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Sammendrag

Bakgrunn: Omkring étte prosent av verdens nyfedte har behov for pustehjelp for &
klare overgangen fra intra- til ekstrauterint liv. Noyaktig forekomst er usikker og
varierer antagelig mellom ulike settinger, men resuscitering av nyfedte er likevel en
av de vanligste akuttbehandlinger i sykehus rundt om i verden. Internasjonale
retningslinjer for nyfedtresuscitering skal sikre lik og optimal behandling av syke
nyfedte. Imidlertid er kunnskapsgrunnlaget for internasjonale retningslinjer
mangelfullt, og baserer seg i stor grad pa prekliniske studier uten sikker forankring i
den kliniske hverdagen. Pustestotte ansees som det viktigste tiltaket, og retningslinjer
presiserer at overtrykksventilering ber starte innen ett minutt fra fadsel hos barn som
ikke puster selv. Lav hjertefrekvens kan indikere behov for pustestotte, og ved
eventuelle tiltak vil rask bedring i hjertefrekvens indikere at behandlingen er effektiv.
Retningslinjer anbefaler derfor tidlig vurdering av barnets hjertefrekvens, og at
hjertefrekvens overvékes under resuscitering ved hjelp av pulsoksymetri (PO) eller
elektrokardiografi (EKQ). Likevel finnes det lite kunnskap om hva som faktisk er
normal hjertefrekvens de forste minuttene etter fedsel, og man vet ikke hvilken
metode som mest effektivt overvéker barnets hjertefrekvens under resuscitering. T-
stykke ventilator er blitt et vanlig apparat for & gi luftveisstette til nyfedte. Forskning
pé bruk av disse apparatene under resuscitering i hovedsak utprevd pa premature
nyfedte. Resultater fra forskning pa nyfedtresuscitering danner et viktig grunnlag for

videre utvikling av evidensbaserte anbefalinger.

Mal: Mal for dette prosjektet var & 1) studere forekomst av, karakteristika ved, og
utfall av nyfedtresuscitering pa kort sikt i en hgyressurs setting, ii) studere
etterlevelsen av retningslinjer for nyfedtresuscitering og undersgke hvor effektivt PO
og EKG er til a4 overvéke hjertefrekvens under resuscitering, iii) beskrive normal
hjertefrekvens hos friske nyfedte etter vaginal forlgsning og sen avnavling, og iv)
beskrive hvilke trykk og volum som leveres ved overtrykksventilering av ikke-

pustende nyfedte til termin, ndr man bruker en T-stykke ventilator.

Metode: Denne sammenstillingen bygger pa fire prospektive observasjonsstudier.

Alle studiene er utfort ved Stavanger Universitetssjukehus. Studie I benyttet seg av
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rapporteringsskjema og videofilming over 12 méaneder for & registrere og analysere
tiltak ved nyfedtresuscitering. Vi registrerte forekomst av overtrykksventilering,
kontinuerlig positivt luftveistrykk (CPAP), intubasjon, hjertekompresjoner og
intravengs administrasjon av adrenalin. Utfall etter resuscitering ble hentet fra
elektroniske pasientjournaler. I studie I brukte vi videofilmer fra resuscitering av
ikke-pustende barn > 34 gestasjonsuker sammen med PO og/eller EKG-signal fra
pasientmonitor. Vi mélte tid fra fedsel til vurdering av hjerterytme og tid til oppstart
av overtrykksventilering. Videre malte vi tid til palitelig signal fra PO og EKG. I
studie Il mélte vi hjertefrekvens de forste fem minuttene etter fodsel hos friske,
vaginalforleste terminbarn med sen avnavling, ved hjelp av en nyutviklet
hjertefrekvensmaler med torrelektrode-EKG (NeoBeat). Vi brukte ‘locally estimated
scatterplot smoothing’ for & beregne og tegne percentiler. I studie IV brukte vi en
ventilasjonsmonitor for & méle og analysere venilasjonsparametre under
overtrykksventilering av terminbarn etter fodsel med T-stykke ventilator som var
innstilt etter internasjonale anbefalinger (30/5 cmH20). Vi analyserte de forste 100
innblasingene i hver resuscitering, og delte dem inn i tidlig (1.-20. innbldsing) og sen
(21.-100. innblésing) fase. Vi brukte ‘general estimating equations’ for & analysere
assosiasjoner mellom tidalvolum og topptrykk, innblasingstid og

ventilasjonsfrekvens.

Resultat: | studie I inkluderte vi 4693 nyfadte. Av disse ble 291 (6.2%) behandlet
med pustehjelp eller annen stette umiddelbart etter fodsel. Antall nyfedte som ble
behandlet med overtrykksventilering, CPAP, intubasjon, brystkompresjoner og
intravengs administrasjon av adrenalin var henholdsvis 170 (3.6%), 121 (2.6%), 19
(0.4%), 11 (0.2%), og tre (0.1%). Median (IQR) varighet av overtrykksventilasjon var
106 (54-221) sekunder. 63% av de resusciterte nyfedte >34 gestasjonsuker ble igjen
hos foreldre etter resusciteringen. I studie II analyserte vi resusciteringer av 104
nyfodte som ikke pustet etter fodsel. I bare 35% av tilfellene ble hjertefrekvens
vurdert (ved palpasjon eller auskultasjon) og overtrykksventilering startet innen 60
sekunder etter fodsel. Tiden fra fodsel til vurdering av hjertefrekvens og oppstart av
overtrykksventilering var henholdsvis 70 (47-118) og 78 (42-118) sekunder. Tiden
fra fodsel til palitelig registrering av hjertefrekvens fra PO og EKG var henholdsvis
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348 (217-524) og 174 (105-227) sekunder (p<0.001). Tiden fra PO maler eller EKG
elektroder ble festet pa barnet og til palitelig registrering av hjertefrekvens var
henholdsvis 199 (77-352) og 16 (11-22) sekunder (p<0.001). I studie 11l mélte vi
hjertefrekvens etter fadsel hos 898 friske nyfedte terminbarn. Hjertefrekvensen okte
raskt fra 123 (98-147) slag per minutt ved 5 sekunders alder til 175 (157-189) slag
per minutt ved 61 sekunders alder. I studie IV analyserte vi venilasjonsparametre
under resuscitering av 129 nyfedte terminbarn. Topptrykket var 30 (28-31) mbar i
tidlig fase og 30 (27-31) mbar i sen fase. Tidalvolum var 4.5 (1.6-7.8) ml/kg 1 tidlig
fase 0og 5.7 (2.2-9.8) ml/kg i sen fase. Innblasingstid pa mer enn 0.41 sekunder i tidlig
fase og 0.50 sekunder i sen fase var assosiert med de hgyeste tidalvolumene.
Ventilasjonsfrekvens pa mer enn 32 innblasinger per minutt i tidlig fase og 41

innblasinger i per minutt i sen fase var assosiert med reduserte tidalvolum.

Konklusjon: Nyfedtresuscitering forekom hyppig i denne hoyressurs-settingen. De
fleste nyfedte responderte raskt pa luftveisstette. Etterlevelsen av gjeldende
retningslinjer var dérlig. Under resuscitering av nyfedte ble pélitelig overvikning av
hjertefrekvens etablert raskere med EKG enn med PO. Vi har presentert percentiler
for normal hjertefrekvens etter fodsel hos friske vaginalforlgste terminbarn etter sen
avnavling. Nér man ventilerte nyfodte terminbarn ved hjelp av en T-stykke ventilator
ble det levert stabile topptrykk, men det var vesentlig variasjon i tidalvolum.
Innblésingstid pa omtrent 0.5 sekunder og ventilasjonsfrekvens pa 30-40 innbl&singer

i minuttet var assosiert med det hoyeste tidalvolumet.
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Abstract

Background: An estimated eight percent of newborns globally need respiratory
support at birth to make the transition from intra- to extra uterine life. Although these
estimates are uncertain, and presumably vary between settings, newborn resuscitation
remains one of the most commonly occurring emergencies in the hospital.
Resuscitation guidelines should ensure optimal treatment of compromised newborns;
however, there is a general lack of evidence to support the different treatment
recommendations. Existing knowledge is in large part derived from pre-clinical
studies, and the transferability to real-world resuscitations is uncertain. Guidelines
highlight support of breathing as the single most important task during newborn
resuscitation, and positive pressure ventilation (PPV) should be initiated within the first
minute of life in apnoeic newborns. Furthermore, guidelines acknowledge the newborn
heart rate as an important factor to guide resuscitative interventions, and recommend
continuous heart rate monitoring during resuscitation by either pulse oximetry (PO) or
electrocardiography (ECG). However, there is limited data on the normal heart rate in
healthy newborns, and the optimal method for monitoring heart rate during newborn
resuscitation remains unknown. The flow driven T-piece resuscitator is a widely used
device for respiratory support at birth. However, research into its ventilation
performance during resuscitation is limited to premature newborns. Studies on
newborn resuscitations provide important feedback to support the process of evolving

evidence based resuscitation guidelines.

Aim: The aim of this thesis was to 1) study the incidence, characteristics and short-term
outcomes in newborn resuscitation in a high-resource setting, ii) study compliance with
resuscitation algorithms and efficacy of PO versus ECG as heart rate monitoring during
resuscitation, iii) describe the normal heart rate in vaginally delivered healthy term
newborns after delayed cord clamping, and iv) describe delivered pressures and tidal
volumes during positive pressure ventilation of apnoeic term newborns with a T-piece

resuscitator.

Method: This thesis consists of four prospective observational studies. All studies were

conducted at Stavanger University Hospital in Norway. Study I used incident report
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forms and video recordings to register and analyse resuscitative interventions during a
period of 12 months. We recorded the incidence of PPV, continuous positive airway
pressure (CPAP), intubation, chest compressions and intravenous administration of
adrenaline. From electronic patient records we extracted short-term outcomes after
resuscitation. In study II, we combined video recordings of resuscitations with PO and
ECG signals from the patient monitor, to analyse guideline compliance and efficacy of
heart rate monitoring in newborns >34 weeks of gestation receiving PPV after birth.
We recorded the time from birth to initiation of PPV and time from birth to initial heart
rate assessment by palpation or stethoscope. We compared time to accurate heart rate
monitoring between PO and 3-lead ECG. For study II1, we used a novel dry electrode
ECG heart rate meter (NeoBeat, Laerdal Medical, Stavanger, Norway) to record
physiological newborn heart rate in healthy vaginally born newborns after delayed cord
clamping the first five minutes after birth. Heart rate centiles were drawn using a local
regression model. In study IV we combined video recordings of resuscitations and a
respiratory function monitor to record and analyse ventilation parameters during PPV
of apnoeic term newborns after birth, using a T-piece resuscitator at standard
internationally recommended settings of 30/5 cmH20. We analysed the first 100
inflations from each resuscitation, and divided them into an early (inflation 1-20) and
a late (inflation 21-100) phase. We applied general estimating equations to analyse the
association between delivered tidal volumes, and peak inflating pressure, inflation

time, and inflation rate.

Results: Study I included 4693 newborns. Of those, 291 (6.2%) received interventions
after birth. The incidence of PPV, CPAP (only), intubation, chest compressions, and
intravenous administration of adrenaline were 170 (3.6%), 121 (2.6%), 19 (0.4%), ten
(0.2%), and three (0.1%), respectively. Median (IQR) duration of PPV was 106 (54-
221) seconds. 63% of newborns >34 weeks of gestation were returned to parental care
immediately after resuscitation. For study II, we analysed video- and heart rate
recordings of 104 resuscitations. Initial heart rate assessment (stethoscope or palpation)
and initiation of PPV were achieved within 60 seconds for 35% of the resuscitated
newborns. The time from birth to initial heart rate assessment and initiation of PPV

was 70 (47-118) and 78 (42-118) seconds, respectively. Time from birth to provision
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of a reliable heart rate signal was 348 (217-524) seconds for PO, and 174 (105-227)
seconds for ECG (p<0.001). Time from sensor application to a reliable heart rate signal
was 199 (77-352) seconds for PO, and 16 (11-22) seconds for ECG (p<0.001). In study
111, we recorded heart rates from five seconds to five minutes in 898 healthy, vaginally
delivered term newborns. Following birth, the heart rate increased rapidly from 123
(98-147) beats per minute at five seconds after birth to 175 (157-189) beats per minute
at 61 seconds after birth. In study IV we analysed ventilation parameters from the
resuscitation of 129 term newborns. PIP was 30 (28-31) mbar in the early phase and 30
(27-31) mbar in the late phase. Tidal volume was 4.5 (1.6-7.8) ml/kg in the early phase
and 5.7 (2.2-9.8) ml/kg in the late phase. Inflation times exceeding 0.41 seconds in the
early phase and 0.50 seconds in the late phase were associated with the highest
delivered tidal volumes. Inflation rates exceeding 32 per minute during the early phase

and 41 per minute in the late phase were associated with a decrease in tidal volumes.

Conclusion: The need of resuscitative interventions after birth was frequent in this
high-resource setting, and most newborns responded quickly to airway support. The
adherence to guidelines was poor. ECG provided a reliable heart rate signal
significantly faster than PO during newborn resuscitation. We presented normal heart
rate centiles in vaginally delivered term newborns after delayed cord clamping. When
ventilating apnoeic newborns at birth with a T-piece resuscitator, there was a consistent
delivery of PIP, however, tidal volumes varied substantially. Inflation time of
approximately 0.5 seconds and rates of approximately 30-40 per minute were

associated with the highest delivered tidal volumes.
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1. Introduction

1.1 Preface / Background

The day of birth is considered the most dangerous in a human’s life. It is the day when
the risk of death and disability is greatest!. At birth, the transition from intrauterine to
extra uterine life involves a series of physiological changes in the newborn?. Failing
this transition might result in birth asphyxia, i.e. the lack of oxygen in the newborn
brain, with a potential risk of severe neurological impairment, or death. Globally,
intrapartum related events account for more than 600,000 deaths each year, making it

amongst the leading causes of neonatal morbidity and mortality>.

1-59 month deaths (54-0%) P Neonatal deaths (46-0%)

Lower respiratory

Lower respiratory infections (3-8%)

infections (10-1%)

Preterm birth
complications (16:6%)
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Figure 1 Global causes of the 5.3 million under-5-deaths in 2019. Deaths of neonates (aged 0-27 days) are
on the right-hand side. Adapted from J Perin et al.>. Published by Elsevier Ltd (Open Access)
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A high number of neonatal deaths may be prevented through effective resuscitation®.
This depends upon immediate performance of several interventions simultaneously,
and time is of the essence. Thus, resuscitation guidelines are designed to aid prioritizing
measures and to define specific time intervals for the most crucial steps. While
guidelines have originally been largely based on expert opinion, there has been an
increase in research on newborn transition and resuscitation over the last decades, and
guidelines are regularly updated to reflect current knowledge. However, many issues
remain unsolved, and the overall aim of this project has been to contribute to the

ongoing development of evidence-based resuscitation guidelines.

In the following chapters, I will discuss the burden of neonatal asphyxia before
describing the physiological transition of the newborn at birth and the pathological
pathways of asphyxia. I will present current guidelines on newborn resuscitation,
highlighting central steps in the algorithm and summarize the knowledge from which
these recommendations are based. Finally, I will describe standard equipment for

treating and monitoring newborns during resuscitation.

Since the beginning of this project, new guidelines and recommendations have been
published. In the general introduction, I refer to the recommendations and guidelines
from 2015. The current guidelines published in 2020 are addressed in the discussion
section. More recent publications unrelated to resuscitation guidelines have been

included in the general introduction.

1.2 The burden of neonatal mortality

In 2019, more than 2.4 million newborns died in the neonatal period (before 28 days
of life), corresponding to near 6700 newborns every day’. Intrapartum-related
complications such as birth asphyxia accounts for near one-quarter of the neonatal

mortality®. The inconvenient truth is that these deaths are in large part preventable.

The reduction of child mortality has been one of the defined United Nations
Millennium Development Goals since year 2000, and the progress has been
remarkable; The global under 5-mortality has dropped from 93 per 1000 live births in
1990 to 38 per 1000 live births in 2019°. However, neonatal mortality has declined at
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a slower pace than that of children aged from one month to five years. Thus, the share

of neonatal deaths among all under-five deaths is increasing.

The burden of asphyxia-related mortality is geographically unevenly distributed. The
United Nations Inter-agency Group for Child Mortality Estimation (UN IGME) states,
“A child born in sub-Saharan Africa is 10 times more likely to die in the first month of
life than a child born in a high-income country”. The improved quality of antenatal
care, skilled care at birth, and an advanced postnatal care for the newborn baby, has
reduced the neonatal mortality in Europe to three per 1000 live births in 2019%. In
Norway, the neonatal mortality rate in 2020 was 1.3 per 1000 births, which is amongst
the lowest in the world’. Still, the socioeconomic burden of birth asphyxia for society
and the families affected is immense, and its prevention should remain a focus in all

settings around the world.

1.3 Transition from intrauterine to extrauterine life

1.3.1 Foetal circulation

Before birth, the foetal lungs are filled with liquid and the lung circulation functions as
a parallel system, meaning that most of the blood bypasses the foetal lung®°. Instead,
the placenta acts as the foetus’ lungs, clearing the blood of carbon dioxide (COz) and

replacing it with oxygen!?.

The blood leaving the placenta has an oxygen saturation level of 75-85%!!. The
oxygenated blood flows to the foetus through the umbilical cord into the foetal venous
system, most of it bypassing the liver through the ductus venosus that leads the blood
directly into the inferior vena cava and the right atrium of the heart. There, high
resistance in the lung vessels ensures a supra-systemic pulmonary blood pressure, so
that the blood preferentially flows directly into the systemic circulation and to the aorta
through the foramen ovale between the atria and through the ductus arteriosus between
the pulmonary artery and the aorta'?. This way, the major part of the freshly oxygenated
blood is canalized directly from the placenta to the aorta, to prioritize oxygenation of

the foetal brain'’. Finally, blood flows from the aorta to the iliac arteries to the
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umbilical arteries and then to back to the placenta, for re-oxygenation. At birth, the
newborn's respiration and circulation system must undergo two critical changes: The
liquid filled lungs must be aerated, and the bloodstream must be canalized through the

lung vessels'*.
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Figure 2 Illustration of the foetal circulation. Reproduced with permission from: Fernandes CJ. Physiologic
transition from intrauterine to extra uterine life. In: UpToDate, Post TW (Ed), UpToDate, Waltham, MA.

(Accessed on 27.04.2022.) Copyright © 2020 UpToDate, Inc. For more information visit www.uptodate.com.
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1.3.2 The aereation of the liquid filled lungs

The aeration of liquid filled lungs is a result of several processes'®. During birth, uterine
contractions mechanically squeeze some of the liquid from the lungs through the nose

and mouth of the newborn!®!”

. Then, when the newborn initiates breathing after birth,
it generates a negative intrathoracic pressure though expanding the chest wall. As a
result, a pressure gradient arises between the interstitial tissue and the alveolar lumen,
transferring the remaining liquid from the alveoli into the surrounding interstitial tissue
space. The same pressure gradient propagates to the upper airways, allowing air to flow
into the alveoli. This mechanism has been nicely demonstrated through X-ray imaging
of lung recruitment in spontaneously breathing newborn rabbits, showing a stepwise
increase in functional respiratory capacity (FRC) with each breath, and a near complete
liquid clearance within the first five breaths after birth!®!"°. In addition to the
mechanical mechanisms described above, there is an increase in adrenaline and
vasopressin levels during labour, which increases Na uptake across the alveolar wall
through epithelial Na channels?*-22, This builds up an osmotic gradient, which aids the

liquid clearance from the alveoli. Although the relative importance of these different

mechanisms is debated, the overall effect is certain: the lunges are now aerated.

Subsequently, the liquid accumulated within the lungs interstitial tissue compartment
must be cleared away through blood- and lymphatic vessels. During this phase, which
normally lasts from minutes to hours, there is a constant re-entering and re-absorption
of liquid between the alveoli and the interstitial tissue compartment'®!°. Depending on
the amount of liquid in the newborn lungs at birth, the newborn may need to
compensate by an increased work of breathing, resulting in tachypnea, nasal flaring,
chest retractions, or grunting. This state of respiratory distress may last until the

transition phase is fully completed.

1.3.3 Transition to newborn circulation

At onset of breathing, the expansion of the lung and lung vessels, and the oxygen-
mediated relaxation of the pulmonary arterioles, leads to a marked decline in the
pulmonary vascular resistance?®. As a result, the pulmonary blood pressure decreases,

inverting the pulmonary- and systemic pressure gradient®!'*. The blood will now
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preferentially flow from the right heart through the lungs. The clamping of the
umbilical cord further increases the systemic blood pressure by reducing the peripheral
capillary bed. The reversed blood flow allows the patent foramen ovale to functionally
close. The ductus arteriosus will eventually close as a response to the natural rise in

blood oxygen.

1.3.4 Delayed cord clamping

Insight in the transition from foetal to newborn circulation allows an important
understanding into the benefit of delayed cord clamping (i.e. delaying cord clamping
for at least one minute from birth). Delayed cord clamping allows the newborn to
initiate breathing, and thus increase its pulmonary blood flow prior to cord clamping.
When the cord is then finally clamped, the left heart will be less dependent on the
venous return from the placenta, ensuring a more stable systemic (and cerebral)
circulation and oxygenation®*28, It is for this reason that delayed cord clamping is now

recommended as standard of care.

1.3.5 The first cry

It is thus clear that the key to successful transition is the aeriation of the lungs through
onset of breathing. In utero, the foetus has breathing moments?’, however these are
discontinuous and only involve small volumes. The factors inducing continuous and
deep respiration at birth are not well understood. Sensory stimulation and drop in

30,31 In

temperature during labour and delivery probably plays an important role
addition, a transient hypercapnia stimulates central chemoreceptors®’.. Recent
experiments also suggest that placental perfusion inhibits the foetal central respiratory
system and that this effect may be mediated by a respiratory inhibitor produced in the
placenta®!-*}. Thus, withdrawal of a respiratory inhibitor from the circulation may play

an important role in maintaining breathing in the newborn after sensory stimulation

wanes and hypercapnia resolves.
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1.3.6 Apgar score

In 1952, the anaesthesiologist Virginia Apgar proposed a standardized method of
evaluating newborns after birth**. Even today, the method remains the accepted method
of assessment. It scores the newborn according to five criteria: Skin colour, Pulse,
Grimace Response or Reflex Irritability in Response to Stimulation, Muscle Tone, and

Respiratory effort.

Table 1 — The Apgar scoring system

Score 0 points 1 point 2 points
Appearance Pink body; .
Blue; Pal Pink

(Skin colour) ue; Fale Blue extremities i
Pulse

Al <1 >1
(Heart rate) bsent 00 00
Grimace response Flo Minimal response Prompt response
(Reflex irritability) PPy to Stimulation to stimulation
Activity Flexed arms .

Fl Act
(Muscle Tone) oppy and legs ctive

. . Slow, irregular

Respiration Apnoeic breathing Strong cry

The Apgar scores are assessed at one, five and ten minutes of age. It allows for rapid
evaluation and can be used without additional equipment. Although lower Apgar scores

are associated with adverse outcome®>-’

, it is imprecise due to a high grade of
subjectivity and high inter-observer variability**4°. A retrospective review found that
47% of newborns with Apgar of zero at ten minutes survived, of which 24% without
abnormalities on magnetic resonance imaging (MRI) of the brain*'. The Apgar score

should therefore not be used alone as an outcome measure.

1.4 Perinatal asphyxia

Perinatal asphyxia is a condition where interrupted blood flow and/or gas-exchange in
the newborn before, during or immediately after birth leads to severe and/or persistent

hypoxemia, hypercapnia and acidemia.
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During birth, the contractions briefly interrupt the venous blood flow though the
umbilical cord and induce deceleration of the heart rate*>*. The resulting hypoxia,
hypercapnia and acidosis is normally brief, quickly resolved after onset of breathing,

and is generally tolerated by the foetus*43.

Asphyxia occurs when this hypoxemia, hypercapnia and acidemia are severe and/or
prolonged due to birth complications, or in case of an insufficient respiratory effort of
the newborn. If adequate ventilation is not rapidly established, a cycle of worsening
hypoxia and acidemia may ensue, leading to brain injury, multiorgan injury and

eventually death.

1.4.1 Primary and secondary apnea

The immediate physiological response to perinatal hypoxia in a newborn is believed to

follow a defined sequence as described by Geoffrey Dawes in 19684, and shown in

figure 3.
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Figure 3. Illustration of the physiological changes associated with primary and secondary apnoea in the newborn.

Bpm = beats per minute; MAP = mean arterial pressure. Adapted from G Dawes 1968
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Initially, the hypoxia causes a temporary increased breathing effort, followed by a
decrease in the heart rate, before the newborn enters a state of primary apnoea. In this
state, newborns will normally respond to tactile stimulation and/or brief respiratory
support. However, if hypoxia persists, the newborn will develop irregular deep gasping
respiration, followed by a further decline in heart rate, a loss of neuromuscular tone,
and a fall in blood pressure. Eventually a state of secondary apnoea occurs, which, if
untreated, eventually leads to death. Newborns in the state of secondary apnoea will no
longer respond to stimulation alone and are in urgent need of respiratory and/or

circulatory support.

As primary and secondary apnoea can be hard to distinguish clinically in a newborn
child, apnoeic newborns that do not rapidly respond to stimulation should receive

respiratory support without further delay.

1.4.2 Severe birth asphyxia

Severe birth asphyxia may result in brain damage with permanent neurodevelopmental
sequela (hypoxic ischemic encephalopathy) or death. The traditional diagnostic criteria
for severe birth asphyxia include an Apgar score <7 at five minutes of age, an umbilical
artery pH <7.00, and a base deficit >12 mmol/l >-32, The severity of the brain damage
is traditionally associated with the severity of acidosis>***. However, it is unclear
whether it is the cell poisoning due to secondary acidosis, or a reduced availability of
cell energy caused by hypoxia, that causes the brain damage. Indeed, only a small
percentage of newborns admitted to the neonatal intensive care units with severe
acidosis had moderate to severe encephalopathy**>%, Furthermore, even with severe

acidosis, there is a high chance of survival without sequelae*>4%>7.

There are two causes of acidosis: Hypercapnia (i.e. respiratory acidosis) or the lactic
acidosis due to tissue hypoxia (i.e. metabolic acidosis). Normally, both causes are
simultaneously present during birth asphyxia. However, it seems that the metabolic
acidosis involves a greater risk to the newborn than respiratory acidosis. The risk of
death or brain injury will increase as metabolic acidosis increases; moderate or severe
complications occur in 10% of newborns with an umbilical artery base deficit of 12-16

mmol/l, and 40% with a base deficit of >16 mmol/I**. The respiratory acidosis
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however implies a lower risk for brain injury, and moderate hypercapnia may even

have protective effects®.

Ultimately, both hypoxia and acidosis need to be swiftly resolved, and immediate
support of the compromised newborn after birth is crucial. The risk of death and/or
prolonged admission, in a low-resource setting, increased 16% for every 30-second
delay in initiating facemask ventilation*. Thus, newborns who do not initiate breathing

on their own should receive PPV without delay.

1.5 Newborn resuscitation

1.5.1 Historical background

“And when Elisha came into the house, behold, the child was dead, and laid upon his
bed... he went up, and lay upon the child, and put his mouth upon his mouth ... and the

b

flesh of the child waxed warm... and the child opened his eyes.’

(Kings 4:34-35, approximately 800 BC)

Written sources of resuscitation can be found as far back as in the Old Testament. Still,
it would take until the 20" century before the idea of cardiopulmonary resuscitation
would be generally recognized by the wider medical community. Throughout history,
aiding stillborn newborns with mouth-to-mouth resuscitation has presumably been
passed on as a secret of midwives, considered by physicians of their time as inelegant
and undignified, and beneath their station. Several other techniques of stimulating
breathing of the newborn child have been practiced (figure 4), until the physicians Peter
Safar and James Elam convinced the world of the effectiveness of mouth-to-mouth
resuscitation in the late 1950s%°. The first efforts at testing this technique were

performed on dogs; soon the technique was suggested to assist breathing in children®.
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Figure 4 Dr Bernhard Schultze demonstrates neonatal resuscitation in 18716,

1.5.2 Towards evidence based resuscitation guidelines

During the second half of the 20" century, resuscitation councils have emerged around
the world, establishing resuscitation guidelines. The first neonatal resuscitation
program was established in 1987 in New Orleans, US. As there was generally little
scientific data on newborn resuscitation and translational medicine, guidelines were
largely based on expert opinion, or adapted from adult resuscitation. This has however
changed over the last decades. In 1992, the International Liaison Committee on
Resuscitation (ILCOR) was formed as a collaboration of representatives from
resuscitation councils around the world. Aiming to promote international
implementation of evidence-based resuscitation, they regularly review scientific
literature on different aspects of resuscitation, and publish Consensus on Science
Treatment Recommendations (CoSTR). The CoSTR are used as a basis for developing

specific resuscitation guidelines appropriate for implementation in respective

33



countries. Furthermore, it is designed to provide a summary of “gaps in knowledge” in
the different aspects of resuscitation, set to stimulate investigators to pursue targeted

studies in order to help close the gaps.

1.5.3 Current guidelines in newborn resuscitation

The different regional and national resuscitation algorithms around the world are with
few exceptions identical on the central elements. They stress the aeration of the lungs

and ensuring gas exchange to reverse hypoxia and acidosis.

The Norwegian Resuscitation Council (Norsk ResuscitasjonsRdd, NRR)®? bases their
newborn resuscitation algorithm on the ILCOR® recommendations as well as
guidelines from the European Resuscitation Council (ERC)%, the Australian and New
Zeeland Committee on Resuscitation (ANZCOR)®, and the American Heart
Association (AHA)®. The 2015 Norwegian guideline for neonatal resuscitation (figure
5) is summarized as follows: newborns not breathing sufficiently after birth, and not
responding to drying and tactile stimulation, are to be brought to a resuscitation bay
without further delay. Within 60 seconds after birth, trained healthcare workers should
assess the heart rate and initiate positive pressure ventilation (PPV) if the newborn is
apnoeic or if the heartrate is below 100 beats per minute (bpm). Suction of the airways
prior to ventilation is not advised, as it may delay the onset of PPV. If heart rate remains
below 100 bpm after one minute of PPV, healthcare workers should ensure delivering
of adequate PPV, either through securing free airways (i.e. reposition, suction or
endotracheal intubation), or increasing inflation pressures. If the bradycardia is severe,
i.e. heart-rate remains below 60 bpm, full cardiopulmonary resuscitation must be
initiated, including chest compressions, intravenous adrenaline, and/or fluid volume

expansion.

1.5.4 Guideline adherence

Resuscitation guidelines prioritize interventions and define specific time intervals for
the crucial steps of newborn resuscitation. While these guidelines may seem

implementable in theory, several studies describe deviations from guidelines during
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