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Abstract
Wallström, L. 2021. Optimizing mechanical ventilation in extremely preterm infants. Digital
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59 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1133-3.

Extremely low gestational age newborns (ELGANs) i.e. infants born before 28 weeks of
gestational age (GA), require respiratory support during their hospital stay, and a majority needs
mechanical ventilation (MV) at some time point.  The duration of mechanical ventilation is
related to morbidity and mortality, and respiratory support needs to be approached with the aim
of minimizing both short and long term effects.

In this thesis the overall aim was to explore lung mechanics and the effect of different
ventilatory settings and modes during MV in ELGANs.

In Paper I and II, bedside forced oscillation technique (FOT) was combined with a positive
end-expiratory pressure (PEEP)-titration trial. In Paper I, FOT measurements on day 1 showed
dependence of reactance (Xrs) on PEEP. FOT-parameters correlated with days on MV, and
together with radiography and GA predicted respiratory outcomes.

In Paper II, FOT was studied on day 1, 3 and 7, and Xrs was used to find the optimal lung
recruiting PEEP. The optimal PEEP was lower than the clinically set PEEP, and especially
during the first day of life. Xrs indicated that the lung was easily over extended with small
increases in PEEP.

In Paper III, we compared retrospectively early application of volume targeted ventilation
(VTV) to pressure limited ventilation (PLV) in infants born at 22+0-25+6 weeks GA. Infants that
received VTV had lower peak inflation pressures, less frequent hypocapnia and were earlier
extubated to CPAP compared to infants receiving PLV.

In Paper IV, we investigated the respiratory activity in animals by measurements of phrenic
nerve activity (PNA), and in infants by measuring electrical activity of the diaphragm (EAdi)
during the transition from PLV to proportional assist ventilation (PAV), a proportionally
adjusted ventilatory mode. PNA and EAdi increased during PAV as compared to PLV with
similar tidal volumes, thus promoting increased respiratory activity and weaning.

In conclusion, we found that FOT was feasible bedside in ELGANs and FOT-parameters
were correlated to PEEP and respiratory outcomes; VTV was safely applied during the first day
of life; increased breathing activity during PAV suggests this to be a suitable mode in weaning
from MV to non-invasive ventilation, when optimized support is needed during this transition.
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Abbreviations 

 
A/C  Assist control ventilation 
BPD  Bronchopulmonary dysplasia 
CPAP  Continuous positive airway pressure 
DH  Height of the diaphragm on chest radiograph 
EAdi  Electrical activity of the diaphragm 
ELGANs   Extremely low gestational age newborns 
ETT  Endotracheal tube 
FiO2  Fraction of inspired oxygen 
FOT  Forced oscillation technique 
FRC  Functional residual capacity 
GA  Gestational age 
HFOV  High frequency oscillatory ventilation 
IMV  Intermittent mandatory ventilation 
IRDS  Infant respiratory distress syndrome 
IVH  Intraventricular hemorrhage 
NEC  Necrotizing enterocolitis 
NICU  Neonatal intensive care unit 
MV  Mechanical ventilation 
PaCO2  Partial pressure of carbon dioxide 
PAV  Proportional assist ventilation 
PEEP  Positive end-expiratory pressure 
PIP   Peak inflation pressure  
PDA  Persistent ductus arteriosus 
PLV  Pressure limited ventilation 
PNA  Phrenic nerve activity 
PPROM  Preterm premature rupture of membranes 
ROP  Retinopathy of prematurity 
RR  Respiratory rate 
Rrs  Resistance of the respiratory system 
SpO2  Oxygen saturation measured by pulse oximetry 
SGA  Small for gestational age (weight) 
VT  Tidal volume 
VTV  Volume targeted ventilation 
Xrs  Reactance of the respiratory system 
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Introduction 

Extreme prematurity 
Preterm birth is defined as being born before 37 weeks of gestational age 
(GA). Extremely low gestational age newborns (ELGANs) are infants born 
before 28 weeks GA. In Sweden approximately 350 infants are born as EL-
GANs every year, and this population represents less than 6 % of all preterm 
deliveries. In comparison to less preterm infants, ELGANs have increased 
morbidity and mortality, factors that are related to decreasing GA [1-3]. As-
sociated morbidities are intraventricular haemorrhages (IVH), periventricular 
leukomalacia (PVL), necrotizing enterocolitis (NEC), retinopathy of prema-
turity (ROP), persistent ductus arteriosus (PDA), bronchopulmonary dyspla-
sia (BPD) and long-term effects such as neurodevelopmental impairment 
(NDI) [1-4]. Advances in antenatal and neonatal care have contributed to in-
creased survivals in all gestational ages, and at present this improvement is 
most prominent in infants born below 25 weeks’ GA [5]. During their stay in 
the Neonatal Intensive Care Unit (NICU) all ELGANs are in need of some 
type of ventilatory assistance, and invasive mechanical ventilation is common 
due to immature lungs and poor respiratory drive. In the EXPRESS study, a 
Swedish national study of infants born at less than 27 gestational weeks be-
tween 2004-2007, 85 % needed mechanical ventilation during their hospital 
stay [1].  

Lung development 
Human lung development begins in the first weeks of embryonic life and con-
tinues after birth into early childhood. Lung development is divided into em-
bryonic, pseudoglandular, canalicular, saccular and alveolar stages [6, 7] (Ta-
ble 1). The most extremely preterm infants are born during the late canalicular 
and early saccular stages, when the distal airway formation is still in progress 
and the alveoli, essential for gas exchange, are limited. During the canalicular 
stage the lung epithelial cells named type II pneumocytes differentiate, 
thereby enabling the production of surfactant. Surfactant is a phospholipopro-
tein synthesized by pneumocytes type II. 90% of the surfactant consists of 
lipids, mainly dipalmitoyl phosphatidyl, and 10 % is made of proteins [6, 7]. 
Surfactant reduces surface tension, maintains alveolar stability and improves 
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lung capacity by increasing functional residual capacity. Surfactant is present 
from 20 weeks’ GA, but synthesis and secretion increases with gestational age 
and at approximately 32 weeks the homeostasis is sufficient for adequate ven-
tilation [7, 8]. Alveolarization and angiogenesis are aligned in lung evolution 
and at approximately 22 weeks GA the alveolar capillaries are defined and 
thereby enabling gas exchange between air and blood. After birth the micro-
vascularization continues to mature including a fusion of the capillary network 
layers [6, 7, 9]. The functional lung capacity for gas exchange increases over 
time due to continued expansion of the volume and the surface area of both 
lungs and capillaries.  

Table 1. Stages of lung development. 
Stage 
 

Time Events 

Embryonic 
 

1-7 weeks Formation of airways buds and bronchi from 
foregut endoderm. Lung lobes are formed. Pul-
monary arteries bud from aortic arch. 

Pseudo-glandular 5-17 weeks Bronchial tree division with conducting airways 
are completed down to terminal bronchioles. Epi-
thelial cells layer the airways. Basic vascular 
structure. 

Canalicular  16-26 weeks Respiratory bronchioles and primitive alveoli 
(gas exchange units) are formed. Pneumocytes 
differentiate. Surfactant production begins. Pul-
monary capillaries associate with airway epithe-
lium and a thin blood-air barrier appears. 

Saccular 24 weeks-term Pulmonary acini and terminal saccules are 
formed. Alveolar capillary membranes improve 
for sufficient gas exchange. 

Alveolar Term-beyond  
(2-8 yrs) 

Alveolar septation and multiplication. Microvas-
cular maturation. 

Lung mechanics and volumes 
The ability to maintain lung volume at the end of expiration is dependent on 
the support by the chest wall and the stabilization of the alveoli by surfactant. 
These two factors are insufficiently developed in the ELGANs, which makes 
them at risk of respiratory failure. The chest wall of the infant is very disten-
sible due to incomplete ossification and weak respiratory intercostal muscles. 
Surfactant depletion due to insufficient production, reduced secretion and im-
paired turnover of surfactant, leads to surfactant degradation with eventual al-
veolar collapse and progress to respiratory failure [10].  

The relationship of lung volume, lung tissue and airway resistance is usually 
described in terms of viscoelastic properties of the lung.  
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Lung compliance is the measure of the elasticity in the respiratory system, 
lungs and chest wall, and is defined by the ratio of change in volume to change 
in pressure. Dynamic lung compliance is calculated by the differences be-
tween end inspiration and end expiration, from measurements of tidal volumes 
and pressures during mechanical, or spontaneous, breathing. Static compli-
ance is calculated between points of ceased gas flow, at the end of inspiration 
and expiration during relaxed respiratory muscles, accomplished by an inspir-
atory hold maneuver or by application of sustained inflations followed by oc-
cluding expiration. Compliance is assumed to be constant throughout the 
breaths in both methods [11]. Elastin, collagen and surface tension of the al-
veoli are the main elastic elements of the lung [12]. Due to the dispensability 
of the chest, and the activation of the elastic and collagen elements of the lung 
at either very low or high lung volumes [13, 14], the most important elastic 
component in the ELGANs is the surfactant-dependent surface tension [13,  
15]. In the first hours of life, when breathing is established, lung compliance 
is low and increases as lung volume is recruited and lung fluid is cleared.  

Elastance is the inverted compliance (E=1/C), thus defined as the pressure 
change needed to expand the lung. As elastance represents the force needed 
for lung expansion this reflects lung size, number of alveoli and the elasticity 
of airway tissue.  

Respiratory resistance is a measure of the friction encountered by gas flowing 
through the airways and by tissue moving against tissue [16]. Resistance is 
calculated as the ratio in change of pressure needed to produce a unit of air-
flow.  

Tidal volume (VT) is the lung volume that represents normal inhalation and 
exhalation, i.e. normal breathing volumes, and it is estimated to be 4-6 ml/kg 
in preterm infants [17]. As an example the size of a breath in an infant with a 
weight of 1 kg is 5 ml, which is the volume of one teaspoon measure.  Func-
tional residual capacity (FRC) is the volume that remains in the lung at the 
end of passive expiration, when there is an equilibrium of the elastic forces, 
and estimated to be 30 ml/kg in newborn infants [17]. 

Dead space is the part of VT that is not involved in gas exchange. Alveolar 
dead space is lung volume that is ventilated but not perfused. Anatomical dead 
space is the air space that comprises the conducting airways i.e. from the nares 
to the terminal bronchioles. Physiological dead space is the sum of anatomical 
and alveolar dead space. Anatomical dead space is higher in infants than in 
adults and is approximately 3 ml/kg [11, 18]. In ventilated infants the dead 
space might be further increased by endotracheal tubes, anemometers, pneu-
motachographs, or end-tidal measurement devices. 
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Many methods have been explored for the assessment of lung function and 
lung mechanics in infants, although few methods are available for bedside use 
in clinical practice [19]. Areas of interest for investigation are lung volumes, 
aeration patterns, respiratory mechanics, and work of breathing. How these 
parameters change over time is also important for understanding different lung 
conditions including evolving lung disease, the effect of applied ventilatory 
support and adjustments of the same. Methods for lung imaging are for exam-
ple chest radiograph, ultrasound [20], electrical impedance tomography (EIT) 
[21], computerized tomography and single photon emission computed tomog-
raphy (SPECT) [22]. Lung volume monitoring may be performed by flow me-
ters, forced expiratory maneuvers and by breath to breath analysis with meth-
ods such as respiratory and optoelectronic plethysmography (RIP and OEP) 
[23]. FRC can be identified by whole-body plethysmography and gas dilu-
tion/washout techniques using He, N2 or SF6-gas [24]. Methods to identify 
mechanical properties of the respiratory system usually comprises measure-
ments of flow and volumes and might be performed by alterations in these 
parameters by occlusion or interruption techniques, [25, 26], by simultaneous 
measurements of lung volumes and transpulmonary pressures with an esoph-
ageal balloon [27]. 

Forced oscillation technique 
The forced oscillation technique (FOT) is a noninvasive method to measure 
the mechanical properties of the lung and the airways without interfering with 
tidal breathing [28]. FOT evaluates the response of the respiratory system to 
applied small amplitude pressure oscillations superimposed on the breathing 
signal, a response that is frequency-dependent and measured on the resulting 
flow distortion. The respiratory system is studied by the principles of linear 
system analysis [29]. If a small amplitude pressure is applied the system be-
haves in a linear manner, and the flow should have the same frequency as 
delivered by FOT. Measurements at low frequencies detects mechanical prop-
erties of the distal airways whereas high frequencies detects properties of the 
more proximal parts of the airways. 

The impedance (Zrs) describes the response of the respiratory system and is 
equal to the ratio between applied pressure (P) and resulting flow (V) at a 
given frequency (f	) of the forcing signal (1) (i = the imaginary unit)[29, 30].  
FOT also provides information on the respiratory system resistance of (Rrs) 
and reactance (Xrs), which are components of Zrs. Reactance (Xrs), is deter-
mined by the elastic and inertial properties of the respiratory system, and is 
represented by compliance (Crs) and inertia (Irs). The inertial properties re-
flects the energy needed to accelerate gas and tissue. Xrs is related to dynamic 
compliance and accounts for recruitment and derecruitment of lung volume. 
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 (1) 

Zrs
P
V

Rrs Xrs															Xrs 	
1

2π Crs
2π Irs 

In 1956 DuBois et al. described FOT and proposed a mathematical model for 
understanding the link between lung structures and function [31]. Over the 
years progress in methods for signal measurement and processing have made 
FOT more usable in a clinical context. Since FOT can be used without too 
much patient co-operation, the method is of particular interest in infants. FOT 
has been applied in infants during conventional mechanical ventilation [31-
34], high frequency oscillation ventilations [35], and during non-invasive ven-
tilation [36]. In experimental acute lung injury FOT has been used to guide 
PEEP titration by identifying the points between lung recruitment and over 
distention [37, 38].      

Control of breathing 
The human respiratory system is mainly controlled by the brain stem, and has 
the ability to adjust breathing force and pattern in response to changes in the 
internal and external environment. This flexibility of breathing is due to an 
intricate coordination of peripheral and central chemoreceptors, mechanore-
ceptors, excitatory and inhibitory reflexes, and interactions with the respira-
tory muscles [39, 40]. Some of these mechanisms are likely to contribute to 
protection of the lung tissue such as the Hering-Breuer reflex, where excessive 
inflation loads and distortion of the thorax cage causes an inhibition of inspi-
ration by vagal nerve activation [41]. The phrenic nerve originates from C3-
C5 spinal nerves and involves the motor control of the diaphragm. In newborn 
infants breathing is preformed mainly by contraction of the diaphragm and 
less by the intercostal muscles. Periodic breathing is present in infants and 
consists of pauses (<10 seconds) in respiration followed by rapid breaths until 
regular breathing is established again. Periodic breathing is more frequent in 
premature infants and the cessation of breathing may be prolonged until an 
apnea appears (breath pause of ≥20 sec, or shorter periods with simultaneous 
bradycardia) [39, 42]. In ELGANs there is an immaturity of the respiratory 
control including altered chemoreceptor sensitivity, why these infants may 
present with inadequate response to hypoxemia and hypercapnia resulting in 
decreased breathing effort and/or apneas [40]. 
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Infant respiratory distress syndrome 
Infant Respiratory Distress Syndrome (IRDS) is a pulmonary condition 
mainly affecting preterm infants, and is caused by a deficiency in surfactant 
[43]. In ELGANs the developmental immaturity of the lungs comprises insuf-
ficient surfactant production and function, but also a low amount of gas ex-
changing units. The lack of surfactant causes a non-compliant lung, which 
increases the risk of atelectasis and unevenly distributed inflations [10, 44]. In 
the inhomogeneous aerated lung collapsed areas will alternate with over ex-
panded areas. Also the fluid in the air spaces will not be mobilized and a pro-
tein leakage will form a hyaline membrane consisting of fibrin, cells and de-
bris in the alveoli [43, 45]. A ventilation-perfusion mismatch will cause in-
trapulmonary shunting and result in impaired gas exchange with both hypox-
emia and hypercapnia. This cascade of events will eventually cause 
respiratory acidosis and progressive respiratory insufficiency. Respiratory 
failure is more common in preterm infants due to surfactant deficiency, poor 
respiratory drive, and a highly compliant chest wall which will retract with 
forced breathing, resulting in paradoxical breathing movements and further 
collapse of the lung [10]. IRDS incidence is inversely proportional to gesta-
tional age with a <70% occurrence in infants with a birth weight <750 grams 
and decreasing to 25% in infants with a birthweight of 1250-1500 g [46].   

The radiological description of IRDS is the appearance of a diffuse reticu-
logranular pattern with air bronchograms. When IRDS progresses the chest 
radiograph will show a more confluent alveolar shadowing and in severe cases 
a complete whiteout of the lungs [47, 48]. 

The combination of antenatal steroids (induced cell maturation) and intratra-
cheal instillation of surfactant (reduced surface tension and increased surfac-
tant pool availability) have decreased IRDS morbidity [49, 50]. Steroids ac-
celerate fetal lung maturation, and enhance surfactant production and turnover 
[51]. Antenatal corticosteroid administration to mothers at risk of preterm de-
livery became clinically established in the early 90’s, and is presently recom-
mended to women at risk of delivery before 32-34 weeks of GA [52]. In in-
fants at risk of developing IRDS after birth, preferably nasal CPAP is initiated 
and oxygenation is monitored. Early rescue surfactant treatment is recom-
mended if IRDS is established with increasing supplementary oxygen and/or 
respiratory acidosis [53]. Intubation and subsequent mechanical ventilation 
involves well known risks, hence non-invasive instillation of surfactant has 
gained popularity [54, 55]. Invasive mechanical ventilation is presently 
mainly used in infants with progressive respiratory failure and/or <25 weeks’ 
GA. 
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Mechanical ventilation 
In premature born infants invasive ventilation is usually initiated due to res-
piratory acidosis, increased oxygen need, repeated apneas or as part of resus-
citation/support in the transition after delivery. Positive pressure is intermit-
tently applied for optimizing gas exchange. The size of the inflations is deter-
mined by a set peak inflation pressure (PIP) or VT, and breath cycles are de-
termined by the inspiratory time and respiratory rate [56]. Expiration is 
passive as in spontaneous breathing. In infants the mechanical breaths are ap-
plied with a positive end-expiratory pressure (PEEP), to maintain airway 
opening and to prevent alveolar collapse at end-expiration. It is generally ac-
cepted that mechanical ventilation (MV) might induce lung injury [57, 58], 
and that the severity of the lung injury is related to the duration of MV [59].  
Lung injury seems to correlate more to the inspired volumes (volutrauma) than 
to the pressure exposure (barotrauma) [60]. Over inflation increases the risk 
of air leaks such as pulmonary interstitial emphysema and pneumothorax [57, 
60]. Most ventilators are designed to synchronize the ventilator breaths with 
the patient’s spontaneous breathing, as this has been shown to reduce ventila-
tor days and hospital stay [61]. Different methods are available to achieve pa-
tient-ventilator synchronization, but the most commonly used is a flow sensor 
at the airway opening.  

Pressure limited ventilation  
In synchronized pressure limited ventilation (PLV), such as assist control ven-
tilation (A/C) or synchronized intermittent mandatory ventilation (S-IMV), 
PIP and PEEP are set and tidal volume will change with variations in lung 
compliance and inspiratory breathing efforts [56] (Figure 1). During A/C 
every inspiration is assisted, and the number of assisted breaths will increase 
with increased breathing frequency, while the set inspiratory time will be 
fixed. During S-IMV, a set amount of spontaneous breaths will be supported 
by mechanical breaths with a fixed inspiratory time while any additional spon-
taneous breaths will be made with only support of PEEP [57]. Both ventilatory 
modes have a backup frequency ventilation. With improved lung compliance 
a higher VT and a lower PCO2 will be detected, and therefore PIP must be 
reduced according to these measurements by the user, as part of the weaning 
process.  

Volume targeted ventilation 
During Volume Targeted Ventilation (VTV) the clinician sets a VT and the 
PIP will vary within pre-set limits to achieve the desired tidal volume. In this 
way, the ventilator is able to compensate for variations in lung compliance and 
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the infants spontaneous breaths whilst obtaining the pre-set VT. With im-
proved lung compliance a lower PIP will be generated to achieve the set VT, 
thus a real-time weaning of pressure is obtained [62, 63] (Figure 1). VTV can 
be applied together with different PLV-modes such as S-IMV and A/C. VTV 
studies have shown a reduction in episodes of hypocapnia, pneumothoraxes, 
IVH, BPD, duration of MV, and mortality compared to infants ventilated by 
PLV [64-68]. One challenge in VTV is the leakage around uncuffed ETTs, 
commonly used in intubated ELGANs, which may cause the ventilator to un-
derestimate the expired VT and to deliver inappropriate PIPs. The ETT leakage 
tends to increase with time and most neonatal ventilators compensate only for 
leakages up to 50% [69]. 

 

Figure 1. Simplified illustration of the main differences between pressure limited 
ventilation (PLV) and volume targeted ventilation (VTV); set parameters’ relation to 
lung compliance(C). 

Proportional assist modalities 
Available modalities that deliver proportional assisted breaths are propor-
tional assist ventilation (PAV) and neurally adjusted ventilatory assist 
(NAVA). In PAV the applied pressure is servo controlled throughout each 
breath, based on the continuous input from the infant’s breathing. The venti-
lator is set to unload the elastance (a load due to the stiffness of the lung) and 
resistance (a load due to airflow obstruction mainly in the ETT) of the com-
bined ventilator-lung system [70, 71]. The elastic unloading is usually set at 
60-75% of the optimal compliance, or when the infant presents adequate 
breathing movements. Resistive unloading is needed only for the smallest 
sizes of ETTs (2.0-2.5mm inner diameter). The inflation pressure is delivered 
proportionally to the calculated volume and airflow signal, thus allows the 
patient to control the amplitude and timing of each breath [70, 71]. Delivered 
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PIP will change with compliance. PAV has been shown to reduce work of 
breathing in preterm infants in the first week of life compared to A/C [72], and 
also to maintain gas exchange at lower mean airway pressures compared to 
pressure limited breaths [73]. NAVA uses the electrical activity of the dia-
phragm (EAdi) to servo control the applied ventilator pressure. The EAdi-sig-
nal, captured by a nasogastric tube with an array of electrodes (the EAdi cath-
eter), is used to trigger each inflation and also to determine the level of sup-
port. The clinician sets the PEEP and a NAVA level, which is a gain factor by 
which the EAdi-signal at each point in time is translated into airway pressure 
provided proportionally to the infant’s neural breath during inflation [74]. 
Neurally adjusted ventilatory assist has been shown to reduce peak inflation 
pressure, fraction of inspired oxygen, and work of breathing compared with 
PLV in newborn infants [75-78]. 

Peak end-expiratory pressure 
The application of positive end-expiratory pressure (PEEP) provides sustained 
lung volume at end-expiration, thus prevents collapse of the alveoli at the end 
of exhalation. PEEP increases functional residual capacity, alveolar recruit-
ment, preserves surfactant function, improves oxygenation, stimulates regular 
breathing, and stabilizes and decreases the work of breathing [79-84].  By us-
ing PEEP to recruit the lung the applied tidal volumes during MV can be more 
evenly distributed in the lung [57]. Presently it is generally agreed that me-
chanical ventilation in infants without PEEP is associated with adverse out-
comes [85]. 

In the clinical situation PEEP settings are based on oxygen requirement, dia-
phragmatic level on chest radiograph, auscultation of the lungs, arterial blood 
gases. Lung mechanical measurements can also be used to evaluate PEEP. For 
example PEEP can be set to the value that maximizes the dynamic compliance 
during a decremental PEEP trial [33], or set according to the lower inflection 
point of the inspiratory limb on the measured pressure-volume curve [86-87].  

A PEEP set too high may over distend the lung causing air leak syndromes 
such as pulmonary interstitial emphysema and pneumothorax, but may also 
have negative effects on tidal volume, expiration, oxygenation and cardiac 
output [85, 88]. Consequences of a PEEP set too low are atelectasis, reduced 
FRC and increased oxygen need [89, 90]. There are no consistent studies or 
guidelines for the optimal level of PEEP in ELGANs during MV [91, 92]. 
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High frequency oscillatory ventilation 
High frequency oscillatory ventilation (HFOV) allows gas exchange with low 
tidal volumes delivered at very fast rates in lungs held open at optimal infla-
tion by a continuous distending pressure (CDP). CDP (also named mean air-
way pressure, MAP) is adjusted to achieve lung recruitment. The clinician sets 
the CDP, amplitude, frequency, and an inspiratory time as a proportion of the 
respiratory cycle. Volume guarantee can be applied during HFOV once an 
optimal CDP and ventilation have been evaluated. A meta-analysis comparing 
HFOV to PLV showed a slight reduction in the incidence of BPD, but few of 
these studies included infants less than 25 weeks’ GA [93].  

Bronchopulmonary dysplasia 
The lung condition bronchopulmonary dysplasia (BPD) was described in 1967 
by Northway et al. by pathologic and radiologic findings in moderately pre-
term infants with severe IRDS after exposure to mechanical ventilation [94]. 
Early pathophysiological descriptions of “the old BPD” were made before the 
clinical introduction pf antenatal steroids and surfactant, and the affected pop-
ulation was of a higher GA than seen today. The histopathological picture of 
“the new BPD” shows a decreased number of alveoli, arrested alveolar septa-
tion and interrupted vascular development [95, 96]. The complete mechanism 
resulting in BPD remains unclear and is most likely multifactorial. BPD may 
already begin in utero and is aggravated by exposure to oxygen, mechanical 
ventilation, infection and inflammatory processes after birth [97-99] (Figure 
2). 

 

Figure 2. Model of the possible pathophysiology of BPD. Illustration adapted from 
Davidson et al. (100). 
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The clinical criteria for BPD diagnosis and severity have been redefined over 
time but is still based on applied treatment, i.e. supplementary oxygen and/or 
ventilatory support at 36 weeks postmenstrual age (PMA). In 2001, after a 
workshop by National Institute of Health, USA, the BPD definition was up-
dated and graded as mild, moderate, or severe depending on the need of res-
piratory support and supplemental oxygen at 36 weeks of gestational age 
[101]. Present discussion on BPD definition involves elaboration of severity 
stages and aiming to improve their correlation to respiratory outcomes [102-
103].  

The most predisposing factors for development and severity of BPD are the 
degree of immaturity and low birth weight [104,105]. In a Swedish population 
based study of infants born 22-26 weeks’ GA, between 2014 and 2016, the 
incidence of BPD was 62% [5]. 
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Aims of the studies 

The general aim of this thesis was to explore mechanical ventilation in ex-
tremely preterm born infants and to obtain new knowledge in lung mechanics 
and the effect of different ventilator settings in purpose to facilitate future op-
timization of invasive respiratory support. 

The specific aims were: 

Paper I – to investigate if lung mechanical parameters obtained by bedside 
forced oscillation technique (FOT) during the first day of life could provide 
independent information from other clinical parameters for identifying ex-
tremely low gestational age newborns (ELGANs) at risk of developing pro-
longed mechanical ventilation and bronchopulmonary dysplasia. 

Paper II – to investigate how lung mechanics measured by bedside FOT 
change during the first week of life in mechanically ventilated ELGANs and 
to identify the optimal PEEP. 

Paper III – to investigate if an early application of volume targeted ventilation 
in infants born at 22-25 gestational weeks is associated with improved venti-
latory parameters, blood gases and outcomes when compared to pressure lim-
ited ventilation. 

Paper IV – to investigate changes in respiratory activity, as measured by 
phrenic nerve activity and electrical activity of the diaphragm, in the transition 
from assist control ventilation to proportional assist ventilation.  
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Subjects and Methods 

Table 2. Overview of studies in Paper I-IV.  
 Paper I Paper II Paper III Paper IV 

Study  

design 

Prospective  

observational  

 

Prospective  

observational 

 

Retrospective 

observational 

case control  

Animal experi-

mental and  

prospective  

observational 

Study  

population 

Infants born 

 < 28  

wks GA 

Infants born  

< 28  

wks GA 

Infants born 

22+0-25+6 

 wks GA 

Animals(cats), 

Infants born 

 < 26 wks GA 

Setting Neonatal Intensive Care Unit (NICU) level III, Univer-

sity Children´s Hospital, Uppsala 

 

Biomedical 

Center of Upp-

sala University. 

NICU level III; 

Uppsala 

Data  

collection 

Electronic health record; data monitoring systems; 

Swedish Neonatal Quality register; MatLab 

Data monitoring 

systems; 

MatLab; Servo 

Tracker 

Ventilator 

mode 

 

PLV(A/C) 

 

PLV(A/C) –  

VTV 

A/C – PAV  – 

CPAP 

Interven-

tional  

settings 

PEEP-titration; 

FOT frequencies 5-15 Hz 

 

N/A Intermittent  

periods of  

A/C – PAV  –   

CPAP 

Main  

outcome  

parameters 

FOT; Xrs; 

Chest X-ray; 

FiO2; SpO2; 

days on MV;  

BPD 

FOT; Xrs, FiO2; 

SpO2; optimal 

PEEP 

PIP, FiO2, RR, 

blood gas; IVH; 

NEC; PDA; 

BPD 

Phrenic nerve 

activity (PNA) 

or Electrical ac-

tivity of the dia-

phragm (EAdi) 
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Study population 
In Paper I and II, cohorts of infants born <28 weeks’ GA and on MV during 
the first day of life were recruited between June 2011 and May 2014, after 
informed written parental consent. Exclusion criteria were congenital anom-
alies or other malformations relevant to lung function. The studies were ap-
proved by the Regional Ethical Review Board in Uppsala.  

In Paper III, cohorts of infants born between 22+0 and 25+6 weeks’ GA were 
identified from two different time epochs for comparison of two ventilatory 
regimes applied during the first day of life: PLV (2014-2015) and VTV (2017-
2018). Only infants born at Uppsala University Children’s Hospital were in-
cluded, and infants with congenital anomalies or death within the first day of 
life were excluded. The study was approved by the Regional Ethical Review 
Board in Uppsala. 

In Paper IV, part I included animals (cats) and was conducted at the Biomed-
ical Center of Uppsala University; and part II was conducted at Uppsala Uni-
versity Children’s Hospital and infants born <26 weeks of GA were  included 
after written parental consent. The infants were selected for registration as 
they were subjected to prolonged mechanical ventilation with evolving severe 
BPD and considered by the clinician ready for weaning to non-invasive ven-
tilation. The studies were approved by Uppsala University Animal Research 
Ethics Board and the Regional Ethical Review Board in Uppsala. 
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FOT-measurements in Paper I and II 
In vitro validation was performed to test frequency response and accuracy of 
the ventilator set up (Stephanie, F. Stephan Biomedical Inc. Gackenbach, Ger-
many), using a bench model for lung described by Dorkin [25] and compared 
to a standard loudspeaker/pneumotachograph set up. A pilot of the FOT set up 
was performed in infants prior to study inclusion. An in vitro exploration was 
performed to measure the impedance of the used ETT sizes 2.0, 2.5, and 3.0 
mm inner diameter. 

FOT was performed bedside on day 1 in Paper I and on day 1, 3 and 7 in Paper 
II. The infants were placed in supine position in the incubator during the meas-
urements. Pressure was measured at the inlet of the ETT. The flow signal, was 
obtained from the ventilator (Figure 3). Lung mechanics were measured with 
FOT by over-imposing a 5, 10 and 15 Hz sinusoidal pressure signal (HFO 
waveform) on the ventilation waveform during assist control ventilation. The 
over-imposed pressure signal had an amplitude of 1-2 cmH2O, thus not inter-
fering with the ongoing ventilator modes. 

 
Figure 3. FOT set up in Paper I and II. Illustration printed by permission of Chiara 
Veneroni. 

During the PEEP titration trial PEEP was initially increased by 2 cmH2O 
above the clinically set PEEP and then decreased by four steps of 1 cmH2O, 
and finally restored to the baseline value (Figure 4). FiO2 was adjusted to 
maintain oxygen saturation (SpO2) within the clinical set limits, and other clin-
ically set ventilator parameters were kept constant during the PEEP titration 
steps. 
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Figure 4. PEEP titration sequence according to protocol. PEEPCLIN= clinically set 
PEEP and baseline 

Data processing and FOT-parameters 
Respiratory system input impedance (Zrs) was obtained by computing the 
transfer function between pressure and flow at the stimulus frequencies with 
correction for the ETTs’ impedance. For each protocol step 10 breaths were 
selected for analysis after stabilization. Xrs showed similar pattern with all 
frequencies, but data from measurements at 10 Hz were selected for analysis. 
Xrs and Rrs values were averaged to have one data point for each PEEP level. 
Impedance at end-expiration was selected because this volume reflects the av-
erage sum of alveoli open throughout the whole respiratory cycle. At end-
expiration the respiratory flow is close to zero, thus resistance is not affected 
by flow changes. 

The FOT-based parameters and abbreviations were defined to characterize the 
elastic properties in Paper I and II (illustrated in Figure 5): 

X= reactance (Paper I)  
Xrs=reactance (Paper II) 
XPcl_b = X at clinical PEEP before the trial, i.e. baseline (Paper I) 
XPM= X at the highest PEEP of the trial (Paper I) 
XM = maximal X value during the decreasing limb of the trial (Paper I) 
ΔXRec = diffference between X at the clinical PEEP during the decremental 
trial and XPcl_b (Paper I) 
ΔXdeRec = difference between X at the clinical PEEP during the decremental 
trial and X at the clinical PEEP after the trial (Paper I) 
ΔXdis = difference between X at XPcl_b and XPM (Paper I) 
PEEPFOT= the optimal mechanical PEEP (Paper II) associated to the maximal 
Xrs during the decreasing limb of the trial (XM) 
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Figure 5. Reactance(X) vs PEEP in a representative patient. Arrows indicate the se-
quence of the measurements at PEEP titration. Parameters are defined as in Paper I.  

Radiological grading of IRDS 
Chest radiographs from the first day of life were reviewed by two pediatric 
radiologists (twice by each radiologist) who were blinded for each other, for 
patient data and written radiograph reports. IRDS severity was graded in  stage 
1-4 as described by Paetzel [46] (Figure 6). The rib level of the diaphragm 
(DH) was evaluated in the right frontal projection of the chest radiograph. An 
average of the four scores was normalized by the height of the diaphragm 
(=IRDS/DH) to account for differences in inspired air at the time of the 
radiograph. 
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Figure 6. Radiology stages 1-4 in IRDS and examples of each stage from the study 
population. 

Ventilatory parameters and outcomes 
In Paper I-II and IV, the ventilatory parameters were continuously and pro-
spectively recorded from the patient data monitoring systems ICCA® (Intel-
liSpace Critical Care and Anesthesia, Philips Healthcare, Eindhoven, Nether-
lands) and MetaVision® (iMDsoft, Needham, MA, USA). In Paper III these 
parameters were collected retrospectively from the same systems. 

In Paper I-III the Swedish Neonatal Quality Register (SNQ) was used to col-
lect data regarding outcome parameters such as days of mechanical ventila-
tion, supplementary oxygen and BPD, but these data were also verified from 
the patient data monitoring systems (ICCA and MetaVision) and the electronic 
health record system Cosmic® (Cambio Healthcare Systems, Stockholm, Swe-
den).  

In Paper I, the Oxygenation Index (OI) and Ventilation Index (VI) were cal-
culated as FiO2 ×MAP×100/PaO2 and PaCO2 ×respiratory rate× (PIP-
PEEP)/1000, respectively.  

In Paper III the measured PIP during VTV was collected and calculated as the 
mean of 10 registered PIPs at the specified time intervals.  

In Paper I-IV, BPD was defined as the need of supplementary oxygen at 36 
weeks post-menstrual age: moderate BPD if the oxygen need was < 30% and 
severe BPD if the infant needed ≥ 30 % oxygen or positive pressure ventila-
tory support [102]. 
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In Paper IV the airway pressure, flow and VT were continuously registered 
from the analogue outlets of the Stephanie Ventilator (F. Stephan Biomedical 
Inc. Gackenbach, Germany) and transferred to a laptop. Sequences of 10 
breaths in each mode were selected for a breath to breath analysis of measured 
PIP, MAP and VT in all subjects.  

Other outcomes 
In Paper III the outcomes IVH, NEC, ROP and PDA were defined as:  
IVH ≥ 3= detected bleeding and ventricular dilatation on ultrasound examina-
tion 
NEC= histopathological findings of intestinal resection from surgery 
ROP stage ≥ 3 and treated= ROP staged according to the International Classi-
fication of Retinopathy of Prematurity [106] and treated with laser photocoag-
ulation or injection with anti-vascular endothelial growth factor 
PDA= surgical ligation of PDA during hospital stay 

PAV protocol 
In Paper IV, the alternating order of A/C, PAV and CPAP was delivered to 
the subjects. PEEP remained unchanged between the modes. During PAV the 
unloading was set to compensate for 60% of the elastic recoil of the respiratory 
system in the cats. In infants the elastance was initially set to unload 75% 
and/or lowered until good breathing movements were visualized. 10-20 
breaths were recorded for each mode after a stabilization period of 1-3 
minutes. PEEP was kept unchanged between the ventilation modes in both 
animals and infants. 

Phrenic nerve activity and transpulmonary pressure 
In Paper IV, part I (animal experiment), the phrenic nerve was exposed uni-
laterally and placed on two platinum electrodes for recording of impulse ac-
tivity. Esophageal balloon pressure was measured by a pressure transducer 
(Druck Ltd. Transducers, Leicestershire, UK). PNA was amplified, filtered, 
and corrected with a Neurolog system (Digitimer Research Instrumentation 
Inc., Welwyn Garden City, Hertfordshire, UK). The processed nerve signal 
was integrated by a resistance-capacitance low-pass filter providing a moving 
time average of PNA. The signals of air flow, airway pressure, esophageal 
pressure, and the signals from the spike-generator were digitized by a data 
acquisition system (Windaq Analysis Software (Dataq Instruments Corp, Aus-
tin, USA). The amplitude of the integrated phrenic nerve activity was used as 
a measure of the total number of impulses in the phrenic nerve burst (PNA 
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amplitude), and also the duration of PNA bursts was measured.  The start of 
the integrated phrenic nerve burst coincided slight delayed (response time) 
with the start of inspiratory airflow during spontaneous breathing (Figure 7). 
Transpulmonary pressure (Ptp) was calculated as the difference between air-
way and esophageal pressure. The maximal deflection of the esophageal pres-
sure (Peos) was calculated as the difference between the end-expiratory pres-
sure and the lowest measured esophageal pressure. Sequences of 10 breaths in 
each mode were selected for a breath to breath analysis. 

 
Figure 7. Illustration of the airway pressure (Paw), the integrated phrenic nerve ac-
tivity (PNA) and the flow signal during one ventilator breathing cycle with a defini-
tion of the response time.  

Electrical activity of the diaphragm 
EAdi is a measure of diaphragmatic crural electromyography and reflects 
phrenic nerve activation of the diaphragm during breathing [107]. EAdi max-
imum (EAdimax) is the maximal amplitude of diaphragmatic electrical activity 
and reflects the maximal breathing effort during inspiration, whereas EAdi 
minimum (EAdimin) relates to the diaphragmatic tone at end-expiration [108, 
109]. The EAdi signal can be continuously registered by an EAdi catheter, a 
nasogastric tube incorporated with nine electrodes that are placed at the level 
of the diaphragm, and is used as the breath triggering device during NAVA-
ventilation.  

In Paper IV the included infants received an EAdi-catheter. The EAdi-signals 
were recorded from the Servo-I ventilator (Maquet Critical Care AB, Solna, 
Sweden) via a RS232 interface connected to a computer using software Servo-
Tracker (Maquet Critical Care AB, Solna, Sweden). EAdimax, EAdimin, and 
delta-EAdi (calculated as EAdimax – EAdimin) were analysed.   The neural in-
spiratory time (Tineural), was calculated as the time from initiated increase in 
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EAdi to EAdimax in one breath (Figure 8). Sequences of 10 breaths in each 
mode were selected for a breath to breath analysis.  

 
Figure 8. Neural inspiratory time (Tineural) in registered electrical activity of the dia-
phragm (EAdi) illustrated together with inspiratory time (Ti) in the flow signal dur-
ing a mechanical breath. 

Statistical analysis 
In Paper I, the data were tested for normality using the Kolmogorov–Smirnov 
test. One-way ANOVA for repeated measurements was used to test the 
significance of differences (Xrs and PEEP). Spearman’s correlation was per-
formed to test statistical dependence between FOT-parameters, respiratory 
outcomes and clinical parameters, and the correlation coefficient (ρ) was used 
to test correlation strength. Significant independent variables associated with 
days of respiratory support were identified by multilinear regression and var-
iables associated with BPD using logistic regression analysis. Input variables 
were perinatal infant characteristics together with parameters describing res-
piratory condition (OI, VI, IRDS/ DH) and lung mechanics (FOT-parameters 
described above). Multilinear models with statistically significant variable co-
efficients were compared on r2 (models with r2 <0.70 excluded). Logistic mod-
els with variable coefficients of statistical significance and able to predict BPD 
were compared on pseudo-r2 and on the areas below the receiver operator 
characteristic (ROC) curves. The desired sample size was computed in G × 
Power (linear multiple regression: fixed model, single regression coefficient, 
one tail). To assess effects of adding a FOT parameter in a 3-inputs multiple 
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regression models with alpha=0.05, power=0.80, and a large effect size (0.35), 
a number of 20 study objects were needed. 

In Paper II, the data was tested for normality using the Kolmogorov-Smirnov 
test. Two-way ANOVA for repeated measurements was used to test differ-
ences between the days and between groups.  

In Paper III, the one-way ANOVA was used to define normal distribution and 
to evaluate differences within a variable. Continuous variables were analyzed 
with two-tailed Student’s t-test or Mann Whitney U test. χ2 test or Fisher’s 
exact test were applied for categorical variables.  

In Paper IV, the analysis were performed using SPSS v26.0 (IBM, Armonk, 
NY, USA). Continuous variables were analysed using two-tailed paired T-test 
and Mann-Whitney U test, as appropriate. Categorical variables were analysed 
using χ2 or Fisher’s exact test.  

In Papers I-IV p <0.05 was considered statistically significant. 
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Result 

 
Figure 9. FOT cohort and infant distribution in Paper I and II. 

Paper I 
Twenty-two ELGANs were studied during the first day of life (at 16±8 hours). 
The included infants were born at a mean GA of 24+4 ± 1+4 and had a median 
birthweight of 615 g (range 423-1050g). PPROM ≥ 18 hrs was present in 6 
infants (27%), and chorioamnionitis was identified in 7 (32%) cases by pla-
cental histopathology. Antenatal steroids was given in all but one case, and all 
subjects received early surfactant. During FOT measurements, the infants 
were ventilated by PLV with A/C and a ventilator rate set at 60 bpm. 

Table 3. Ventilatory characteristics at FOT-registration  

 (n=22) 

PIP, cmH2O, mean±SD 14.9 ± 2.1 
PEEP, cmH2O, mean±SD   4.4 ± 0.5 
FiO2, mean±SD   0.24 ± 0.05 
Oxygenation Index, mean±SD   2.6 ± 0.7 
Ventilation Index, mean±SD 25.0 ± 7.7 

Chest radiographs were available for 21/22 infants. The median IRDS-stage 
was 2.8 (range 1-4), and the calculated median IRDS/DH was 0.36 (range 
0.11-0.58). Respiratory outcomes are presented in Table 4.  
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Table 4. Respiratory outcomes 

 (n=22) 

Mechanical ventilation, days 34 (1-155) 
Respiratory support(MV + CPAP), days 77 (11-309) 
Supplementary oxygen, days 94 (11-267) 
BPDa, any, n(%) 15 (71) 
   -moderate 3 (14)  
   -severe 12(57) 
Data is presented as median(range) or n(%). a= denominator for BPD was 21. 

FOT-parameters were identified in the PEEP-titration trial, and reactance (X) 
showed marked dependence on PEEP. The ΔXRec, median (IQR); 0.02  
(-2.20:2.89), indicated that the raise in PEEP during the trial did not recruit 
lung volume. Correlations to respiratory outcomes are illustrated in Table 5. 
Days on MV, days on respiratory support (MV + CPAP), and days on supple-
mentary oxygen correlated with GA and z-BW. Gestational age correlated 
with X-parameters, the strongest correlation being with XM. 

 

Table 5. Correlation coefficient ρ and correlation p-value (within brackets) between 
respiratory outcomes and Xrs parameters. 

 

XPcl_b 

X at baseline, 
PEEPclin 

XM 

highest X dur-
ing decreasing 

limb 

XPM 

X at highest 
PEEP 

ΔXdis 

difference of   
XPcl_b 

and XPM 

Days on MV -0.65 (0.001) -0.65 (0.001) -0.75 (<0.001) 0.53 (0.014) 

Days on respiratory 
support 

-0.44 (0.043) -0.48 (0.025) -0.52 (0.014) 0.34 (0.121) 

Days with  
oxygen support 

-0.32 (0.157) -0.37 (0.101) -0.39 (0.075) 0.33 (0.141) 

BPD severity -0.17 (0.462) -0.15 (0.502) -0.24 (0.284) 0.46 (0.034) 

We identified predictive multilinear models by using a three-parameter input 
(GA, IRDS/DH and ΔXdis) to predict days on mechanical ventilation (0.002–
14.2×GA+86.7×IRDS/ DH+3.0*ΔXdis). GA and ΔXdis were the parameters 
that had the strongest influence on estimated days on MV (Figure 10).  
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Figure 10. Relationship between actual days on mechanical ventilation (MV) and 
the estimated days on MV for the developed multilinear model. Inputs of the model 
with the respective normalized coefficients and r2 values are presented. 

One logistic model using two-parameter inputs were identified for BPD pre-
diction (logitP=−2682.7+119.8×GA−44.4×ΔXdis).  

Paper II 
Fourteen infants were investigated by FOT on the first, third and seventh day 
of life. Antenatal steroids were administered in all cases, and in 57% (8 
mothers) two doses were given before birth. All infants were instilled with 
surfactant during the first hour of life, and 2 infants received repeated surfac-
tant doses before FOT-registration.  

Table 6.  Infant characteristics   

 (n=14) 

Gestational age, weeks median (range)  23+6 (22+6-27+6) 
Birth weight, grams, median (range)  590 (448-964) 
Small for gestational age, n(%) 4 (29) 
Male sex, n (%) 12 (86) 
Antenatal steroids, n (%)  14 (100) 
PPROM ≥18 hrs, n (%) 3 (21) 
Chorioamnionitis, n (%) 5 (36) 
Cesarian section, n (%)  5 (36)  
Apgar at 10 minutes, median (range)  8 (5-10) 

The infants were ventilated by pressure limited ventilation with assist control 
mode. No infant was extubated before the first FOT-registration. Four infants 
were extubated between the first and second registration, and 5 infants had a 
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period with nasal CPAP between day 3 and 7. Mean PIP was found to be the 
lowest on day one.  

Table 7. Ventilatory data on the 1st, 3rd and 7th day of life 

 
Day 1 
(n=14) 

Day 3 
(n=14) 

Day7 
(n=14) 

PIP, cmH2O 15.2 ± 2.2* 18.1± 3.8 19.2 ± 3.1† 
VT, ml 4.4 ± 0.9 4.7 ±0.8 5.2 ± 1.1 
FiO2 0.23 ± 0.05  0.27 ± 0.09  0.26 ± 0.06 
RR, bpm             59 ± 8             59 ± 4             58 ± 9 
PaCO2

a, kPa   5.0 ± 0.9* 6.1 ± 1.4   6.5 ± 1.4† 
PaO2

 a, kPa 6.9 ± 1.0 7.9 ± 2.5 6.2 ± 0.9 

Data presented as mean ±SD. * =p<0.05 (Day 1 vs 3) †= p<0.05 (Day 1 vs 7). a=Denominator 
for PaO2 and PaCO2 adjusted to infants with arterial umbilical catheters; n=14 on day 1 and 3, 
n=10 on day 7. 

Xrs was calculated at two points in the PEEP-trial: at start (at PEEPCLIN) and 
at the highest value during the decreasing limb (which corresponds to the op-
timal PEEP; PEEPFOT). Xrs at PEEPFOT was higher than the Xrs at PEEPCLIN 
(mean difference (95% CI): 4.7 (1.4–8.0) on day 1; 2.5 (0.4–4.6) on day 3 and 
5.2 (0.04-10.3) on day 7). PEEPFOT was lower than PEEPCLIN on day one 
(3.6±0.9 vs 4.4±0.5 cmH2O; p<0.01) and day seven (4.4±0.9 vs 4.9±0.5 
cmH2O; p<0.05), with no difference on day 3 (Figure 11). The PEEPFOT was 
never identified to be higher than the PEEPCLIN in any infant, but 10 (71%) 
infants had a lower PEEPFOT than the clinically set one. Supplementary oxy-
gen need did not differ between PEEPFOT and PEEPCLIN. A decrease in reac-
tance was seen when the PEEP was increased by 2 cmH2O from PEEPCLIN, 
which indicates that the lungs were easily overextended 

  

 
Figure 11.  a) PEEPCLIN and PEEPFOT on the 1st, 3rd and 7th day of life. b) Oxygen 
saturation (SpO2) and fraction of inspired oxygen (FIO2) ratio. #=p<0.05 comparison 
to day 1. ¶= p<0.05 comparison between PEEPCLIN and PEEPFOT.  
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Paper III 
In a comparative study of the ventilatory modes PLV and VTV as applied 
early during the first day of life in infants born before 26 weeks’ GA, a total 
of 104 infants were included. Sixty infants received PLV and 44 infants re-
ceived VTV. Perinatal characteristics are presented in Table 8, and were sim-
ilar between the groups. 51% of the included infants were born below 24 
weeks GA. 

Table 8.  Perinatal characteristics 

 
PLV 

(n=60) 
VTV 

(n=44) 

p-value 
 

Gestational age,wks, median(range) 24+0 (22+0-25+6) 23+5 (22+0-25+5) 0.27 
Birth weight, g, median(range) 623 (380-1007) 599 (388-807) 0.14 
Small for gestational age, n(%) 11 (18) 5 (11) 0.33 
Twin, n(%) 17 (28) 8 (18) 0.23 
Gender, female, n(%) 27 (45) 17 (39) 0.52 
Antenatal steroids, n(%) 54 (90) 43 (98) 0.23 
    -two doses, n(%) 41 (68) 25 (57) 0.23 
PPROM, ≥18 hrs, n(%) 23 (38) 9 (20) 0.05 
Vaginal delivery, n(%) 36 (40) 30 (32) 0.39 
Apgar a <5 at 10 min, n(%) 4 (7) 7 (16) 0.20 
CRIB II score, median(range) 14 (9-19) 15 (10-19) 0.27 
Surfactant, n(%) 60 (100) 44 (100) 1.00 
    -repeated dose, n(%) 7 (12) 8 (18) 0.35 
a= Apgar score missing in one infant in the PLV-group. CRIB=clinical risk index for babies, 
scored according to Parry et al. [110] 

The measured peak inflation pressure was higher in the PLV-group compared 
to the VTV-group at 4, 8, 12, 16 and 20 hours of age (Table 9). At 24 hours a 
higher number of infants were extubated in the VTV-group compared to the 
PLV-group (30% vs 13%; p=0.04). 

 

Table 9. Ventilation characteristics at 4, 8, 12, 16, 20 and 24 hours of life. 

 PLV VTV p-value 

4 hrs n=60 n=44  

PIP, cm H20 16.0 ± 3.3 14.2 ± 3.9 <0.01 
PEEP, cm H20 4.2 ± 0.5   4.2 ± 0.6 0.57 
RR, breaths/min 61 ± 2 62 ± 6 0.16 
VTe, ml -   2.8 ± 0.9 - 
FiO2, % 25 ± 8 25 ± 7 0.93 
8hrs n=58 n=39 n=39 
PIP, cm H20 15.2 ± 3.2 12.1 ± 2.7 <0.01 
PEEP, cm H20   4.2 ± 0.4   4.1 ± 0.5 0.46 
RR, breaths/min 61 ± 3  62 ± 5 0.15 
VTe , ml -    2.7 ± 1.0 - 
FiO2, % 24 ± 7  26 ± 7 0.23 
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12 hrs n=57 n=36   
PIP, cm H20 14.3 ± 2.8 12.0 ± 3.1 <0.01 
PEEP, cm H20   4.2 ± 0.5 4  .2 ± 0.5 0.92 
RR, breaths/min 61 ± 4 61 ± 6 0.42 
VTe, ml -   2.7 ± 0.9 - 
FiO2, % 24 ± 4 26 ± 6 0.06 
16 hrs n=55 n=34  
PIP, cm H20 13.8 ± 2.7 12.5 ± 3.0 <0.05 
PEEP, cm H20   4.2 ± 0.4   4.2 ± 0.5 0.90 
RR, breaths/min 60 ± 6 62 ± 6 0.32 
VTe, ml -   2.8 ± 0.9 - 
FiO2, % 24 ± 3 25 ± 5 0.08 
20 hrs n=52 n=32  
PIP, cm H20 13.7 ± 2.5 12.4 ± 2.2 <0.05 
PEEP, cm H20   4.2 ± 0.6   4.3 ± 0.4 0.71 
RR, breaths/min 59 ± 6 61 ± 2 0.07 
VTe, ml -   2.7 ± 0.7 - 
FiO2, % 24 ± 4 26 ± 4 0.07 
24 hrs n=52 n=31  
PIP, cm H20 13.7 ± 2.6 13.2 ± 3.4 0.44 
PEEP, cm H20   4.2 ± 0.4   4.3 ± 0.7 0.38 
RR, breaths/min 60 ± 5 62 ± 4 0.12 
VTe, ml - 2.7 ±1.1 - 
FiO2, % 24 ± 4 26 ± 5 0.14 

VTe=measured tidal volume on expiration. Data presented as mean ± SD. 

Arterial blood gases were available in 102/104 infants at approximately 4 hrs  
of age and in 79/104 infants at 24 hrs. A higher PaCO2 was observed during 
VTV than during PLV, but no differences in pH or pCO2 in the first extracted 
blood gas. Hypocapnia, defined as PaCO2 < 4.5 kPa, was more frequent in 
infants that received PLV(Figure 12).  

 

Figure 12. Number of infants with hypocapnia during PLV and VTV. 
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PDA ligation was more frequent in the PLV-group, but other outcome param-
eters as IVH, NEC, days of MV, and BPD did not differ between the groups. 
Denominators for ROP and BPD were are adjusted to infants available for 
diagnosis (Table 10). 

Table 10. Neonatal outcomes. 

 
PLV 

(n=60) 
VTV 

(n=44) 

p-value 

Pneumothorax, n(%) 1 (2) 1 (2) 1.00 
IVH grade III-IV, n(%) 6 (10) 3 (7) 0.73 
NEC, surgery, n(%) 7 (12) 6 (14) 0.76 
ROP stage ≥ 3, treated, n(%) 6 (12) 7 (20) 0.31 
PDA ligation, n(%) 13 (22) 1 (2) 0.004 
Mechanical ventilation, days, median(IQR) 29 (11-51) 26 (14-45) 0.89 
Nasal CPAP, days, median(IQR) 11 (3-18) 17 (4-28) 0.13 
Days of supplementary oxygen, median(IQR) 39 (17-78) 47 (18-84) 0.53 
Length of stay, days, median(IQR) 40 (18-77) 48 (20-93) 0.43 
BPD, moderate, n(%) 14 (30) 9 (31) 0.91 
BPD, severe, n(%) 24 (51) 11 (38) 0.26 
Mortality, n(%) 16 (27) 13 (30) 0.75 

Paper IV 
Experiments were performed in five cats in part I. PNA amplitude, inter-
preted as respiratory activity, increased when PAV was applied compared to 
A/C (Table 11). PIP was reduced in PAV compared to A/C with no differ-
ences in RR or VT. The increase seen in ΔPeos (representing a decrease in the 
esophageal pressure) without change in Ptp indicates that the intensity of 
breaths increased in PAV and CPAP compared to A/C but with maintained 
similar transpulmonary pressure (Table 11 and Figure 13). 

Table 11. Ventilatory characteristics and phrenic nerve activity during A/C, PAV 
and CPAP in cats 

 A/C PAV CPAP 

PIP, cmH20           7.0 ± 0.5* 4.4 ± 0.6† -- 
VT, ml/kg         14.8 ± 2.3         13.0 ±1.7†         12.1 ± 1.6‡ 
RR, breaths/min            13 ± 2            14 ± 3            12 ± 2 
ΔPeos, cmH20           1.1 ± 0.2* 2.1 ± 0.4†  3.9 ± 0.4‡ 
Ptp, cmH20           4.5 ± 0.8           4.3 ± 0.5           4.3 ± 0.5 
PNA duration, sec         1.20 ± 0.09* 1.44 ± 0.11†  1.61 ± 0.10‡  
PNA amplitude, AU         0.22 ± 0.66* 0.41 ± 0.13†  0.63 ± 0.22‡  

ΔPeos= maximal deflection of esophageal pressure, Ptp=transpulmonary pressure. 
Data is presented as mean ± SD. *= p<0.05 (A/C vs PAV), †= p<0.05 (PAV vs CPAP), 
 ‡= p<0.05 (A/C vs CPAP). 
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Figure 13. Airway pressure (Paw), tidal volume (VT), esophageal pressure (Peos), 
and phrenic nerve activity (PNA) during A/C, PAV and CPAP, example from the 
cat study population. 

In part II three infants, born between 22+6 and 23+5 weeks GA, were included. 
At the time for measurements, the infants were 53-87 days PNA, and they had 
been on mechanical ventilation for 51-86 days. All infants were diagnosed 
with severe BPD at 36 weeks GA. EAdimax (and ΔEAdi), increased in PAV 
compared to in A/C mode (Table 12), with no differences in RR or neural 
inspiratory time. The estimated optimal EAdimax is 5-15µV.   

Table 12. Ventilatory characteristics and EAdi during A/C, PAV and CPAP in in-
fants 

 A/C PAV CPAP 

PIP, cmH20  23.4 ± 1.3* 20.3 ± 1.8 -- 
VT, ml/kg            8.0 ± 2.4     7.0 ± 2.1†  4.4 ± 1.2‡ 
RR, breaths/min             57 ± 4 63 ± 3            70 ± 1 
EAdimax, µV    5.1 ± 1.2*   10.0 ± 2.5†         26.6 ± 7.7‡ 
EAdimin, µV  0.8 ± 0.4     1.0 ± 0.3†  2.3 ± 1.1‡ 
ΔEAdi, µV    4.3 ± 1.0*     8.9 ± 2.5†         24.4 ± 7.4‡  
Tineural, sec  0.38 ± 0.07    0.36 ± 0.05         0.39 ± 0.08 

Data is presented as mean ± SD. *= p<0.05 (A/C vs PAV), †= p<0.05 (PAV vs CPAP),  
‡= p<0.05 (A/C vs CPAP). 

Figure 14-16 illustrates the increase in breathing effort measured as EAdi max 
during A/C, PAV and in CPAP in comparison to PAV.  PIP and VT was higher 
when A/C was applied in comparison to PAV. 
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Figure 14. PIP, VT, and EAdi during A/C, PAV and CPAP in infant 1. 

 
Figure 15. PIP, VT, and EAdi during A/C, PAV and CPAP in infant 2.  

 
Figure 16. PIP, VT, and EAdi during A/C, PAV and CPAP in infant 3. 
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Discussion 

In the modern era of neonatal intensive care, an increasing part of ELGANs 
receive mainly non-invasive ventilatory support during their hospital stay, and 
invasive ventilation is usually reserved for preterm infants born at the lowest 
gestational weeks or ill infants. With the advent of increased survival in in-
fants born at periviable gestational ages, the present knowledge of ventilatory 
support, based on less premature infants, needs to be reassessed. Information 
on lung mechanics is needed for designing and optimising respiratory support 
in this group of the smallest ELGANs.  

The aim of this thesis was to study lung mechanics and ventilatory parameters 
during different ventilatory modes in infants with a mean GA of 24+4 ± 1+4 
weeks (Paper I), 24+3+1+5 (Paper II), 24+0+1+ (Paper III) and 23+2+ 0+3 (Paper 
IV). 

In Paper I, FOT measurements on day 1 of life gave additional information to 
GA and chest radiography on the risk of developing BPD, thus giving the pos-
sibility to intervene at an early stage and prevent the development of BPD. 
The FOT-parameter with the strongest correlation to days of MV was reac-
tance at the highest PEEP, thus a more negative reactance registered by in-
creased PEEP correlated to more days on MV. The correlation of reactance to 
days of respiratory support has also been identified during nasal CPAP in less 
premature infants and measured on days 2, 4 and 7 [111]. Zannin et al. did not 
find a correlation between reactance and days of supplementary oxygen, and 
interestingly nor did we in our study of premature infants on MV measured on 
day 1. One could speculate if this is due to the definition of supplementary 
oxygen, the limited study sample size, or if days of oxygen need should be 
combined with mode of respiratory support to detect significant correlations. 
Future studies are required to evaluate the prognostic value of reactance in a 
larger population of ELGANs.  

In Paper II, sequential assessment of different PEEPs with FOT measurements 
on days 1, 3 and 7 presented the possibility to optimize PEEP without over 
distending the lungs in very premature infants with small FRCs. Reactance 
decreased markedly when the PEEP was increased during the trial, indicating 
that the lung can be easily over extended. These findings are of interest be-
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cause the chosen set clinical PEEP might expose the immature lung to ba-
rotrauma and/or atelectrauma, with consequent development of lung injury 
[58]. The difference between the clinically set PEEP and optimal PEEP illus-
trates the difficulty to target optimal PEEP by available clinical parameters, 
and bedside methods to evaluate lung mechanics for optimising PEEP are ur-
gently needed, as we presently have insufficient evidence to guide PEEP set-
tings in ELGANs [91]. In a previous FOT-study of infants (mean GA of 27 
weeks) with IRDS and in MV, a PEEP of 5 cmH2O corresponded to the max-
imal reactance during the decreasing limb [33]. Our results of optimal PEEP 
being lower than the set clinical PEEP during the first day of life might reflect 
the lower mean GA in our studied cohort of ELGANs but also their lower lung 
volume. We suggest that high PEEPs during MV should be used with caution 
when applied early in life in ELGANs treated with surfactant. Further studies 
are needed to investigate the effect of adjusting clinical PEEP to optimal PEEP 
by FOT-measurements in the first days of life as to the long term effects on 
lung function such as development of BPD.  

Limitations in Paper I and II are the small range of PEEPs studied (±2 cm 
H2O) during the titration trial and the small study sample. Another limitation 
is that converting reactance to optimal PEEP in a small range of PEEPs might 
underestimate the difference between the clinical PEEP and the optimal PEEP. 
The correlation of reactance to BPD was based on the definition proposed by 
Jobe et al [101], and thus a different and more updated BPD-definition might 
have provided other results.   

In Paper III we investigated the application of VTV in the first day of life in 
infants born below 26 weeks GA. During 2016 VTV replaced PLV as the pri-
mary choice of MV mode in the most immature infants in our unit, aiming to 
optimize the control of applied VT [57]. In a Cochrane review comparing VTV 
and PLV in premature infants, a subgroup analysis was performed of infants 
weighing <1000 g ELGANs, with no differences in outcomes such as IVH 
grade 3-4, days of MV, or BPD between the groups [64]. This is consistent 
with our results, although our population is more immature than the one in-
cluded in the subgroup meta-analysis. Also, the chosen definition of hypocap-
nia differs in the literature. We chose to define hypocapnia as PaCO2 <4.5 kPa, 
as this was the lowest value in the clinically set target range. Less hypocapnia 
during VTV in our study population is in line with previous observations [66, 
112, 113] and is probably due to more controlled tidal volumes and accord-
ingly lower applied PIPs. The groups did not differ in episodes of PaCO2 <4.0 
kPa. We believe this is the first study of VTV including such a large amount 
of infants born at 22-23 weeks of GA and high survival. This study provides 
new knowledge on the applicability of VTV with targeted VT of 5 ml/kg in the 
most preterm ELGANs. 
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Paper III is limited by being a retrospective study, thus the known risk exists 
of confounding factors in evaluating the outcomes. Another limitation is the 
VT not being available for the PLV-population, thus a comparison of VT be-
tween the modes was not possible, although a higher PIP in the PLV probably 
correlates to slightly higher VT. One strength of the study is the chosen study 
population, as this is the first study of VTV including a majority of infants 
born below 24 weeks GA. 

In Paper IV we aimed to investigate the subjects’ response in breathing pat-
terns by the application of proportional assist ventilation. Our study illustrates 
how PAV supported the breathing effort without an increase in respiratory rate 
and oxygen need. In the animal model, vital parameters such as blood pres-
sure, heart rate and PaCO2 (data not presented) did not differ between PAV 
and A/C, indicating that alveolar ventilation was sustained despite the increase 
in PNA. A comparison of the results of increased respiratory activity during 
PAV in animals and infants needs to be handled with caution as there are dif-
ferences in the subjects and the set up; the animals were sedated and the 
breathing patterns were based on interpretation of phrenic nerve activity and 
not of EAdi as in the infants. Studies of PAV in ELGANs are limited, and it 
remains unclear in which patients PAV could be of most benefit. Proportional 
assisted modalities provide support in proportion to the patient’s effort, and 
this function might be of special benefit in ELGANs with evolving or estab-
lished BPD in supporting their weaning to non-invasive ventilation. The pos-
sible benefits of PAV in this context have not been studied, nor has the appli-
cation of PAV for longer periods than 2 days [71-73].  To our knowledge there 
is only one prior study analysing the EAdi-signal during PAV, and the com-
pared mode was NAVA [114] and not PLV. The possibility to visualize the 
variation and magnitude of the electrical activity of the diaphragm in a bedside 
setting makes this method attractive to use in future studies of breathing be-
haviour and in response to applied respiratory support.  

The obvious limitation in Paper IV is the very small study population. Alt-
hough the aim was to investigate the breathing pattern between modes, a larger 
study needs to be conducted to confirm these results and to evaluate the long 
term effects of PAV. PAV was only available in the Stefanie ventilator, which 
limited the possibility to extend the recruitment as the ventilator was replaced 
in our unit. 
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Conclusion 

 In mechanically ventilated ELGANs, changes in lung mechanics with dif-
ferent PEEPs on the first day of life combined with other commonly avail-
able clinical variables identify infants at risk of negative respiratory out-
comes 

 FOT can be used to assess optimal PEEP settings and it is easily used 
bedside to monitor lung mechanics during the first week of life in EL-
GANS 

 FOT might be a valuable bedside tool for assessment of lung mechanics 
for adjustments of PEEP over time and as part of a protective ventilation 
strategy to ELGANs, especially during the first days of life 

 Early VTV with a targeted tidal volume of 5 ml/kg was safe to apply in 
infants born before 26 weeks’ GA 

 VTV was associated with observed lower peak inflation pressure and 
fewer episodes of hypocapnia compared to a group of infants that received 
PLV, with no observed differences in death or other major morbidities in 
infants born before 26 weeks’ GA  

 VTV might promotes early extubation as this mode was associated with 
more infants being extubated at 24 hours of age compared to PLV 

 The ventilator mode PAV stimulated higher respiratory activity compared 
to A/C in terms of an  increase in phrenic nerve activity (cats) and the 
electric activity of the diaphragm (infants), suggesting that PAV might be 
used as a mode of weaning in severe BPD when extra support is needed 
in the transition from invasive to non-invasive ventilation 



 46 

Future perspectives 

As FOT provides dynamic information on the lung mechanical properties of 
the lung, this method gives us the possibility to further evaluate different lung 
conditions associated with extreme prematurity and the effect of applied ven-
tilatory support. The most premature ELGANs often require low PIPs and 
FiO2 during the first days of life (as illustrated in Paper I-III), but many will 
deteriorate in their lung function and gas exchange at the end of the first week 
of life, requiring increased ventilatory support and FiO2.  FOT could be used 
to evaluate theses changes in lung mechanics and aid to optimise lung expan-
sion. A continued development of our sequential FOT measurement study 
would be to see the long term effects of adjusting PEEP according to repeated 
FOT measurements in comparison to clinically set PEEPs. An extended data 
collection of FOT measured PEEPs in lung conditions encountered in preterm 
infants with different gestational and postnatal ages could provide compiled 
information for future PEEP-guidelines. 

FOT has not been studied in severe BPD requiring mechanical ventilation, and 
although the method would be challenged by the inhomogeneity of established 
chronic lung disease, the feasibility of the method and the response of the lung 
to different PEEPs would be of great interest. The advantage of FOT being 
measured without patient interaction and during tidal breathing makes FOT 
an interesting tool in studying BPD beyond the NICU setting and in identify-
ing different phenotypes of the disease. 

A continuation of Paper III would be to see if the duration of VTV is related 
to respiratory outcomes in ELGANs. A large cohort would be able to identify 
beneficial effects of VTV in different subgroups of ELGANs.  

Applying the EAdi-signal as a method to explore breathing patterns in re-
sponse to different ventilatory modes is of interest as it provides bedside phys-
iological data on neural instant output. EAdi patterns can also be used to help 
optimize ventilatory settings, especially in the transition from invasive to non-
invasive support. Future studies of EAdi-patterns combined with methods that 
assess lung mechanics (for example FOT) could investigate possible correla-
tions with diaphragmatic activity and lung conditions (and/or treatments of the 
same). 
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Additional detailed parameters in the Swedish Neonatal Quality register on 
respiratory support (e.g. flow rate in high flow nasal cannula, applied PEEP, 
mode of non-invasive support including NIPPV, NIV-NAVA and 
other modes of invasive support) during NICU hospitalization, and at 36 and 
40 weeks of gestational age, would be helpful for future studies of applied 
treatments and outcomes in infants with severe BPD. 
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Summary in Swedish 

I Sverige föds varje år ca 115 000 barn. För tidig födsel innebär födsel före 37 
veckors graviditetslängd. Extremt för tidig födsel, det vill säga barn födda före 
28 graviditetsveckor, inträffar vid färre än 0.4 % av alla födslar, dvs. ca 350 
barn per år. Dessa barn behöver intensivvård på neonatalavdelning efter föd-
seln, och har ökad risk att drabbas av komplikationer associerade med omog-
nad såsom hjärnblödning, tarmsjukdom (nekrotiserande enterokolit), lung-
sjukdom (bronkopulmonell dysplasi), ögonkomplikationer (prematuritetsre-
tinopati) och utvecklingsförseningar. Nästan alla extremt för tidigt födda barn 
behöver andningsstöd efter födseln, och studier har visat att 70-85 % av dessa 
barn har behov av respiratorvård under vårdtiden. Respiratorvård är i sig as-
socierad till ökad sjuklighet såsom förlängd vårdtid, förvärvad lungsjukdom 
och även utvecklingsförseningar. Utvecklingen av respiratorvård för nyfödda 
barn syftar till att finna metoder som är skonsamma för lungvävnaden, syn-
kroniseras med barnets egna andetag och begränsar tiden i respirator. 

Syftet med denna avhandling var att öka kunskap om lungans reaktionsmöns-
ter och effekten av olika respiratormetoder och inställningar hos extremt för 
tidigt födda barn i hopp om att förbättra möjligheten att optimera respirator-
vård hos de minsta av nyfödda barn.  

Delarbete I: I metoden forcerad oscillationsteknik (FOT) används en oscille-
rande tryckvåg av låg amplitud som överlagras på respirators andetag (eller 
spontana andetag), vilket möjliggör mätning av dynamisk lungmekanik. I 
Delarbete I undersöktes 22 respiratorvårdade barn födda före 28 graviditets-
veckor med FOT. Barnen undersöktes första levnadsdygnet och FOT mättes 
vid olika PEEP (positive end-expiratory pressure=slutexpiratoriska tryck) vil-
ket är det tryck som respiratorn ger i slutet av utandning för att bibehålla lung-
volym och hindra lungblåsorna från att falla samman. FOT-mätning utfördes 
stegvis vid 7 olika PEEP steg; kliniskt PEEP ±2 cmH2O. Reaktans (mått på 
lungans eftergivlighet; Xrs) var beroende av PEEP. Vi fann att Xrs korrelerade 
med antal dagar med andningsstöd, och tillsammans med den radiologiska bil-
den och gestationsålder kunde FOT-parametrar i en prediktionsmodell stärka 
utfallet i form av antal dagar med respiratorbehov och risk att utveckla BPD. 

Delarbete II: 14 barn födda före 28 graviditetsveckor och med respiratorvård 
undersöktes under första, tredje och sjunde dagen med FOT vid olika PEEP, 
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såsom beskrivet i Delarbete I. Två punkter av Xrs valdes för jämförelse; Xrs 
vid PEEP valt av ansvarig kliniker samt högsta Xrs innan den började sjunka 
i den nedåtgående delen av PEEP-titreringen. Den senare motsvarar den punkt 
där lungan hade maximalt öppnade alveoler, dvs. Xrs vid det mekaniskt opti-
mala PEEPet. Optimalt PEEP var lägre än kliniskt inställt PEEP vid dag 1 och 
7 med störst skillnad under den första levnadsdagen. 

Delarbete III: I en retrospektiv studie insamlades data för att jämföra volym-
styrd ventilation (VTV) med tryckstyrd ventilation (PLV) som sattes in under 
det första levnadsdygnet hos barn födda före 26 graviditetsveckor. 44 nyfödda 
identifierades i gruppen med VTV och 60 barn i gruppen med PLV. Barnen 
som erhöll VTV hade lägre topptryck, färre låga uppmätta koldioxidvärden i 
blodprov, och fler var extuberade vid 24 timmars ålder i jämförelse med den 
grupp som erhöll PLV. Ingen skillnad påvisades mellan grupperna avseende 
utfall såsom hjärnblödning, dagar med respiratorvård eller bronkopulmonell 
dysplasi. 

Delarbete IV: Denna studie avsåg att jämföra andningsarbetet vid proport-
ionell assisterad ventilation (PAV) och assisterad tryckkontrollerad ventilat-
ion (A/C). Studien bestod av två delar: en experimentell djurmodell och en 
observationsstudie på barn födda före 24 graviditetsveckor och med långvarigt 
respiratorbehov (>50 dagar).  I djurmodellen studerades frenikus nervens ak-
tivitet under de olika respiratorinställningarna. Frenikus nerven innerverar di-
afragman som är den muskel som bidrar mest till det nyfödda barnets andning. 
Frenikus nervens aktivitet var högre under PAV än A/C. I barn studien förde 
man ner en matsond försedd med elektroder placerade i diafragmahöjd som 
möjliggör mätning av diafragmans elektriska aktivitet (EAdi), dvs. muskelak-
tivitet. EAdi-aktiviteten var högre under PAV än A/C. Fynden av en ökad fre-
nikus- och diafragma-aktivitet tillsammans med en minskning i uppmätt topp-
tryck utan en samtidig ökning i andningsfrekvens vid PAV i jämförelse med 
A/C, indikerar att PAV stöttar egenandningen och därmed ger möjlighet till 
andningsträning inför en planerad extubation.   

Sammanfattningsvis visar delstudierna i denna avhandling att FOT som mät-
metod tolererades väl av studiepopulationen; att FOT-parametrar bidrog till 
prediktion av respiratorvårdagar; att FOT kan vara ett verktyg i att optimera 
PEEP under pågående respiratorvård; att volymstyrd ventilation med fördel 
kan appliceras på barn födda i graviditetsveckor 22-25; och att PAV kan vara 
en alternativ metod för andningsstöd i de fall där extra stöd behövs i över-
gången från invasiv till non-invasivt respiratorvård, såsom efter långvarigt re-
spiratorbehov, misslyckade extubationsförsök eller etablerad svår lungsjuk-
dom av typen BPD.  
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