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‘‘We cannot accept circumstances in which asphyxial 

damage occurs after delivery as a result of inadequate 

facilities, staffing levels, or training’’ AD Milner 1991 
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Definitions 
Acidosis: - a process resulting in increased hydrogen ion concentration in the 
body, through changes in carbon dioxide (respiratory) or bicarbonate 
(metabolic) levels 

Antepartum: - during pregnancy before the onset of labour 

Apnoea (US apnea): - not breathing 

Birth asphyxia: - failure to initiate or maintain regular breathing at birth 

Bradycardia: -an abnormally slow heart rate; for neonates this refers to a heart 
rate < 100/minute 

Colorimetric: - describes an analytic technique using colour changes to 
determine the concentration of a substance 

Dystocia: - obstructed labour 

Encephalopathy: - a disorder of brain structure or function caused by disease, 
injury, drugs or chemicals. Neonatal encephalopathy commonly results from 
hypoxic injury 

Endotracheal tube: - a plastic tube placed in the trachea through which 
ventilation of the lungs may be provided 

Fetal: - pertaining to the unborn baby 

Functional residual capacity: - the volume of gas remaining in the lungs after 
a normal passive exhalation 

Haptic feedback: - the use of touch to communicate with users 

Hypercapnia: - an abnormally high partial pressure of carbon dioxide in the 
blood  

Hypoxic: - having too little oxygen 
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Iatrogenic: - relating to injury or illness caused by medical examination or 
treatment 

Intrapartum: - in the course of labour and delivery 

Laryngeal mask: - an alternative airway to the endotracheal tube, introduced 
via the mouth with a cuff providing a non-leak-free seal around the larynx 

Minute ventilation: - the amount of air entering the lungs per minute, the 
product of ventilation frequency and tidal volume 

MRSOPA: - mnemonic of the corrective steps to be performed in the case of 
ineffective neonatal ventilation: - M- mask (tightly applied to the face); R- 
reposition airway ( to achieve patency); S- suction (remove secretions); O- open 
mouth (assisting airway patency); P- pressure (increase inflating pressure); A- 
alternative airway (endotracheal tube or laryngeal mask) 

Neonatal: - a baby in the first 28 days of life 

Preload: - the amount of blood in the heart ventricles immediately prior to 
being pumped out, dependent on the volume of blood being returned to the heart 
by the venous system 

Pulmonary: - pertaining to the blood circulation through the lungs 

Pulse oximetry: - technology in a probe (applied around the hand in neonates, 
otherwise as a finger probe) which measures blood oxygen saturation by the 
absorption of light of different wavelengths by haemoglobin. 

Systemic: - pertaining to the blood circulation of the body excluding the lungs  

Term newborn: - a baby born at or after 37 weeks of gestation 

Ventilation fraction: - percentage proportion of a given time period (typically 
60 seconds) in which ventilation is given continuously without pauses. 
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Abstract 

Background: Up to 10% of newborn babies need help to establish 
regular breathing at birth. Those who do breathe, and who are not 
fortunate enough to receive prompt and effective help, will die. The 
burden of neonatal mortality is highest in sub-Saharan Africa and 
Central-Southern Asia. However, the burden of morbidity in those babies 
who survive is proportionately a greater problem in middle-income, but 
also in high-income, countries. Many non-breathing babies respond to 
stimulation. For those who need more help, positive pressure ventilation 
of the lungs via a facemask is by far the most important intervention. 
Training midwives in low-resource settings using simulation training has 
led to better simulated performance, improved parameters of real-life 
facemask ventilation, and reduced early neonatal mortality. In high-
resource settings like Norway, where paediatricians perform most 
neonatal facemask ventilation, infrequent simulation training does not 
replace the lack of clinical experience for midwives and other medical 
professionals working with women giving birth. It is not known if more 
frequent simulation training for healthcare providers (HCPs) in a high-
resource setting can train and maintain ventilation skills, nor whether it 
has the potential to change practice in the clinical setting, or impact 
neonatal outcomes. 

Aim: The aim of this thesis was to study methods of using simulation 
training to bridge the clinical experience gap in ventilation of non-
breathing babies at birth in a high-resource setting. The specific aims of 
the individual papers were to: - 1) determine the realism of simulated 
ventilation using the high-fidelity manikin NeoNatalie Live; 2) evaluate 
the effects of a low-dose, high frequency simulation training (LDHFST) 
programme using NeoNatalie Live on the ventilation competence of 
multidisciplinary HCPs; and 3) determine the optimal simulation 
training load to maintain ventilation competence in these HCPs.  
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Method: A prospective observational study of HCPs from six different 
professions involved in neonatal resuscitation, with a randomised 
controlled study arm. Following baseline testing (T1) of simulated 
ventilation performance, participants attended an educational session, 
after which their ventilation performance was re-tested (T2). Participants 
were randomised to one of two training-frequency groups and asked to 
train independently for nine months, receiving targeted feedback from 
the simulator to guide their training. These groups were a) intervention 
group aiming for two training sessions per month and b) control group 
permitted to choose their own training frequency. After nine months of 
independent training, participants’ simulated ventilation performance 
was re-tested a final time (T3). Parallel to the simulation study, all real 
neonatal ventilation was recorded using a respiratory function monitor 
(RFM). 

To evaluate the realism of the simulated ventilation experience (study I, 
observational), we used panel data regression analysis of RFM data. We 
compared ventilation data obtained from the manikin when ventilated by 
paediatricians, with data obtained from real resuscitations performed by 
the same group of HCPs. The educational benefit of the simulation 
training programme (study II, randomised controlled study) was assessed 
by Kruskal-Wallis testing to compare T3 scores for the two training 
frequency groups. The same test was used to analyse the effect of the 
ventilation performance test scores, T1, 2 and 3, for the different 
professions. Finally, we used generalized linear mixed effects models to 
correlate ventilation competence scores, obtained by participants during 
their nine months of independent training, with training load (frequency 
and dose) (study III, observational). Estimated marginal probabilities of 
successful outcomes identified training loads predictive of high scores. 

Results: Study I - We found similarities in three important ventilatory 
parameters and their inter-relationships, and the same frequency of upper 
airway obstruction, in the manikin and neonates, supporting the fidelity 
of the simulated ventilation experience. Study II - 187 HCPs from 
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paediatric, obstetric and anaesthesia services completed the simulation 
study. Those randomised to the intervention group trained on average 8 
sessions in 9 months, while those in the control group trained 2.8 
sessions. There was no difference in T3 scores between these two groups. 
Subgroup analysis comparing T3 scores for those performing no sessions 
versus those performing 9 or more sessions in 9 months showed a 
significant difference in favour of training. Paediatricians scored 
significantly higher at T1 than the other five professions. For the 
paediatricans, there was no difference in scores at T1, 2 or 3. Overall, 
scores improved significantly from T1 to T2 and to T3. At T3 there was 
no difference in the scores for all six professions. Study III - During the 
9 months of independent training, 4348 simulation cases were 
performed. Training on average 0.6 sessions per month was predictive 
of high ventilation competence scores for all 187 participants. 

Conclusion: NeoNatalie Live effectively simulates conditions 
encountered during real-life neonatal ventilation. Ventilation 
competence can be trained through simulation, and brief, frequent 
sessions maintain competence despite a lack of on-going clinical 
opportunities to practice this skill. For this multidisciplinary group of 
healthcare providers, training on average once every other month 
maintains competence. 
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1 Introduction 

1.1 Background 

Every single day, several hundreds of thousands of babies are born 
around the world [1]. That day, these babies encounter the most 
dangerous event of their lives up until the day they die. For too many, 
those two days are one and the same. The neonatal transition at birth, 
adapting from intra- to extrauterine life, is one of the most remarkable 
feats of human physiology. Those newborns failing to make this 
transition need urgent help. The humanitarian and economic 
consequences of failing to provide this help cannot be overstated [2, 3]. 

This thesis focuses on training healthcare providers (HCPs) in a high-
resource setting to provide that crucial help to newborns in need in a 
timely and effective manner. It builds upon vital work performed with 
the same goal in a low-resource setting, where the neonatal mortality 
burden is high [4]. Through this work, I hope to convince readers that 
while we cannot produce the same visible statistical improvements in 
neonatal outcome that Mduma [4] and many others working in Africa 
and Asia have demonstrated, the benefits in Norway are nonetheless both 
real and tangible. I would like for this potential for improved newborn 
care in a country with one of the lowest neonatal mortality rates (NMR) 
in the world to serve as inspiration for other high-resource facilities who 
may be resting on the laurels of an NMR just a fraction of that of the 
world’s poorest countries.  

1.2 The burden of neonatal mortality and morbidity 

Globally in 2019, 2.44 million newborns died within 28 days of birth, 
the definition of neonatal mortality [5]. This is a substantial reduction 
since the introduction of Millennium Development Goal 4- Reduce child 
mortality, with the NMR falling from 33 to 19 deaths per 1000 live births 
between 2000 and 2015 [5].  However, in 2015, one million babies died 
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on their day of birth, and the United Nations highlighted that focus on 
newborns was critical in accelerating progress in child survival [5]. The 
World Health Organization (WHO) and United Nation’s (UN) “Every 
Newborn Action Plan” aims to end preventable newborn deaths and 
reduce the global NMR to no higher than12 per 1000 live births by 2030 
[6]. One of the action plans to achieve this is to ensure that a skilled 
health worker is present at every birth. 

The majority of neonatal deaths worldwide are caused by preterm birth 
complications (35%), complications during labour and delivery (24%) 
and sepsis (23%) [6]. The burden is highest in sub-Saharan Africa (42% 
neonatal deaths) and Central-Southern Asia (37% neonatal deaths). 
Figure 1 shows the global rates of neonatal mortality in 2018 with 
reference to the Every Newborn Action Plan goal of 12 per 1000 live 
births by 2030. In Norway, the NMR for 2018 was 1.4 [7]. 
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Figure 1- Disparities in global rates of newborn mortality in 2018, United Nations, Every 
Newborn Action Plan, ref. 6. The dotted blue horizontal line indicates the Every Newborn Action 
Plan (ENAP)/Sustainable Development Goal (SDG) target of ≤ 12 per 1000 live births   

Many neonatal deaths could be avoided with simple, cost-effective and 
high-impact interventions [8, 9]. However, neonatal mortality figures do 
not convey the burden of morbidity. 1.3 million newborns survive each 
year with major disabilities, and one million with long-term disability, 
such as learning and behavior difficulties. Most of this disability is 
preventable [10]. While the NMR is substantially lower in high-resource 
countries like Norway, long-term impairment among survivors remains 
an important issue [11]. Even between and within high-resource 
countries, the risk of death and disability varies [12]. Figure 2 shows 
natural log of observed versus predicted (obtained from a regression 
model accounting for quality of definition of neonatal encephalopathy 
(NE), NE severity, and population selection bias) incidence of NE for 
global studies reporting NE data. 
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Figure 2 Observed vs predicted natural log incidence of neonatal encephalopathy (NE) in 
countries reporting NE data, Lee et al, ref.12 

From figure 2 we can see the wide variation in reported incidences of NE 
in studies from North-West Europe and the USA, all with NMR < 5. This 
disparity in neonatal morbidity between high-income countries may be 
at risk of worsening in the wake of a global pandemic and war in Europe- 
factors known to worsen neonatal mortality figures in the most deprived 
areas of the world [10, 13]. All the more reason to redouble our efforts 
to provide the best healthcare in secondary prevention of intrapartum 
hypoxic events in high-resource countries. 

1.3 Newborn transition-normal and abnormal 

The physiological transition from intrauterine life, with fluid-filled lungs 
and the placenta as the organ of gas exchange, to extrauterine life with 
aerated lungs as the organ of gas exchange, is nothing short of 
remarkable. 

1.3.1 The fetal circulation 

Figure 3 shows a schematic representation of the fetal circulation [14]. 
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Figure 3-The fetal circulation. Red indicates blood with a high O2 saturation and blue indicates 
blood with a low O2 saturation. SVR-systemic vascular resistance; DV-ductus venosus; FO-
foramen ovale; PA- pulmonary artery; DA- ductus arteriosus; PVR- pulmonary vascular 
resistance. From van Vonderan et al. ref. 14 

Oxygenated blood enters the fetal circulation via the placenta into the 
inferior vena cava. It is transmitted via the ductus venosus to the right 
atrium where oxygenated blood is preferentially passed through the 
foramen ovale to the left heart (2/3) and transmitted further via the aorta 
to supply the heart, brain and upper body [14].  Venous return from the 
superior and inferior venae cavae mixes with the remainder of blood in 
the right atrium and is pumped out of the dominant right ventricle to the 
pulmonary artery. Due to high pulmonary vascular resistance, very little 
blood passes through the fluid-filled lungs and flows instead to the 
descending aorta via the ductus arteriosus, supplying the lower body 
before being returned to the placenta. 

Figure 4 shows a schematic diagram of the neonatal circulation after 
birth [14]. 
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Figure 4 Neonatal circulation after birth. Red indicates blood with a high O2 saturation and blue 
indicates blood with a low O2. Saturation. FO- foramen ovale; PA- pulmonary artery; DA ductus 
arteriosus; SVR- systemic vascular resistance; PVR- pulmonary vascular resistance. From van 
Vonderan et al. ref.14 

After birth, umbilical clamping results in the loss of 30–50% of total 
venous return along with increased systemic vascular resistance. 
Pulmonary resistance decreases with aeration of the lungs, as oxygen 
stimulates vasodilatation, causing increased blood flow through the 
pulmonary artery. Blood flow through the ductus arteriosus and foramen 
ovale becomes bidirectional. Up to 50% of the pulmonary blood flow 
arises from the ductus arteriosus via a left-to-right shunt [14]. 

1.3.2 The respiratory transition 

The fetal to neonatal transition at birth starts when the newborn takes the 
first breaths. During the initial breaths, lung liquid is cleared and air 
remains in the lung at the end of expiration, providing a functional 
residual capacity (FRC) [15]. Hooper et al. propose that this may occur 
in three phases, suggesting strategies for ventilatory support in non-
breathing neonates; firstly, liquid clearance principally by the movement 
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of liquid through the airways and across the distal airway wall; secondly, 
liquid leaving the airways temporarily accumulates within the interstitial 
space, increasing interstitial tissue pressures and the possibility of liquid 
re-entry into the airways, thereby compromising gas exchange; and 
thirdly, stable gas exchange when the liquid has been cleared from the 
interstitial space [16]. 

Although a variety of mechanisms promote lung-liquid clearance ante- 
and intrapartum, liquid still fills the airways after birth until the newborn 
takes its first breath [17]. Should the neonate fail to initiate spontaneous 
breathing, e.g. due to birth asphyxia, mask ventilation will be required to 
replicate the mechanics of lung liquid clearance and establishing FRC 
for gas exchange. Healthy term infants at birth may take up to 30 seconds 
before taking the first breath [18].  The first breaths tend to be deeper and 
longer than subsequent breaths and are characterised by a short deep 
inspiration followed by a prolonged expiratory phase, and commonly, 
expiratory pauses or “brakes”. This can result in high positive airway 
pressure. This complex pattern is not easy to replicate with mask 
ventilation, and the required inflating pressures may be difficult to 
achieve with recommended settings for ventilation devices [15], making 
resuscitation of the newborn with completely absent respiratory effort 
challenging.  

1.3.3 The cardiovascular transition 

Soon after birth, with lung aeration and vastly reduced pulmonary 
vascular resistance, along with increased systemic vascular resistance 
after cord clamping, the circulation changes from parallel to series, 
where the right ventricular output equals the left ventricular output. The 
cardiac output nearly doubles after birth, paralleling the rise in oxygen 
consumption [17]. Cardiovascular stability in this situation is maintained 
when the newborn breathes before cord clamping, with pulmonary 
vasodilatation and filling of the resultant intravascular space occurring 
before the significant reduction in preload when the cord is clamped [16, 
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19, 20]. The increased pulmonary blood flow results in increased venous 
return to the left heart, and leads to increased left ventricular pressure, 
cardiac output and systemic blood pressure. [19]. 

1.3.4 Perinatal asphyxia 

The term “asphyxia” derives from the Greek “asphuxía”, meaning 
“stopping of the pulse”. However, in common medical usage, the term 
“asphyxia” implies a lack of gas exchange that results in simultaneous 
hypoxia and hypercapnia, leading to a mixed metabolic and respiratory 
acidosis. In 2012, WHO defined birth asphyxia as “failing to initiate or 
maintain regular breathing at birth” [21]. The use of this clinical 
definition has been challenged [12], as the name implies that the hypoxic 
insult causing respiratory depression has occurred intrapartum, which 
may not be known, particularly in low-resource settings. However 
intrapartum events are a significant cause of birth asphyxia on a global 
basis [22], and this easy-to understand definition remains in common 
usage.   

Impaired gas exchange can occur before, during, or after delivery. It may 
occur entirely during fetal life, but may also occur during labour and 
delivery (birth asphyxia), leading to abnormal transition. Asphyxia may 
also develop in the immediate neonatal period if an infant cannot support 
his or her own gas exchange without the placenta. During fetal life, 
labour and delivery, interruption of the placental blood flow is the most 
common final pathway leading to asphyxia [23]. 
The consequences of the biochemical disturbances resulting from 
asphyxia are progressive cellular dysfunction and death, leading to organ 
dysfunction and ultimately, death of the organism, if the process is not 
reversed. The fetus responds to asphyxia by redistributing circulation 
preferentially to the heart, adrenal glands and brain, to maintain 
haemodynamic stability and stave off brain damage (encephalopathy). 
Our knowledge of the response of the neonate to asphyxia is based on 
the original work performed by Dawes on monkeys in whom the 
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umbilical cord was tied and a warm bag of saline placed to prevent gas 
exchange via the lungs [24]. Figure 5, adapted from Dawes, visualises 
the respiratory and cardiovascular response to asphyxia and 
resuscitation. 
 

 

 

 

 

 

 

 

 

 

  

Figure 5 Respiratory and haemodynamic response to asphyxia and resuscitation, adapted from 
Dawes 1963, ref. 24 

Within 30 seconds of the start of asphyxia, a brief period of rapid 
respiratory effort occurs. This culminates in primary apnoea and 
bradycardia. If the asphyxial process is interrupted within 30 to 90 
seconds, the heart rate invariably responds to basic interventions 
including drying, stimulation and/or bag mask ventilation. If the 
asphyxial process continues, gasping occurs. Should the asphyxial 
process is interrupted at this point, spontaneous regular respirations may 
still be induced via prompt physical stimulation. Without intervention, 
gasping gradually becomes weaker until a terminal “last gasp” occurs. 
This secondary apnoea, with a profound bradycardia, is followed by 
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death unless resuscitation occurs [24, 25]. Delay in commencing 
effective ventilation progressively delays the onset of gasping and the 
subsequent establishment of regular respiratory effort, until such time 
that the damage caused by asphyxia precludes effective resuscitation. 

1.4 Neonatal resuscitation 

In large part, neonatal resuscitation is performed as secondary prevention 
in cases of birth asphyxia. It cannot undo or reverse the intrauterine 
pathology resulting in placental circulatory dysfunction, but can prevent 
or hinder further damage from occurring by re-establishing oxygenation 
and ensuring adequate neonatal respiratory efforts, depending upon the 
point at which effective gas exchange is restored. 

Neonatal resuscitation is defined as the set of interventions at the time of 
birth to support the establishment of breathing and circulation [26]. 
Between 5-10% of all newborns require assistance to establish breathing 
at birth, and simple warming, drying, stimulation and resuscitation 
reduce neonatal mortality and morbidity [4].   

Neonatal resuscitation in some form has been described since biblical 
times [27]. Many of the interventions described over the past 2000 years 
or so, for example, rubbing the body with spirits, swinging the infant 
upside-down and dilating the rectum, while lacking rigorous scientific 
evaluation, have the advantage of providing considerable stimulation to 
the newborn, a technique which remains, today, one of the central initial 
steps in the management of every newborn [28]. However, the need to 
provide assisted ventilation was also recognised, with a description of 
mouth-to-mouth ventilation of the newborn in 1472 and early 
descriptions of the use of endotracheal tubes in neonates in the 1750s 
[28]. 

Modern neonatal resuscitation can be traced back to the 1970s, following 
the groundbreaking work of Elam and colleagues in the 1950s, 
convincing the world of the effectiveness of mouth-to-mouth ventilation, 
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and the emergence of formal cardiopulmonary resuscitation theory in the 
1960s [29, 30]. The availability of neonatal intensive care bloomed 
during the 1970s, providing on-going care for those babies resuscitated 
according to newly available guidelines [31]. Neonatal resuscitation 
guidelines have been subsequently produced and regularly updated by 
the major resuscitation councils. This work has been hampered by a 
paucity of high-level evidence to back up the majority of 
recommendations, a situation that had been appreciated many years 
before by Virginia Apgar, the mother of the universal scoring system 
used to objectively describe and document the condition of a baby at 
birth [32]. The International Liaison Committee on Resuscitation 
(ILCOR) was formed in 1992, with representatives from the major 
resuscitation councils around the world. ILCOR began to address the 
need for closer international collaboration on issues involving neonatal, 
paediatric, and adult cardiopulmonary resuscitation and emergency 
cardiovascular care [33]. Their aim was to promote evidence-based 
resuscitation. ILCOR regularly reviews the available evidence for, 
amongst many specific situations, neonatal resuscitation, and produces 
treatment recommendations (Consensus on Science with Treatment 
Recommendations- CoSTR) upon which the resuscitation councils base 
their guidelines [34]. 

Figure 6 shows the Norwegian Resuscitation Council’s (Norsk 
Resuscitasjonsråd- NRR) most recent algorithm for neonatal 
resuscitation [35]. NRR published updated guidelines in 2021, based on 
the previous NRR guidance from 2015 [36], with input from the 2020 
CoSTR recommendations [37], the 2021 European Resuscitation 
Council (ERC) guidelines [38] and the 2020 American Heart Association 
(AHA) guidelines [39]. The basic algorithm remains unchanged, with 
early identification of the newborn in need of stabilisation or 
resuscitation, maintaining body temperature and a patent upper airway, 
drying and stimulation, and assessment of heart rate and spontaneous 
respiratory efforts. Positive pressure ventilation (PPV) should be started 
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within 60 seconds of birth for those who are not breathing adequately 
and/or have a heart rate < 100 beats per minute. Effective PPV is best 
identified by a rapid rise in heart rate. Should this not occur, steps to 
ensure effective ventilation should be undertaken before consideration 
of more advanced resuscitation, including chest compressions, securing 
the airway and giving medications. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 6 2022 placard of Norwegian Resuscitation Council newborn stabilisation and 

resuscitation algorithm 
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The overwhelming majority of newborns delivered globally require 
simple stabilisation interventions or PPV to reverse the asphyxial process 
and enable spontaneous respiration [40]. Figure 7 depicts the need for 
stabilisation and resuscitation interventions globally. 

 
Figure 7 Global incidence of newborn stabilisation and resuscitation interventions, from Wall 

2009 ref. 40 

Non-breathing babies with primary apnoea will respond to simple 
stimulation alone, such as drying and rubbing. Basic resuscitation with a 
bag-and-mask is required for 3-6% of newborns, and is sufficient to 
resuscitate most neonates with secondary apnoea, as their bradycardia 
primarily results from hypoxemia. More advanced measures, including 
endotracheal intubation, chest compressions and medications are 
required in <1% of births [41, 42]. 

1.5 Neonatal ventilation at birth 

Mask ventilation of the non-breathing newborn is the cornerstone of 
neonatal resuscitation. Aeration of the fluid-filled lung initiates the 
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process of neonatal transition at birth [43]. For those newborns who do 
not respond to stabilisation by breathing adequately, the caregiver must 
try to replicate the mechanical process of providing sufficient 
transpulmonary pressure to drive lung fluid into the interstitial space, 
establish a FRC and facilitate pulmonary gas-exchange to reverse the 
asphyxial process. 

Studies of term neonates at birth identify that the initial spontaneous 
breaths generate large transpulmonary pressures, >30 cmH2O [14]. Once 
fluid had been driven out of the alveolar space and FRC established, the 
resistance to inflating the lungs further is considerably reduced, i.e. the 
compliance increases. Continuing to apply the same inflating pressure 
will now lead to increased volume delivery. It is thought that lung fluid 
may be cleared in the first three to five breaths [44], and that FRC may 
be established after 20 breaths [45]. Ventilatory mechanics at birth are 
thus not static and evolve over the course of the first minutes. This means 
that the requirements when providing PPV at birth change rapidly [16]. 
Great care is needed to ensure both effective mask ventilation and 
avoidance of iatrogenic harm, particularly from excessive tidal volumes 
(VT - the amount of air used to inflate the lungs with each ventilation), 
which may induce acute lung injury from over distention, and in animal 
models, has been shown to cause subsequent brain injury from a systemic 
inflammatory cascade [20]. 

Several methods of transmitting inflating pressure to the lungs exist. The 
most commonly used ventilatory device is the self-inflating bag (SIB). 
Figure 8 shows two forms of SIB used to provide PPV at birth. The 
traditional SIB comprises a 240ml silicone bag attached horizontally to 
the interface delivering the inflating pressure to the neonate (in this case 
a facemask). The newer Upright SIB (Laerdal Medical, Stavanger, 
Norway) has a larger silicone bag of 320ml volume, attached vertically 
to the facemask. In both cases, the bag is squeezed to generate pressure 
and gas flow through the mask. The pressures generated depend how the 
bag is squeezed and how tightly the mask is applied to the infant. 
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Inflating pressures can be increased by occluding the yellow pop-off 
valve, preventing the escape of gas flow via this route. The pop-off valve 
on both types of SIB is designed to open such that peak inflating pressure 
(PIP) is limited to 35cmH2O. Gas leakage around the facemask is 
common, and when large, may compromise effective PPV by preventing 
the generation of adequate inflating pressures [46]. There is some 
evidence that the Upright delivers, on average, higher VTs and is 
preferred by inexperienced operators [47].  

 

Figure 8 Two types of neonatal self-inflating bag (SIB) 

The SIB is the most common device used to provide PPV at birth by 
virtue of its simplicity, requiring no external gas supply to generate 
inflating pressure and gas flow. It is cheaper to produce and maintain 
than other devices, and is suitable for use in low-resource settings. It 
remains a standard piece of ventilation equipment globally due to many 
decades of use [48], and the ability of the operator to rapidly increase 

Standard SIB 

Upright SIB 

Pop-off valve 
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inflating pressure by occluding the pop-off valve [49]. Due to the rapid 
recoil of the bag, re-inflation happens quickly once the squeeze is 
released, and in comparison to flow-dependent devices, the SIB is 
relatively tolerant of larger mask leaks [50]. 

However, the most common criticism of the SIB is the lack of any 
monitoring of the ventilation provided, with the operator unaware of 
pressures applied and VTs achieved [51]. SIBs in general provide higher 
PIPs than flow-dependent devices [49, 52] and PIP generated may be 
higher than that intended, particularly with the Upright SIB [53]. 
Standard SIBs used in many countries lack a valve to generate positive 
end-expiratory pressure (PEEP), although it is possible to add in a PEEP 
valve on newer models. PEEP is believed to be beneficial in maintaining 
alveolar aeration on expiration, particularly prior to clearance of lung 
fluid from the interstitial space, when re-flooding with fluid may occur 
[43]. 

When a pressurised gas source is available, a flow-dependent device may 
be used to provide PPV in the delivery room. As such, these devices are 
not suitable for use in resource-limited settings. Two types of flow-
dependent device are recommended [54]. Of these, the T-piece 
resuscitator is most widely used as the first choice for neonatal PPV in 
high-resource settings [55]. Figure 9 shows a commonly used T-piece 
resuscitator, the NeoPuff™ (Fisher and Paykel, Auckland, New 
Zealand). In contrast to the SIB, there is no bag to squeeze to provide 
lung inflation. Instead, the operator must intermittently occlude the 
PEEP valve located at the distal end of the T-piece to direct gas flow 
through the facemask to the infant. Figure 10 shows a close-up of the 
PEEP valve on the T-piece. When uncovered, the PEEP valve allows 
sufficient gas flow to escape to maintain the desired end-expiratory 
pressure. By holding the mask applied to the infant’s face without 
providing PPV, continuous positive airway pressure (CPAP) is given. A 
manometer displays the pressure delivered. T-pieces deliver consistent 
pressures in line with the device’s settings [56], irrespective of operator 
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experience [57], and can limit PIP, thereby potentially avoiding 
dangerously large VTs. This has made them particularly valuable in 
avoiding iatrogenic harm when ventilating premature neonates [58]. 

 
Figure 9 Neopuff™ T-piece infant resuscitator. A- NeoPuff™ unit, B- pressurised gas source, C- 

gas mixer determining oxygen concentration, D- flowmeter regulating gas flow, E- plastic tubing 

introducing gas flow into NeoPuff™ unit, F-  proximal T-piece directing gas flow from unit to 

facemask, G- facemask at distal end of T-piece, H- manometer displaying pressures 
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Figure 10 Distal end of T-piece showing the blue PEEP valve with its opening which is occluded 
to cycle from PEEP to PIP in order to inflate the lungs. PEEP – positive end-expiratory pressure 
PIP- peak inflating pressure 

The flow inflating anaesthesia bag (FIB-figure 11) is less frequently 
used. This system also requires a pressurised gas source to create flow, 
but changing pressure from PEEP to PIP is performed by the operator 
squeezing the flow-inflating bag. It is more difficult to provide 
successful PPV with a FIB, particularly for inexperienced operators [59]. 
It also provides less stable PIP and PEEP than the T-piece resuscitator 
[60]. The main advantages of the FIB are the possibility to read the 
pressure delivered from a manometer and the ability of the operator to 
assess the lung compliance through the feel of the bag. 
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Figure 11 A flow-inflating bag with integral manometer 

While all three ventilation devices have their benefits and limitations, 
with respect to PPV in term neonates, no one device is clearly superior 
to any other [61].  The most important factor in choice of device is that 
the operator has been appropriately trained and is aware of the particular 
hazards and limitations. 

European and American guidelines suggest targets for ventilation of the 
non-breathing newborn. ERC recommend that if the newborn is apnoeic, 
gasping or not breathing effectively, aim to start PPV as soon as possible, 
ideally within 60 seconds of birth. Check for response to PPV by 
observing a rapidly increasing heart rate and chest rise. If there is a 
positive response, continue uninterrupted ventilation until the infant 
begins to breathe adequately and the heart rate is above 100/minute, 
aiming for about 30 breaths/minute. If there is no heart rate response and 
the chest is not moving with inflations, check if the equipment is working 
properly; recheck the head-position; check mask size, position and seal; 
consider inspection of the pharynx and suction under direct vision to 
remove obstructing foreign matter; consider a gradual increase in 
inflation pressure [38]. AHA recommends that most term newborns can 
be resuscitated using peak inflation pressures of 30 cm H2O, delivered 
without PEEP; occasionally, higher peak pressures are required. Further, 
the AHA states that it is reasonable to initiate PPV at a rate of 40 to 

manometer 

PEEP valve 

Tubing to pressurised 
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60/minute and that term and late preterm newborns have lower short-
term mortality when respiratory support during resuscitation is started 
with 21% oxygen (air) versus 100% oxygen [39]. 

Optimal VTs during PPV in the delivery room remain unclear, and, for 
the most part, are not monitored during neonatal resuscitation. As a 
result, both ERC and AHA make no specific recommendation for VTs 
during neonatal resuscitation [38, 39]. It is known that spontaneously 
breathing newborns increase their VTs over the first minutes of life, 
reaching on average 5 to 7ml/kg after two to three minutes [62, 63]. 
Animal studies indicate harm with larger VTs between 8 to 15ml/kg [64]. 
A clinical study has shown greater risk for brain injury when ventilating 
preterm infants with VTs >6ml/kg [65]. Traditional advice is to aim for 
4 to 8ml/kg when providing PPV, although this is data extrapolated from 
intubated infants [66]. Interestingly, a study of term newborns in 
Tanzania found that VTs of 9.3 ml/kg produced the largest increase in 
heart rate during PPV [67]. The ERC recommend a target of 4 to 8ml/kg 
in cases where a RFM is used during neonatal resuscitation [38]. 

1.6 Monitoring ventilation 

Adequate PPV is the key to successful neonatal resuscitation. However, 
current recommendations are to assess the effectiveness of PPV by 
looking for heart rate rise and chest wall movement [38, 39]. While a 
rapid rise in heart rate is the surest sign of effective PPV, indicating that 
FRC, increased pulmonary blood flow and gas exchange have been 
achieved [16], the absence of this sign only indicates the likely 
inadequacy of PPV. It will not provide clues as to the cause of this. 
Guidelines suggest remedial actions [38], which should be performed 
sequentially to try to identify the problem [68]. Assessment of chest wall 
movement is known to be difficult, and correlates poorly with the VT 
delivered [69, 70]. 

As adjuncts to clinical monitoring during stabilisation in the delivery 
room, the 2015 ILCOR recommendations advised the use of two 
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objective assessment tools: (1) pulse oximetry (with or without 
electrocardiogram - ECG) to regulate oxygen delivery and (2) exhaled 
carbon dioxide (CO2) detectors for confirmation of correct endotracheal 
tube placement [71]. However, there are other potential uses for CO2 
detection in the delivery room. Colorimetric CO₂ detection during mask 
PPV in neonatal resuscitation precedes a significant increase in heart rate 
and oxygen saturation and may be a useful, simple tool early in 
resuscitation [72]. Finer et al. have also reported on the use of 
colorimetric exhaled CO2 in identifying airway obstruction during mask 
ventilation, and have highlighted how commonly this occurs [73, 74]. 

This contrasts with evidence that optimal ventilation in the Neonatal 
Intensive Care Unit (NICU) should be guided by a continuous display of 
airway pressure, gas flow, VT and gas leak at the endotracheal tube [75]. 
This information, when combined with clinical evaluation and other 
clinical testing, has been described as allowing “informed judgment” 
regarding PPV in neonates [76]. The relative lack of monitoring options 
in the delivery room is both a reflection of the difficulties in acquiring 
the information and interpreting these data for decision-making in real-
time [77]. 

The RFM measures flow, pressure and CO2. Volumes are calculated by 
integrating flow signals. Leak is also a derived value, given as the 
fraction of inspired minus expired volume by inspired volume, expressed 
as a percentage [78]. In many cases, the monitor can be set to 
continuously display pressure, flow and VT waves. It can display 
numerical values for PIP, PEEP or CPAP, expired tidal volume (eVT), 
respiratory rate, expiratory minute ventilation and the leak between mask 
and face or around the endotracheal tube. Leak may be graphically 
presented as the difference in area under the flow curves above 
(inflation) and below (deflation) zero flow [79]. 

A RFM can aid training and resuscitations by adding objectivity to the 
assessment. RFMs can be used during manikin-based training to teach 



Introduction 

22 

correct mask hold and positioning techniques [79]. O’Currain found that 
addition of a RFM to teach newborn facemask ventilation on a manikin 
reduced facemask leak and increased delivered volume, with less 
variability in both [80]. In a similar clinical study, using a RFM was 
associated with significantly less mask leak, more mask adjustments, and 
a lower rate of excessive VT. However, when ventilating newborns, 
median eVT was similar in RFM visible and RFM masked groups [81]. 
This was confirmed in a multicentre randomised controlled trial of 
respiratory function monitoring during stabilisation of preterm infants at 
birth, with no differences between the RFM and no RFM groups in the 
percentage of inflations within a predefined eVT target range (MONitoR 
trial) [82]. RFM graphical output data has also been used to identify 
airway obstruction, where appropriate PIP delivery is associated with 
little or no flow or VT, indicating obstruction to gas flow [83, 84]. 
Figure 12 shows a RFM graphical output displaying airway obstruction. 
 

 
Figure 12 Pressure, volume and flow curves obtained from a respiratory function monitor during 
positive pressure ventilation of a term neonate. Between 25 and 30 seconds, pressure is 
maintained while volume and flow curves disappear, indicated no gas flow due to airway 
obstruction. 
 
However, a RFM only displays the waves and data to aid the HCP, and 
does not provide interpretation of the signals or a diagnosis [79]. Indeed, 
the issue of interpretation has been used as an argument against the 
widespread rollout of RFMs in the delivery room. Milner et al found that 
although many trainee doctors found the information provided by a RFM 
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whilst ventilating preterm newborns useful, with 58% making PIP 
adjustments to achieve the desired eVT, many of the adjustments made 
were not evidence-based [85]. Kuypers found in a follow-up study to the 
MONitoR trial that many trial participants considered the RFM to be 
helpful to guide neonatal resuscitation, but sufficient training was 
required to achieve the maximum benefit [86]. 
A 2010 Cochrane review found that there is insufficient evidence to 
determine the efficacy and safety of a RFM in addition to clinical 
assessment during PPV at neonatal resuscitation [87]. The 2015 ILCOR 
review on the use of RFMs to reduce morbidity, mortality and time to 
heart rate >100 states “Although a feasible technique, we suggest against 
the routine use of flow and volume monitoring for babies who receive 
PPV at birth, until more evidence becomes available (weak 
recommendation, low-quality evidence)” [61]. The use of respiratory 
function monitors in the delivery room remains rare, and is currently not 
recommended by ILCOR [34].  

1.7 From theory to practice: - neonatal resuscitation training 

With the growth of Neonatology as a subspecialty during the 1960s and 
70s, the need for specific training for clinicians in managing newborns 
during transition rapidly became a priority. The first specific course in 
neonatal resuscitation originated in the United States. The Neonatal 
Resuscitation Program (NRP) of the American Academy of Pediatrics 
has set a US national standard and international example for training in 
the resuscitation of the newborn. The course manual has been translated 
into 25 different languages and the course taught in 124 countries. The 
concept of a standardised approach to neonatal resuscitation, based on 
the best available evidence, was revolutionary in 1987 when the NRP 
was officially launched. The goal of the NRP is to have a trained provider 
in neonatal resuscitation at every delivery [33]. 

The educational structure and delivery of the course are based on 
evidence and educational theory. In 1987, the emphasis was on 
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assimilation of content knowledge and demonstration of the technical 
skills necessary for neonatal resuscitation. However, knowledge and 
technical skills alone are insufficient for the delivery of optimal care 
while working as a team under intense time pressure. Behavioral skills, 
such as effective communication, teamwork, and leadership, also are 
important. Successive revisions of the course have led to an increasing 
emphasis on the learner adopting responsibility for their own learning, 
with assessment of content knowledge completed on-line, freeing up 
valuable contact time with instructors for skills training. As simulation 
became more accepted in medical education, and evidence was 
accumulated suggesting its benefit, the NRP officially added simulation 
into its courses in 2010. Simulation- based medical education is now an 
integral part of NRP courses, both in teaching psychomotor skills, as well 
as the teamwork skills needed for effective newborn resuscitation [88]. 
Participation in NRP currently is recommended on a biennial basis as a 
single isolated training experience. Renewal of NRP provider status, or 
recertification, consists of several hours of training, taking the NRP 
written examination, technical skills stations, and a «megacode» in 
which trainees are required to demonstrate integration of knowledge and 
skills. The NRP Steering Committee recognises that even though a single 
training experience once every two years facilitates compliance with 
institutional policies, it often is not consistent with achieving optimal 
educational outcomes [33]. While the main emphasis of ILCOR reviews 
is on the clinical aspects of resuscitation, there are also questions 
concerned with how best to conduct training [88]. Recommendations 
from ILCOR published in 2015 included a review of the frequency of 
resuscitation training [61]. 

The two curriculum levels, NRP Essentials and NRP Advanced, provide 
individualised content based on the provider’s role, access to personnel, 
and resources during newborn resuscitation. Individual provider 
organisations decide who should be an Essentials provider or Advanced 
provider. The NRP Essentials curriculum (lessons 1-4) is for those 
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assigned responsibility for the newborn at birth when there are no 
apparent perinatal/neonatal risk factors and who will not participate in 
resuscitation beyond PPV. It includes skills training for facemask 
ventilation and laryngeal mask insertion. The NRP Advanced curriculum 
(lessons 1-11) is for those who attend births and are responsible for 
anticipated resuscitation of the newborn with known risk factors and for 
those who participate in newborn resuscitation beyond PPV, including 
alternative airway placement, chest compressions, vascular access and 
medication administration [89]. In addition to the traditional instructor-
led course, the 8th edition can also be delivered through Resuscitation 
Quality Improvement (RQI) for NRP, a new self-directed, simulation-
based option. RQI for NRP offers the NRP Essentials course and uses 
low-dose, high-frequency quarterly learning and skill sessions to verify 
competence in PPV performance on a neonatal simulator. The 
programme is available in hospitals that already use RQI solutions for 
life support education. 

In the UK, the first course incorporating neonatal resuscitation was the 
Advanced Paediatric Life Support Course (APLS), developed and 
piloted in 1992. While the course mainly focuses on teaching the skills 
and knowledge required to treat children with life-threatening illness or 
injury, in the early years of the course, treatment of newborns was 
covered in the first day focusing on resuscitation [90]. All content related 
to newborns has now been removed and is covered in separate courses. 

The UK Resuscitation Council administers the Neonatal Life Support 
Course (NLS), a one-day course exclusively covering neonatal 
resuscitation launched in 1999. Its mandate is to teach the knowledge 
and skills to manage the first 10-20 minutes of life for a newborn 
requiring assistance [90]. This course is thus appropriate for any 
practitioner involved in the care of a newborn. A specialised neonatal 
course available from 2014, the Advanced Resuscitation of the Newborn 
Infant course (ARNI), provided training for paediatricians and 
neonatologists who required highly specialised skills in the care of 
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neonates with life-threatening illness, including advanced airway 
management and chest drain insertion. Knowledge and skills for the 
management of the premature newborn and those with congenital 
anomalies are also a feature.  

ERC administers a neonatal resuscitation course, along the lines of the 
Neonatal Life Support Course of UK Resuscitation Council, and carries 
the same name. 

1.8 The theory of adult learning 

The Cambridge English dictionary describes learning as « the process of 
getting an understanding of something by studying it or by experience » 
[91]. There are a number of different, but overlapping, theories of adult 
learning. The Association for Medical Education in Europe (AMEE) 
published an overview of these, dividing the learning theories into six 
main categories: - 1) Instrumental learning, which includes experiential, 
behavioral and cognitive learning theories; 2) Humanistic theories which 
are learner-centred and promote individual development 3) 
Transformative learning theory, using critical reflection; 4) Social 
theories of learning which assume that learning and thinking are social 
activities; 5) Motivational models involving motivation and reflection; 
6) Reflective models in which reflection leads to action and then change 
[92]. 
Although any one single model likely does not explain all elements of 
adult learning, Kolb’s experiential learning has been the basis of many 
current medical pedagogical principles. His theory states that learning is 
a continuous process grounded in experience. Kolb’s emphasis on the 
process of learning as opposed to the behavioural outcomes distinguishes 
experiential learning from the idealist approaches of traditional 
education and the behavioural theories of learning. In this model, 
knowledge is continually created or recreated through experience, and is 
not an independent entity to be acquired or transmitted [93]. 
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Whichever learning model one subscribes to, cognitive load theory 
(CLT) is an important element to consider. CLT relates to the fact that 
working memory has a limited capacity and duration when dealing with 
novel information. When the capacity of the working memory is 
surpassed, learning is impaired. In contrast, working memory has no 
known limits when dealing with previously organised information that is 
retrieved from long-term memory. Immensely complex bodies of 
information can be dealt with by working memory providing it first has 
been organised and stored in long-term memory. Accordingly, expertise 
and skill result from the storage of large amounts of knowledge in the 
long-term memory [94].  

Learning complex procedural skills through simulation training imposes 
a high cognitive load on novices [95]. As complex skills require the 
coordination and integration of many interacting information elements 
and actions, they place heavy demands on a novice’s working memory, 
which may hamper learning [95]. One approach to dealing with high 
intrinsic cognitive load is through segmentation of information. By 
reducing tasks into manageable chunks and practicing each chunk until 
it is effectively stored in long-term memory, a large amount of 
information can eventually be manipulated and incorporated into the 
long-term memory [94]. 
Commonly, learners begin with relatively simple tasks and progress to 
more complex tasks. Complex performances are broken down into 
simpler parts that are trained separately, and are gradually combined into 
whole-task performance [96]. 
CLT emphasizes the need to integrate support for novice learners with 
the task environment, otherwise, split-attention effects increase extrinsic 
cognitive load [96]. 
Sawyer described a six-step pedagogical framework for procedural 
skills: - Learn, See, Practice, Prove, Do, and Maintain (LSPPDM). In this 
framework, procedural skill training begins with the learner acquiring 
cognitive knowledge through didactic education (Learn) and observation 
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of the procedure (See). The learner then progresses to the stage of 
psychomotor skill acquisition and is allowed to deliberately practice the 
procedure on a simulator (Practice). Simulation-based mastery learning 
is employed to allow the trainee to prove competency prior to performing 
the procedure on a patient (Prove). Once competency is demonstrated on 
a simulator, the trainee is allowed to perform the procedure on patients 
with direct supervision, until he or she can be entrusted to perform the 
procedure independently (Do). Maintenance of the skill is ensured 
through continued clinical practice, supplemented by simulation-based 
training as needed (Maintain) [97]. Within several pedagogical revisions, 
the NRP course has come to embrace the LSPPDM paradigm as a tried 
and tested educational model. 
The concept of deliberate practice in the acquisition of expert skill-
performance came to prominence with the work of Ericsson [98]. He 
states “deliberate practice is a highly structured activity, the explicit goal 
of which is to improve performance”. The starting point for the pedagogy 
of deliberate practice is that humans are not born with specific skills, and 
that expert performance is within the grasp of all. The main features of 
deliberate practice described by Ericsson include (1) motivated learners, 
(2) well-defined learning objectives, (3) focused and repetitive practice, 
(4) precise measurements of performance, and (5) informative feedback 
on performance. Deliberate practice can be expanded upon in the concept 
of mastery learning. This paradigm states that  expert level performance 
can be expected of all practitioners, given the correct learning 
environment, and further, that no differences in outcome should be 
expected, irrespective of the practitioner involved [99]. In a WHO paper, 
McGagie summarised the evolution of medical education thus: - The 
clinical medical education paradigm has been shifting slowly from a 
time-based model grounded principally in exposure to patients and much 
variation in learning outcomes to a competency-based model involving 
mastery learning where educational outcomes are uniform and learning 
time varies [100]. 
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1.9 The principles of medical simulation training 

Medical education has traditionally relied on an apprenticeship model to 
educate learners. The well-known Halstedian mantra “see one, do one, 
teach one” is the traditional method for teaching procedural skills in 
medicine [101]. In this paradigm, skill training is accomplished through 
direct patient care, with trainees practicing on patients as part of an 
apprenticeship model. This training method has been brought under 
scrutiny more recently because of patient safety concerns [102, 103], 
particularly in the light of the increasing diversity of medical procedures 
[104], and the paradigm does not mesh with modern principals of adult 
learning. An end to the apprenticeship model era, through the use of 
simulation-based medical education, is becoming a reality [97]. 

Simulations are scenarios or environments designed to closely 
approximate real-world situations, usually for the purposes of training. 
While much of the literature documenting the use and benefits of 
simulation stems from recent times, simulation has been used for 
centuries, from medieval knight training for jousts using quintains as 
mock opponents, to the early flight simulators used to train fighter pilots 
in World War II. Simulation continues to play a large role in high-risk 
industries in which there are inherent risks of catastrophic error, and 
where training in the real world is not feasible, or would be too costly or 
dangerous. These industries include commercial aviation, nuclear power, 
the military and NASA. Medicine has been relatively slow in embracing 
simulation. However, the era of modern medical simulation has its roots 
in the mid-20th century with the development of the ‘Resusci Annie’ 
manikin by Åsmund Lærdal, and the first high-fidelity simulator 
designed by Denson and Abrahamson, appropriately named ‘Sim One’. 
Although the ‘Sim One’ project was short lived, the medical simulation 
industry has grown substantially since then [105]. Reasons for the 
hesitancy in wide-spread adoption of simulation in medicine include 
financial outlays in an era of increasing cost containment, limits to 
accurately modeling complex human pathophysiology, demands for 
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rigorous scientific evidence of effectiveness, and resistance to change 
from a strong professional culture. However, as summarized by Gaba: - 
“no other industry in which human lives depend upon the skilled 
performance of responsible operators has waited for unequivocal proof 
of the effect of simulation training before embracing it” [106]. A more 
receptive atmosphere for expanding the use of simulators in medical 
training seems to now exist [103]. 

Various types of simulators exist, ranging from simple models to highly 
advanced, computer-driven systems. Fidelity is the extent to which the 
appearance and behaviour of the simulator or simulation match the 
appearance and behaviour of the simulated system. Simulator fidelity 
ranges from low-fidelity models including static mannequins and partial 
task-trainers (designed to teach one specific skill such as intubation), to 
high-fidelity simulators with life-like manikins connected to computer 
systems designed to control the manikin’s physical and physiological 
responses [105]. Although debate continues regarding the comparative 
benefits and educational value of low- versus high-fidelity simulators 
[107], to maximize their value and potential, medical educators should 
aim to match the amount of realism to the desired educational objectives 
of the simulation session [105]. 

Initially, much of the enthusiasm for healthcare simulation was related 
to its grounding in adult learning theory and, in particular, Kolb’s cycle 
of experiential learning [93]. Simulation-based medical education seems 
to provide a perfect medium in which to use deliberate practice. 
Deliberate practice in neonatal resuscitation using simulation allows the 
participant to actively experience a simulated neonatal resuscitation 
(“do”) and the facilitated debriefing allows participants to reflect on their 
actions (“observe”). Allowing an interval of time to pass between 
training sessions allows the participant to conceptualise what they have 
learned (“think”) and to consider any needed changes in their 
performance (“plan”) [108]. This aligns with Peyton’s four-step 
technique of demonstration, deconstruction, comprehension and 
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performance, which has been shown to a more efficient way of teaching 
medical procedural skills, including those of neonatal resuscitation, 
compared to the traditional apprenticeship model[109, 110]. It is now 
well established that simulation-based training techniques are effective 
and its use has been associated with better patient care and improved 
patient safety [97]. The research agenda has shifted to one of how to best 
apply this educational technique. [94]. 

A systematic review of simulation-based training determined that 
repetitive practice is one of the most important features of simulation-
based training, second only to feedback [111]. Another recent review 
showed a strong association between hours of practice and learning 
outcomes, indicating that increased time spent in simulation training 
resulted in improved performance [112]. 

 
 1.10 A history of neonatal resuscitation simulation training 

While many other areas of medicine have only recently adopted 
simulation training, manikins (referred to as “phantoms”) were 
developed as early as the 16th century to teach obstetrical skills and 
reduce high maternal and infant mortality rates [113].  

One of the earliest uses of simulation training for neonatal resuscitation 
was reported by Halmek et al. in 2000. They developed a simulation-
based training program in neonatal resuscitation (NeoSim) to bridge the 
gap between textbook descriptions and real life. The subjects expressed 
high levels of satisfaction with nearly all aspects of this novel program. 
Responses to open-ended questions were particularly positive in 
describing the realistic nature of simulation-based training. The major 
limitation of the program was the lack of fidelity of the neonatal manikin 
compared to a human neonate, with only one-half of the participants 
describing the neonatal manikin as providing a real-life experience [114]. 
Since this time, Halamek has investigated widely and commented on this 
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topic, and stated that simulation-based training is becoming the standard 
method of teaching neonatal resuscitation [115]. 

Early research on simulation-based training in NRP showed it to be 
feasible and well received by participants [108]. However, there is 
limited data on the effectiveness of simulation-based training on NRP 
performance. Studies reporting outcomes after a single simulation-based 
training session have failed to demonstrate statistically significant 
improvements in NRP performance. Participation in repeated 
simulation-based training may be more effective at improving NRP 
performance than a single-session training [108]. 

Mastery of the technical skills required for successful resuscitation of the 
newborn requires not only an understanding of when those skills should 
be used but also the ability to interpret visual, auditory, and tactile cues 
to perform the appropriate manual tasks in the correct sequence. 
Simulators used to train resuscitation skills should ideally possess a level 
of fidelity similar enough to a real human newborn that the important 
cues are presented to the provider. To date, most human neonatal models 
have had a low level of anatomic fidelity and little or no ability to 
represent the physiologic alterations intrinsic to the neonate in distress. 
To stimulate interest in development of a realistic human neonatal patient 
simulator, a list of characteristics was drawn up and vetted by the NRP 
Steering Committee and published online in 2005 as a request for 
proposals to the simulation industry. This was the first time that 
development of a highly realistic patient simulator was driven by the 
learning objectives put forth by a professional body rather than by the 
internal marketing imperatives of industry [33].  

Using a pretest-posttest design, Sawyer et al. studied teams of residents 
participating in a series of three NRP simulations followed by a 
facilitated debriefing. Objective measures of NRP performance and time 
to complete critical tasks were evaluated on the first (pretest) and the 
third (posttest) simulations. Their results suggest that deliberate practice 
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using simulation is associated with improvements in NRP performance 
and supports its use in NRP training. Sawyer also found significant 
improvements in positive-pressure ventilation scores. Improvements in 
performance were not associated with clinical experience gained during 
the course of the study, suggesting that the performance improvements 
were the result of the simulation training, rather than natural skills 
acquisition from clinical exposure [108]. They state that future studies 
should work to define the optimal training interval for repetitive 
simulation-based training. Research should also be directed at combining 
deliberate practice with a mastery learning model in an effort to 
determine the average amount of time, or simulation sessions, required 
for trainees of different educational levels to become proficient at NRP 
[108]. 

1.11 Impacting neonatal morbidity and mortality 

The ultimate goal of this research, and indeed any initiative focusing on 
the quality of newborn resuscitation, is to improve neonatal outcome. 
Globally, considerable progress has been made towards the WHO’s goal 
of ending preventable newborn deaths by 2035 [116]. Since 2009, the 
Helping Babies Breathe program has led to impressive reductions in 
neonatal mortality in low- and middle-income countries [117, 118]. 
However, NMR is a blunt instrument with which to measure the effect 
of simulation training in a high-resource setting like Norway, where 
NMR is already well below the 2035 target of 10 per 1000 live births. 
Morbidity may be a more appropriate end-point to measure impact of 
training, but numbers of neonatal encephalopathy are also rather low in 
Norway, and large, multicentre studies are required to demonstrate any 
significant change in the incidence.  

Additionally, any improvement in patient outcomes may also be difficult 
to ascribe to simulation training, which is seldom initiated in isolation, 
but is more commonly part of a multifaceted intervention. In principle 
this may not matter- if neonatal outcomes improve, is it important which 
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element of treatment had the greatest impact? In practice, it may be 
essential to understand the nuanced impact of an intervention in order to 
adapt it appropriately to tackle neonatal mortality in the huge variety of 
settings around the globe. 

Further adding to the problem of demonstrating the effect of any training 
intervention is that we know very little about how we perform neonatal 
resuscitation in real life. We measure little of what we do in the delivery 
room, and it is correspondingly difficult to assess whether change has 
occurred. What we do know is that evidence-based guidelines for 
neonatal resuscitation exist, but we struggle to adhere to these [119, 120]. 
As a starting point for improving neonatal outcome in high-resource 
countries, translation of evidence based guidelines into evidence based 
practice is a valid aim. As research furthers our understanding of how 
the compromised newborn responds to resuscitation, and through 
translation of this knowledge into guidelines, improved monitoring 
during resuscitation may allow us to adapt our treatments to those 
providing greatest benefit towards improved neonatal outcome. 

1.12 Implementation science and outcomes research 

Knowing which strategies and treatments work to improve neonatal 
mortality is essential, but it is not enough to reduce, let alone end, 
avoidable newborn deaths. 

The 2014 document «Every Newborn – An Action Plan To End 
Preventable Deaths» [116] states “Although remarkable progress has 
been made in recent decades to reduce the number of child deaths 
worldwide, too many newborns continue to die each year despite the 
availability of feasible, evidence-based solutions. Nearly 3 million lives 
could be saved each year if the actions in the plan are implemented and 
its goals and targets achieved”.  

Implementation science and outcomes research are concerned with how 
things work in real-life settings, with the ultimate goal of improving 
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health care. Implementation science often starts by identifying under-
utilisation of evidence-based practice. Outcomes research starts by 
identifying a specific clinical problem within a healthcare system. 

Implementation research acknowledges the challenge of taking 
evidence-based practice, knowledge often assimilated through research 
controlling for factors commonly found in the clinical situation, and 
implementing it into real world settings. This requires research on the 
implementation process itself- what, why, and how interventions work 
in real world settings [121]. In the case of neonatal resuscitation to 
address preventable newborn deaths, adoption of potential solutions on 
a wide-scale, global basis, and addressing vital sustainability of 
interventions, rely heavily on implementation research to achieve the 
goals set. As such, implementation research is especially concerned with 
the users of the research and not purely the production of knowledge, and 
is sensitive to the social, cultural, economic, political, legal and physical 
contexts [121]. 
 
Outcome research aims to bridge the divide between the capabilities of 
the medical profession and the best interests of patients and society. It 
identifies and measures links between interventions and the actual 
outcomes achieved, with a broad focus on safety, effectiveness, equity, 
efficiency, timeliness and patient-centeredness [122]. 
 
The Helping Babies Breathe programme is an example highlighting the 
essential role of implementation science and outcomes research in 
maximizing the impact of evidence-based interventions. An early impact 
on newborn mortality was seen following the programmes introduction 
but reduction in NMR did not match expectations, with gaps in 
implementation a significant road block to further progress [123]. 
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1.13 Translational simulation 
 
The well-known simulation enthusiast David Gaba wrote: - “Simulation 
has the potential to revolutionize health care and address the patient 
safety issues if appropriately used and integrated into the educational 
and organizational improvement process” [124]. 
Implementation science and outcomes research in simulation-based 
education must bridge the gap between the considerable weight of 
evidence of benefit identified by research and the transfer of skills to the 
clinical setting, and ultimately, improved patient outcomes [125]. Such 
research may be termed “translational”, referring to “bench-to-bedside” 
transfer and implementation of knowledge [126]. McGaghie identified 
simulation as an ideal medium with which to engage in translational 
science [127].  
 
The term “translational simulation” was coined more recently, 
describing simulation activities that are directly focused on improving 
healthcare processes and patient outcomes [128]. This concept moves 
away from describing simulation by its methodology, e.g. high-fidelity, 
or in-situ, but rather promotes simulation design with focus on targeted 
healthcare outcomes. In this way, simulation is performed to directly 
address implementation issues and desired outcomes, moving away from 
an assumption that any given form of simulation training will necessarily 
lead to improved patient outcomes. This is especially valuable for areas 
such as newborn resuscitation, in which outcomes may be difficult to 
measure in order to prove the value of simulation training [129]. Lowe 
and colleagues describe the effective use of translational simulation to 
prepare for obstetric emergencies in the context of the Covid 19 
pandemic, allowing for favourable outcomes in conditions widely 
reported to negatively impact healthcare outcomes [130]. 
 
A variation in the alignment of simulation training and implementation 
science was described by Dubrowski and colleagues in 2018. They 
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proposed the Adapted Implementation Model for Simulation (AIM-SIM) 
[131]. The AIM-SIM concept provides a practical implementation guide 
and starting point for using implementation science in simulation-based 
education. Its three phases are: - 1) stakeholder engagement and context 
exploration, 2) pre-implementation planning, and 3) programme 
implementation with monitoring and ongoing evaluation. 
 
1.14 Summary: - what will this thesis address? 
 
Throughout this introduction, I have explored the global extent of the 
problem of non-breathing babies at birth, the physiological background 
for the recommendations for management of these newborns, the 
educational theory underpinning how this management is taught to 
HCPs, in particular the role simulation training, and how implementation 
science can make the improvement of neonatal outcomes a reality. 
Through the studies making up this thesis, I will explore the role of 
simulation training in a high-resource setting, an arena where relatively 
little evidence exists, in ensuring competence in neonatal ventilation. 
Our goal is to provide evidence of pedagogical strategies that are 
effective in this setting, in response for calls to fill knowledge gaps [34, 
61], and to guide implementation strategies. 
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2 Aims of this thesis 

The overall aim of this thesis was to study methods of using 
simulation training to bridge the clinical experience gap in 
ventilation of non-breathing babies at birth in a high-resource 
setting.  

The specific objectives of the individual papers were as follows:- 

Paper I:-To determine the realism of the high-fidelity manikin 
NeoNatalie Live in simulating actual clinical conditions of PPV during 
neonatal resuscitation. 

Paper II: - To evaluate the effect of a programme of low-dose, high 
frequency simulation training using NeoNatalie Live on the ventilation 
competence of multidisciplinary healthcare providers involved in 
newborn resuscitation during their work. 

Paper III: - To determine the optimal simulation training load to 
maintain ventilation competence in these healthcare providers. 
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3 Methodology 

3.1 Setting 

Stavanger University Hospital has a catchment area of 330 000 in south-
west Norway. It has a level III Obstetric and Paediatric department and 
serves as a tertiary referral centre for high-risk pregnancies from a nearby 
district hospital, Helse Fonna. Neonates from gestational age 23 weeks 
are cared for, excluding those with antenatally-diagnosed severe 
cerebrospinal, cardiac- or gastrointestinal malformations requiring 
surgery immediately after birth, who are delivered at the national 
competence centre for neonatal surgery. 
 
Babies are delivered in one of three sites in the hospital. Low-risk 
mothers may choose to give birth on the midwife-run unit on the seventh 
floor. Women with more complicated pregnancies, or who desire 
epidural analgesia, deliver on the labour ward situated in close proximity 
to the operating theatre suite on the first floor. Cesarean deliveries, both 
planned and emergency, take place in one of two theatres assigned to this 
function, approximately two minutes walking distance from the labour 
ward. Resuscitation facilities for babies at birth are found in all three 
locations. There is a dedicated neonatal resuscitation room on both 
labour ward and the midwife-run low-risk unit, serving all delivery 
rooms in these two locations. In the operation suite, the resuscitation 
equipment is found in the anterooms immediately adjacent to the 
cesarean section operating theatres. 
 
A neonatal resuscitation team can be rapidly summoned via the 
hospital’s alarm system whenever this is needed. The team consists of a 
consultant neonatologist, a junior paediatrician, a NICU nurse, two 
anaesthetists and an anaesthesia nurse. The team assumes responsibility 
for the resuscitation started by a midwife and paediatric nurse assistant, 
and on occasion, obstetrician, who attended the delivery. The consultant 
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neonatologist leads the resuscitation. Paediatric medical staff will 
usually assume responsibility for the airway and ventilation, supported 
as needed by anaesthesia personnel. In deliveries where the need for 
resuscitation is anticipated, for example emergent assisted vaginal 
deliveries or emergency cesarean section, the junior paediatrician will be 
called ahead of time, and is thus available immediately. The midwife will 
assist the paediatrician, however, for more complex resuscitations, this 
doctor may call on the consultant neonatologist for assistance.  
 

3.2 Equipment and data sources 

3.2.1 Neonatal reuscitation set-up and equipment 

Newborns requiring resuscitation are placed on the resuscitaire, a 
purpose-built unit providing a height-adjustable surface on which to treat 
the baby, with integrated heating, lighting and clock. This is stocked with 
towels for drying and stimulating the baby. Suction, powered by a wall-
integrated vacuum, is available to clear airway secretions. 3-lead ECG 
and pulse oximetry monitoring is integral to the resuscitaire. Figure 13 
shows the type of resuscitaire used at SUS at the time of these studies. 
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Figure 13 A resuscitaire of the type used at the time of the studies in this thesis. This is a reserve 
unit for the back-up cesarean section operating theatre, and when required, is turned clockwise 
through 90˚ to allow healthcare providers to stand on three sides of the unit during resuscitation. 
SIB – self-inflating bag 

Mounted on the wall adjacent to the resuscitaire is a flowmeter and 
oxygen blender to provide a continuous gas source with the desired 
oxygen concentration for PPV. Such a pressurised gas source is essential 
to drive the T-piece resuscitator, NeoPuff™, but can also be attached to 
the self-inflating bag to provide titrated oxygen during ventilation. A 
range of facemasks is available, to ensure a tight fit for babies of all 
gestational ages. 
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PPV is primarily provided using the T-piece resuscitator, NeoPuff™. 
Standard initial settings for term newborns are flow 10L/minute, PIP 30 
cmH2O, PEEP 5 cmH20, and inspired oxygen 21%. Alternatively, a 
standard 0.25L neonatal SIB and the newer Upright 0.32L SIB are 
available.  

A standardised cart containing equipment for advanced resuscitation 
(intravenous cannulas, umbilical vein catheters, intubation equipment, 
drugs) are situated in all three resuscitation locations. An A5 placard of 
the current Norwegian neonatal resuscitation algorithm is hung on the 
wall in all three sites. 

A NeoBeat is available in all resuscitation locations. NeoBeat is a novel 
neonatal heart rate meter, using dry electrodes in place of gel electrodes. 
This makes skin drying prior to use unnecessary. The dry electrodes are 
incorporated in a C-shaped plastic arch, which can be easily applied 
around the newborns torso or abdomen. It rapidly and reliably measures 
the newborns heart rate and displays it on the arch [132]. Heart rate data 
are stored in the NeoBeat and can be downloaded as required. 
Additionally, this data can be transferred via Bluetooth to the Liveborn 
application installed on an iPad used by the attending paediatric nurse 
assistant during resuscitation. The nurse assistant uses Liveborn to 
record time of birth and umbilical cord clamping, producing a timeline 
of events and neonatal heart rate during resuscitation. Figure 14 shows a 
newborn with NeoBeat applied and an example of a Liveborn timeline. 
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Figure 14 A newborn baby with NeoBeat applied, displaying the baby’s heart rate. A screen shot 
from the Liveborn application (unrelated to the baby shown), documenting heart rate transferred 
from NeoBeat, spontaneous respiratory efforts and management provided by the resuscitation 
team. Photo S. Rettedal, reproduced with parental permission 

Due to on-going studies in the Safer Births research group, many 
newborns arrive at the resuscitaire with a NeoBeat already placed on 
their torso or abdomen.  

All ventilation provided using NeoPuff™ is automatically recorded 
using Laerdal Neonatal Resuscitation Monitor (LNRM). The LNRM is 
a patient monitor designed by Laerdal Global Health (Stavanger, 
Norway) for research purposes [133]. Three LNRMs are wall-mounted 
behind the resuscitaires, and record airway pressures and gas flow. 
Sensors are placed between the T-piece and the facemask. The LNRM 
has a lever formed to hold the T-piece and mask when not in use, and 
lifting up the T-piece will initiate recording. Events are stored the 
LRNM`s internal memory as reports that are tagged with the date and 
time of recording. The reports can be uploaded to a computer through a 
USB-port. 
 
Air pressure is measured using a piezoresistive sensor (MPXV5010, 
Freescale Semiconductor Inc., Austin, TX, USA). The flow sensor (MIM 
Gmbh, Krugzell, Germany) has negligible resistance and dead space (1 
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mL), and measures airflow using hot wire anemometer technology. VT 
is calculated as flow integrated over time. The flow sensor measures both 
the inflated and expired gas. Expired volume is used as an estimate for 
VT since mask leak is reported to primarily occur during inflation [78]. 
Face mask leak is calculated as a percentage of inspired VT from the 
formula ((VTinspired − VTexpired)/VTinspired) × 100. 
 
Downloaded raw data is presented in numerical format, giving values for 
PIP, PEEP, eVT, leak, dynamic compliance, inflation time and instant 
inflation rate for each individual ventilation. PIP and PEEP are measured 
in mbar, where one mbar equals 1.02 cmH2O. The dynamic lung 
compliance is calculated as the inflated volume divided by PIP. Instant 
inflation rate is defined as 60 divided by the time interval between 
current and previous inflation. Raw data can be processed using the 
programme Mathlab (MathWorks, Natric, MA) to produce pressure, 
volume and flow graphical representations. Figure 15 shows such a 
graphical output. 

  
Figure 15 Graphical representation of pressure, volume and flow curves using data from Laerdal 
Neonatal Resuscitation Monitor recorded during a real resuscitation. PIP – peak inflating 
pressure, PEEP – positive end-expiratory volume. Figure prepared by P. Bjorland 
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3.2.2 NeoNatalie Live 
 
NeoNatalie Live is a low-cost, high fidelity manikin designed 
specifically to train ventilation proficiency. Based on the original Laerdal 
low-fidelity manikin, NeoNatalie, it has the size and shape of a term 
newborn. The manikin is modified to provide a realistic experience of 
PPV at birth. Head position detection determines if the upper airway is 
patent. Air pressure during PPV is measured in the upper airway. 
Ventilation frequency and continuity of ventilation are measured. A 
closed valve simulates conditions of low lung compliance. Successful 
PPV (adequate PIP applied via a patent upper airway) results in the value 
opening, simulating improved compliance, and PPV then results in 
visible chest-rise. An active electrocardiogram allows monitoring of 
heart rate using NeoBeat, replicating recommended assessment of the 
adequacy of ventilation. Real resuscitation data derived from 1237 
newborns informs the algorithm guiding the realistic heart rate response 
according to PPV provided [134]. On successful resuscitation, a cry 
sound indicates spontaneous breathing. Figure 16 shows the manikin 
with a NeoBeat attached. 
 

 
Figure 16. A NeoNatalie manikin with an attached NeoBeat heart rate meter 
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Four scenarios of increasing difficulty are pre-programmed. Scenarios 1 
and 2 involve normal initial lung compliance. Scenarios 3 and 4 begin 
with low lung compliance that improves as the scenario progresses. The 
initial heart rate is progressively lower as case difficulty increases, and 
requires correspondingly longer periods of optimal PPV to progress to 
successful conclusion of the scenario. In skills-training mode, where the 
provider selects a scenario and purely trains ventilation, a random option 
allows for not knowing the allocated difficulty level. In scenario-training 
mode, two or more providers may work together and a specific scenario 
must be chosen by one of them. Here the scenario begins at the birth of 
the baby and the newborn resuscitation algorithm guides when PPV 
should begin. On conclusion of the scenario, providers can access the 
ventilation and heart rate curves, along with targeted feedback on an 
aspect of performance that could be improved. Feedback is provided on 
the element of performance that is highest up on the priority list of 
corrections. For example, problems with holding a patent airway rank 
higher than deviation from the recommended ventilation frequency. If 
all elements of ventilation are within the algorithms tolerances, “well 
done” feedback is given. Figure 17 shows a ventilation and heart rate 
curve for a skills training scenario 3, in which the initial PIP is too low 
to aerate low-compliant lungs and heart rate first rises once delivered PIP 
is increased. The feedback indicates that the initial PIP was too low. 
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Figure 17. Feedback and ventilation/heart rate curves following a difficulty-level 3 skill training 
with NeoNatalie Live. 
 
Study participants were issued with a personal training number, and used 
this number to log on to the iPad containing the NeoNatalie Live 
application. The app communicates with the manikin via Bluetooth. It is 
used to select training mode (skills or scenario) and scenario difficulty, 
and was the platform by which immediate feedback was given at the 
conclusion of the case. The data from each scenario performed is 
uploaded automatically to a weblog, along with the participant’s 
personal number. Figure 18 shows the set up between manikin, iPad and 
weblog. 
 

 
Figure 18 The manikin and NeoNatalie Live app communicate via Bluetooth. Training data from 
the iPad is automatically uploaded to a weblog. 
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3.3 Participants, study design and timeline 

3.3.1 Study participants  

Approximately 300 HCPs from six different professions may be 
involved in neonatal resuscitation at SUS. They include 120 midwives, 
18 paediatric nursing assistants, 25 obstetricians, 60 doctors and 70 
nurses from the anaesthesia department, 10 non-specialist doctors from 
the paediatric department and 10 consultants from the neonatal 
department. We designed a prospective observational study, with a 
randomised controlled arm allocating training frequency, to assess the 
educational benefits of implementing a low-dose, high-frequency 
simulation training (LDHFST) programme using NeoNatalie Live on the 
ventilation competency of these HCPs. 

Any of the approximately 300 HCPs working in greater than 50% 
employment was eligible to participate in the study. This stipulation was 
made to limit the effect of absence form work affecting training 
frequency. They were invited to give informed, written consent to 
participation. Beyond the percentage employment stipulation, there were 
no exclusion criteria. 

3.3.2 Overall study design  

HCPs enrolled received a pre-participation questionnaire (Appendix 1) 
designed to collect baseline data on their employment history, how much 
training in neonatal resuscitation they received on a regular basis, 
previous clinical experience with neonatal resuscitation, and their own 
self-assessed confidence and competence in neonatal resuscitation. 
Participants were asked to complete baseline testing of their PPV 
competence by performing two observed simulated resuscitations in test 
1. The test composed of the least and the most challenging cases of 
NeoNatalie Live (levels 1 and 4 respectively), performed without any 
instruction regarding neonatal resuscitation in general, nor specific 
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instruction in the use of the manikin. Each scenario in test one was 
observed and scored by one investigator (Joanna Haynes) using a matrix 
developed by this investigator along with Siren Rettedal and Hege 
Ersdal, and validated in a pilot study (unreported data). Each scenario 
was scored out of a maximum of 40 points, 12 of which related to 
observed completion of the initial steps in the resuscitation algorithm and 
28 related to objective measures of ventilation quality from the 
simulator. 

Each participant subsequently took part in a personalised 120-180 
minute education session, mostly individually or in pairs. A small 
fraction of the education was delivered to small groups of a maximum of 
five participants. The educational session involved study of the national 
neonatal resuscitation algorithm [35], with particular focus on 
ventilation, followed by practice with the simulator until such time as the 
participant could demonstrate providing appropriate and effective PPV, 
and was confident in their ability to train independently.  

At the conclusion of the educational session, participants were 
immediately re-tested using the same two simulation cases, providing 
two post-education scores in test 2. They were then randomised into one 
of two groups and asked to train independently with NeoNatalie Live for 
nine months. Randomisation was performed using a binary 
randomisation application, RandomOrg (RANDOM.ORG, Dublin, 
Ireland), and was undertaken concurrently for all HCPs attending the 
educational session. One group (twice monthly) were asked to aim for 
two training sessions per month. The other group (self-guided) were 
allowed to train as often or as little as desired. For both groups, no 
stipulation was made regarding the duration of a training session. All 
independent training was logged and the individual cases performed 
were scored by the same investigator (Joanna Haynes), with a scoring 
matrix using only ventilation data obtained form the weblog, to a 
maximum of 30 points per case.  
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After nine months of independent training, each participant was tested a 
third time with the same two cases, giving two final scores. At this time, 
they completed a second, post-participation questionnaire (Appendix 2), 
asking about their experience with training with NeoNatlie Live and how 
their self-reported confidence and competence had changed. 

Parallel to the stimulation study, the LNRM was used to collect 
ventilation data from real resuscitations. 

Figure 19 shows a flow chart of the different elements of the study. Four 
study questions were proposed, and colour coding shows which data 
were used to answer the different questions. 

The four study questions were:- 

1. Do HCPs like and use NeoNatalie Live? 

2. How realistic is NeoNatalie Live in simulating conditions 
encountered in real neonatal reuscitation?  

3. Does LDHFST with NeoNatalie Live improve simulated 
ventilation performance? 

4. How often do HCPs need to train to maintain ventilation 
competence? 
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Figure 19. Flow chart of the study and study questions. HCP – healthcare provider, LDHF – low-
dose, high-frequency NNL- NeoNatalie Live 

 

3.3.3 Data collection 

Data collected for the four proposed research questions were as follows:- 

1. Do HCPs like and use NeoNatalie Live? (Yellow) Data from 
pre- and post-participation questionnaires, along with training 
frequency observed in the self-guided randomisation group 
(web log of independent training). 

2. How realistic is NeoNatalie Live? (Red) Simulated ventilation 
data from LNRM when participating paediatricians ventilated 
the manikin in test 2, paired with LNRM data from real 
neonatal resuscitations.  
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3. Does LDHFST with NeoNatalie Live improve simulated 
ventilation performance? (Purple) Comparison of test 1 
(baseline), test 2 (post-education) and test 3 (post independent 
training) scores. 

4. How frequently do HCPs need to train to maintain ventilation 
competence? (Blue) Analysis of participants’ independent 
training data from the weblog, and how scores relate to the 
amount of training performed. 

Figure 20 shows the scoring matrix used for tests 1, 2, and 3. 

 
Figure 20 Scoring matrix used for tests 1, 2 and 3 

Figure 21 shows the scoring matrix used to score participants’ 
independent training data. 
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Figure 21 Scoring matrix used for cases performed by study participants during nine months of 
independent training. VF – ventilation fraction 

 

3.3.4 Timeline 

HCPs were enrolled and received the educational intervention from 
01.04.19. This was a rolling enrolment, and test1, education, test 2 and 
randomisation were carried out as soon as practically possible. All 
education was provided at the place of work during the working period, 
including at night for those working exclusively night shifts. All 
education and testing was performed by the author of this thesis. On 
conclusion of test 2, participants were randomised and began their nine 
months of independent training immediately. After nine months, test 3 
was scheduled at the participants’ earliest convenience. Thus, education 
continued until the last enrolments in July 2020, with completion of 
independent training and test 3 carried out by 30.04.21. 

As a result of the study design, it was only possible to begin data analysis 
for one of the four study questions (number 2) before all participants 
completed the entire study. This analysis was undertaken in the second 
half of 2020 and resulted in study/paper I. Analysis of test score data 
(study question 3) began in April 2021 and resulted in study/paper II. 
Analysis of participants’ own training data (study question 4) began in 
October 2021, and resulted in study/paper III. No formal analysis of 
questionnaire data (study question 1) was undertaken during this PhD. 
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3.3.5 Individual study design and statistical analysis 

Study I 

Design: prospective observational study. 

Hypothesis: When experienced paediatricians ventilate NeoNatalie Live 
with NeoPuff™ T-piece resuscitator using standard settings for 
ventilation of term neonates, parameters of ventilation will be similar to 
those observed when this same group of HCPs ventilate real newborns. 
Episodes of upper airway obstruction will occur with a similar frequency 
in the simulator and real newborns. 

Subjects: all paediatricians participating in the study; neonates requiring 
PPV. 

Data collection: LNRM data from test 2 performed by participating 
paediatricians and LNRM data from real neonatal resuscitations. Two 
test 2 ventilation episodes from 18 paediatricians (36 ventilation 
episodes) paired with 36 real neonatal ventilation episodes of similar (± 
15%) duration of ventilation. 

Outcomes: Per-inflation PIP, PEEP, eVT and mask leak, and number of 
episodes of upper airway obstruction, as assessed from graphical LNRM 
output.  

Data analysis: No power calculations were performed. The 72 ventilation 
episodes (36 simulated, 36 real) were divided into one of four groups for 
the purposes of comparison. The groups were formed according to 
whether the data came from the manikin (M) or a real newborn baby (B), 
and whether the ventilation episode was short (S-corresponding to 
scenario 1 for the simulator) or long (L- corresponding to scenario 4 for 
the simulator). The four groups, MS, BS, ML and BL, each contained 18 
ventilation sequences. For each group, continuous data for the 
ventilatory parameters PIP, PEEP, eVT and leak were summarised using 
median and interquartile range (IQR). To compare the dynamics of 
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ventilatory parameters between the groups, we used panel data 
regression analysis. Comparisons were done separately for short and 
long ventilation sequences. Dynamics of the ventilatory parameters 
between manikin and baby groups were then formally compared using 
the method of dynamical correlation for multivariate longitudinal data. 
Chi-Square testing was used to compare the occurrence of airway 
obstruction between the combined manikin (MS and ML) and combined 
baby (BS and BL) groups. 

Paper II 

Design: A randomised controlled intervention study. 

Hypotheses: Following an educational initiative, twice monthly 
LDHFST will result in superior newborn ventilation competence 
compared to self-guided independent training. Subgroups of HCPs may 
derive greater benefit than others.  

Subjects: All HCPs who may be required to provide PPV during neonatal 
resuscitation and who consent to participate 

Data collection: Ventilation competence of participating HCPs as 
assessed through two simulation scenarios using NeoNatalie Live. 
Testing occurred prior to (test 1), and immediately after (test 2), 
completion of the educational initiative, and following completion of 
nine months of independent training (test 3). Participants were 
randomised to two groups for independent training: - twice monthly or 
self-guided. A scoring matrix (figure 19, page 51) was competed for each 
test. 

Primary outcome: T3 scores of the twice monthly group and self-guided 
group. 

Secondary outcomes: T3 scores of those performing no training and 
those performing at least monthly training; progression of T1-T2-T3 
scores for the individual professions participating in the study. 
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Data analysis: No power calculations were performed. We used a 
convenience sample of all those eligible and consenting to participate. 
The primary outcome of test 3 scores according to randomisation group 
was analysed using Kruskal-Wallis test. The secondary outcomes of T3 
scores according to actual training frequency and T1-2-3 score by 
profession were also analysed using Kruskal-Wallis tests. 

Paper III 

Study design: Prospective observational study. 

Hypotheses: A greater simulation training load will better promote 
ventilation skill retention better than a lower training load; subgroups of 
HCPs may benefit from different training regimes.  

Subjects: All HCPs participating in the simulation study who completed 
it through to T3.  

Data collection: Each simulated case performed over nine months of 
independent training was consecutively logged for each individual 
participant, and scored according to a matrix (figure 20, page 52). The 
matrix consisted of seven individual skill elements. Each participant’s 
scores (global and individual skill elements) were registered, providing 
data on the number of months out of nine in which training was 
performed (frequency data), the number of training sessions undertaken 
each month (frequency data) and the number of cases per session (dose 
or time spent in session). 

Outcomes: Global competency scores and individual skill element scores 

Data analysis: Global competency scores and individual skill element 
scores were analysed by generalized linear mixed effects models 
(GLME), using number of months where training occurred, number of 
training sessions (both frequency measures), and number of cases (dose 
or time spent training) as predictors. We used profession as a random 
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effect (intercept) and participant-specific random slopes. In addition, the 
models included the ventilation device used (self-inflating bag, T-piece 
ventilator, or both) and the case difficulty, both as random intercepts. If 
the estimated variance of a random effect was negligibly small (<10-5), 
the corresponding random effect was removed. Estimated marginal 
probabilities of successful outcomes identified training loads predictive 
of high scores. 

3.4 Consent and ethical/data protection approvals 

The research offered increased levels of in-work training to all involved 
HCPs and the intervention involved was not considered to cause any 
ethical concerns. As there is no standard for using simulation-based 
testing to assess employee competence and all data are de-identified at 
the individual level, no concerns regarding the potential employment 
consequences of performance at testing were raised. 

No ethical concerns regarding the management of neonates requiring 
PPV were raised as enhanced training of HCPs is unlikely to result in 
poorer clinical management and may improve care given to these babies.  

The study was approved by the Regional Committee for Medical and 
Healthcare Research Ethics, Region West, reference numbers 
2018/330/REK vest and 2018/338/REK vest, and also by the local data 
protection officer. 

All HCP participants provided informed, written consent to 
participation. Informed written consent was obtained from all parents of 
neonates whose ventilation data was studied. 
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4 Summary of the results 

4.1 Progression of participants through the study 

A total of 220 participants from six different professions were recruited. 
191 completed the education session and were randomised to one of the 
two training groups. 187 remained in the study and completed the final 
test 3. Table 1 shows the numbers from each profession completing the 
various stages of the study. 

Table 1 Numbers of participants recruited and progressing through the study from the six 
professions 

 

The 187 HCPs who completed the study performed 4384 simulation 
cases during nine months of independent training. Table 2 shows how 
these cases were distributed across the six professions in the nine months 
of training; the number of months training, sessions and simulation cases 
performed by the six professions; and the number of sessions performed 
by the randomisation groups in nine months. 
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Table 2 Distribution of the 4348 cases performed during independent training by the six 
professions in the nine months of training; the number of months training, sessions and 
simulation cases performed by the six professions; and the number of sessions performed by the 
randomisation groups in nine months.  

 

 

4.2 Paper I - Novel Neonatal Simulator Provides High-Fidelity 
Ventilation Training Comparable to Real-Life Newborn Ventilation 

Four groups of 18 ventilation sequences were compared. A total of 3256 
ventilations were analysed, distributed among the four groups as follows: 
Manikin Short (MS) 443, Baby Short (BS) 475, Manikin Long (ML) 
1160, Baby Long (BL) 1178. 

Table 3 shows the median (interquartile range –IQR) PIP, PEEP, eVT 
and leak for these four groups. 

 

 



Summary of the results 

60 

 

Table 3 Median (interquartile range) of the four ventilatory parameters measured in short and 
long manikin and baby ventilation 

 

Figure 22 shows the box plots for PIP, PEEP, eVT and leak for all four 
groups, along with the dynamical curves comparing manikin and baby 
ventilation for short and long sequences 

We found identical median PIP and PEEP in the short ventilation groups, 
MS and BS. PIP and PEEP were clinically similar in the long groups, 
ML and BL, although statistically different. PIP was higher in the ML 
group, as expected due to an intentional increase in PIP in a number of 
these sequences to overcome low simulated lung compliance. eVTs, 
while lower in the manikin groups, and statistically different from the 
baby groups, all fell within the recommended clinical range of 4 to 
8ml/kg. The dynamical plots also showed a trend towards increasing eVT 

the longer the ventilation sequence lasted. Similarly, no difference in 
leak was identified between the short groups and similar, widely varying 
leak was observed in the long groups. The dynamical plots for both 
manikin and baby showed decreasing leak as the duration of the 
ventilation sequence increased. 
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Figure 22 Box plots of median (interquartile range; range) PIP (peak inflating pressure), PEEP 
(positive end-expiratory pressure, eVT (expiratory tidal volume) and leak for groups Manikin 
Short (MS), Baby Short (BS), Manikin Long (ML) and Baby Long (BL); (e–h) Dynamical 
smoothed mean (standard error) plots of PIP, PEEP, eVT and leak for groups MS, BS, ML and 
BL 
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We found similar relationships between PIP and eVT, PIP and leak, and 
leak and eVT for both manikin and baby groups. The only significant 
correlation existed between leak and eVT, where decreasing leak was 
associated with increasing eVT for both manikin and baby ventilation.  

Figure 23 shows the pairwise correlations between PIP, eVT and leak for 
combined manikin and baby groups. 
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Figure 23 plots of correlation between (a) Peak inflating pressure (PIP) and expired tidal volume 
(eVT) for combined Manikin Short + Manikin Long (MS + ML); (b) PIP and eVT for combined 
Baby Short + Baby Long (BS + BL); (c) PIP and leak for combined MS + ML; (d) PIP and leak 
for combined BS + BL; (e) leak and eVT for combined MS + ML; (f) leak and eVT for combined 
BS + BL. Pearson’s r for each correlation is given in the corresponding box 

There was no difference in the occurrence of upper airway obstruction 
between manikin and babies. 
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4.3 Paper II - A Randomised Controlled Study of Low-Dose High-
Frequency In-Situ Simulation Training to Improve Newborn 
Resuscitation 

4.3.1 Primary outcome 

T3 scores for the randomised groups showed no difference in scores 
between those in the twice monthly versus those in the self-guided 
groups. Figure 24 shows the box plots of T3 scores for these groups for 
the easier simulation scenario 1 and the more challenging scenario 4. 

 

Figure 24 Box plots of test T3 scores for scenario 1 (a) and scenario 4 (b) by randomisation group 

However, the twice monthly group did not train as often as expected, 
achieving a mean (standard deviation -SD) of 8 (5.2) sessions in nine 
months. The self-guided group also trained, performing a mean (SD) of 
2.8 (3.8) sessions in nine months. We consider it possible that the fact 
that both groups trained more frequently that they usually do to result in 
the lack of difference in competence scores between the two groups. 
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4.3.2 Secondary outcomes 

(i) T3 scores by training frequency: Comparing those HCPs performing 
no independent training in 9 months with those who trained on average 
a minimum of once a month (at least 9 sessions), we found a borderline 
statistically significant difference in competence scores for the easier 
scenario 1, and a highly significant difference for the more challenging 
scenario 4. Figure 25 shows the box plots for these comparisons. 

 

Figure 25 Box plots of test T3 scores for scenario 1 (a) and scenario 4 (b) by training load group 

(ii) Progression of T1-T2-T3 scores by profession 

We found that there was a significant improvement in ventilation 
competence scores from T1 to T2 and T3 for all HCPs apart from the 
paediatricians, who scored highly from baseline. The other five 
professions maintained the improvement seen after education, which was 
the same level of competence observed in the paediatricians through to 
T3 with independent simulation training. 

Figure 26 shows a line graph of the mean scores within each professional 
group over the three testing points. 



Summary of the results 

66 

 

Figure 26 Line graph of the professional-group mean of averaged scenario 1 (S1) and scenario 4 
(S4) scores at each test (T)-point. Blue line connects mean T1 scores of the six professional 
groups, the red and green lines T2 and T3 scores, respectively. HCP = healthcare provider; LDHF 
= low-dose high-frequency; * = significant difference in scores at the 0.05 level 

4.4 Paper III - How much training is enough? Low-dose, high-
frequency simulation training and maintenance of competence in 
neonatal resuscitation 

The best predictor of global competence scores was the number of 
sessions performed, i.e. scores were more dependent on training 
frequency than dose. Estimated marginal probabilities of successful 
outcomes identified a threshold of 5 or more sessions in 9 months to 
achieve global ventilation competence scores > 28/30. This translates as 
training on average 0.6 sessions per month to maintain ventilation 
competency. While frequency was also the best predictor for some of the 
seven individual skill elements, e.g. achieving adequate mask seal and 
avoiding dangerously high inflating pressures, those assessing global 
performance, such as time to baby cry, were dose dependent. The only 
outcome for which profession was not a negligibly small random effect 
was ventilation frequency. For this outcome, profession specific 
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training-load cut-offs are given. Table 4 shows the training loads 
predictive of success for the individual skill elements and global 
competence score. 

Table 4 Training load thresholds predictive of competence for the different skill elements and 
global competency score. For each, the average estimated marginal probability of a successful 
outcome with its 95% confidence intervals is given 

 

* Predicated at the minimum required training load 

** The regression analysis identified that the best predictor of success (months, sessions or cases) 
was different for different skill elements. For maintaining airway patency, it identifies that 
training in 2 out of 9 months (average of once every 4.5 months) maintains competence. 

4.5 Summary of the findings of this thesis 

NeoNatalie Live facilitates realistic simulation training, providing 
comparable conditions during PPV to those found during ventilation of 
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term newborns in need of the same duration of PPV to promote 
spontaneous breathing.  

HCPs with less experience in real newborn ventilation achieved and 
maintained the same level of competence as those who regularly provide 
PPV at neonatal resuscitations through simulation training with 
NeoNatalie Live. Training at least once a month compared to no 
maintenance training promoted retention of competence. 

Looking more closely at the training load necessary to maintain 
ventilation competence in this group of multidisciplinary HCPs, training 
on average 0.6 sessions per month, roughly equivalent to one session 
every other month, predicted high global competence scores.  
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5. Discussion 

5.1 Methodological considerations 

5.1.1 Study design 

This thesis comprises three papers investigating the use of a neonatal 
simulator in a high resource setting and the ventilation competence of 
HCPs in that setting. The overall aim was to study methods of using 
simulation training to bridge the clinical experience gap in ventilation of 
non-breathing babies at birth. As such the overall study design employed 
an intervention (simulation training) and measured an outcome 
(ventilation performance).  

The randomised controlled trial (RCT) is widely considered the gold 
standard in study design in order to attribute the outcome to the 
intervention employed, in as much as it controls for confounding factors 
found in real life which may have a relationship with both intervention 
and outcome, thus blurring the assignment of causality. In a number of 
situations, an RCT is not feasible, practicable or ethical. This is certainly 
the case for much research in the field of neonatal resuscitation. The 
observational study is an alternative methodology which may overcome 
many of the barriers to RCTs. Although observational studies are widely 
regarded as inferior to the RCT, in particular due to their susceptibility 
to bias, real-life treatment effects may in fact be better identified and 
quantified by observational research [135, 136]. Bias may result from 
inappropriate selection of participants (selection bias), failure to reliably 
measure the outcome of interest (information bias) and unaccounted-for 
factors relating both to intervention and outcome (confounding). 
Decision-making in modern medicine is increasingly supported by 
combining data from RCTs, observational studies and meta-analyses, a 
methodology which synthesizes results of multiple studies to provide a 
more accurate estimate of treatment effects [137]. 



Discussion 

70 

5.1.2 Paper II 

Paper II forms the backbone of this thesis. We designed a randomised 
controlled study with the hypothesis that the intervention (simulation 
training twice a month) would result in improved ventilation competence 
compared to the control (simulation training as often as desired). Integral 
to this hypothesis was the assumption that the control group would train 
less frequently than twice per month. A significant flaw in this design is 
that in order to prove the effect of the intervention, the control group 
would ideally not be exposed to the intervention. We considered it 
unethical to provide simulation training for some HCPs and not for 
others. Therefore our control group was a double compromise, in as 
much as it resulted in a simulation training frequency over which we had 
no control. However, this compromise allowed us to use the robust RCT 
design, allowing for the confounders of participant profession, prior job 
and education experience, and real-life resuscitation experience, to be 
equally distributed between the intervention and control groups. Each 
participant was consecutively randomised following participation in the 
education session and test 2. Despite using a binary randomisation 
application, this process resulted in an imbalance, with more participants 
in the control group (104) than the intervention group (83) (table 1, page 
58). This imbalance held true within all six profession-groups except the 
anaesthetists, for whom a greater number were randomised to the 
intervention than the control group. It is impossible to be sure how this 
may have affected the outcome, but it is possible that both the large 
number of participants and the nature of the control (performing some, 
rather than no, simulation) may mitigate any influence of the uneven 
groups. 

Other concerns with our methodology for paper II regard the possibility 
for bias. Selection bias is always a concern for any interventional study. 
Participation was voluntary, but all of the approximately 300 HCPs 
potentially involved in neonatal resuscitation, and working in over 50% 
employment, were invited to participate. 220 (>70%) were recruited, and 
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unsurprisingly, some were lost underway. The majority of dropouts 
occurred after test 1. Table 5 shows the number of dropouts after test 1 
for the four professions in which this occurred, along with average test 1 
scores for the dropouts compared to those completing the study. 

Table 5 Numbers (No) of study dropouts from the four relevant profession-groups and the test 
(T) 1 scores of the dropouts compared to those completing the study  

 

It is appropriate to consider whether these dropouts may have affected 
the outcome. One might postulate that participants not progressing 
beyond test 1 may have performed less well and were discouraged from 
further participation due to performance anxiety. This could bias the 
outcome. We can see that from table 5, the profession from which the 
greatest percentage proportion of dropouts occurred, the obstetricians, 
that there was about a one-point difference (in favour of those dropping 
out) in how those lost from the study scored compared to those 
completing it. It is unlikely, therefore, that this affected the study’s 
outcome. The anaesthetic staff lost from the study did, in fact, score less 
well than those remaining in the study, but as the percentage loss from 
these two groups is less than half of that of the obstetricians, this may 
have had little impact on the overall results. The midwives, representing 
the largest profession-group numerically, were the highest scorers at test 
1 of these four professions, and showed a minimal difference in score 
between those leaving the study and those completing the study. Overall, 
we believe that the outcome is unlikely to have been biased by the loss 
of 29 out of 220 participants (13.2%) after test 1. Subsequently, only 4 
more participants were lost after test 2 (equally divided between the 
intervention and control groups, and shown in table 1, page 58). This is 
also unlikely to have influenced the study’s outcome. 
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The other selection bias issue is that of initial recruitment. Only around 
10 of approximately 300 HCPs were ineligible to participate due to 
working in a 50% or lower employment-time position. Was there any 
systematic bias hindering participation of the approximately 70 HCPs 
who were not recruited to the study? It may be that performance anxiety, 
a dislike of simulation, or a concern that poor performance might have 
consequences, prompted some to not participate. Others may have felt 
they didn’t have time to participate in the course of a hectic shift. This 
we cannot know with any degree of certainty. However, these 70 
represent less than a quarter (23.3%) of the total number of participants, 
and adding in the 10 who were ineligible (due to < 50% employment), 
only 26.7% of the target population relevant for our study aims did not 
take part. Overall, we feel it likely that our findings are valid for the 
whole population of interest. 

Information, or measurement, bias is another issue to be addressed for 
this study. All tests were scored by the author of this thesis, using a 
scoring matrix assessing completion of the initial steps of resuscitation 
according to the neonatal resuscitation algorithm [35], and performance 
of ventilation using data from the simulator. Figure 20 (page 52) shows 
the scoring matrix used. The first six actions allocate a maximum of 12 
points from observed performance, and are therefore subjective. Keeping 
points per action low, this both minimizes subjective variation and 
allows weighting of the ventilation data. The final six actions all use data 
recorded by the simulator and are therefore entirely objective. These 
elements generate potentially higher scores than the first six, being a 
direct assessment of ventilation competence. Within the final six, 
elements measuring global performance, e.g. time to baby cry, or those 
essential to success, e.g. achieving visible chest rise, were weighted more 
heavily than for example, ventilation frequency. The penultimate 
element, visible chest rise/MRSOPA, awarded seven points if chest rise 
was achieved, and if not, rewarded performance of corrective steps- 
MRSOPA- with one point per step. In this way, demonstration of the 
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knowledge of, and ability to perform, corrective manoeuvres in case of 
unsuccessful ventilation was acknowledged. It should be noted that the 
final step- alternative airway- is part of MRSOPA, but cannot be 
performed on the manikin. A point was awarded if the participant 
mentioned that they would consider this in case of unsuccessful 
ventilation.  

It was necessary to create a scoring system for this study. Previously used 
and validated scoring systems for neonatal ventilation are not adaptable 
for use with this simulator, and are in large part based on subjective 
assessment [138, 139]. Many established scoring systems are, in the 
main, based on checklists. To the best of our knowledge, no other scoring 
system rating neonatal ventilation by using objective data has been 
published. 

In producing the scoring matrix, the author worked with supervisor Hege 
Ersdal and co-supervisor Siren Rettedal. We decided to score the initial 
elements of the neonatal resuscitation algorithm up to the point of 
starting ventilation, and use the data available from the simulator to score 
ventilation performance. We reviewed the data available from the 
simulator and reached a consensus on how the different elements should 
be weighted. Through the consensus process, content validity of the 
matrix was assured. Prior to starting the study, it was successfully trialed 
for usability. The matrix was used in paper II. In the first test, the 
paediatricians scored highly, which we believe provides evidence of face 
validity, correctly identifying those with high competence at the outset 
of the study.  

5.1.3 Paper I 

Paper I was an observational study. A much-debated element of 
simulation training – fidelity - is an important issue for this study. We 
believed that a certain degree of fidelity in the manikin was likely to be 
necessary in order to effectively train competence in a technically 
difficult and multifaceted procedure. The unique design of the study 
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allowed us to make a direct comparison of manikin ventilation with real-
life neonatal ventilation. As an observational study, no power 
calculations were performed. We wished to minimize the variability of 
performance of manikin ventilation, and chose, therefore, to use data 
obtained when the paediatricians ventilated the manikin. This was also 
an appropriate choice in terms of comparing ventilation data produced 
by the same providers, as the paediatricians perform most of the neonatal 
ventilation during resuscitation. Due to anonymity of participants in 
neonatal resuscitation, it was not possible to pair manikin and real 
newborn ventilation episodes by individual provider. However, we 
considered it valid to compare manikin ventilation provided by the 18 
paediatricians in the study with real life ventilation provided by 
approximately 20 paediatricians regularly attending newborn 
resuscitations. Thus there was only an approximately 10% chance that 
any given real life ventilation episode had been generated by a 
paediatrician who did not also provide manikin ventilation data. 

Appropriate statistical analysis of ventilation data in this study required 
discussion and reflection. A number of studies have used RFMs to record 
both real [45, 69, 83] and simulated [46, 60, 140, 141] ventilation data. 
Almost all of these papers report central tendencies over the whole 
ventilation episode for ventilatory parameters such as PIP, PEEP, eVT 
and leak. While these statistics provide a snapshot of what is being 
achieved, they provide no insight into the dynamical evolution over the 
course of a ventilation episode, something of particular relevance for 
PPV during neonatal resuscitation. We employed panel data regression 
analysis to allow us to compare the ventilation dynamics over the course 
of a ventilation episode between simulated (manikin) and real (baby) 
PPV. Time-series data such as these are strongly auto-correlated, and it 
was necessary to correct for this [142]. The smoothed trajectories of the 
four parameters PIP, PEEP, eVT and leak were presented visually, 
comparing manikin and baby ventilation in short and long ventilation 
episodes separately. Smoothing was performed using the LOESS 
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(Locally Weighted Scatterplot Smoothing) method with a span of 0.5, 
which equally balances the level of noise in the data against the 
identification of trends in the data. The p-values associated with these 
comparisons were displayed along with the more traditionally used box 
and whisker plots for the four parameters (figure 22 page 61). 

As well as comparing the dynamical evolution of individual ventilatory 
parameters between simulated and real ventilation, we thought it relevant 
to consider how these parameters vary as a function of one another 
during ventilation. This has been done before for both simulated [60] and 
real [45] ventilation data, using linear regression. This method poses 
challenges in the analysis of ventilation data; as a repeated measure, the 
assumption of independence is violated. We therefore chose to use a 
method of dynamical correlation for multivariate longitudinal data [143]. 
In order to facilitate comparison with studies using linear regression, we 
present the Pearson’s correlation coefficient of linear correlation along 
with the dynamical correlation coefficients (figure 23 page 63). 

5.1.4 Paper III 

Paper III is also an observational study. The aim of this study was to 
identify the optimal simulation training load (frequency and/or dose) to 
maintain ventilation competence in the whole group of participants. 
Large amounts of data were collected; over 4300 simulation cases were 
performed and recorded. Linear regression was not a suitable technique 
to identify patterns of training ensuring high competency scores. To 
identify how training load predicted global competency scores, we used 
generalized linear mixed effects models (GLME). GLME was used to 
model two outcome variables based on global competence score and 
individual skill element scores. GLME is an extension of the regression 
model that makes it possible to incorporate subject-specific differences 
in the model definition, thus giving potential to assess the effect of, for 
example, profession. 
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The issues of selection bias are in large part very similar to those 
discussed for paper II.  

A scoring system was also required for this study. None of the cases were 
observed directly, and this scoring system was based entirely on 
ventilation data from the simulator. Of necessity, this meant adapting the 
scoring system as used in paper II. Figure 21, page 53, shows the scoring 
matrix used. 

The maximum possible score was 30 points. The seven individual 
elements that made up this score had potential maximum scores of 
between three and five points, weighted according to clinical importance 
in terms of achieving effective ventilation. We wished to consider the 
effect of training load on the overall competence score out of 30, and 
also the individual skill elements. As these elements had differing 
maximum scores, these seven elements were logged in terms of points 
lacking to attain the maximum, i.e. a score of zero is best, with 
increasingly negative points indicating steadily poorer performance. In 
terms of modelling these scores in the regression analysis, it was 
necessary to define a cut-off indicating successful performance. For the 
global competence score, this was defined as >28 points, and for the 
seven skill elements, success = zero points, with > zero points indicating 
failure. These are strict definitions of competence, and the relationship 
of success or failure to clinically relevant changes in ventilation 
performance can be debated. However, setting the success bar high does 
allow us to be confident that personnel achieving the minimum training 
loads predictive of success are performing to a very high level. 
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5.2 Discussion of the results 

5.2.1 Paper I Novel Neonatal Simulator Provides High-Fidelity 
Ventilation Training Comparable to Real-Life Newborn Ventilation 

This is perhaps the most unique of all the three papers comprising this 
thesis. Simulation training in neonatal resuscitation has reached, 
arguably, universal acceptance as a teaching and training tool for 
healthcare providers of all levels of experience. However, a commonly 
cited limitation of simulation in the setting of neonatal resuscitation is 
the lack of recreation of the changing lung compliance over the course 
of the first few minutes of life [61, 140]. This change has implications 
for the provision of PPV. 

PPV is a very tactile procedure, and haptic feedback is an important part 
of the process. While many simulators allow for learning the individual 
steps that make up procedure, the element of haptic feedback facilitating 
appropriate adjustments is a technical step too far for most.  

Previously published literature assessing the fidelity of neonatal 
simulators is largely based on objective assessments by users of the 
simulator [144]. To our knowledge, no published study directly 
compares simulated and real neonatal ventilation as a means to address 
the simulator’s fidelity. The unique study design using RFMs during real 
and simulated resuscitation allowed us to do just that.  

In addition to being able to directly compare real and simulated neonatal 
ventilation, this study made use of dynamical data. This provides a 
unique insight into what is occurring over the course of a ventilation 
episode. Many studies reporting on ventilation parameters report median 
values for PIP, PEEP, eVT and leak over the course of a ventilation 
episode. Table 3, page 60, summarizes these values for manikin and baby 
ventilation in both short and long ventilation episodes. 
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The box plot is commonly used to visualize this data, and is shown in 
figure 22, page 61. This figure also shows the dynamical data for the 
corresponding comparisons of manikin and real baby data.  

From the PIP box plots in figure 22, it seems that the comparisons 
between manikin and baby are very similar for both long and short 
sequences. However the p-values, which are calculated for the dynamical 
data, identify no difference in PIP between manikin and baby for short 
sequences, but a highly significant difference in the long sequences. This 
difference becomes very clear when looking at the dynamical plots, 
where the manikin data is consistently higher than the baby data, and is 
accounted for by the fact that the paediatricians, whose data was used, 
commonly increased PIP from 30 to 35 cmH20 when ventilating the 
manikin.  

Looking at the eVT data in figure 22, the median values appear similar, 
and there is considerable overlap of the box plots, but the p-values 
demonstrate the differences that are clear from the dynamical plots. At 
the outset of this study, it was felt unlikely that tidal volumes in the 
manikin would compare favourably with the real data. The median 
values are similar for manikin and baby in short and long sequences, and, 
in the case of the long sequences, are within commonly reported values 
during newborn resuscitation [81, 83]. While this is interesting, it is also 
notable that the trends visible in the dynamic plots are also similar for 
manikin and baby. In both cases, longer ventilation episodes are 
associated with higher eVTs. Increasing VTs during the first minutes of 
neonatal ventilation is commonly ascribed to improved compliance [45]. 
While this is not what is really happening in the manikin long sequences, 
there is nonetheless a rapid increase in eVT as a consequence of a very 
abrupt removal of total obstruction to gas flow, mimicking the improved 
compliance. These similarities in tidal volumes and the dynamics of 
these are noteworthy, but it seems unlikely that achieving these 
similarities in themselves is an important feature of the simulator. VTs 
are not measured by the simulator; rather, evolution of the heartrate in 
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the simulator is driven by applying appropriate pressures via a patent 
upper airway, and what the provider is looking for it to achieve visible 
chest rise. What is, therefore, relevant is that the similar tidal volumes in 
manikin ventilation are producing a degree of chest rise that, along with 
the rising heart rate, provide HCPs with the confidence that they are 
providing effective ventilation.  

The leak data is also interesting in the similarities between manikin and 
baby ventilation. It confirms previous reports of large and variable leaks 
in real life [69] and simulation [145]. It is also interesting that over the 
course of longer ventilation episodes, leak is reduced in both manikin 
and baby, and mirrors the increase in tidal volume. The relationship 
between leak and volume was very similar for manikin and baby, and is 
seen in figure 23, page 63. 

These scatterplots highlight another feature seen throughout this paper, 
namely that the variation in data is much greater for the baby than for the 
manikin, something which might intuitively be understood due to the 
uniformity of the manikin, and also the multiple providers present, 
performing different tasks concurrently in real resuscitation. But despite 
this uniformity in the manikin ventilation situation, some common factor 
appears to be present in terms of adjustments made to reduce mask leak. 

The data in this study suggest that similar PIP is being generated in the 
manikin and baby, and that this generates similar tidal volumes which 
increase over time as mask leak diminishes. Additionally, airway 
obstruction is an issue occurring with similar frequency in both. A 
reasonable conclusion might be that manipulations made to ensure a 
patent airway and adequate mask seal are performed in a comparable 
way in the manikin and baby. The logical extension of this is that there 
is both anatomical and functional fidelity that leads the paediatricians to 
perform PPV in a similar way in the manikin as they do in real life. 

The concept of fidelity is frequently discussed in simulation literature. 
No universal definition of fidelity exists, but it is usually refers to the 
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degree to which a simulator looks, feels and acts like the human subject 
it is replacing [146]. Typically, simulators are described as low- or high-
fidelity, depending on to what degree the simulator replicates the 
conditions encountered in real life. High-fidelity usually indicates 
considerable replication of real life in most or all aspects of simulator 
design and is often computer-driven, while low-fidelity achieves this to 
a lesser degree and is usually instructor-driven [147]. Again, there are no 
universal definitions to identify high-versus low-fidelity, and the 
literature uses these terms variably. There is a general assumption that 
the higher the fidelity, the greater the learning effect, However, there is 
limited data to support this, and in many studies comparing high- and 
low-fidelity simulators, there is no difference in learning outcomes [148, 
149]. This clearly has implications considering the cost of increasing the 
level of technology required for high-fidelity simulators. 

There are a number of theories concerning the apparent lack of 
superiority of high-fidelity simulation training over lower-fidelity. It is 
generally believed that novices have different learning needs compared 
to experienced personnel. The relationship between simulator fidelity 
and learning effect is not linear, and may be more dependent on 
experience levels and the stage of training [148]. Integral to both these 
paradigms is cognitive load theory (CLT). This is an intuitive factor that 
goes against the notion of high-fidelity being superior in all situations, 
and increasing fidelity may lead to negative learning experiences [148]. 

What may be more useful approach is to consider the different types of 
fidelity and how this influences learning goals, and further the design of 
the most appropriate simulator, for any given learning outcome. Modern 
medical simulation is in large part adopted from aviation safety 
principles. In aviation, simulator fidelity is typically divided into two 
domains- engineering or environmental fidelity (does the simulation 
look realistic) and psychological fidelity (does the simulator contain the 
critical elements to accurately stimulate the behaviours required to 
complete the task in real life) [150]. Fidelity in medicine may sometimes 



Discussion 

81 

be divided into three or more domains [115,151], but essentially, all can 
be placed under one of the two headings- environmental or 
psychological. Environmental fidelity refers to the physical replication 
of the human subject, the immediate surroundings and the equipment 
used. Psychological fidelity refers to the degree to which the trainee can 
“suspend disbelief” and engage cognitively with the simulator. 
Psychological fidelity is commonly associated with increased stress 
levels which would naturally be present in the clinical environment. 
Simulation may allow learners to learn to manage this stress to the 
benefit of their performance in real life [150]. Psychological fidelity also 
encompasses the element of realistic haptic feedback which the simulator 
achieves. This type of fidelity is often referred to as functional fidelity 
and relates to the degree the skill(s) needed in real life is (are) captured 
in the simulation [150]. This element may be may be particularly 
important for some skills, for example simulation training for 
laparoscopic surgery [152]. However, the simulator does not necessarily 
need to have high environmental fidelity to possess high psychological 
feedback. For example, a piece of animal tissue may provide high 
psychological fidelity when learning suturing techniques despite being 
of low environmental fidelity.  

It is widely agreed that of these two types of fidelity, psychological 
fidelity is the more important [148, 153, 154]. This holds true for many 
skills but may also be relevant for teamwork, an area where 
environmental fidelity is also considered important.  

The simulator NeoNatalie Live may be considered of moderate 
environmental fidelity. The manikin realistically replicates the size and 
form of a term newborn, and is anatomically correct in its head shape 
and in its facial features. Interestingly, these physical features may in fact 
contribute to the psychological fidelity due to the need to appropriately 
position the manikin to maintain a patent upper airway, and to place and 
hold the facemask in a way that corresponds with the real life situation, 
in order to obtain sufficient seal to enable effective PPV. It is this 
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psychological fidelity that can truly be considered high in NeoNatalie 
Live. In addition to the described physical features which contribute to 
the haptic feedback of the process of ventilating a newborn, the design 
features of changing lung compliance and heartrate response according 
to the quality of PPV provided truly allow the trainee to engage with the 
simulator. Realistic cues are provided to the trainee to allow them to 
adapt their management as they would do in the clinical situation. 

Does maximum fidelity equate to maximum skill transfer to the clinical 
situation? It seems intuitive that a simulator with a high degree of 
psychological fidelity would likely be more effective in promoting skills 
transferable to the clinical situation than a simulator low in psychological 
fidelity. But is there any evidence for this? There is some data to support 
this idea coming from areas other than neonatal resuscitation. Draycott 
and colleagues showed that obstetric staff training to manage shoulder 
dystocia benefited more from a high fidelity simulator which included 
haptic feedback on pressure applied, compared to a low fidelity simulator 
[155]. Additionally this research showed that shoulder dystocia training 
improved outcome for the babies, irrespective of the fidelity of the 
simulator [156]. However, rates of successful delivery were statistically 
higher in the high-fidelity group, providing a valid argument for the 
fidelity having an important impact. Research involving high-fidelity 
neonatal simulators is in its infancy, and earlier work suggests no 
advantage of high- over low-fidelity [147, 157]. A more recent 
systematic review suggests a moderate benefit of high- over low-fidelity 
in neonatal resuscitation simulation training [107]. There are also data to 
suggest that fidelity in this field may make a difference in the clinical 
situation. Størdal and colleagues found that regular NeoNatalie Live 
training was associated with improved delivered VTs during ventilation 
[158]. Vadla et al showed that NeoNatalie Live training resulted in 
reduced time to initiate PPV in real life, with fewer pauses in ventilation 
[159]. 
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For optimal learning efficiency, the learning objectives and the learners 
themselves must be the prime consideration [149, 150]. From this 
starting point, the level of simulator fidelity needed to match these 
criteria should follow naturally. Although NeoNatalie Live is described 
as high fidelity, it seems that this level of fidelity is not a hindrance to 
learners from a wide variety of backgrounds. Our goal was PPV 
competence in simulated neonatal resuscitation for a diverse group of 
HCPs, and it appears that the level of fidelity is appropriate. 

NeoNatalie Live was designed in response to feedback from midwives 
in Tanzania, who described that lack of realistic interaction with her 
predecessor, NeoNatalie, as a hindrance to effective learning i.e. the 
“adrenaline gap” [150]. One might reasonably suspect that a simulator 
designed for the needs of midwives in a low-resource country might not 
address the needs of healthcare providers working in a high-resource 
country. However, the learning effect was clearly demonstrable for all 
except the pediatricians. From the questionnaires, the paediatricians felt 
that the training was useful, in particular the possibility to train using a 
self-inflating bag which they use rarely in clinical practice, and if they 
do, in difficult cases. However, they also stated the desire for a greater 
variety of cases and the possibility to train other skills such as intubation 
and umbilical vein catheterisation (unpublished data). It is likely that 
increasing the complexity of the simulator in this manner will lead to 
deterioration of learning effect for other personnel in line with CLT.  

Limitations in the fidelity of NeoNatalie Live have been identified in 
paper I. These are the disconnect in extremely low lung compliance and 
the too rapid increase in heartrate seen in the most difficult scenario, and 
the abrupt transition from non-breathing to breathing in all scenarios. In 
terms of learning effect, it may that the first limitation has limited impact 
on learning outcomes. It is the very fact that very low “compliance” 
prevents heart rate increase and visible chest rise that encourages the 
appropriate interventions that are necessary to achieve effective PPV in 
real life. For many HCPs training with the manikin, the complex scenario 
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of judging when a neonate is breathing adequately, and when PPV can 
be discontinued, is beyond the trainees’ needs and would be both 
technologically advanced and costly to achieve. Realistically, producing 
such a simulator for the pediatricians, for whom it would be anticipated 
that there is a potential benefit, the return in learning effect seems 
unlikely to justify the outlay [148]. 

5.2.2 Paper II A Randomised Controlled Study of Low-Dose High-
Frequency In-Situ Simulation Training to Improve Newborn 
Resuscitation 

The primary hypothesis in paper II was rejected; there was no significant 
difference in test 3 scores between the intervention (train twice monthly) 
and the control (self-guided training) groups. This is shown by the box 
plots for this analysis, figure 24, page 64. Whilst this was a disappointing 
result, it is not proof of the lack of benefit of frequent simulation training. 
We have interpreted this result in the light of the control group 
compromise: - this group did train, performing on average one third of 
the number of training sessions as the intervention group. To compound 
the issue, the intervention group performed, on average, just short of half 
the planned number of training sessions. This means that the intended 
comparison for the hypothesis was not actualised. However, our 
assumption that the control group would perform less training than the 
intervention group was accurate. Indeed one third of this group 
performed no training. Comparing test 3 scores of all those performing 
no training with those training on average at least once a month did show 
a benefit of training, with a highly significantly higher score in the more 
difficult case 4.This is shown in the box plots for this analysis, figure 25, 
page 65. This sub-group analysis allowed us to conclude an advantage 
of low-dose, high-frequency simulation training in maintaining 
ventilation competence. This advantage was particularly clear for the 
more difficult case four. This feels intuitively correct; one would predict 
the need for more training to manage more complicated situations. 
However, this analysis was undertaken irrespective of the randomisation 
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groups. As a result, the finding of this sub-group analysis is a secondary 
outcome. 90% of those in the no-training sub-group had been 
randomised to self-guided training, and 81% of those performing nine or 
more trainings had been randomised to twice monthly training. Figure 
27 shows how the training frequency sub-groups were distributed by 
profession. 

 
Figure 27 Numbers of participants from each profession-group performing no independent 
training (left), and performing nine or more sessions of independent training (right) 

Figure 27 shows that there was far from an even intra-professional 
distribution in the two training frequency sub-groups. However, there 
was also an uneven distribution in the randomisation groups (table 1, 
page 58). This, along with a very high percentage of the sub-group 
participants also belonging to the corresponding randomisation group 
(no training and self-guided; nine or more trainings and twice monthly), 
provides more confidence that a real effect has been demonstrated. 

The other secondary outcome in this study, the progression of T1-T2-T3 
scores by profession, provides evidence of the potential of simulation 
training to ensure high levels of competence in HCPs who are not 
regularly exposed to real-life neonatal ventilation. From figure 26 on 
page 66, we can see that all the non-paediatrician profession-groups 
improved their test scores to the same level as the paediatricians 
following the educational initiative (T2), and equally importantly, were 
all able to maintain their performance at this level through nine months 
of independent training (T3). Although a secondary outcome, this 
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important finding is of utmost relevance for the overall aim of this thesis, 
to use simulation training to bridge the clinical experience gap  

The theme of this study, demonstrating improved neonatal ventilation 
performance using simulation, may not be new, but this paper is novel in 
taking a large, diverse group of HCPs, comprising the majority of those 
actually involved in neonatal resuscitation, and using an objective 
method of assessment of their ventilation performance.  

A number of studies have demonstrated improved simulated ventilation 
performance in low- and middle-income settings [160, 161]. These 
papers also describe the involvement of a large proportion of the staff 
who are also responsible for newborn resuscitation in those settings. 
However, the organisation of neonatal services, and the scope of 
newborn resuscitation which is appropriate in these settings, usually 
deviates considerably from that which is standard and expected in high-
resource countries. In contrast, studies of simulation training to improve 
ventilation performance in high-income countries often focus on a small 
number of personnel and may not be representative of those performing 
resuscitation in real life [162]. 

This paper’s findings have real relevance for the improvement of 
performance of neonatal resuscitation in the department in which the 
research was carried out. It provides a real-world example of quality 
improvement in healthcare. Not only does this quality improvement 
involve the majority of the personnel who are targets for the initiative, it 
also describes improvement occurring in a working clinical environment 
with real-life limitations on the amount of training that can be achieved. 
As such, the results of paper II may have transfer value to other 
institutions with similar clinical resources and set-ups.  

A criticism of including such a wide variety of HCPs in a study whose 
aim is to improve neonatal ventilation competence, is that many of the 
study participants do not regularly perform newborn PPV. This can be 
seen from data presented in paper III. Figure 28 shows pie charts 
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describing when the six profession-groups last ventilated a newborn, as 
reported at entrance into the study, taken from pre-participation 
questionnaires (shown in paper III, submitted manuscript, and therefore 
reproduced here). We can see from this figure that while the vast 
majority of paediatricians had last performed PPV within the preceding 
month, this was far from the experience of the other professions, and, 
indeed, over 50% of paediatric nursing assistants and nurse anesthetists 
had never performed neonatal PPV. 

 
Figure 28 Pie charts describing how recently each of the six profession-groups had ventilated a 
newborn on entering the study 
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Is it important to ensure ventilation competence in everyone working in 
labour and delivery services, when most neonatal ventilation is 
performed by the paediatricians? Any of the HCPs involved in the study 
might find themselves unexpectedly called-upon to start newborn 
resuscitation. In 2021 and 2022 at SUS, 41 and 35, respectively, newborn 
resuscitation alarms were issued, indicating the birth of a neonate in 
unexpectedly poor condition, and where a paediatrician had not been 
summoned in anticipation of the need for resuscitation. The neonatal 
intensive care unit is in another building to the labour ward and operating 
theatres, and it may take a number of minutes for a paediatrician or 
neonatologist to arrive. Those staff immediately available on delivery 
ward or in the operating theatres have the potential to provide high-
quality care in the first vital minutes of a newborn’s life. Although the 
quality of clinical care the study participants are capable of providing 
cannot be inferred from this study, the ground-work to facilitate high-
quality, effective neonatal ventilation has been laid; competence in the 
simulated situation can be assured, and this training has undoubtedly led 
to improved confidence among the participants, as shown in figure 29. 
Figure 29 shows responses to four statements from the post-participation 
questionnaire (unpublished data). From the entire group of participants, 
around four-fifths and two-thirds, respectively, agreed that knowledge 
and ability to ventilate the manikin had improved through study 
participation. Approximately three-quarters felt more confident in real 
resuscitation situations. However, two-thirds replied that they did not 
know, or it was not relevant to them, in response to the statement that 
they were more successful in ventilating a real newborn. This is 
unsurprising given the low exposure to real-life ventilation amongst the 
group as a whole.  
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Figure 29 Pie charts of self-reported knowledge, confidence and skill as a result of study 
participation for all healthcare providers 

Paper II uses a novel method of assessing ventilation competence, as 
described in the methodology section. We believe this to be a valid and 
objective assessment of ventilation performance. Such an assessment has 
not been described in the literature previously. Although the scoring 
matrix used is designed around, and thus is unique to, the simulator 
NeoNatalie Live, the principles used may potentially be adapted to other 
objective scoring systems.  

The major strength of this scoring system is the objective measurement 
of parameters important to the success of PPV, for example, maintaining 
a patent upper airway and generating sufficient inflating pressure to 
deliver appropriate tidal volumes. To the best of our knowledge, no other 
published ventilation scoring system makes use of such objective data. 

Recently, Whalen et al published a validated paediatric bag-mask 
ventilation assessment tool [163]. Building on a checklist-based neonatal 
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ventilation assessment tool, a thorough consensus process was used to 
find appropriate modifications for the paediatric setting. This was 
combined with a global assessment tool, in which experienced 
physicians, trained as raters, assessed performance according to 
descriptions of novice, advanced beginner, competent, proficient and 
expert performance. The outcomes of these two assessments allows a 
judgment on so-called entrustable professional activities, i.e. a statement 
of entrustment to competently perform paediatric ventilation in real life. 
This performance assessment tool moves towards evaluating 
competency and translating this into a statement of readiness to be 
entrusted with this task in the clinical situation. 

Despite a robust validation process, this tool remains reliant on 
subjective assessment by expert providers, rather than objective 
measurement of performance. This may not necessarily detract from the 
relevance of the result of the global assessment tool. Expert providers are 
able to make experience-based, nuanced global assessments of 
ventilation performance that is very different from, for example, a black-
and white evaluation of whether a specific inflating pressure is achieved. 
However, it may be difficult to progress to a universal evaluation process 
applicable in all settings and which has the potential to be used by 
certifying bodies to declare clinical competence. As such, it is likely that 
such evaluation tools will likely play a local role in performance 
assessment.  

Paper I in this thesis describes the use of a RFM to measure both real and 
simulated data. Indeed this formed the basis of that paper, identifying 
similarities in these data as an indication of the realism of the simulated 
experience. While RFM data does not form part of the assessment 
process of performance in simulated ventilation in these studies, it seems 
appropriate to consider that if we can use RFMs to evaluate how we 
provide PPV in real-life, we can likely do the same for simulated PPV. 
Indeed this has been done in both situations [56, 80]. The studies 
presented in this thesis are unique in using a RFM in both real-life and 
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simulation together, and show how closely these two situations can 
mirror each other. This lends credibility to the use of RFMs to 
objectively evaluate simulated PPV performance.  

The role of evaluating simulated performance in assessment of 
healthcare providers’ competence remains a topic of debate. Valid 
concerns exist as to whether performance in simulation can be 
representative of what any given HCP can achieve in a pressurised 
clinical setting. In a climate of reduced clinical exposure through 
improved (reduced!) hours of working, and a changing landscape of 
medical education, it seems likely that such assessments are inevitable 
in the future. This paper adds to the literature documenting that this 
indeed might be the future of HCP performance assessment. 

Why is it that the studies using a high-fidelity simulator in this thesis 
show a positive learning effect, when other research suggests that there 
is no learning advantage in high- over low-fidelity neonatal simulators 
[157]? Might there be some relationship to the methods used to assess 
learning effect? Research suggesting no advantage of high- over low-
fidelity neonatal simulators and resuscitation skills commonly uses 
check-list based assessment [147, 157]. These same assessment methods 
of neonatal resuscitation skills are also used in the studies comparing 
low- and high- fidelity training in Huang et al.’s meta-analysis, which 
suggests a moderate benefit in favour of high-fidelity simulation [107]. 
It may be that these check-list based assessments lack the sensitivity to 
differentiate changes in skills in low- versus high-fidelity situations. The 
very objective nature of evaluating ventilation performance in this study 
may strengthen the data supporting the advantage of high-fidelity 
simulation training for this particular competency of neonatal PPV. 
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5.2.3 Paper III How much training is enough? Low-dose, high-
frequency simulation training and maintenance of competence in 
neonatal resuscitation 

Having established that we can use simulation training to improve 
neonatal ventilation competence, this final paper deals with the issue of 
training frequency. How often should on-going simulation training occur 
to prevent the well-documented skill decay that occurs without regular 
practice [164-166]? We analysed over 4000 simulation cases performed 
by the study participants during nine months of independent training 
after an educational initiative. Considering the amount of training 
performed, both in terms of frequency (number of months in which 
training occurred and number of sessions performed) and dose (number 
of cases performed, reflecting the amount of time spent training), we 
used regression analysis to correlate training load to the competency 
scores achieved. Performing five or more training sessions in nine 
months predicted global competency scores of ≥ 28 out of a maximum 
of 30 points. Success in the individual skill elements making up the 
global competency score was best predicted by various training loads, as 
shown in table 4 on page 67. 

Some published studies have tried to address the question of training 
frequency [167-170]. These studies are heterogeneous in their design, 
and perhaps, therefore, heterogeneous in their results. Some identify as 
infrequently as six-monthly as adequate, others as often as monthly. This 
has clear implications for service provision in the busy healthcare sector. 
However, with such varied estimates, can we rely on the results?  

This paper is unique in describing real-life training frequencies actually 
obtainable in a high-resource setting, rather than prescribed training 
frequencies often employed in studies. In itself, this may lend credibility 
to this study’s findings; this is what can actually be achieved in the real-
world, rather than an isolated study situation. It is perhaps also credible 
that that these findings suggest an optimal training frequency in between 



Discussion 

93 

that of the highest identified training frequency (monthly) and arguably 
the most commonly identified training frequency:- three-monthly or 
quarterly. However, in this paper we argue for a limitation in the 
robustness of our data, in the multi-disciplinary nature of our study 
participants with varied real-life experience. It is intuitive to presume 
that HCPs from different professions, with different lengths of service 
and varied real-life exposure to opportunities to perform neonatal PPV, 
will have different training needs. A weakness of this study was the 
inability to evaluate training loads by profession. Our regression model, 
identifying training loads predictive of high global competence scores 
for all HCPs from six different professions, had a marginal probability 
of success of 0.66 (95% CI 0.6-0.72) for the identified cut-off of five 
training sessions in nine months (table 4, page 67). This moderate 
marginal probability likely reflects the precision of the cut-off when 
making this calculation for such a diverse group of HCPs. The moderate 
precision of training thresholds predictive of success in the two skill 
elements assessing performance globally, % valid ventilations and time 
to baby cry, can also be seen in table 4.  

It may be that should we have calculated the training load cut-off for 
global competence scores by profession, a more precise estimate could 
be obtained. Only for one score, that of achieving ventilation frequency 
within recommended limits, was it possibly to assess training loads 
predictive of success by profession. This analysis identified that those 
with the most recent real-life experience of providing PPV at study start, 
the paediatricians and the midwives (figure 28, page 87), were predicted 
to succeed in this skill element with no training, i.e. were successful from 
the start. While this is not proof that different professions, or participants 
with varying real-life experience, do indeed have varying training needs, 
this finding is compatible with the notion. Moving forward with future 
research on this topic, it may be that designing studies assessing training 
loads on an individualised basis will allow for more robust results. 
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How can we provide a more individualised answer to this problem? One 
clear solution is to analyse data by profession, perhaps the easiest way to 
achieve data quantities allowing such analysis. Other possible targets are 
frequency of exposure to real-life neonatal PPV or length of service, or 
indeed, the interaction of these two. Data on these for this group of HCPs 
is shown in figures 30 and 31, taken from pre-participation 
questionnaires (unpublished data). 

Figure 30 Pie charts showing how many neonatal resuscitations the six professions were involved 
in in the year preceding study inclusion 
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Figure 31 Error bars of average length of service for the six profession groups 

 
While the midwives are less frequently involved in neonatal resuscitation 
than the paediatricians, they have more clinical experience than all other 
groups except the obstetricians. However, their length of service is on 
average longer than the paediatricians, such that cumulatively over their 
careers, they may have equivalent, and potentially more, experience 
compared to the paediatricians.  

This study also collected, and made use of, data on the difficulty level of 
the simulation cases performed and the ventilation device used. The 
training load outputs were averaged across both these, such that 
information on how case difficulty or use of a self-inflating bag rather 
than a T-piece resuscitator influences the predicted thresholds for 
competence is not known. One might well presume the result if training 
load were to be analysed by case difficulty- a more difficult scenario 
would require greater training load to maintain competence. It is 
interesting to look back at the subgroup analysis of test 3 scores in paper 
II (figure 25, page 65). The score improvement for the easiest case 1 was 
borderline different, comparing those performing no training versus 
those training at least monthly. However, the same comparison for the 
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most difficult case 4 showed a highly significant difference in scores. As 
noted previously, this aligns with the prediction of the need for more 
training to maintain competence in more difficult situations.  

However, there may well be merit in considering differences occurring 
as a result of the ventilation device used. Table 6 shows the distribution 
of the 4348 cases performed by case difficulty and ventilation device 
(unpublished data). 

Table 6 Distribution of cases by case difficulty and ventilation device 

 

Almost twice as many cases were performed with NeoPuff™ alone than 
with SIB alone. Relatively few cases were performed using a 
combination of devices. It is not known why both Neopuff™ and SIB 
were used in the same case, but modifying the analysis to show training 
loads by device may provide some insights. Figure 32 (unpublished data) 
shows the marginal probabilities with 95% confidence intervals of 
success for the skill of adequate mask seal to provide sufficient inflating 
pressures according to device used. The marginal probabilities for use of 
Neopuff™ are higher than for SIB, although there is considerable 
overlap of the confidence intervals. However, the marginal probabilities 
for the combined use of devices in the same case are much lower. This 
suggests that problems in establishing effective ventilation with the first 
device chosen prompt the provider to switch devices. The order of the 
use of devices is not known. 
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Figure 32 Marginal probability with 95% CI of successfully creating adequate mask seal with 

device 1 = Neopuff™, device 2 = self-inflating bag and device 3 = both 

This paper identifies that training on average once every other month 
maintains ventilation competence in this group of HCPs. Is this training 
load achievable for all HCPs involved in newborn resuscitation? Some 
insights can be gleaned from the post-participation questionnaire data. 
Several statements enquired about facilitators and barriers to training. 
Figure 33 shows responses of those who were in the «train twice 
monthly» group to statements regarding training frequency (unpublished 
data). 
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Figure 33 Pie charts describing results from HCPs in the train twice per month group to two post-
participation questionnaire statements regarding training frequency 

Around one third of HCPs in the «train twice per month» group stated 
they would have liked to train more often than the prescribed frequency. 
However, only around one-fifth disagreed with this statement. This 
group did not achieve the aimed-for frequency, training on average eight 
sessions in nine months. From figure 32 we can see that just under half 
of the group were in disagreement that conditions at work prevented 
them from achieving two sessions per month.  

Those HCPs in the «train as often as you wish» group were asked for 
open-ended responses to either the statement “I trained often 
because…..” or “I trained infrequently because…..”. Three themes 
recurred in answers regarding frequent training: - 1) simulation 
equipment being readily available in the place of work; 2) a perception 
of benefit to training or of increased competence; and 3) cooperation 
within the department such that several participants working together on 
a particular shift all managed to train. Three themes were also recurrent 
in relation to reasons for training infrequently: - 1) a busy shift with little 
time available to train or the need to prioritize clinical activities; 2) the 
Covid-19 pandemic affecting both work and the possibility to train; and 
3) forgetting to train. 
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While these questionnaire responses provide only limited insights into 
facilitators and  barriers to training, there are clear trends that cooperation 
within a department encourages training for those working together, and 
that having some sort of obligation to train is important, as the lack of 
this may lead to forgetting about performing this activity, especially 
during a busy working shift. It remains unclear what the barriers to 
achieving the prescribed training load were for those in the train twice 
per month group. 

5.3 Final comments on the studies in this thesis 

Over the two-year period of performing studies in this PhD, a large 
amount of data has been collected. The three papers presented in this 
thesis demonstrate the fidelity of the simulated experience using 
NeoNatalie Live, the improved ventilation performance in simulated 
resuscitation through training with the manikin, and the need to train 
every other month to ensure this competence endures despite a lack of 
regular clinical experience. This is possible for a wide range of 
healthcare providers with this simulator demonstrating moderate 
environmental fidelity, but high psychological fidelity. 

These three studies provide evidence on pedagogical strategies that are 
effective in ensuring that HCPs in a high-resource setting gain and 
maintain the competence to perform PPV at birth. The educational 
methodology used incorporates elements of Kolb’s cycle of experiential 
learning [93], Ericsson’s concept of deliberate practice [98], and 
McGaghie’s paradigm of mastery learning [99], whilst also taking heed 
of cognitive load theory [94]. 

The final goal of this work is to enable skill transfer to the clinical 
situation, and ultimately improve outcomes for the babies who are born 
not breathing. While it is nice to believe that future analysis of the real 
PPV data collected during this study period might provide some insights, 
the realities of a small data set, of the lack of evidence as to what is the 
most appropriate method of providing PPV in this situation, and the 
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difficulties of defining and following –up suitable end-points for this 
environment, may lead to disappointment. 

If we look towards the low-resource setting for inspiration, where 
absolute numbers of non-breathing newborns are higher, and the all-too-
visible end-point of neonatal mortality makes change easier to identify, 
we remember that knowing what works in terms of HCP training is only 
half the story; widespread implementation is needed to make changes 
that count [123]. What might a future implementation strategy look like 
in this high-resource setting? Engaging stakeholders, both at SUS and 
beyond, to accept that we can and must train our HCPs to perform PPV 
with high levels of competence is a great starting point. We believe that 
the findings in this thesis add to the literature highlighting this vital issue 
and suggest sustainable ways to implement change.  

Engaging HCPs themselves is equally important. Anecdotally, 
participants have reported that their performance in real life has 
benefitted from their participation in the study. Increased self-efficacy is 
commonly noted in favour of high-fidelity simulation training [171], and 
future analysis of data from the questionnaires may highlight this 
important step towards improving real-life ventilation performance. 
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6. Conclusions 

 Similarities in ventilatory parameters and their inter-

relationships, along with upper airway obstruction occurring 

with the same frequency in the manikin and babies, support the 

fidelity of the simulated ventilation experience when using 

NeoNatalie Live 

 Neonatal ventilation competence can be trained and maintained 

through simulation training, irrespective of a provider’s 

background or real-life experience with this skill 

 Maintenance of this level of performance requires a short 

training session approximately once every other month 

 Different elements that make up overall competency to perform 

neonatal ventilation vary in the frequency or dose of training 

need to predict success, and providers may benefit from 

individualised training programmes  

 Those with limited real-life exposure to neonatal facemask 

ventilation at birth performed as well as those with most 

experience after training with NeoNatalie Live 

 The fidelity demonstrated when these same experienced 

providers ventilated the manikin gives confidence that 

NeoNatalie Live training can foster ventilation skills that have 

the potential to translate into competence in the clinical 

situation  
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7. Clinical implications and future 
perspectives 

Through this PhD work, we have shown that despite lacking frequent 
real-life opportunities to perform neonatal ventilation, all healthcare 
providers working with women giving birth can train to provide high-
quality ventilation to a newborn in need. This need occurs frequently and 
often unpredictably, such that all personnel working in this environment 
need to be ready at a moment’s notice. We have demonstrated how a 
training programme to meet this need in our environment can be set up 
to ensure that this is the case at Stavanger University Hospital. Using a 
novel and objective way to reliably measure ventilation performance, 
these studies may serve as inspiration to other high-resource settings 
wishing to train their staff to deliver excellence in the care of the newborn 
who fails to initiate adequate spontaneous breathing at birth. Despite low 
neonatal mortality in such settings, starting effective facemask 
ventilation promptly is the key to reducing morbidity, which is relevant 
wherever in the world a baby is born. 

This PhD has been undertaken within a clinical-research collaboration in 
which the focus is to provide new insights into newborn transition, 
identify the best ways to support transition, and train healthcare 
providers to quickly and effectively resuscitate babies who have been 
exposed to intrauterine asphyxia. Commonly cited issues in neonatal 
resuscitation are the lack of scientifically-derived knowledge 
underpinning recommendations for care, and the on-going need to work 
towards the translation of simulation-based skills into bedside 
competence. This PhD has provided insights into the latter. We have seen 
the value of objectively measuring simulated performance and of 
individualising training. In future research we will combine multifaceted 
monitoring of real-life newborn resuscitations to provide data-driven 
simulation-based training and feedback. The aim is to provide 
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translational simulation training that is relevant for the department in 
which our providers work, the whole resuscitation team, and for the 
individual provider. Scaling up this initiative to involve other centres in 
Norway, the data collected will be large enough to consider the ultimate 
outcome of simulation-based training: - that of the newborn baby.  
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9. Appendices 

Appendix 1- Questionnaire 1 before participation in the study 
«Simulation training to ensure competence in neonatal 
resuscitation» 

Questionnaire 1 before participation in the study «Simulation training 
to ensure competence in neonatal resuscitation» 

About you: circle the response that fits best 

(1) Neonatologist / Paediatrician / Anaesthetist / Obstetrician / Midwife / Paediatric 
nursing assistant / Anaesthesia nurse 
(2) How many years have you worked in your current job? …………years 

 

Experience with neonatal resuscitation and teaching/training: circle the response 
that fits best 

(3) How many neonatal 
resuscitations have you 
been involved in in the last 
year? 

0 1 2-3 4-5 >5 

(4) When was the last time 
you gave facemask 
ventilation to a newborn at 
birth? 

Never 
done it 

In the 
last 

month 

In the 
last 
year 

In the 
last two 

years 

> two 
years 
ago 

(5) How often do you receive 
teaching in neonatal 
resuscitation?  

Never 
had 

< once 
per 
year 

Once 
per 
year 

Once 
per six 

months 

> once 
per six 

months 
(6) How often do you 
participate in simulation 
training of neonatal 
resuscitation? 

Never 
done 

< once 
per 
year 

Once 
per 
year 

Once 
per six 

months 

> once 
per six 

months 

 

 



Appendices 

121 

Your experience of confidence and competence in neonatal resuscitation: circle the 
response that fits best (1 = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = 
strongly agree, 6 = not applicable 

(7)  I am confident about what my role in neonatal 
resuscitation involves 

1 2 3 4 5 6 

(8)  I know the instructions contained in the neonatal 
resuscitation algorithm  

1 2 3 4 5 6 

(9)  It is easy to see when a newborn needs help with 
their breathing 

1 2 3 4 5 6 

(10)  It is rare that I am not successful in ventilating a 
newborn 

1 2 3 4 5 6 

(11)  In my experience, a newborn who needs 
ventilation receives this within 60 seconds of birth 

1 2 3 4 5 6 

(12)  I am worried about harming the newborn during 
ventilation 

1 2 3 4 5 6 

(13)  Regular teaching on neonatal resuscitation 
increases/maintains my knowledge 

1 2 3 4 5 6 

(14)  It is easy to forget information given during 
teaching on neonatal resuscitation 

1 2 3 4 5 6 

(15)  Even though I know what to do, it is not easy to 
perform resuscitation according to the algorithm 

1 2 3 4 5 6 

(16)  Simulation training in neonatal resuscitation 
results in better technical competence which 
helps in real situations 

1 2 3 4 5 6 

(17) My technical competence becomes noticeably 
worse between simulation training sessions 

1 2 3 4 5 6 

(18) Simulation training is important for good team 
work during acute situations 

1 2 3 4 5 6 

(19)  I would like more frequent teaching on neonatal 
reuscitation 

1 2 3 4 5 6 

(20)  I would like more frequent simulation training in 
neonatal reuscitation 

1 2 3 4 5 6 

(21)  I would like to be able to practice neonatal 
resuscitation myself when the opportunity arises 
at work 

1 2 3 4 5 6 
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(22) I know where to find equipment to perform 
simulation training at work 

1 2 3 4 5 6 

(23)  The neonatal simulation training equipment 
available gives a realistic representation of what it 
is like to perform real resuscitation 

1 2 3 4 5 6 

 

Comments regarding my experience of, and my need for, neonatal resuscitation 
simulation training:- 

 

 

 

 

 

 

Thank you for participating in the study. You will now perform two test simulation 
scenarios to document baseline knowledge and ventilation skills. 

Study nr_________ 

Date of test scenario 1___________ 
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Appendix 2- Questionnaire 2 after participation in the study 
«Simulation training to ensure competence in neonatal 
resuscitation» 

Questionnaire after participation in the study «Simulation training to ensure 
competence in neonatal resuscitation»                 STUDY NUMBER___________ 

Thank you for participating in the study. I would like to ask about your experience of 
the study and what was useful for you. Read the following statements and circle the 
response that fits best: - 

 1=strongly disagree 2=disagree 3= neutral 4=agree 5= strongly agree 6= not 
applicable/don’t know 

 

As a result of participation, my knowledge has increased.                     1   2   3   4   5   6 

As the study progressed, I became better at ventilating the manikin.     1   2   3   4   5   6 

I could train often enough that I didn’t experience any deterioration of my skills 
between sessions.                                                                                   1   2   3   4   5   6 

As a result of participation, I feel more confident in real neonatal resuscitations. 

                                                                                                                1   2   3   4   5   6 

As a result of participation, I find that I am more often successful in ventilating a 
newborn who needs help.                                                                       1   2   3   4   5   6 

As a result of participation, I can more easily give advice to a colleague who is 
ventilating a newborn.                                                                            1   2   3   4   5   6 

After the study started, I believe that we more often start ventilation within 60 seconds 
of birth than we managed before the study.                                           1   2   3   4   5   6 

Because of the study, I think that the number of newborns being ventilated has 
increased.                                                                                               1   2   3   4   5   6 

Because of the study, I think that some newborns not being ventilated should have been. 

                                                                                         1   2   3   4   5   6 
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Because of the study, I think that some newborns are ventilated but don’t need to be. 

  1   2   3   4   5   6 

The new simulator, NeoNatalie Live (NNL), gives a realistic experience of what it is 
like to ventilate a real newborn                                                            1   2   3   4   5   6 

I think that the NNL cases (1-4) are realistic.                                      1   2   3   4   5   6 

It is useful to train with the different cases.                                         1   2   3   4   5   6 

The simulation training equipment was readily available such that it was not a problem 
to train when the opportunity arose.                                                    1   2   3   4   5   6 

I experienced that I had many opportunities to train during a shift     1   2   3   4   5   6 

I would have liked to train more often that I had the opportunity to.  1   2   3   4   5   6 

The manikin and iPad were easy to use.                                              1   2   3   4   5   6 

Feedback was relevant and helped me to perform better next time.    1   2   3   4   5   6 

After the study, I am confident in the use of both NeoPuff and self-inflating bag. 

           1   2   3   4   5   6 

NNL simulator covers my requirements for neonatal resuscitation training. 

            1   2   3   4   5   6 

I would like some more advanced cases.                                              1   2   3   4   5   6 

I would like to train for additional skills such as chest compressions, intubation. 

            1   2   3   4   5   6  

I would like the possibility to perform team training.                           1   2   3   4   5   6 

I would like to continue training with NNL after the study is completed. 

            1   2   3   4   5   6 

My requirements for teaching in neonatal resuscitation go beyond that which is covered 
in this study.                                                                                           1   2   3   4   5   6 
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This sort of training should be obligatory for everyone who takes part in neonatal 
resuscitation.                                                                                          1   2   3   4   5   6 

I was in the train twice per month group, but wanted to train more than this. 

            1   2   3   4   5   6 

I was in the train twice per month group but didn’t manage to do this due to work 
obligations.                                                                                             1   2   3   4   5   6 

I was in the train as often as you want group and I trained often 
because______________________________________________________________
____________________________________________________________________ 

I was in the train as often as you want group and I trained infrequently 
because______________________________________________________________
____________________________________________________________________ 

Other comments irrespective of 
group________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________
_____________________________________________________________________ 
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Abstract: Face mask ventilation of apnoeic neonates is an essential skill. However, many non-
paediatric healthcare personnel (HCP) in high-resource childbirth facilities receive little hands-on
real-life practice. Simulation training aims to bridge this gap by enabling skill acquisition and
maintenance. Success may rely on how closely a simulator mimics the clinical conditions faced by
HCPs during neonatal resuscitation. Using a novel, low-cost, high-fidelity simulator designed to
train newborn ventilation skills, we compared objective measures of ventilation derived from the new
manikin and from real newborns, both ventilated by the same group of experienced paediatricians.
Simulated and clinical ventilation sequences were paired according to similar duration of ventilation
required to achieve success. We found consistencies between manikin and neonatal positive pressure
ventilation (PPV) in generated peak inflating pressure (PIP), mask leak and comparable expired
tidal volume (eVT), but positive end-expiratory pressure (PEEP) was lower in manikin ventilation.
Correlations between PIP, eVT and leak followed a consistent pattern for manikin and neonatal
PPV, with a negative relationship between eVT and leak being the only significant correlation.
Airway obstruction occurred with the same frequency in the manikin and newborns. These findings
support the fidelity of the manikin in simulating clinical conditions encountered during real newborn
ventilation. Two limitations of the simulator provide focus for further improvements.

Keywords: neonatal resuscitation; positive pressure ventilation; respiratory function monitor; delib-
erate practice; in-situ simulation training; perinatal mortality

1. Introduction

The need for neonatal resuscitation is ubiquitous and often unpredictable. Positive
pressure ventilation (PPV) of the non-breathing newborn is the cornerstone of resuscitation.
In-situ simulation training is widely used to prepare healthcare personnel (HCP) to manage
this stressful and time-critical event. Simulation training has shown the potential to change
clinical management of babies; however, data to support improved outcomes are limited [1].

PPV is a seemingly simple intervention, which belies the complex interplay of ele-
ments necessary for success. Fundamental to ventilation in the non-breathing newborn
is the establishment of functional residual capacity (FRC). That can usually be achieved
by PPV coupled with positive end-expiratory pressure (PEEP). Mitigating factors that
may influence establishing FRC include mask leak and obstruction of the upper airways.
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Studies of neonatal PPV, using respiratory function monitors (RFMs) to evaluate venti-
latory mechanics, highlight the challenges faced by HCPs, with large leaks around the
face mask and obstructed upper airways resulting in widely-varying tidal volume (VT)
delivery [2,3]. Other studies have reviewed the role of RFMs in teaching effective PPV
during simulated resuscitation [4–6]. Research suggests that HCPs face the same obstacles
to effective mask-ventilation as they do in real life [7–10].

Newer simulators aim for fidelity of approximating clinical conditions. Despite
improvements, valid concerns exist regarding the extent to which learning on a simulator
can translate into clinical competence [6,11,12]. Specifically, the changing neonatal lung
conditions encountered during newborn resuscitation are not replicated by commonly
used simulators [13,14]. To be effective, a simulator should closely replicate the clinical
situation, in both form and function, and promote management of known hindrances to
effective PPV in a way that corresponds to that practised in the clinical environment.

Previous attempts to identify the functional fidelity of neonatal simulators have relied
on subjective user feedback rather than measured respiratory parameters [15]. To our
knowledge, no existing study has examined the ventilatory mechanics of a neonatal simu-
lator and directly compared them to clinical data from real resuscitations. This study aims
to do just that, using the novel high-fidelity manikin NeoNatalie Live™ (Laerdal Medical,
Stavanger, Norway). The manikin aims to simulate changing lung compliance encountered
during neonatal PPV by using a valve mechanism to alter the physical resistance to lung
inflation. Coupling heart rate changes to ventilation performance provides a realistic
experience of assessing the effectiveness of PPV. By comparing ventilation parameters and
their inter-relationships, along with the occurrence of upper airway obstruction between
the manikin and real resuscitations, we aim to demonstrate the functional fidelity of this
new simulator.

2. Materials and Methods
2.1. Study Setting

This prospective, observational study was conducted at Stavanger University Hospi-
tal (SUS), Norway. It is the only hospital in the region with both delivery and newborn
services, managing approximately 4500 births per annum and providing care for new-
borns ≥ 23 weeks’ gestational age (GA). Rate of PPV provision at birth is 3.7%, and most
neonates are resuscitated by a paediatrician [16]. In some unforeseen resuscitations, PPV is
initiated by midwifery or anaesthetic staff. All HCPs receive neonatal resuscitation training
according to national resuscitation guidelines. Most PPV is provided using a flow-driven
T-piece resuscitator (NeoPuffTM, Fischer and Paykel, Auckland, New Zealand).

2.2. The Neonatal Simulator

NeoNatalie Live is a newborn simulator, produced with the specific aim of training
competence in PPV. Simulated, changing lung compliance and variable heart rate linked to
ventilation performance allow HCPs to practise management of newborns with differing
degrees of birth asphyxia. Real resuscitation data derived from 1237 newborns informs
the algorithm guiding the realistic heart rate response according to PPV provided [17]. An
active electrocardiogram allows monitoring of heart rate using the dry-electrode technology
NeoBeatTM (Laerdal Medical), replicating the clinical situation. A sensor measures air pres-
sure in the upper airway. Head-tilt detection identifies upper airway closure due to poor
positioning. A cry-sound indicates spontaneous respiration and successful resuscitation.
Communication with a training application (NeoNatalie Live, Laerdal Medical) allows
HCPs to review their performance and gives targeted feedback in any of four scenarios
(1–4) of increasing difficulty. Bluetooth® technology allows for the collection of training
data in a web log. Figure 1 shows a participant ventilating NeoNatalie Live.

The single NeoNatalie Live manikin used in this study was identified as leak-free
internally. Details of this process are available from the corresponding author. Any leak
measured by the RFM during mask ventilation was thus attributed to leak at the face mask.
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Figure 1. Study participant ventilates NeoNatalie Live with a NeoPuff T-piece resuscitator. The heart
rate is clearly visible on both the NeoBeat sensor applied to the manikin and the tablet-device with
the training application open.

2.3. The Respiratory Function Monitor

Each resuscitation bay was equipped with a Newborn Resuscitation Monitor (Laerdal
Medical) that recorded airway pressures and gas flow. Sensors were placed between
the T-piece and the face mask. Air pressure was measured using a piezoresistive sen-
sor (MPXV5010, Freescale Semiconductor Inc., Austin, TX, USA). The flow sensor (MIM
Gmbh, Krugzell, Germany) has negligible resistance and dead space (1 mL), and measures
airflow using hot wire anemometer technology. VT is calculated as flow integrated over
time. The flow sensor measures both the inflated and expired gas. Expired volume is
used as an estimate for VT since mask leak is reported to primarily occur during infla-
tion [9]. Face mask leak is calculated as a percentage of inspired VT from the formula
((VTinspired − VTexpired)/VTinspired) × 100 [9]. The resuscitation monitor has been further
described previously [18].

2.4. Study Design

This study is part of a comprehensive research set-up at SUS, called Safer Births Bun-
dle [19]. Resuscitation and ventilation data are continuously recorded for newborns of
consenting parents, and who are GA ≥ 37 weeks without innate cardiorespiratory anomalies.

Eighteen paediatricians were recruited to this study. Following an individual teaching
session with NeoNatalie Live, the paediatricians performed two simulated resuscitation
scenarios. The first and easiest scenario (S1—apnoea, normal lung compliance, compen-
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sated heart rate) and the most difficult scenario (S4—apnoea, low initial lung compliance
and decompensated heart rate), required 30 and 90 s, respectively, of optimal PPV to
achieve baby-cry (suboptimal PPV resulted in longer scenario times). The RFM recorded
ventilatory parameters during simulated PPV.

Each of these 36 simulated ventilation episodes was paired with a real ventilation
episode of similar duration of PPV (±15%), allocated consecutively from the clinical data-
pool. This manikin-baby ventilation pairing was made according to the premise that the
duration of PPV required to initiate adequate spontaneous respiration is a proxy for the
clinical condition at birth. Thus a further 36 clinical ventilation episodes also recorded by
the RFM were included. Nineteen neonates received continuous positive airway pressure
(CPAP) immediately following cessation of PPV for up to two minutes. No neonate required
transfer to the Neonatal Intensive Care Unit for continued CPAP, and none were intubated.

All ventilation was performed with the NeoPuff T-piece resuscitator with standard
settings of 8 L/min gas flow and initial 30 cmH2O PIP and PEEP of 5 cmH2O. PIP could
be increased to 35cmH2O at the discretion of the HCP. A standard silicone facemask size
0/1 (Laerdal Medical) or the newer snap-design silicone mask size 1 (Laerdal Medical) was
used on both babies and manikin.

The 72 ventilation episodes were allocated to one of four groups of 18 PPV sequences
(=total PPV time, excluding any pauses > 5 s), according to the recipient of PPV (manikin-M,
or baby-B) and the duration of ventilation (≈30 s = short-S, or ≈90 s = long-L).

2.5. Data Collection

For each PPV sequence, per individual inflation values of PIP, PEEP, expired tidal
volume (eVT) expressed as ml/kg and mask leak % were recorded. For manikin VT data, the
median birth weight of the 1237 newborns contributing data to the simulation algorithm
was used [18]. Additionally, we assessed whether upper airway obstruction occurred.
This was defined as minimal inspiratory/expiratory gas flow and VT for three or more
consecutive ventilations, despite achieving target PIP, identified from the graphical output
of the RFM. The inflations immediately preceding, and/or following, obstruction achieved
flows and volumes typical of the whole sequence. This is likely to represent failure of
positioning to maintain an open airway [3,20]. Figure 2 shows PIP, eVT and flow curves
for one of the clinical ventilation episodes, demonstrating airway obstruction occurring
between 25 and 30 s.
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Figure 2. Graphical respiratory function monitor output from a clinical ventilation sequence. The upper curve shows peak
inflating pressure, generally maintained around 30 mbar (1 mbar = 1.02 cmH2O and the units are used interchangeably
in this article). The second curve shows tidal volume (mL); the discrepancy between inflated and expired volumes is due
to mask leak. The third curve shows gas flow (mL/min), with positive values indicating flow towards the neonate and
negative values indicating flow away. The volume and flow curves disappear while pressure is maintained between 25–30 s,
indicating obstruction to gas flow which is rapidly corrected.
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2.6. Data Analysis

Data analysis was undertaken using SPSS (IBM SPSS Statistics for Windows, Ver-
sion 26.0. Armonk, NY, USA: IBM Corp) and R project for statistical computing (https:
//www.r-project.org, accessed on 1 September 2021) version 4.0.4. R package plm version
2.4-1 was used to estimate linear panel models and package dynCorr version 1.1.0. was
used to evaluate dynamical correlation. Scatterplots were produced using R package
ggplot2 version 3.3.5.

First, continuous data for the ventilatory parameters PIP, PEEP, eVT and leak were
summarised using median and interquartile range (IQR) for each of the four groups
(manikin short-MS, baby short-BS, manikin long-ML and baby long-BL) and presented
using boxplots.

To compare the dynamics of ventilatory parameters between the groups, we used
panel data regression analysis with one-way random effects models with a temporal error
component. Comparisons were done separately for short and long ventilation sequences.
The use of each model was justified by unit root test for stationarity [21]. A Newey and
West variance estimator was used to correct for the serial correlation and heteroscedasticity
in the residuals [22]. The p-values of these comparisons are presented together with the
corresponding box plots. For each ventilatory parameter, we present their smoothed
trajectories obtained using the LOESS method with a smoothing span of 0.5. Individual
ventilations with data from at least five of the 18 ventilated subjects in each group were
used for these dynamic trend plots.

Dynamics of the ventilatory parameters between manikin and baby groups were then
formally compared using the method of dynamical correlation for multivariate longitudinal
data [23]. Pearson correlation analysis is unsuited to this repeated-measures data because
the data has a high degree of autocorrelation [24], but in order to place our findings in the
context of other research, Pearson correlation coefficients are given, along with scatter plots
depicting these correlations. P-values and 95% confidence intervals (CI) for dynamical
correlation were calculated using the bootstrap method with 1000 samples.

Chi-Square testing was used to compare the occurrence of airway obstruction between
the combined manikin and combined baby groups. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Ventilations Analysed

Each group (MS, BS, ML and BL) consisted of 18 PPV sequences of a varying number
of ventilations. A total of 3256 ventilations were analysed, and distributed as follows: MS
443, BS 475, ML 1160, BL 1178.

3.2. Ventilatory Parameters

Median (IQR) values for PIP, PEEP, eVT and leak in the four groups are presented in
Table 1.

Table 1. Median (interquartile range) ventilatory parameters for the four groups.

Group
Median (IQR)

PIP (mbar) PEEP (mbar) eVT (mL/kg) Leak (%)

Manikin Short 30 (1) 3.9 (2.3) 3.5 (3.2) 33.5 (81)

Baby Short 30 (4) 4.9 (2.9) 3.3 (4.6) 50 (80)

Manikin Long 30 (1) 3.7 (2.3) 4.1 (3.2) 20 (57)

Baby Long 30 (4) 4.8 (2.1) 5.0 (4.9) 36 (73)
PIP = peak inflating pressure, PEEP = positive end-expiratory pressure, eVT = expiratory tidal volume.

Figure 3 shows these data as box plots along with the corresponding trend lines
estimated as smoothed mean (standard error) for the parameters PIP, PEEP, eVT and leak.
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PIP was higher in ML compared to BL and greater variation around the central tendencies
was seen in the baby-compared to the manikin-groups (Figure 3a,e). Overall, PEEP was
lower in manikin ventilation but with a similar variation compared to baby ventilation
(Figure 3b,f). eVT was generally lower for the manikin, but values converged towards those
observed in the babies at the end of short and long sequences. As with PIP, eVT variation
is lower for the manikin than for babies (Figure 3c,g). Median eVT was greater in long
sequences compared to short sequences for both manikin and babies. A large variation in
leak was observed in all ventilation sequences; variation between short and long sequences
for manikin and babies reversed the pattern seen for eVT, with lower median leak in longer
sequences (Figure 3d,h).
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3.3. Dynamical Correlation between Ventilatory Parameters

For all four groups, dynamical correlation between PIP and eVT, PIP and leak, and
leak and eVT are shown in Table 2. Pearson’s correlation coefficient, r, is given under the
corresponding dynamical correlation coefficient, ρ.

Table 2. Dynamical correlation and Pearson correlation coefficients for pairwise relationships of PIP-eVT-leak for the
four groups.

Correlation Coefficients Manikin Short Baby Short Manikin Long Baby Long

PIP- eVT
Dynamic ρ (95% CI);
p-value −0.22 (−0.55;0.34); 0.530 0.27 (−0.31;0.39); 0.866 −0.27 (−0.42;0.16); 0.334 0.14 (−0.16;0.66); 0.262

Pearson’s r 0.47 0.14 0.14 0.12

PIP-Leak Dynamic ρ (95% CI);
p-value −0.23 (−0.61;0.12); 0.176 −0.22 (−0.47;0.27); 0.702 −0.15 (−0.56;0.18); 0.296 −0.42 (−0.74;0.02); 0.054

Pearson’s r −0.51 −0.23 −0.19 −0.49

Leak-eVT
Dynamic ρ (95% CI);
p-value −0.51 (−0.80;−0.09); 0.020 * −0.65 (−0.61;0.09); 0.150 −0.47 (−0.61;−0.07); 0.016 * −0.41 (−0.7;−0.02); 0.032 *

Pearson’s r −0.84 −0.58 −0.74 −0.48

* = significantly different from zero at the 0.05 level.

To give a visual impression of these correlations, scatter plots are shown in Figure 4.
Within the manikin and baby groups, each correlation was either positive or negative.
Therefore, to simplify the figure, data for combined groups are shown, i.e., MS + ML and
BS + BL.
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3.4. Obstruction

There was no difference in the occurrence of upper airway obstruction between
manikin and babies, with four and seven ventilation sequences, respectively, in which
obstruction occurred, p = 0.33.

4. Discussion

This study compared ventilation of a high-fidelity term neonatal simulator with
ventilation of term newborns, matched by a proxy for clinical condition. We aimed to
assess the degree to which NeoNatalie Live provides a realistic representation of the
experience of ventilating a non-breathing newborn. Our findings of comparable values
of four ventilatory parameters, similar inter-relationships between these parameters, and
the occurrence of upper airway obstruction to the same degree in manikin and newborn
ventilation support the fidelity of the simulated experience of neonatal PPV.

4.1. Ventilatory Parameters

Similar median PIP, corresponding to the set value, was generated in all four groups,
consistent with previous clinical [10,20] and simulation studies [25,26]. The higher smoothed-
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mean in ML compared to BL, reflected in the significant p value of the boxplots, was
expected, as PIP was sometimes intentionally increased from 30 to 35 cmH2O in this group
to overcome low lung compliance and achieve visual chest rise. The greater variability
of delivered PIP in the baby groups, seen in Figure 3a,e, may result from variation in the
clinical condition not being replicated in the simulated setting- for example spontaneous
movement of the baby, neonatal respiratory efforts [27,28], or continued stimulation.

Wide variation in PEEP was seen in all groups, and delivered PEEP was lower in the
manikin groups. This is consistent with previous clinical [10,20] and simulation data [25].

Using eVT corrected for birth weight for manikin data is unusual and, to our knowl-
edge, has not been described previously. This approach was essential in this study in
order to compare simulated and clinical data. The actual weight of the manikin used is
1.54 kg, however, the manikin’s size (length and head circumference) simulates a newborn
of around 3 kg birth weight. Therefore, we chose to use the median weight (3.14 kg) of new-
borns in the study supplying heartrate data [17]. Manikin studies quoting actual eVT [5,11]
are difficult to compare to clinical studies quoting eVT/kg. We found comparable manikin
and neonatal eVTs/kg, below and at the lower end of recommended ranges [29] and in line
with other reports of neonatal PPV with NeoPuff at standard settings [3,10]. This is a novel
and important finding, particularly in light of concerns regarding the unphysiological
compliance curves of typical neonatal manikins [14].

We found that higher median volumes were achieved in both manikin and babies
when longer ventilation is required. A recent study described a progressive increase in
eVT over the first 20 ventilations in term neonates requiring PPV at birth [30]. The authors
relate this to the establishment of FRC. Our clinical data may support this. Interestingly, a
sharp increase in mean eVT is seen in the dynamic MS plot (Figure 3g, short sequence) and
is due to the initially flat and empty manikin lung being filled with air during the first few
ventilations before reaching the “air in = air out” stage.

Mask-leak was similar in the short ventilation groups. However, our study confirms
previously published data showing both large and highly variable mask leaks during both
manikin and neonatal PPV [2,7]. Even experienced HCPs are reported to have large, and
often unappreciated, leaks during PPV [12,31,32]. There is, however, a trend towards lower
leak in both manikin and baby groups in long sequences versus short. This might imply
more successful leak-reducing manipulations given more time to make adjustments.

4.2. Correlations between Ventilatory Parameters

Significant dynamical correlations were found between leak and eVT for MS, ML and
BL groups. For the other relationships (i.e., PIP and eVT, PIP and leak), no clear correlation
was found. This is in contrast to published data where linear or the Pearson correlation are
typically used, and thus comparisons with our dynamical data, which compare slopes of
the trend lines, are difficult to interpret. A weak, but unquantified, relationship between PIP
and eVT has been reported in preterm neonates [2] and a term manikin [31]. A simulation
study using a different manikin and a lower set PIP found a strong correlation between
PIP and eVT and a moderate negative correlation between PIP and leak [11]. The Pearson’s
r for our scatter plots in Figure 4 shows a weak to moderate correlation for PIP/eVT and
moderate correlation for PIP/leak. The scatter plots highlight the similar relationships
in both manikin and neonatal ventilation, again with a distinct greater variability in the
clinical compared to simulation data.

The lack of correlation between PIP and either eVT or leak using a more robust,
non-parametric method is perhaps predictable. eVT varies widely in studies using set
PIPs [2,10,32]. Similarly, it has been demonstrated that at high gas flows, a set PIP is
consistently achieved, independent of mask-leak, unless the latter is very large [13,31].
We did find a strong, significant correlation between eVT and leak:- eVT increases as leak
decreases. This is inevitable, given that leak is calculated as the fraction of the difference
between inspired and expired VT and inspired VT. However, we believe that this does not
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detract from the probability of a real effect. The consistency of this relationship has been
demonstrated in other studies [3,13,30,33].

4.3. Obstruction

Defining upper airway obstruction as occurring in ventilations with minimal flow/VT
despite adequate PIP likely represents inadequate head positioning to open the airway [2,3].
Our finding of no difference in the occurrence of obstruction in the manikin or babies when
experienced paediatricians provide PPV suggests that airway patency is being maintained
in similar ways in both groups, with potential for skills learned on the manikin to translate
to the clinical scenario.

4.4. Limitations in the Fidelity of Simulated Neonatal Ventilation

Despite the similarities, this study highlights two main limitations of NeoNatalie Live.
First, the transition between “non-breathing” and “breathing adequately” is very abrupt for
the manikin compared to a more gradual change in the babies. This is represented visually
in the MS and BS dynamical smoothed-mean PIP and PEEP plots (Figure 3e,f), where both
pressures are maintained to the last ventilation for the manikin, whereas for the babies,
these values fall. We believe this is due to ventilations with a less tightly applied face mask
when evaluating the adequacy of spontaneous efforts in the babies. This pressure fall is
mirrored by a simultaneous, considerable increase in leak (Figure 3h).

Secondly, the most difficult scenario 4 in NeoNatalie Live likely combines a low lung
compliance derived from severely asphyxiated neonates, with a too rapid increase in
heartrate and too short ventilation than that which would be needed to achieve adequate
spontaneous ventilation in real life. Additionally, the low manikin compliance is achieved
by a closed valve, resulting initially in little or no VT along with no visible chest rise. The
valve opens relatively abruptly once sufficient adequate ventilations have been given. The
very rapid rise in manikin eVT seen on the trend plot, Figure 3g, for long sequences is clearly
different to the neonates in our study, despite the ventilation sequences being paired by
duration, and thus, indirectly, by heartrate evolution. Although manikin scenario 4 permits
crucial skill training for low-compliant lungs [34,35], there is a disconnect (in heartrate
response, ventilation duration and abrupt change in chest rise) with the typical clinical
scenario in which these conditions of low lung compliance would likely be encountered.

4.5. Strengths and Limitations of the Study

The strengths of this study include the unique design, addressing an issue commonly
cited as a limitation to the interpretation of manikin studies [5,6,8,13,33]. The use of
experienced paediatricians to ventilate the manikin, and who are also responsible for most
real-life PPV, reduces variation which might affect differences between simulated and
clinical PPV.

Weaknesses of our study design include the single site setting, limiting generalisability
to other institutions. In particular, our use of a flow-driven T-piece resuscitator, rather than
a self-expanding bag most commonly employed on a global basis, limits generalisability to
other settings.

4.6. Future Studies

Future research should focus on addressing the limitations of our study, involving
other healthcare settings and looking at simulator fidelity when using a self-inflating
bag for PPV. Follow-up studies investigating the training effect of NeoNatalie Live for
personnel in different professions, and focusing on training load, have been undertaken
and will be reported.

5. Conclusions

We compared T-piece PPV of term neonates and a novel, term manikin, paired by a
proxy for clinical condition. Our findings of the generation of comparable ventilatory pa-
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rameters PIP, PEEP, eVT and leak, a consistent inter-relationship between these parameters,
and a similar occurrence of upper airway obstruction support the functional fidelity of the
simulator. We believe this allows confidence in the ability of NeoNatalie training to foster
and maintain PPV skills that can translate into competence in the clinical setting.
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Abstract: Positive pressure ventilation of the non-breathing newborn is a critical and time-sensitive
intervention, considered to be the cornerstone of resuscitation. Many healthcare providers working
in delivery units in high-resource settings have little opportunity to practise this skill in real life,
affecting their performance when called upon to resuscitate a newborn. Low-dose, high-frequency
simulation training has shown promise in low-resource settings, improving ventilation performance
and changing practice in the clinical situation. We performed a randomised controlled study of
low-dose, high-frequency simulation training for maintenance of ventilation competence in a multi-
disciplinary staff in a busy teaching hospital in Norway. We hypothesised that participants training
according to a low-dose, high-frequency protocol would perform better than those training as they
wished. Our results did not support this, although the majority of protocol participants were unable
to achieve training targets. Subgroup analysis comparing no training to at least monthly training did
identify a clear benefit to regular simulation practice. Simulated ventilation competence improved
significantly for all participants over the course of the study. We conclude that frequent, short,
simulation-based training can foster and maintain newborn ventilation skills in a multidisciplinary
delivery unit staff in a high-resource setting.

Keywords: in-situ simulation training; low-dose; high-frequency training; booster training; neonatal
resuscitation; positive pressure ventilation; skill mastery; neonatal mortality

1. Introduction

The need for neonatal resuscitation is ubiquitous and often unpredictable. Positive
pressure ventilation (PPV) of the non-breathing newborn is the cornerstone of resuscitation.
Studies in both high- and low-resource settings suggest that PPV skills are often sub-
optimal [1,2]. Simulation training is widely used to prepare healthcare personnel (HCP)
to manage this stressful and time-critical event, and is now an integral part of formal
neonatal resuscitation programmes [3,4]. Infrequent training (once a year or less) results
in deterioration of knowledge and resuscitation skills in particular [5,6]. Simulation-
based booster training may maintain skills acquired in formal training programmes [7].
However, optimal training strategies remain unclear, and studies elucidating this issue are
urgently required [8].

Low-dose, high-frequency simulation training (LDHFST) training shows promise in
promoting retention of acquired skills [9,10]. Studies from low-resource countries have
identified LDHFST as an effective means of not only increasing competence in the simulated
situation, but also improving skills and changing practice in the clinical situation [11,12].

The extent to which these findings are transferable to a high-resource situation is
less well studied, and it may be that training needs of HCPs in this setting differ from
those in studies undertaken in low-resource settings. Using a novel neonatal manikin,
we randomised HCPs from six different professions allied to the delivery unit in a busy
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teaching hospital in Norway to train according to a LDHFST protocol or to train as they
wished over a nine-month period following an initial educational session.

2. Materials and Methods
2.1. Study Setting

This study was conducted at Stavanger University Hospital (SUS), Norway. It is the
only hospital in the region with both delivery and newborn services, managing approxi-
mately 4500 births per annum and providing care for newborns ≥23 weeks’ gestational age
(GA). Resuscitation of babies at birth occurs at three sites: the newborn resuscitation room
on labour ward, the cesarean section operating theatre and the midwife-run delivery unit.
Most HCPs allied to the delivery unit undergo yearly off-site neonatal resuscitation training
according to the national guidelines. Additionally, a fortnightly in-situ multidisciplinary
team training session is offered to HCPs working on the delivery unit on the day.

Rate of PPV provision at birth is 3.6%, and most neonates are resuscitated by a
paediatrician called to attend the delivery [13]. In some unforeseen resuscitations, PPV
is initiated by midwifery or anaesthetic staff. Most PPV is provided using a flow-driven
T-piece resuscitator (NeoPuffTM, Fischer and Paykel, Auckland, New Zealand).

An ongoing research collaboration, Safer Births Bundle SUS, aims to contribute new
knowledge on newborn transition and improve the care of newborns on the day of birth.
Initiatives include rapid monitoring of newborns’ heart rate using NeoBeatTM (Laerdal
Medical, Stavanger, Norway) [14], recording all PPV provided at birth using Laerdal
Resuscitation Monitor (Laerdal Medical, Stavanger, Norway) [15], and multidisciplinary
ventilation training with a novel neonatal simulator, NeoNatalie LiveTM (Laerdal Medical,
Stavanger, Norway) [16].

2.2. The Neonatal Simulator

NeoNatalie Live is a low-cost newborn simulator, produced with the specific aim
of training competence in PPV. Changing simulated lung compliance and variable heart
rate linked to ventilation performance allow HCPs to practise management of newborns
with differing degrees of birth asphyxia. Real resuscitation data derived from 1237 new-
borns informs the algorithm guiding the realistic heart rate response according to PPV
provided [17]. An active electrocardiogram allows monitoring of heart rate using the
dry-electrode technology NeoBeat, replicating practice in the clinical situation. A sensor
measures air pressure in the upper airway. Head-tilt detection identifies upper airway
closure due to poor positioning. A cry-sound indicates spontaneous respiration and suc-
cessful resuscitation. Communication with a training application (NeoNatalie Live, Laerdal
Global Health, Stavanger, Norway) allows HCPs to review their performance and the App
gives targeted feedback to improve skills in any of four scenarios of increasing difficulty.
Bluetooth® technology allows collection of training data in a web-log.

2.3. The Study

A prospective, randomised controlled study of the effects of LDHFST on competence
in neonatal PPV was performed between April 2019 and April 2021. Approximately
300 HCPs may potentially be involved in neonatal resuscitation. All those working in
>50% employment were eligible to participate and invited to give informed, written
consent. On enrolment, baseline knowledge and simulated performance of resuscitation
(test 1 = T1) were documented using NeoNatalie Live scenario 1 (S1; apnoea, normal lung
compliance and compensated heart rate) and scenario 4 (S4; apnoea with low initial lung
compliance and decompensated heart rate). Participants were invited to attend a 120- to
180-min personalised education session, including PPV training according to Norwegian
neonatal resuscitation guidelines and instruction in the use of the simulator [18]. Sessions
were concluded when each individual participant had demonstrated providing effective
PPV and felt confident in their ability to train independently with NeoNatalie Live. On
completing the educational session, a second documentation of performance (test 2 = T2)
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was undertaken, repeating S1 and S4. Participants were then immediately randomised
into one of two groups, (1) train twice a month or (2) train as often as desired, over a nine-
month period. Randomisation was performed using a binary randomisation application,
RandomOrg (RANDOM.ORG, Dublin, Ireland), and was undertaken concurrently for all
HCPs attending the educational session. These participants then trained on their own
using any of three NeoNatalie Live simulators, placed in-situ where resuscitation takes
place, receiving immediate performance feedback via the application. Each training session
was logged, including timelines and objective ventilation data. Knowledge and simulated
performance were tested again after nine months (test 3 = T3) using S1 and S4.

2.4. Data Collection

Study participants were observed performing S1 and S4 at each of the three test time-
points by the same investigator (JH), and scored according to a protocol developed and
evaluated in a pilot study. Demonstration of knowledge (by performance) of the initial
steps of resuscitation [18] (with potentially 10 points gained) and ventilation skills assessed
objectively by the simulator (potentially gaining a further 30 points) gave a maximum of
40 points for each simulation. Skill points were allocated according to achieving adequate
face mask seal, generating sufficient but not excessive inflation pressures, appropriate
ventilation rate, % valid ventilations, % ventilation fraction, achieving visible chest rise and
time to successfully complete the scenario (with better performance resulting in a shorter
time to baby-cry).

2.5. Data Analysis

Data analysis was undertaken using SPSS (IBM SPSS Statistics for Windows, Version
26.0. Armonk, NY, USA: IBM Corp).

Test scores are summarised for all participants or for subgroups of participants as
mean (standard deviation = sd). T3 scores are presented as boxplots. The number of
LDHFSTs performed over nine months is presented as a population pyramid. Points lost at
T3 are presented as bar charts.

The primary outcome of T3 scores according to randomisation group was anal-
ysed using Kruskal-Wallis test, also used for subsequent subgroup analysis according
to training frequency.

Secondary outcomes were analysed as follows: comparison of individual test (T1, 2
or 3) scores across professional groups using Kruskal-Wallis tests; all participants’ score
change pair-wise from T1 to T3 (reflecting the effect of study participation), from T1 to
T2, (the effect of the education session), and from T2 to T3, (the effect of training) using
Wilcoxon signed-rank test; analysis of differences in scenario S1 and S4 scores at each
test-point (1–3) using Wilcoxon signed-rank test; progression of test scores from T1 to T2
and T3 according to professional group using Friedman’s Anova.

A p value < 0.05 was considered statistically significant.

3. Results
3.1. Participants and CONSORT Flow Chart

220 HCPs were recruited to the study and performed baseline testing, T1. 191 pro-
gressed to the education session, performed post-teaching T2, and were randomised.
187 completed nine months of training and performed post-training T3 with four being
lost to follow-up (did not meet to test 3). Figure 1 shows the CONSORT flow chart. Table 1
shows the distribution of participants from the six professional groups.
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Table 1. Participants from six professional groups and their progression through the study.

Total Recruited and
Completed Test 1

Educated and
Completed Test 2

Randomised to
Twice a Month (of
Which x Did not
Complete Test 3)

Randomised to as
often as Desired
(of Which x did
not Complete

Test 3)

Final Total
Completing Study

and Analysed
after Test 3

Anaesthesia
nurse 54 46 20 (0) 26 (0) 46

Anaesthetist 38 34 19 (0) 15 (0) 34
Midwife 72 62 28 (0) 34 (2) 60

Paediatric
nurse

assistant
17 17 6 (0) 11 (0) 17

Paediatrician 18 18 7 (1) 11 (0) 17

Profession

Obstetrician 21 14 5 (1) 9 (0) 13
Total 220 191 85 (2) 106 (2) 187

3.2. Primary Outcome: Effect of Randomisation Group on Test 3 Scores

Those randomised to train twice a month performed a mean (sd) of 8 (5.2) trainings
in nine months while those in the as often as desired (self-guided) trained 2.8 (3.8) times
in nine months. Figure 2 shows a population pyramid of training frequencies in the two
randomisation groups.
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3.3. Subgroup Analysis of Test 3 Scores by Training Load

Subgroup analysis comparing T3 scores for participants performing no training ses-
sions (n = 32) and those who performed nine or more trainings (n = 43) showed borderline
higher S1 score (p = 0.051), and significantly higher S4 score, (p < 0.001) for those training
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nine or more times in nine months. Figure 4 shows boxplots of T3 scores for both scenarios
by training-load group.
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3.4. Secondary Outcomes: Effect of Study Participation on Test Scores and Comparison across
Professional Groups

Comparing the average score of both scenarios for all participants, there was an in-
crease in scores from T1 baseline to T2 post-teaching, p < 0.001. Following nine months’
training, the mean scores at T3 post-training were lower than T2, p < 0.001. Study participa-
tion improved mean test scores from T1 to T3, p < 0.001. Figure 5a shows the flow diagram
of participants through the study along with mean (sd) test scores for all participants per-
forming each test. Analysing this same progression of scores from T1 to T2 to T3 according
to profession, this pattern remained the same and the changes were significant for all
groups (p < 0.001) except the paediatricians (p = 0.819). Follow-up analysis of separate
scenario scores for all participants at the three test-points demonstrates a higher score for
S4 compared to S1 at baseline T1, p = 0.014. This was not seen at T2 or T3 where scores for
both scenarios were similar.

Analysis of the average score of S1 and S4 at each test 1, 2 and 3 by professional group
showed a significant difference only for test 1, in which paediatricians scored higher than
other groups; T1 p < 0.001, T2 p = 0.286, T3 p = 0.069. Figure 5b shows these results as a
line diagram.

3.5. Knowledge and Skills Points Lost at Test 3 by Randomisation and by Training Load

Figure 6 shows bar charts of points lost for knowledge and skills in both scenarios
at T3 (a) for randomisation groups and (b) training-load groups (subgroups ≥ 9 vs. 0
training). For both comparisons (randomisation and training load), there is a reduction in
both knowledge- and skill-point loss when more training is compared to less training, with
the exception of S1 skill-points in the nine or more training-load group.
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4. Discussion

Our randomised controlled study of LDHFST for maintenance of competence in
neonatal PPV did not identify improved post-nine months’ training T3 scores compared to
participants who trained as desired. However, the twice-monthly group did not achieve
the 18 trainings specified in the protocol, performing on average less than 50% of this target
in nine months. Subgroup analysis comparing T3 scores of those performing no training
with those training at least monthly did identify an advantage to frequent, short simulation
training. Competence scores improved significantly over the course of the study for all
participants, with analysis by profession identifying the paediatricians as the only group
not following this pattern. The paediatricians scored highly from baseline T1. Participation
in the study resulted in the scores of all other professional groups improving to the level of
the paediatricians at T2 and T3. Regular simulation training improved both knowledge
and skills scores.
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We studied HCPs coming from six different professional groups. Only one group, the
paediatricians, have regular hands-on experience of ventilating newborns at birth. It is
unsurprising, therefore, that this group scored significantly higher than the other five at
baseline testing T1 on study inclusion. An interesting finding was that a clear learning
effect existed on first use of NeoNatalie Live. For all participants, scores for the more
demanding S4 were higher than those for S1, which was the first to be performed. This
might at first glance seem counter-intuitive. We speculate this reflects the culture for using
simulation training in teaching neonatal resuscitation at our institution, with previous
experience allowing a rapid adjustment to a new simulator on the first encounter.

Simulation training for enhancing neonatal resuscitation skills has been established
as an effective teaching modality [19,20]. Studies investigating simulation training as part
of a formal neonatal resuscitation programme have identified learning benefits for birth
attendants in low-resource settings and for multi-disciplinary participants in high-resource
settings [21–23]. Our study findings of improved PPV competence scores at T2 after the
educational session echo this. Whilst a limited number of these studies evaluate differences
in training benefit between professional groups, our findings highlight the potential for
HCPs with little real-life hands-on experience of neonatal PPV to attain knowledge and
skills-scores comparable to those with greater experience.

The issue of deterioration of knowledge, and in particular, skills, following formal
education programmes is widely acknowledged [6,24,25]. Studies have identified skill
deterioration as early as two to three months post-education [26–28]. Additionally, the
very heterogeneous literature on the effect of booster training strategies to mitigate this
deterioration provides conflicting results. A recent systematic review of spaced learning,
including booster training, compared to massed learning in resuscitation supported im-
proved performance with spaced learning, but noted that the evidence base was weak
and study heterogeneity prevented any meta-analysis [29]. Guideline-issuing authorities
have identified the need for studies increasing the knowledge pool on which strategies are
effective as a priority [30].

We chose to evaluate a LDHFST strategy, the pedagogical principles of which are
established [31,32]. This approach has been shown to maintain simulated skills, contribute
to improved clinical performance and to maintain PPV skills in real life in low-resource
settings [12,33,34]. One study identifies reduced neonatal mortality in such a setting [11],
while another projects reduced mortality with on-going simulation-based performance
improvements [35]. The literature on LDHFST and neonatal resuscitation in high-resource
settings is sparse by comparison.

Our study participants were randomised consecutively following completion of the
education session and performance of test two. This method resulted in an uneven split
of participants between the two randomisation groups, although the split by professional
group is quite consistent, with only the anaesthetists having more in the <twice monthly>
group. Loss to follow up prior to T3 was evenly split between the two groups.

We found that despite the simulator being readily available in the place of work, and
clear instructions regarding a non-prescriptive approach to time spent versus validity of
training sessions, almost all those in the twice monthly group were unable to achieve this
aim. Reasons for this were identified as a heavy clinical workload and the occurrence of a
global pandemic during the study period, resulting in a leadership-led de-prioritisation of
simulation training for staff. Additionally, those in the <self-guided> group performed on
average approximately a third of the number of training sessions achieved by the <twice
a month> group. We speculate that our results indicating lack of benefit of our LDHFST
protocol result from the fact that we compared two groups who both did some training,
where the break point for optimal training load is, as yet, unclear. Subgroup analysis
comparing <some> training with <no> training did demonstrate a benefit. This benefit was
highly significant for the more complex and demanding scenario 4 (Figure 4b). Another
randomised simulation study conducted in the United States found maintained neonatal
ventilation skills in those performing booster training monthly or every three months
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compared to none, but with no difference between the two booster training frequencies [36].
It remains to be determined at what training frequency or training load benefit arises

Whilst study participation did improve competence scores between T1 and T3, the
greatest benefits were seen after the educational session, as identified by T2 scores (Figure 5a).
It is interesting to consider that one educational initiative is able to improve the perfor-
mance of HCPs with widely differing backgrounds and clinical experience to the same level.
We believe this relates to the personalised approach to teaching, given for the most singly
or in pairs, and never exceeding five participants, often from the same professional group.
This allowed tailoring of education to the specific needs and clinical role of the participant.
For the participants as a whole, scores deteriorated between T2 and T3, although the
reduction was modest (Figure 5a). Despite this small score reduction between T2 and T3,
we believe our results suggest that a regime of frequent, short, feedback-guided simulation
sessions maintain competence gained in education, particularly in light of the fact that
T3 scores were not different between the professional groups despite wide variation in
real-life PPV experience (Figure 5b). We can, however, only comment on this effect up to
nine months post education. We consider it probable that instructor-led, formal education
sessions will be necessary at certain longer-term intervals to prevent deterioration that
might otherwise occur with prolonged self-guided training.

Previous studies have highlighted that skills deteriorate more quickly than knowl-
edge [36]. Comparing loss of knowledge- and skill-points at T3 shown in Figure 6, there
was a reduction in point loss (and thus improved scores) for both knowledge and skills with
increased training frequency, both when comparing by randomization and by training-load.
The scoring system used in this study is heavily weighted towards objective measures
of ventilation skill, and knowledge retention in our data is not comparable to the often
extensive testing of knowledge performed in studies using assessments based on the
Neonatal Resuscitation Program [37]. On the other hand, our highly objective and detailed
assessment of ventilation skills may be a more reliable and valid measurement of PPV
competence than that obtained from check-list assessments commonly employed [38]. We
hypothesise that the rather unexpected finding of greater skills point-loss at T3 S1 for
<nine or more trainings> compared to <no training> reflects the detailed nature of our
skills evaluation.

The strengths of this study include the randomised controlled design, allowing com-
parison of differing training frequencies. Our method of assessment provides an objective
and detailed evaluation of ventilation competence. We also studied multidisciplinary HCPs,
constituting a majority of the target group for improved training strategies. Weaknesses
include an uneven randomisation to the two groups, and the failure of most twice-monthly-
randomised participants to achieve the protocol training frequency.

Future studies will use the considerable volume of training data (>2600 simulations) to
try to answer the question of optimum LDHFST frequencies to maintain PPV competency,
including stratification according to profession. We will also evaluate the details of which
aspects of the skill of PPV resulted in greatest point-loss in order to promote targeted
training strategies.

5. Conclusions

Simulation training with NeoNatalie Live improves PPV competence in multidisci-
plinary HCPs working in our delivery unit. LDHFST as a booster training strategy after
formal instructor-led education successfully prevents skill deterioration. The optimal LD-
HFST frequency and the optimal interval between formal instructor-led education sessions
remain unclear.
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