be exclusively breastfed from birth until 6 months
of age. Mothers should be counselled and provided support for
exclusive breastfeeding at each postnatal contact.

6: Cord care

Daily chlorhexidine application to the umbilical cord stump during
the first week of life is recommended for babies who are born at
home in settings with high neonatal mortality (30 or more neonatal
deaths per 1000 live births).

Clean, dry cord care is recommended for babies born in health
facilities and at home in low neonatal mortality settings. Use of
chlorhexidine in these situations may be considered only to replace
application of a harmful traditional substance to the cord stump.

7: Other postnatal care

Bathing should be delayed until 24 hours after birth. If this is not
possible, bathing should be delayed for at least 6 hours. Appropriate
clothing of the baby for ambient temperature is recommended. This
means one to two layers of clothes more than adults, and use of
hats/caps. The mother and baby should not be separated and should
stay in the same room 24 hours a day.

Communication and play with the baby should be encouraged.
Immunisation should be promoted as per existing WHO guidelines.
Preterm and low-birth weight babies should be identified
immediately after birth and should be provided special care as per
existing WHO guidelines.

Table 3.

WHO recommendation on postnatal care for newborn babies, 2013 [22].

resources and paper reading material. Guidance on basic life support is offered by
some, but specific packages of information targeting knowledge around key risk

factors on neonatal mortality are usually not presented in such a format to parents
and carers. These may, however, be a useful point-of-care opportunity for educa-

tion and training [8].

4.2 Centre-based peer group education

Participatory learning and action programmes promoted by the World Health Orga-
nization drive behavioural change through parent and community engagement [25].
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Support groups work through community engagement, in which mothers develop
and implement their own strategies for improvement, through shared peer group
learning with a facilitator. The women are empowered to make improvements for
their own communities, which result in behavioural changes that were more effec-
tive than simple traditional teacher/student model. In a trial in India, neonatal
mortality reduced by 45%, with behavioural changes towards better hygiene prac-
tices and better newborn care, such as cord care, delivering in a clean environment
and early breastfeeding [26].

In higher resourced environments, participatory learning and action can apply
as well, with parents being offered information on risks for neonatal and infant
mortality, knowledge on basic life support and choking, reducing the risks for
sudden infant death and promoting safe sleeping and recognising signs of illness in
their infant [8].

4.3 Local, regional and national support groups

In resource-richer environments, peer groups supporting the new mother may
be driven by health care or by the community. Mother and baby peer groups or new
parent groups are a useful way of engaging parents and family members [27] and
can be local, regional or national such as BLISS, which is a national charity for sick
and premature babies [28] in England. These may be one-to-one engagements or
group interaction depending on resources and availability and include online
resources for learning and communicating. Examples of these are shown in Table 2.

The benefits of these kinds of educational thrust on reducing mortality may be
less obvious where health care is equitable to all [19], but still of value as such
environments do have pockets of poorer educational levels [20], linked with greater
mortality. It may be appropriate to extrapolate that the benefits of maternal peer
and group education in contributing to behavioural changes that reduce the risk of
mortality can possibly also apply to resource-richer environments. In the USA, an
Advisory Committee on Infant Mortality identified the value of a multimedia
approach in the preventive campaign needed to reduce infant mortality [29]. They
suggest a life course perspective on infant mortality reduction, urging an approach
that includes health promotion and optimisation throughout the course of life, in a
clinical and population-based manner. Such a perspective should include focused
parent-carer education and empowerment through education on risks for infant
mortality. This could mean that parents have a better idea of how best and when to
seek help for their baby who may be getting ill, that is, early initiation of preventa-
tive care. Although widely prevalent in higher resourced economies, very little has
been studied in this regard, and this is being mapped better in more resource-
constrained settings [30].

5. What should a parent-carer education package aimed at reducing the
risks for infant mortality comprise?

Key parameters are driven by local epidemiological needs. It is likely that even in
areas that do adopt a primary prevention package the contents will change
depending on societal needs. In resource-limited environments with poor access to
health care, basic hygiene around delivery, cord care, keeping baby dry, wrapped
and warm, immunizations, basic life support and breastfeeding may be key [21, 22].
In less resource-constrained environments, where most of the above are standard

practice, other areas may be relevant. In the sections below, some of these are
described.
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5.1 Breastfeeding education and infant mortality

The benefits of breastfeeding on reducing infant mortality and morbidity are
widely accepted. In 2003, the Lancet published data [31] that of all children who
died under the age of 5 years, 12% of these deaths could have been prevented if they
were effectively breastfed as infants. This amounted to roughly 800,000 lives in
low- and middle-income countries per year. In their systematic review, Sankar et al.
[32] showed that the relative risk for all-cause mortality in infants under 6 months
of age and not breastfed was 14.4, 4.8 in those partially breastfed and 1.5 in those
completely breastfed. For children 6-23 months of age, they demonstrated up to a
two-fold higher mortality (RR 1.97 [1.45-2.67]) if not breastfed, when compared to
those who were. Exclusive breastfeeds are also associated with lower mortality and
infection rates [33], and this impact can be seen as early as with breastfeeds given
within the first hour of life [34-36]. Maternal awareness, education and support for
breastfeeding to improve breastfeeding rates are therefore a critical part of the
parent empowerment, in reducing infant mortality.

These benefits exist in all resource settings. For example, in Washington,
Alaska, Maine, Nebraska and Ohio, promotion of the Baby Friendly Hospital
Initiative saw benefits of this for mothers of lower education which were signifi-
cant, increasing the breastfeeding rates for >4 weeks of life here (p = 0.02) [37].
These provide evidence for the continued thrust for promoting breastfeeding as a
potential protective factor against the risk of neonatal and infant mortality, even
in resource-richer environments. The Baby Friendly Initiative, developed by
UNICEF, promotes breastfeeding as part of its thrust to support families with
feeding, enabling the development of close relationships for the best start in life
for babies.

5.2 Smoking cessation and infant mortality

The negative effects of prenatal, natal and postnatal smoking on morbidity and
mortality in infants are widely described [38, 39] and include premature births,
low-birth weight babies which are themselves at risk for mortality and an increased
risk for sudden infant death. Smoking cessation in pregnancy or prenatally, or even
postnatally, is complex. Risk factors for smoking include having a smoking partner,
with a lower risk where there is higher maternal education level [40]. Mass cam-
paigns can potentially influence smoking cessation rates in pregnancy [41]. In three
states in the USA, those smokers exposed to a CDC smoking cessation campaign in
pregnancy had a reduction in smoking by the third trimester compared to those
who were not exposed to the campaign (34.7 vs. 32.9%; p < 0.001). In a systematic
review and meta-analysis of 54 studies encompassing 55,584 women who smoked
before their pregnancy, Riaz et al. [42] noted that higher educational level, higher
socio-economic status, low exposure to second-hand smoke and planned
breastfeeding were associated with cessation of smoking during pregnancy. So,
there is potential value, extrapolating from these that an awareness programme
could influence smoking cessation rates in association with pregnancy/after birth,
targeting not only mothers, but their partners, significant others and family
members.

Education versus incentive-based systems to reduce smoking may work to dif-
ferent degrees. These modern alternatives to conventional educational and aware-
ness campaigns could include mobile apps, ipad programmes and text messages
[43, 44]. But simply offering education may not be adequate, and there is much
more to be done to understand this. Barriers to smoking cessation are multi-fold and
may exceed support pathways. In an NIHR HTA assessment of these [45], partners’
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support, willingness to change smoking behaviour and the smoking dynamics
within relationships mattered, and delivery of information is a key barrier than can
potentially be overcome with the appropriate educational drives. At the same time,
it is important to note that up to 50% of women who stop smoking during their
pregnancy resume within 6 months after birth [46]. There may be a hard core of
individual mothers/parents who are unable to stop smoking, even knowing the risks
to their baby. Some evidence exists that specific behavioural techniques may have
an impact on prenatal smoking cessation [47-49], but the complexities around
cessation in relation to pregnancy and childbirth need further interventional analy-
sis. Despite these limitations, there may still be the benefit of incorporating smoking
cessation information into parent awareness packages [8], while awaiting more
effective interventions and primary preventive packages.

5.3 Safe sleep

Safe sleep programmes can make a difference to the risks of sudden infant death
syndrome. In parts of the USA, interventions such as these halved the rate of infant
deaths from 1.08/1000 to 0.48/1000. Research suggests that education of caregivers
does result in improved understanding of behaviours that promote safe sleep and
reduce the risk of SIDS [50]. Simple measures such as position of sleeping have
changed SIDS rates dramatically [51]. And parent and carer education is a key
directive for future reductions in this area [52]. Evidence that discharge from
hospital programmes do make a difference is also emerging [53] in a pilot trial of
promoting safe sleep patterns in mothers of preterm babies, who have a doubled
risk of SIDS; and there is also acknowledgement that this group especially should be
targeted for educational interventions to reduce the risk of SIDS. Simple educational
campaigns en masse may not have the desired effect [54, 55] and additional mea-
sures may be needed such as 1:1 educational drives. These can comfortably be
delivered in 1:1 or peer group packages supported by neonatal units, midwives and
health care visitors as part of the point-of-care programme of education for parents
and carers.

5.4 Basic life support training

Basic life support at birth is critical, and a standard practice in higher income
settings where healthcare support exists at the time of birth. However, even for
home births and births outside of healthcare facilities, this skill is essential. In their
review on neonatal resuscitation in low-income settings, Wall et al. [56] noted that
the major burden of resuscitation at birth (approximately 10 million babies do not
breathe at birth, of which 6 million require basic life support) is in low-income
settings. Here, they suggest that local education of community health workers can
make a difference to the rate of deaths at the time of birth (termed intrapartum
deaths).

In higher income settings, where there are healthcare workers trained in basic
life support, there still exists a need for parent-carer education and awareness.
Acute life-threatening events in infancy are the next area of concern and can affect
babies as young as 0-3 months of age [57]. Bystander CPR with and without
dispatcher instructions improved 1-month neurological outcomes favourably
(adjusted OR 1.81 and 1.68) when compared to no bystander CPR in children with
out-of-hospital cardiac arrests [58], and survival after shockable arrests was higher
when delivered by a first responder or public AED rather than a paramedic (83.3 vs.
40% p = 0.04) [59]. In reporting on the Committee on Pediatric Emergency Medi-
cine in the USA, Callahan and colleagues advocate that paediatricians should
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encourage training of basic life support to parents, children, caregivers, school
personnel and lay members of the public [60]. Many neonatal units do offer basic
life support training for parents and carers when their baby is due to leave their
unit; these boost parent confidence in being able to cope with their infant after
discharge from hospital.

5.5 Kangaroo care and infant mortality

Skin-to-skin contact via Kangaroo care [61] is also an important part of a care
package especially for preterm births. When compared to conventional care, Kan-
garoo mother care was associated with 36% lower mortality (RR 0.64), a lower risk
of neonatal sepsis (RR 0.53), hypothermia (RR 0.22), hypoglycaemia (RR 0.12),
hospital readmission (RR 0.42) and increased rate of exclusive breastfeeding (RR
1.50; 95% CI 1.26, 1.78) [62]. Educating and empowering mothers, on the value of
such care packages, is important in reducing morbidities especially in low-birth
weight infants.

5.6 Reducing the risks for congenital abnormalities

Congenital abnormalities are a major cause of infant mortality in higher
resource environments, with variation between ethnic groups and a strong
association with consanguinity [63, 64]. Reducing the risks for life-threatening
congenital abnormalities [65] (either through the condition itself, or through
its association with preterm birth) is dependent on parental awareness regard-
ing the risks of congenital abnormality pre-conceptually, availability and
uptake of screening for major congenital abnormalities, the potential for inter-
vention, and parent perspectives on termination of pregnancy, should they
carry a baby with a lethal/potentially lethal condition in utero. Where possible,
parent education to raise awareness regarding the likelihood of a congenital
abnormality should be discussed in the context of consanguinity and the elderly
mother.

5.7 Reducing the risk of preterm birth

Risk factors for preterm birth include, among a wide array of clinical scenarios,

poor maternal health, maternal infections, smoking and alcohol use in pregnancy,
multiple births and extremes of maternal age [66]. The World Health Organisation
[67] has set out basic advice to reduce preterm births and these include promoting a
healthy pregnancy by supporting: (a) a healthy diet, (b) optimal nutrition,
(c) advice on tobacco use in pregnancy, (d) advice on alcohol use in pregnancy,
(e) antenatal support and scanning to detect gestational age and multiple births,
(f) better access to contraceptives, (g) management of risk factors such as infec-
tions and (h) increased maternal empowerment.

In higher resource settings, strategies for prevention of preterm births include:
(a) prevention of non-medically indicated late preterm/early term births, (b) pro-
gesterone supplementation, (c) cervical cerclage, (d) tobacco control and preven-
tion of smoking in pregnancy, (e) judicious use of fertility treatments and
(f) dedicated preterm birth prevention clinics [68].

All of these aspects relate to upstream events prior to birth of the baby,
but still hold benefit in parent-carer education, for the ripple effect that it
may have on communities, and also for guiding care around the subsequent
pregnancy.
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6. Conclusion

Parent education programmes, targeted around understanding and, thereby,
empowering parents with knowledge around the risks of neonatal and infant mor-
tality, are an intuitively important adjunct to neonatal clinical care. Its role in
preventive neonatal care may be strong, for its potential benefits on behavioural
changes that enable reduced risks for the current and subsequent pregnancies.
Getting parents actively engaged in programmes that work with them for the
betterment of their baby, their subsequent babies and their communities may be the
key to change for the future. This embraces patient and public (i.e., parents/family
members/significant others and carers) involvement in taking ownership of, and
making a greater contribution to their overall health, and to that of their families.

What is now needed are focused thrusts around parent education and empow-
erment, based on local risk factors and associations with neonatal mortality,
combined with robust scientific research to assess the impact, if any, of such
programmes.
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