
 

 

 

How (not) to injure the preterm lung

Citation for published version (APA):

Hütten, M. C. (2016). How (not) to injure the preterm lung: new ideas for improving transition in a preterm
animal model. [Doctoral Thesis, Maastricht University]. Datawyse / Universitaire Pers Maastricht.
https://doi.org/10.26481/dis.20161220mh

Document status and date:
Published: 01/01/2016

DOI:
10.26481/dis.20161220mh

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20161220mh
https://doi.org/10.26481/dis.20161220mh
https://cris.maastrichtuniversity.nl/en/publications/325745c7-98f3-476f-91bb-7ff130313522


HOW (NOT) TO INJURE  
THE PRETERM LUNG

New ideas for improving transition  
in a preterm animal model

Matthias Hütten



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Copyright Matthias Christian Hütten, 2016 
ISBN 978 94 6159 633 8 
Production Datawyse | Universitaire Pers Maastricht 
 
Cover photos: Ira Hütten 2016, Vigeland Parken Oslo, Norway 
 
  

UNIVERSITAIRE
PERS MAASTRICHT

U P

M



 

 

HOW (NOT) TO INJURE THE 
PRETERM LUNG 

- new ideas for improving transition in a preterm 
animal model 

 
 

DISSERTATION 
 
 

to obtain the degree of Doctor at Maastricht University,  
on the authority of the Rector Magnificus, Prof. dr. Rianne M. Letschert 

in accordance with the decision of the Board of Deans,  
to be defended in public 

on Tuesday 20th December 2016, at 12.00 hours 
 

by  
 

Matthias Christian Hütten 
 
  



 Promotors 
Prof. dr. Boris W. Kramer 
Univ.-Prof. Dr. med. Thorsten Orlikowsky (RWTH Aachen, Germany) 
Prof. Dr. med. Steffen Kunzmann (Universität Würzburg, Germany) Copromotor 
Dr. Tim G.A.M. Wolfs Assessment commitee 
Prof. dr. Luc J.I. Zimmermann (chairman) 
Prof. dr. Sidarto Bambang Oetomo (Eindhoven University of Technology) 
Univ.-Prof. Dr. med. Christoph Bührer (Charité Universitätsmedizin Berlin, Germany) 
Prof. dr. Edward Dompeling 
Prof. dr. Marc E.A. Spaanderman 
 
 
  



 

5 

Table of contents 
Chapter 1  General introduction 7 

Chapter 2  Nebulization of Poractant alfa via a vibrating membrane nebulizer 
in spontaneously breathing preterm lambs with binasal continuous 
positive pressure ventilation 25 

Chapter 3  Fully automated predictive intelligent control of oxygenation 
(PRICO) in resuscitation and ventilation of preterm lambs 39 

Chapter 4  Amplification of steroid-mediated SP-B expression by physiological 
levels of caffeine 57 

Chapter 5  Short term effects of endotracheally vs. intravenously administered 
nano-encapsuled, water-soluble vitamin A in preterm lambs 75 

Chapter 6  Discussion 91 

Chapter 7  Summaries 103 
Nederlandse samenvatting 105 
English summary 107 
Deutsche Zusammenfassung 109 

Appendix 
Valorization 111 
Acknowledgements 117 
Curriculum vitae 121 
Publications 125 

 
  



 

  



7 

Chapter 1 General introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based in parts on Hutten, M. C. and Kramer, B. W. (2014): "Patterns and etiology of 
acute and chronic lung injury: insights from experimental evidence." Chinese Journal of 
Contemporary Pediatrics 16(5): 448-459 [1] 
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PRETERM BIRTH 
Preterm birth is defined as birth before 37 weeks of gestation [2]. Until today, preterm 
birth is the major cause of perinatal mortality, contributing to 3 out of 4 perinatal 
deaths in the Western world [2]. Worldwide, the overall rate of preterm birth is rising 
[2]. In the U.S., nearly every 8th child is born prematurely [2], and the increase of pre-
term birth rate between 1981 and 2002 was 31% [3]. In 2013, worldwide approximately 
965,000 infants died because of complications related to preterm birth [4], which 
makes preterm birth the most important single cause for mortality in the neonatal peri-
od [4]. Survival of very preterm births increases with increasing gestational age (GA) and 
this effect has been shown in different geographically defined cohorts [5]. This effect is 
most impressive in children born very prematurely, i.e. before 28 weeks, in whom sur-
vival has dramatically increased between the 1970s and the 1990s [6]. This increase can 
mainly be attributed to therapeutic interventions supporting lung function of these very 
immature children [6], such as antenatal maternal steroids and postnatal exogenous 
surfactant administration. 

Adequate pulmonary function is necessary for gas exchange and is a prerequisite for 
survival of preterm infants. However, the structural and functional immaturity of the 
preterm lung causes neonatal respiratory distress syndrome (RDS). In addition, the 
preterm lung is susceptible to injury resulting from prenatal insults, from interventions 
during transition at birth and from postnatal procedures and insults (Figure 1) [1]. Alt-
hough postnatal therapeutic interventions are necessary to establish and maintain pul-
monary function, these early alterations may also interfere with lung development, and 
therefore exert lasting effects on pulmonary plasticity and integrity, finally resulting in 
structural and functional impairment, persistent lung injury, and chronic lung disease of 
preterm children, bronchopulmonary dysplasia (BPD). Survivors of prematurity have per 
se a higher risk for long-term impairment of lung function pulmonary morbidities like 
asthma, and this risk is markedly pronounced in preterm infants diagnosed with BPD [7]. 
Lung function impairment of former very low birth weight infants with BPD can be 
found until adulthood [8]. 

RESPIRATORY DISTRESS SYNDROME (RDS) 
RDS is the most common diagnosis when prematurely born infants are admitted to the 
neonatal intensive care (NICU) [9]. The mortality of RDS in preterm infants was histori-
cally very high. Data from an Australian level III perinatal center showed a 42.4% mortal-
ity from respiratory causes in very preterm infants born between 23-27 weeks gesta-
tional age in 1983-90, which decreased to 17.0% in 1992-96 [10]. However, in low re-
source settings, incidence of RDS in infants born prematurely is still reported in up to 
78% of children admitted, and death from RDS is reported to be as high as 52% [11].  
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Figure 1: Mechanisms of lung injury and protection from lung injury during prenatal and postnatal develop-
ment.  
Dotted arrows indicate that concept of injurious or protective effect has only recently been introduced and is
not yet widely accepted. IUGR: intrauterine growth restriction; PPROM: preterm prelabour rupture of mem-
branes; SC: stem cells; PEEP: positive end expiratory pressure. From [1] 

 
Clinically, affected infants show signs of thoracic retraction, dyspnoea, tachypnoea, and a 
need of supplemental oxygen. Pathophysiologically, RDS results from both morphological 
and functional immaturity of the lung. The lungs of infants born very immaturely are in 
the histologic period when lung development proceeds from the canalicular stage (16-27 
weeks gestational age) to the saccular stage (24-36 weeks) [12]. At this stage, gas ex-
change via the lung is possible in the alveolar sacs, although the development into the 
final mature lung structure, the alveoli, only starts at about 36 weeks. The influence of the 
developmental stage can be seen clinically, with up to 93% of infants born between 22 
and 28 weeks gestational age are diagnosed with RDS [9]. Functionally, at this early gesta-
tion, alveolar type 2 cells commence the production of surfactant. Surfactant is a surface 
active agent lining the pulmonary alveoli. Surfactant lowers surface tension mainly by its 
high contents of phosphatidylcholins [13]. Lower surface tension results in increased lung 
compliance by keeping the alveolar structures open and protecting them from collapse 
and atelectasis. As a result, lack of adequate endogenous surfactant production results in 
impaired ventilation of the lung, which has first been described in 1959 [14]. Therefore, 
major cornerstones in neonatology and therapy of preterm infants are linked to the 
treatment of RDS. Three major inventions have been introduced already in the 1970s, 
continuously improved since then and developed into standard treatments in the NICU. 
First, an important discovery was the prenatal induction of lung maturation by antenatal 
maternal corticosteroid treatment [15]. Antenatal maternal corticosteroid therapy accel-
erates fetal lung maturation [16], and supports endogenous surfactant production [17]. 
Maternal glucocorticosteroids are the gold standard treatment when premature delivery 
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is expected [18]. However, the best preparation and dosing regime is still discussed [19]. 
Second, the development of animal-derived surfactant preparations allowed for wide-
spread use of surfactant replacement therapy [20]. Postnatal replacement of surfactant 
by endotracheal administration of surfactant preparations [21] improves pulmonary out-
come, gas exchange and survival of preterm infants [22-24]. In clinical studies, surfactant 
replacement therapy proved to be efficient in the prevention [25] and in the therapy of 
neonatal RDS [26]. In most instances surfactant is delivered to the lung of intubated and 
mechanically ventilated babies as a bolus via an endotracheal tube, which is common 
practice in neonatology [27]. Third, the possibility of postnatal mechanical ventilation and 
especially the improvement of ventilatory support by continuous positive pressure venti-
lation (CPAP) [28, 29] contributed impressively to the reduced mortality of preterm infants 
[30]. CPAP is also feasible to reduce the need for intubation and helps to avoid mechanical 
ventilation, which could be shown in very low birth weight infants [31]. 

Although these major improvements have been made in the 1970s, there still is on-
going research on improvement of RDS therapy, and on further development of these 
long known concepts. Until today, mortality of infants born very prematurely is con-
stantly decreasing, as shown by data from the National Institute of Child Health and 
Human Development (NICHD) Neonatal Research Network (NRN) [32]. From 2009 
through 2012, this effect was most pronounced in infants born very prematurely, i.e. 
infants born at 23 weeks (survival 27% to 33%), 24 weeks (63% to 65%) and 25 weeks 
(79-81%) [32]. This might also be a result of constant improvement of neonatal therapy. 
New approaches are made by improving surfactant preparations which are made more 
resistant to inactivation [33], or by combining different beneficial therapies, e.g. surfac-
tant replacement therapy and CPAP [34-36]. These “gentler”, less invasive procedures 
are also developed as a result of the growing evidence for potential negative long term 
effects of invasive therapy on the developing lung. 

LUNG INJURY AND BRONCHOPULMONARY DYSPLASIA  
Bronchopulmonary dysplasia (BPD) frequently complicates preterm birth. The term BPD 
was first used by Northway and al in 1967 to describe a chronic lung disease of preterm 
infants [37]. This so called “old BPD” was associated with the exposure against mechan-
ical ventilation and oxygen. Autoptic studies of infants who died of BPD showed promi-
nent airway injury and parenchymal fibrosis in lung histology.  

However, infants diagnosed with this form of BPD were more mature than infants 
diagnosed with BPD today (Table 2). In 1999, the term “new BPD” was coined by Alan 
Jobe [38]. Infants suffering from “new BPD” were born at a more immature gestational 
age, and showed a secondary increase in need for supplemental oxygen after an initial 
postnatal phase with little pulmonary complications [39]. In contrast, by that time BPD 
became infrequent in infants born at >30 weeks gestational age and with more than 
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1200g birth weight [39]. The “new BPD” develops in the context of multiple injurious 
and pro-inflammatory stimuli. It is histologically characterized by decreased septation 
and impaired forming of alveoli rather than fibrotic remodelling of the lung [38] (Table 
2). However, oxygen toxicity and mechanical ventilation still play a role. In animal exper-
iments, negative effects of oxygen or mechanical ventilation on the preterm lung, re-
sulting in interference with septation of alveolar and vascular lung development, could 
be confirmed, and where associated with elevated pro-inflammatory cytokines and 
white blood cell counts [40].  

In summary, structural and functional immaturity of the lung is a key factor in the 
development of BPD. This is supported by the findings that the risk of BPD is inversely 
related to GA at birth, which has been shown in the NICHD NRN cohort [9]. The report-
ed incidence is between 16-42% in different cohorts, making BPD the major chronic 
morbidity in infants born very preterm [9, 41].  

However, ranges in reported incidence partly depend on differences in definition. 
BPD was originally defined as need for supplemental oxygen at 28 days postnatal age, 
persisting clinical pulmonary impairment, and characteristic pathologies on thorax X-ray 
[42]. Newer definitions are based on physiological parameters. Walsh et al. defined BPD 
as need for supplemental oxygen at 36 weeks postmenstrual age, and added a severity 
score (mild, moderate, severe) based on a room air test [43, 44]. However, different 
definitions make it difficult to compare studies. In the VLBW cohort of the NICHD NRN, 
the diagnosis of BPD was made in 42% of children born between 22-28 weeks gesta-
tional age when using the definition supplemental oxygen at 36 weeks, but in 68% when 
including children with need for supplemental oxygen for at least 28 days [9]. Recent 
data of this cohort suggests that the incidence of BPD increased from 2009 through 
2012 in infants born at 26 and 27 weeks, and in all infants born <28 weeks of gestation 
in the 8 centers participating in the NRN all 20 years [32].  
 
Table 2: Characteristics of “old” vs. “new” BPD. Modified from [45] 

 “old” BPD [37] “new” BPD [39] 
gestational age 32 weeks 24-26 weeks, risk inversely related to 

gestational age 
birth weight (average) 1900 g 600 g 
major causes long-term exposure against 

mechanical ventilation and oxygen 
exposure against a multitude of 
proinflammatory stimuli, inflammation, 
ventilation and oxidative stress 
interfering with development 

airway injury severe mild to none 
fibrosis severe minimal 
alveolarization well developed arrested development, decreased 

septation 
follow up >20 years < 20 years 
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Although it is unclear whether this effect results e.g. from increased survival of very 
preterm infants, this increase highlights the need for useful therapies which are still 
limited [46, 47]. However, in the context of a multifactorial genesis, possible targets for 
BPD therapy can be  

(1) REDUCTION of lung injury by OPTIMIZING delivery room interventions and 
avoiding ventilation,  

(2) ACCELERATION of endogenous mechanisms of lung development in a syner-
gistic fashion, and  

(3) provision of factors necessary for pulmonary REGENERATION from lung injury.  

These possible modes of action will be introduced in the following and will be further 
targeted in the subsequent chapters of this thesis.   

REDUCTION OF VENTILATION-RELATED LUNG INJURY – THE ROLE OF ANIMAL MODELS 
As explained above, various postnatal insults contribute to lung inflammation and inju-
ry, including mechanical ventilation-induced trauma from volume and pressure chang-
es, extension of the tissue and oxygen toxicity. Awareness of these therapy-associated 
damages grew amongst others from animal experiments, and resulted in adjustment of 
ventilation strategies. One of the best established animal models for the investigation of 
injuries of the preterm lung related to ventilation therapy is the preterm sheep model 
[48]. It allows a translational approach due to its physiologic similarities of lung devel-
opment to the human situation (Figure 2) [49, 50]. Furthermore, anatomy and body size 
allows the use of the original equipment used in the neonatal intensive care units.  

This similarity makes it an ideal model to study perinatal resuscitation and the tran-
sition from intra- to extra-uterine life. Different modes of perinatal resuscitation com-
mon in clinical management of preterm infants have already been studied in preclinical 
animal models. A good example is the use of manual inflation of preterm babies (“bag-
ging”) before starting mechanical ventilation, which is a common procedure in the de-
livery room to “open” the liquid filled lung and to facilitate gas exchange. However, a 
study in preterm lambs revealed that the positive effect of surfactant replacement 
therapy was already compromised after six manual inflations directly after birth, depict-
ed in decreased functional measurements and histologic signs of lung injury [51]. In 
order to maintain lung volume, positive end expiratory pressure (PEEP) was introduced 
in ventilation strategies, having an impact on both lung function and lung inflammation. 
In surfactant-treated preterm lambs, ventilation with PEEP improved lung function [52], 
maintained surfactant pool size and activity [52] and modulated the expression of proin-
flammatory mediators [53]. When postnatally mechanical ventilation was established 
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with high tidal volumes for only 15 min, this caused bronchial epithelial disruption in 
both large and small airways of preterm sheep [54]. Current ventilation strategies there-
fore aim to avoid mechanical ventilation in preterm infants by utilizing CPAP only with 
[36] or without [31] surfactant replacement. Results from animal experiments support 
this strategy: Prematurely delivered lambs treated with CPAP alone showed decreased 
levels of lung injury depicted by neutrophil counts in alveolar washes and reduced hy-
drogen peroxide in comparison to ventilated lambs [55]. In a baboon model of BPD, up 
to 28 days of nasal CPAP subsequent to 24 hours of mechanical ventilation did not re-
sult in arrested alveolar development in contrast to previously ventilated baboons [56]. 
The “gentle-ventilation” approach is increasingly taken with the preterm infant to avoid 
intubation with noninvasive ventilator support [56]. Although individual trials of aggres-
sive early continuous positive airway pressure (CPAP) therapy versus intubation and 
ventilation in the delivery room did not result in a reduced rate of BPD [57, 58], a recent 
meta-analysis suggested that increased early CPAP with reduced intubation and subse-
quent ventilation had a modest effect in reducing BPD or death, calculating a relative 
risk of 0.91 [59]. Another meta-analysis additionally included studies of the combination 
of CPAP with surfactant replacement, and found an even stronger effect on the reduc-
tion of BPD or death in CPAP-treated preterm infants (odds ratio 0.83) [60]. 
 

 

Figure 2: Lung alveolarization of different mammal species. Modified from [45]. 

 
This combined use of CPAP and surfactant replacement therapy was also tested in 

the preterm sheep model, proofing feasibility of the method and showing stability of 
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physiological parameters during the procedure [34]. In the last years, less invasive sur-
factant administration (LISA) has been established as therapeutic option for RDS treat-
ment [35, 61], also in extremely preterm infants <27 weeks gestational age [62]. LISA 
avoids mechanical ventilation [36], opens the lung homogenously [63], and improves 
pulmonary outcome of preterm infants born <27 weeks gestational age [64]. In an edi-
torial regarding the cited article by van den Burg et al., Jobe stated that “in practice, the 
clinician simply needs to get the surfactant into the proximal airways, and the combina-
tion of the surface properties of the surfactant and a spontaneously breathing infant 
will finish the job” [65]. However, visualizing the vocal cords and subsequently placing a 
thin catheter in the trachea of a conscious child, as done during the LISA procedure, 
needs training and skilled personnel. An alternative way of administration, e.g. the 
combination of CPAP with nebulized surfactant, is therefore a promising, but not yet 
established approach.  

OPTIMIZING OXYGEN THERAPY  
Ventilation and respiratory support of the preterm infant are usually combined with 
oxygen supplementation. Supplemental oxygen reduces hypoxia in preterm infants. 
However, oxygen is a drug with large potential side effects, and a close relationship 
between oxygen supplementation and the development or exacerbation of BPD was 
noted [66, 67]. Growing evidence suggests that reactive oxygen species interact with 
cell growth and development [68]. This cumulated in the hypothesis of an oxygen radi-
cal disease (ORD) of neonatology as one disease with various conditions such as BPD, 
necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP) and periventricular 
leucomalacia (PVL) [68]. Although a common entity of these conditions has not been 
proven so far, clinical and experimental studies indicate that oxidative stress in the first 
days of life is involved in the development of BPD [68], partially because preterm infants 
have lower anti-oxidative capacity [69]. 

The interaction between oxygen and lung injury is complex. In a mouse model, neo-
natal hyperoxia resulted in histological signs of lung injury and decreased lung function 
[70]. Concomitantly, levels of mRNA of proinflammatory cytokines like IL-1α were in-
creased in the lung [70]. In a rabbit model, hyperoxia enhanced inflammatory cytokine 
response of alveolar macrophages of preterm animals in contrast to term animals [71]. 
In this model, hyperoxia significantly increased intracellular oxygen radical content only 
in premature macrophages [71]. 

In the NICU, oxygen saturation measured by pulse oximetry (SpO2) is commonly 
used to prevent oxygen over- and underexposure. However, defining desired target 
ranges is difficult, and in recent studies the target range of 91-95% was associated with 
significantly higher ROP rates, while a target range of 85-89% was associated with a 
significant increase in mortality [72, 73]. However, even oxygen overexposure as early 
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as in the delivery room directly after birth might exert lasting consequences in preterm 
infants. When infants born at 24 to 28 weeks' gestation were randomly assigned to 
resuscitation in the delivery room with either 90% or 30% oxygen, the incidence of BPD 
at 36 weeks' gestation was reduced from 31.7% to 15.4% in the low oxygen group [74]. 
Early avoidance of oxygen overexposure is therefore a key interest of current delivery 
room research. Current recommendations advice resuscitation of preterm infants with 
a mixture of room air and oxygen, to use a fraction of inspired oxygen (FiO2) between 
0.21 and 0.30 [75], and to subsequently titrate FiO2 according to the infants oxygen 
saturation (SpO2), measured by pulse oximetry. However, large deviations from prede-
fined SpO2 targets during delivery room resuscitation have been reported [76], indicat-
ing the need for optimization of oxygen therapy directly after birth. 

ACCELERATION OF LUNG DEVELOPMENT BY STEROIDS AND SYNERGISTIC DRUGS 
The necessity of the above mentioned therapeutic interventions strongly depends on 
lung maturation at birth. Postnatal pulmonary adaptation of preterm infants can al-
ready be supported antenatally by administration of corticosteroids to the mother. As 
described before, fetal lung maturation can be accelerated by antenatal corticosteroid 
therapy of the mother [16], and antenatal steroid therapy is thought to be the most 
effective treatment for preterm children with respect to short- and long-term outcomes 
[77]. A recent review showed a clear association between antenatal steroid administra-
tion to woman at risk of preterm birth and a reduced risk of neonatal death (RR 0.69, 
95% CI 0.58-0.81) and neonatal RDS (RR 0.66, 95% CI 0.59-0.73) [16]. 

One main mechanism of how this intervention works is the support of endogenous 
surfactant production [78]. Corticosteroids increase biosynthesis of main surfactant 
components, such as phosphatidylcholine and fatty acid biosynthesis, by both transcrip-
tion and post-transcription mechanisms [79, 80]. In addition, corticosteroids have dif-
ferential effects on surfactant proteins (SP). Human surfactant contains four proteins, 
surfactant protein (SP)-A, -B, -C, and –D. SP-B and SP-C are especially important for 
stability of the surfactant layer [81], and SP-B is the only surfactant protein being abso-
lutely essential [82]. 

The lung maturing effects of corticosteroids have also been described for postnatal 
systemic steroid therapy, which was shown to reduce the incidence of BPD [83]. How-
ever, this intervention has been limited in the past by data from a meta-analysis sug-
gesting that early postnatal steroid treatment is associated with a negative impact on 
neurodevelopment and is related to cerebral palsy [84]. The number of alternative 
pharmacological interventions to prevent lung injury is very limited [47]. In the search 
for other pharmacological interventions supporting postnatal lung development and 
function, methylxanthines like caffeine are interesting candidates. 
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Originally, caffeine is administered to preterm infants to enhance respiratory drive, 
and have been shown to be effective for the treatment of apnoea of prematurity [85]. 
However, a recent clinical trial investigating the effect of early administration of caffeine 
to preterm infants on survival without major disabilities showed a reduced incidence of 
BPD from 47% to 36% in the treatment group [86]. Although this effect was mainly at-
tributed to a shorter duration of mechanical ventilation in treated infants, there are 
plenty of underlying mechanisms which might contribute to the proposed beneficial 
effects of caffeine therapy in preterm infants at risk for BPD. Caffeine is known to modu-
late inflammatory responses, and the influence on cytokine levels of preterm infants is 
dependent on blood caffeine levels [87]. At higher plasma levels, methylxanthines also 
act as phosphodiesterase inhibitors promoting bronchodilation [88]. Eventually, positive 
effects of corticosteroids on surfactant protein B expression have been demonstrated in 
vitro [89]. In this study, evidence for a synergistic upregulation of SP-B mRNA in type II 
pneumocytes by a combined treatment with corticosteroids and caffeine was provided. 
This effect was both associated with an upregulation of glucocorticoid receptor mRNA 
and an intracellular enrichment of cAMP. Caffeine alone only provided a slight effect on 
induction of SP-B mRNA. The interplay of pharmacological interventions in the context of 
lung maturation therefore needs to be further studied in vivo. 

REGENERATION FROM LUNG INJURY – VITAMIN A 
Beside corticosteroids and caffeine, several pharmacological interventions have been 
proposed for the treatment of BPD, but data on these interventions are limited [47]. 
Despite the more preventive action of the above mentioned interventions, regeneration 
of the injured preterm lung is a possible target for therapy. A promising substance in-
volved in development and repair of respiratory epithelium is vitamin A [90, 91]. Vita-
min A is a term summarizing chemical compounds as retinol (ROH), esters like retinyl 
palmitate (RP) and retinoic acid (RA), the biologically active form [92]. Experimental 
evidence suggests that retinoids induce the formation of alveoli [90], maintain alveolar 
forming ability under inhibiting conditions such as hyperoxia [91], and decreases lung 
fibrosis as shown in rats exposed to hyperoxia [93]. In ventilated premature baboons, 
retinoids increased lung elastin expression [94]. However, RA did not accelerate struc-
tural and functional maturation of the lung of preterm sheep when given antenatally, 
possibly because antenatal treatment did not alter lung levels of RA in treated animals 
compared to control animals [95].  

In preterm infants, serum ROH levels are significantly lower compared to term ba-
bies [96, 97]. Low blood ROH levels have been related to BPD [98]. Vitamin A supple-
mentation reduces BPD defined by oxygen requirement at 36 weeks postmenstrual age, 
although the effect on the combined outcome of death or BPD was not significant in a 
meta-analysis of clinical trials [99]. However, a more recent retrospective mono-center 
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study confirmed a trend towards a decrease in the incidence of BPD in extreme low 
birthweight infants after supplementation of vitamin A was included in standard pul-
monary care [100]. Today, vitamin A supplementation is not widely used in clinical prac-
tice [101], and an important reason for this is that the necessary intramuscular injection 
is a painful procedure [102]. In contrast, oral application of high-doses of vitamin A did 
not show beneficial effects in a clinical trial [103], but clinical research in enteral vitamin 
A supplementation in preterm infants is ongoing [104]. A promising alternative route of 
vitamin A supplementation is endotracheal administration. Experimentally, intra-
tracheal administration of different vitamin A preparations was sufficient to supply it to 
target organs in vitamin A depleted rats [105]. Vitamin A administration targeting the 
preterm lung directly might therefore be a step towards regeneration of the injured 
lung.  

THESIS OUTLINE 
A multitude of treatment options for pulmonary have been developed in the last 5 dec-
ades. Despite continuous advances in the therapy of the immature infant, early inter-
ventions such as ventilation can promote injury of the preterm lung. Reduction of iatro-
genic lung injury, support of pre- and postnatal lung development and regeneration of 
the injured lung are major aims to improve pulmonary outcome of preterm infants. 
Therefore, in this thesis, a pre-clinical lamb model of preterm respiratory distress and 
early lung development is used to improve early interventions with respect to the pre-
term lung. Innovative therapeutic interventions are tested which might help to REDUCE 
lung injury during delivery room management (chapter 2 and 3); supportive effects of 
pharmacological therapies on lung development are investigated in vivo (chapter 4); 
and new ways of administration of REGENERATIVE substances are tested (chapter 5).  

In chapter 2 the hypothesis is tested that surfactant replacement therapy for the 
premature lung can be done by nebulisation during CPAP. The combination of non-
invasive respiratory support with a less invasive approach of surfactant therapy is a 
major focus of current neonatal research [106]. Recent clinical studies however focused 
on surfactant bolus therapy via a catheter placed in the trachea [36, 61, 62]. We hy-
pothesize that nebulization of surfactant with a new inhalation device specifically de-
signed for the use in infants, would result in homogenous distribution of surfactant to 
the preterm lung and in improved lung function. We further investigate how effects of 
variables such as dose and air humidity could influence these effects. 

In chapter 3 we investigate if oxygen supplementation in the delivery room during 
transition, surfactant replacement therapy and subsequent ventilation of preterm 
lambs can be improved by using an innovative automated FiO2 control device. Both 
hyperoxia and hypoxia can have detrimental effects on the preterm organism, and 
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avoidance of oxygen under- and overexposure already in the first hours of life might 
help to prevent negative short- and long-consequences of oxygen toxicity [107].  

In chapter 4 we investigate a possible pharmacological approach to increase lung 
maturation by induction of surfactant protein B. SP-B expression is important for the 
stability of the phospholipid layer formed by surfactant, and is therefore highly im-
portant for proper lung function in preterm infants. Caffeine, a drug regularly used in 
the NICU to prevent and treat apnoea of prematurity, has been shown earlier to have a 
synergistic up-regulatory effect on SP-B in vitro when high doses of caffeine are com-
bined with glucocorticoids (GCS) [89]. We hypothesize that physiological levels of caf-
feine both in vitro and in vivo would have the same synergistic effect on GC-mediated 
SP-B expression, which would suggest a new therapeutic indication for caffeine in RDS 
treatment. 

Regenerative capacity of the preterm lung can be increased by vitamin A, but the 
ideal route of administration has not yet been established. Common route of admin-
istration is intramuscular injection, being a painful procedure for the child, which 
amongst others prevents widespread used [102]. Our feasibility trial described in chap-
ter 5 addresses if application of a new vitamin A formulation via both the intravenous 
and the intratracheal route would result in increases in vitamin A levels in serum, in the 
lung as main target organ and in the liver as main storage organ for vitamin A. The re-
sults could lay a basis for optimisation of vitamin A supplementation which might help 
to further reduce BPD. 

In chapter 6, we discuss our findings in the context of current experimental and clin-
ical research. We also discuss how the knowledge of the combined effects of the prena-
tal situation and postnatal interventions might help to further optimise therapy for the 
preterm lung, and how progress in delivering better care based on biology and data 
from pre-clinical animal experiments might be achieved.  
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ABSTRACT 
Background: Surfactant replacement therapy is the gold standard treatment of neonatal 
respiratory distress (RDS). Nebulization is a non-invasive mode of surfactant administra-
tion. We administered Poractant alfa (Curosurf) via a vibrating perforated membrane 
nebulizer (eFlow Neonatal Nebulizer) to spontaneously breathing preterm lambs during 
binasal continuous positive pressure ventilation (CPAP).  
Methods: 16 preterm lambs were operatively delivered at a gestational age of 133 ± 1d 
(term ~150d), and connected to CPAP applied via customized nasal prongs. Nebulization 
was performed (i) with saline or (ii) with surfactant for 3 hours in humidified or (iii) non-
humidified air, and with surfactant (iv) for 60 min or (v) for 30 min. We measured arte-
rial oxygenation, lung gas volumes and surfactant pool size and deposition.  
Results: Nebulization of surfactant in humidified air for 3 hours improved oxygenation 
and lung function, and surfactant was preferentially distributed to the lower lung lobes. 
Shorter nebulization times and 3 h nebulization in dry air did not show these effects. 
Nebulized surfactant reached all lung lobes, however the increase of surfactant pool 
size missed statistical significance.  
Conclusion: Positive effects of surfactant nebulization to spontaneously breathing pre-
term lambs depend on treatment duration, surfactant dose, air humidity and surfactant 
distribution within the lung.   
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INTRODUCTION 
A major cornerstone in therapy of respiratory distress syndrome (RDS) in preterm neo-
nates has been the introduction of surfactant replacement therapy [1]. Surfactant re-
placement improves gas exchange and decreases mortality [2, 3], and proved to be 
efficient in the prevention [4] and in the therapy of neonatal RDS [5]. Surfactant is de-
livered to the lung of intubated and mechanically ventilated babies as a bolus via an 
endotracheal tube in most instances. However, endotracheal intubation is a physiologi-
cally stressful procedure [6]. Bolus administration of surfactant holds the risk of acute 
airway obstruction with consecutive hypoxia and bradycardia [7]. Newer techniques 
focus on less invasive surfactant administration (LISA), combining bolus surfactant ther-
apy with continuous positive airway pressure (CPAP) by utilising a small tube inserted 
into the trachea [8-10]. However, this can only be performed by very skilled personnel, 
and still requires laryngoscopy and potentially a Magill forceps. 

In the search for an alternative way to administer surfactant to the lung as gentle and 
non-invasive as possible, nebulization is a historic, but still innovative approach [11, 12]. 
Until now, there have been four clinical studies on nebulized surfactant as rescue thera-
py [13-16]. These studies confirmed the safety and feasibility of the method. However, 
only one showed an immediate positive effect on oxygen delivery to treated infants [16]. 
In addition, a clinical study recently presented by Minocchieri on the Pediatric Academic 
Societies Meeting 2013 reported a reduced need for intubation in preterm infants with 
RDS receiving CPAP plus nebulized surfactant in the first hours of life. 

In order to study nebulization as a non-invasive technique, various animal models 
were established. Positive effects of nebulized surfactant on ventilatory parameters like 
lung compliance and oxygenation have been described in animal models using trache-
ostomized and ventilated premature lambs [17]. Furthermore, distribution of nebulized 
surfactant to the lung was more homogenous compared to bolus surfactant in a rabbit 
model [18].  

In our study, we tested a customized vibrating perforated membrane nebulizer 
(eFlow Neonatal Nebulizer System) for delivery of a widely used animal derived surfac-
tant (Poractant alfa) [19] in premature lambs receiving binasal CPAP. We hypothesized 
that the combination of binasal CPAP and nebulized surfactant would result in im-
provement of oxygenation and lung function. We further hypothesized that nebuliza-
tion would increase surfactant pool size in a dose-dependent manner, and that surfac-
tant nebulization would result in homogenous distribution of surfactant to different 
lung lobes irrespective of different technical parameters like dose, treatment duration 
and air humidity.  
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MATERIALS AND METHODS 
Animals and delivery protocol 

Animal experiments were approved by the Institutional Animal Ethics Committee of 
Maastricht University. 16 preterm lambs were operatively delivered from time-mated 
Texel ewes at a gestational age of 133 ± 1 days (term ~150 days gestational age), at 
which lung maturation resembles ~30-32 weeks of gestation in humans [20]. One day 
before the experiment, the ewe received an intra-muscular injection with 12 mg beta-
methasone (Celestone Chronodose, Schering-Plough, North Ryde, New South Wales, 
Australia) to induce fetal lung maturation [21].  

Caesarean section was performed through midline incision under spinal and local 
subcutaneous analgesia with 2% lidocaine. The fetus was delivered head first, and an 
arterial catheter was placed in the umbilical artery through a modified EXIT procedure 
[22] , allowing monitoring of arterial blood pressure (ABP) and heart rate (HR), blood-
gas analysis, and parenteral nutrition. 

After cord clamping, the preterm lambs were weighed (ICI6000S balance, Sartorius, 
Göttingen, Germany). Each lamb was brought to an open, heated incubator (IW930 
Series CosyCot Infant Warmer, Fisher & Paykel Healthcare, Auckland, New Zealand) 
maintaining a body temperature of 38°C. Body temperature was monitored by placing a 
rectal temperature probe. 

Directly after transferring the lambs to the open incubator, custom made bi-nasal 
prongs were fitted and the spontaneously breathing lambs were connected to non-
invasive intermittent positive pressure ventilation (NIPPV) for 15 min using an infant 
ventilator (Babylog 8000, Draeger, Luebeck, Germany). Initial settings were as follows: 
FiO2=1, PEEP 8 cm H2O, PIP 30 cm H2O, frequency 60/min, I:E 1:2. 15 minutes after 
birth, the ventilation was switched to CPAP with a PEEP of 8 cm H2O for the remaining 
of the experiment. The ventilation circuit was equipped with a standard heated humidi-
fier (MR700, Fisher & Paykel Healthcare) to condition the inflowing gas with humidity. 

Poractant alfa (Curosurf, Chiesi Pharmaceuticals, Parma, Italy) was labelled with sa-
marium oxide (Sm2O3) in a 1:1000 ratio before the experiment to track relative surfac-
tant deposition to different lung lobes and to the stomach [22].  

Nebulization was performed using a customized vibrating membrane nebulizer 
(eFlow Neonatal Nebulizer System, PARI Pharma, Munich, Germany), which was placed 
between the prongs and the connection to the ventilator circuit. It was designed to 
generate a particle size that was optimized to target the small airways (mass median 
diameter 2.6 µm – 3.3 µm with saline and mass median aerodynamic diameter of nebu-
lised Curosurf of 2.2 – 3.0 µm according to manufacturer). Nebulization was started 
immediately after the connection to the ventilator. For each animal, a new nebulizer 
was used, and the total amount of nebulized surfactant was documented. The average 
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amount of surfactant nebulized per minute was calculated by dividing the total amount 
of surfactant by duration of nebulization. 

Lambs were randomly assigned to five treatment groups: (i) saline nebulization for 3 
hours (“saline”), (ii) surfactant nebulization for 3 hours (“3h”), (iii) surfactant nebuliza-
tion for 3 hours without humidification (“3h dry”), (iv) surfactant nebulization for 60 min 
(“60min”) and (v) 30 min (“30min”) with humidified air (Table 2). Treatment duration 
was based on previous lamb studies on less invasive surfactant administration by our 
group [22]. 

During the experiment, blood gas analyses were performed on arterial blood at birth 
(t=0 min) and regularly after birth at t=15 min, t=45 min, t=75 min, t=105 min, t=135 
min and t=180 min, respectively. 

Autopsy 

At the end of the experiment, lambs were euthanized by an intravenous injection of 10 
mL pentobarbital. Lambs were disconnected from ventilation and the thorax was 
opened. An endotracheal tube was inserted in the trachea and the lung was inflated to 
a maximum pressure of 40 cm H20. Deflation gas volumes were recorded and adjusted 
for body weight as described before [23]. The lung was removed from the chest and 
weighed, and divided into its lobes. Again, each lung lobe was weighed. Additionally, 
gastric fluid was obtained for measurement of surfactant. 

Disaturated phospholipid (DSPL) measurements 

Lung lobes were isolated and lavaged separately with NaCl 0.9%. For DSPL measure-
ments, 2 ml aliquots were used, while the remaining bronchoalveolar lavage fluid (BALF) 
was stored together with the belonging lobe. BALF samples were centrifuged for 10 min 
at 300×g and 4 °C. 1 mL of the supernatant BALF was evaporated overnight at 60 °C 
under continuous nitrogen gas flow. The dry BALF was dissolved in a mixture of carbon 
tetrachloride and osmium tetroxide and disaturated phospholipids were isolated by 
means of alumina column chromatography according to Mason et al. [24]. DSPL were 
dissolved in chloroform and quantified by photometry according to Stewart with some 
minor modifications as described by Been et al. [25, 26]. DSPL concentration was corre-
lated to BALF volumes and DSPL pool size of the whole lung was calculated and adjusted 
for body weight. 

Samarium oxide measurements 

The lung lobes were separately stored together with the belonging BALF fluid and deep-
frozen at -20°C for 24 hours, followed by storage in a -80°C freezer. For analysis, the 
lung samples were freeze-dried and ashed. Afterwards they were dissolved in a combi-
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nation of nitric acid and hydrochloric acid, diluted in water. To allow quantification of 
samarium oxide, measurements were performed by inductively coupled plasma mass 
spectrometry (ICP-MS) [27]. Samarium oxide was measured in stomach fluid samples 
accordingly. For each animal treated with surfactant, Samarium oxide concentration in 
the individual lobes was calculated by taking into account the BAL aliquot used for lipid 
measurement, and was normalized to samarium oxide concentration in the whole lung.  

Data Analysis 

Results of arterial partial pressure of oxygen (PaO2) measurements and lung gas volumes 
were given as means ± standard error of mean (SEM) and compared using one-way 
analysis of variance (ANOVA). Groups of interest were compared using t-test. DSPL and 
samarium oxide measurement results were given as mean ± standard error of mean 
(SEM) and were compared using non-parametric testing (Mann-Whitney test). Groups 
of interest were compared by Kruskall-Wallis test. Statistical analysis was performed by 
IBM SPSS version 20; graphs were drawn with GraphPad Prism v5.0. Significance was 
accepted at p<0.05.  

RESULTS 
Nebulization of surfactant versus saline 

3 hour nebulization of surfactant in humidified air resulted in a significantly higher arte-
rial partial pressure of oxygen (PaO2) at the end of the experiment compared to saline 
nebulization (p<0.05) (Figure 1). Lung gas volumes were significantly higher in the group 
treated with surfactant in humidified air compared to control animals (p<0.05) (Figure 
2). The average total amount of surfactant nebulized in this group was 861 mg/kg body 
weight. 
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Figure 1: Arterial partial pressure of oxygen (PaO2) was significantly higher in animals nebulized 3 h with sur-
factant (squares) compared to saline (circles) at the end of the experiment (mean ± SEM, *p<0.05).  

 

 

Figure 2: Lung gas volumes corrected for body weight (ml/kg) were significantly higher in animals nebulized 3
h with surfactant (squares) compared to saline (circles), (mean ± SEM, *p<0.05).  

 
In animals nebulized with surfactant in non-humidified air for 3 hours, PaO2 at the end 
of the experiment was significantly lower than in the group treated with nebulized sur-
factant in humidified air (p<0.05) (Table 1), while there was no difference to control 
(p=0.467). Lung gas volumes showed no significant improvement after 3 h nebulization 
of surfactant in non-humidified air (Table 1). The total amount of surfactant nebulized in 
this group was 978 mg/kg body weight, which was not different from animals nebulized 
with surfactant for 3 h and humidified air. In all experimental groups, we observed mild 
hypercapnia at the end of the experiment (Table 1). 
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Table 1: Oxygenation, lung gas volumes and surfactant distribution to the stomach: Arterial partial pressure of 
oxygen (PaO2, mmHg) at the end of experiment, and lung gas volume at pressure 0 cm H2O and 40 cm H2O 
(ml/kg body weight) in animals nebulized with surfactant for 3 h was increased compared to control, while 
nebulization with surfactant and dry air and for shorter times had no significant effect compared to control. 
Carbon dioxide (PaCO2, mmHg) and pH at the end of experiment did not differ between groups. Surfactant 
recovered from the stomach relative to the total amount of nebulized surfactant was low in all treatment 
groups (Mean ± SEM, *p<0.05 compared to saline). 

 saline 3h 3h dry 60 min 30 min 
PaO2 (180 min) 233 ± 38 422 ± 23* 174 ± 31 317 ± 107 384 ± 12 
pH (180 min) 7.27 ± 0.02 7.25 ± 0.05 7.24 ± 0.09 7.33 ± 0.03 7.28 ± 0.01  
PaCO2 (180 min) 58 ± 5 59 ± 7 59 ± 23 59 ± 5 57 ± 3 
V0 11.3 ± 5.1 31.4 ± 4.6* 16.3 ± 8.4 18.2 ± 14.4 18.8 ± 1.7 
V40 26.8 ± 3.8 53.8 ± 7.0* 41.8 ± 17.5 32.5 ± 17.2 39.9 ± 5.9 
Surfactant in stomach n.a. 2.1% 1.5% 0.1% 1.1% 

Effect of dose and duration of surfactant treatment on deposition of 
nebulized surfactant 

Animals nebulized with surfactant for 60 min did not show significant improvements of 
PaO2 or lung gas volumes compared to control (Table 1). Animals in this group were 
nebulized with an average of 437 mg/kg body weight surfactant in total. 

Animals nebulized with surfactant for 30 min did also not show significant improve-
ments of PaO2 or lung gas volumes compared to control (Table 1), and was stopped at 
n=2. Animals in this group were nebulized with an average of 229 mg/kg BW body 
weight surfactant in total. 

The total amount of surfactant nebulized in both groups was significantly lower 
compared to animals nebulized with surfactant for 3 hours, although the average 
amount of surfactant nebulized per minute was higher with decreasing nebulization 
times, i.e. 0.18 mL/min, 0.26 mL/min and 0.33 mL/min in the “3h”, “60min” and 
“30min” group, respectively.  

Disaturated phospholipids in the lung 

Surfactant nebulization for 3 h and 60 min increased DSPL pool size compared to saline 
nebulization 2.9 fold and 3.7 fold, respectively, however this effect was not statistically 
significant (p=0.057 and p=0.057 vs. control, respectively, Figure 3). DSPL pool size did 
not significantly differ between different surfactant nebulization groups (Figure 3).  
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Figure 3: DSPL pool size recovered from BALF relative to body weight was increased by surfactant nebulization
(mean ± SEM), however missing statistical significance compared to saline nebulization (p=0.057 “3h” vs.
“saline” and p=0.057 “60min” vs. “saline”, respectively). 

Surfactant distribution to the lung 

In all groups nebulized with surfactant, surfactant was distributed to each lung lobe 
(Figure 4). In the “3h” group, there was a significant difference in distribution between 
all lobes, with a preference of the lower lobes compared to the whole lung. Surfactant 
distribution to different lung lobes in the other treatment groups did not show signifi-
cant differences (Figure 4). Surfactant distribution to the stomach was low in all nebu-
lized animals (Table 1).  
 

 
Figure 4: Surfactant distribution to different lung lobes relative to the whole lung, measured by Sm2O3 levels 
(LLL = left lower lobe, LUL = left upper lobe, RLL = right lower lobe, RML = right middle lobe, RUL = right upper
lobe; *p<0.05).  
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DISCUSSION 
In our study, nebulization of natural surfactant in humidified air for 3 hours improved 
physiological parameters like oxygenation and lung function in spontaneously breathing 
preterm lambs. This is in line with previous experimental findings, showing that nebuli-
zation of synthetic surfactant using CPAP increased lung compliance in anaesthetized 
lambs receiving CPAP [28] and both lung compliance and oxygenation in lavaged rabbits 
[29], and a clinical study on nebulized surfactant which reported an improvement of the 
(A/a) O2 gradient compared to control [16].  

We used a preterm sheep model, which included two major advantages: First, the 
similarity in anatomy and size allowed the use of equipment which is originally used in 
humans. Secondly, maturation of the lung closely resembles to that of humans [20]. 
Preterm lambs at this age have a sufficient respiratory drive, allowing the use of CPAP. 
We found positive physiological effects of surfactant nebulization using binasal CPAP 
provided by prongs. In contrary, previous animal studies which showed positive effects 
of nebulized natural surfactant on lung function have mainly focused on tracheost-
omized, intubated and ventilated sheep [17, 30] or rabbits [18, 31]. Our data indicates 
that nebulized surfactant reached the lung and was deposited in all lung lobes. Positive 
treatment effects of 3 h surfactant nebulization may arise from both increased surfac-
tant pool size and the pattern of surfactant distribution to different lung lobes. Accord-
ing to previous data, we would have expected that the upper lobes of both sides were 
preferred. In tracheostomized animals, the greatest recovery of surfactant both after 
nebulization and bolus application of surfactant was observed in the right upper lobe 
[17, 32]. The upper lobes develop faster than the remaining lobes [20], and are there-
fore supposed to show advanced surfactant production compared to the lower lobes. In 
our study, the preferred distribution to the lower, less developed lung lobes might 
therefore have contribute to the positive effect of surfactant nebulization. This prefer-
ence might also result from spontaneous breathing during CPAP support, as surfactant 
bolus administration during CPAP resulted in preferential distribution to lower lobes 
compared to intubation in a previous study from our group [22]. 

However, we observed that the nebulized amount of surfactant by the device had to 
be very high for a clinical effect. In order to reduce the amount of surfactant nebulized 
and to compare the effects of lower doses in our setting, we shortened nebulization 
times. However, lower doses of nebulized surfactant did not result in significant im-
provements of oxygenation and lung function, despite an increase in surfactant pool 
size comparable to the 3 h group. Furthermore, we observed a non-linear rate of sur-
factant nebulization over time. We hypothesize that this non-linear surfactant delivery 
resulted from the fact that all animals underwent NIPPV in the first 15 min, which 
meant a higher percentage of NIPPV during nebulization in the 60 min and 30 min 
group. We also could not reproduce the preferential distribution to the lower lung lobes 
in the shorter experiments. These findings indicate that in addition to surfactant pool 
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size, the distribution pattern of surfactant within the lung influences treatment benefits 
from surfactant nebulization. 

Surprisingly, we also found that nebulization with dry air instead of humidified air, 
which is a common situation when CPAP is applied during transition in the delivery 
room, did not result in significant improvement of physiological parameters, although 
the amount of surfactant used for treatment did not differ from animals nebulized with 
surfactant in humidified air. This was unexpected because non-conditioning of inspired 
gas did not result in abnormal gas exchange or lung function in a previous study in intu-
bated preterm lambs ventilated for 3 h [33]. However, in our study animals nebulized 
with dry air showed highest surfactant pools in the right upper lobe, a finding which has 
been previously described in tracheostomized animals [17, 32]. These findings support 
the importance of the surfactant distribution pattern within the lung for therapeutic 
benefit. However, the interactions between surfactant dosing, treatment duration and 
air humidity remain complex. Further studies are needed to elucidate the influence of 
air humidity on surfactant distribution, surfactant clearance and surfactant droplet 
formation in spontaneously breathing animals. 

Beside these parameters, pharmacological and technical aspects influence effects of 
surfactant nebulization. Different surfactants might vary in their suitability for nebuliza-
tion, which is reflected by the great quantity of different preparations of surfactant that 
have been tested in both animal and clinical studies [12]. In our study, we used Poract-
ant alfa, an animal derived surfactant which proved to be advantageous compared to 
different surfactant preparations regarding rapid onset of action, less need for redosing 
and higher survival free of BPD in preterm infants [34], and regarding mortality [35] 
after bolus administration. Recently, an artificial surfactant aerosolized in a piglet model 
of acute lung injury resulted in improved gas exchange [36]. We have previously shown 
that artificial surfactant with two protein analogs was more resistant to inactivation 
when given as bolus [37]. However, physiological differences between the acute lung 
injury model and our preterm RDS model have to be taken into account when compar-
ing different surfactant preparations. In addition, different nebulization techniques 
showed differences in their suitability for surfactant nebulization [38], and different 
surface active substances affected nebulization depending on the nebulizer [39]. The 
nebulizer we used has been reported to be suitable for nebulization of Poractant alfa, 
and surfactant characteristics were similar before and after nebulization [40].  

Our study is limited by the fact that we found endogenous surfactant also in control 
animals. We believe that endogenous surfactant production was induced by maternal 
steroid treatment given prenatally for maturation of the animals [21]. However, in our 
opinion this setting best reflects the clinical situation, as prenatal corticosteroid treat-
ment for women at risk of preterm birth is the gold standard [41]. In addition, we re-
frained from using animals of younger gestational age to maintain a sufficient intrinsic 
drive for breathing without additional drugs like caffeine, which might have had additive 
effects on endogenous surfactant production [42].  
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Our study might also be limited by the use of binasal prongs for CPAP, which reached 
about 2 cm into the nostrils. Although the amount of surfactant measured in the stom-
ach was surprisingly low, we might underestimate surfactant losses into the mouth, 
within the nose and in the esophageal groove, as well as additional dilution by saliva and 
gastric secretion. However, in our opinion binasal CPAP using prongs best reflects the 
clinical situation and has proven to be beneficial in a clinical setting [43]. Furthermore, 
the combination of CPAP and nebulization resulted in blood gas values acceptable within 
the limits of permissive hypercapnia, and are comparable to values of lambs receiving 
CPAP alone [44]. Additionally, we did not observe complications such as pneumothorax 
during CPAP and nebulization, further indicating the safety of the method.  

In conclusion, our model allowed surfactant nebulization in a near-clinical setup us-
ing binasal CPAP in spontaneously breathing premature lambs. In combination with a 
customized nebulizer, surfactant was distributed to the lung of the animals and im-
proved physiological parameters. However, the interaction between surfactant dose, 
treatment duration, air humidity and local surfactant distribution remains complex. By 
using translational models to identify pharmacological and technical factors influencing 
surfactant distribution and treatment effects, nebulization might allow surfactant ther-
apy in the least invasive and most sophisticated way. 
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Chapter 3 Fully automated predictive intelligent control of oxygenation (PRICO) in resuscitation and ventilation  of preterm lambs 
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ABSTRACT 
Background: Hyperoxia and hypoxia influence morbidity and mortality of preterm in-
fants. Automated closed-loop control of the fraction of inspired oxygen (FiO2) has been 
shown to facilitate oxygen supplementation in the NICU, but has not yet been tested 
during preterm resuscitation. We hypothesized that fully automated FiO2 control based 
on predefined oxygen saturation (SpO2) targets was applicable in both preterm resusci-
tation and ventilation. 
Methods: 22 preterm lambs were operatively delivered and intubated in a modified 
EXIT procedure. They were randomized to receive standardized resuscitation with ei-
ther automated or manual FiO2 control, targeting SpO2 according to the Dawson curve 
in the first 10 minutes and SpO2 90-95% hereafter. Automated FiO2 control also was 
applied during surfactant replacement therapy and subsequent ventilation.  
Results: Time within target range did not differ significantly between manual and auto-
mated FiO2 control during resuscitation, however automated FiO2 control significantly 
avoided hyperoxia. Automated FiO2 control was feasible during surfactant replacement 
and kept SpO2 within target range significantly better than manual control during sub-
sequent ventilation. 
Conclusion: In our model, fully automated FiO2 control was feasible in rapidly changing 
physiologic conditions during postnatal resuscitation and prevented hyperoxia. We 
conclude that closed loop FiO2 control is a promising tool for the delivery room.  
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INTRODUCTION 
Oxygen supplementation is one of the most common therapeutic interventions in re-
suscitation and neonatal intensive care of term and preterm infants [1]. However, both 
hypoxia and hyperoxia must be avoided because of their detrimental effects on morbid-
ity and mortality in these children. While hypoxia may lead to direct and indirect cellular 
damage, hyperoxia has been associated with oxygen toxicity, oxidative stress [2], and 
chronic diseases of preterm infants such as bronchopulmonary dysplasia (BPD) [3] and 
retinopathy of prematurity (ROP) [4]. 

Increase in oxygenation after birth is a gradual process [5]. Measurement of oxygen 
saturation (SpO2) by pulse oximetry in the delivery room is feasible in newborn resusci-
tation [6] and preterm infants within the first minutes of life [7]. SpO2 reference values 
of preterm infants increase within the first 10 minutes of life [5]. This has led to SpO2 
target values incorporated in the current European Resuscitation Council (ERC) guide-
lines on resuscitation of newborns [8]. In order to avoid hyperoxia, current recommen-
dations advice resuscitation of preterm infants with a mixture of air and oxygen, and to 
use fraction of inspired oxygen (FiO2) between 0.21 and 0.30 [9]. FiO2 should subse-
quently be titrated according to SpO2 [10, 11]. General use of pulse oximetry has been 
shown to extensively reduce O2-derived toxicity in preterm infants [12]. However, keep-
ing SpO2 manually within changing saturation limits during a hectic period of resuscita-
tion is a difficult task. Large deviations from SpO2 targets during resuscitation of pre-
term infants have been observed in clinical studies [13]. 

These deviations have also been described during routine NICU care, where SpO2 
target ranges are met during 50% of the time [14, 15]. Meeting SpO2 targets affects 
morbidity and mortality, depending on the target range chosen [16-18]. Beside overall 
SpO2 targets, variability of oxygenation influences outcome of preterm infants [4, 19, 
20]. A promising solution to optimize oxygen therapy is the employment of an automat-
ic „closed loop” system for regulation of FiO2 based on SpO2. Several clinical trials with 
different devices have proven feasibility of automated closed loop FiO2 control in the 
NICU for various modes of ventilation, mixed populations, and by using different algo-
rithms [14, 21-26]. In addition, an overall reduction of manual interventions during 
automated control was found in these studies, indicating facilitation of caretakers and 
nursing staff in clinical routine [27, 28]. However, at least one study raised concerns 
about safety, as time within target range was accompanied by an increase in time spent 
below saturation target range [25]. 

The delivery of oxygen is also crucial in the delivery room setting where automated 
FiO2 control has not yet been tested [28]. We therefore hypothesized that an algorithm 
developed for automated FiO2 control during mechanical ventilation is feasible in the 
delivery room setting with rapidly changing physiology of fetal transition to extra-
uterine life and during surfactant replacement therapy. We further hypothesized that 
fully automated FiO2 control conducted by this algorithm would keep SpO2 within a 
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predefined target range as good as a dedicated caretaker during stable ventilation con-
ditions. We tested our hypotheses in an established lamb model of preterm respiratory 
distress syndrome (RDS). 

MATERIALS AND METHODS 
Experimental setup 

An infant ventilator (Fabian HFO, Acutronic, Hirzel, Switzerland) was prepared for digital 
control of the FiO2. SpO2 measurement was obtained via a Masimo pulse oximeter (Rad-
ical 7, Masimo Inc., Irvine, CA). Both devices were linked to a laptop computer (Think-
Pad T500, Lenovo Pte., Singapore, with Windows 7, Microsoft Corp., Redmond, WA), 
containing control software with a user interface showing SpO2, FiO2, pulse and SpO2 
target ranges over time (as presented by Goos et al. on the 4th Congress of the Europe-
an Academy of Pediatric Societies 2012). The algorithm used was a rule based control 
scheme that used both the current SpO2 together with the trend in the SpO2 measure-
ment (Figure 1). The trend was used to fine tune the FiO2 step size by recognizing larger 
and quicker changes. A prediction based on the trend was used to limit under- and 
overshoot. A number of safety checks were performed before an automated FiO2 ad-
justment could be made, including checks for proper ventilation (TVe and percentage of 
leak within acceptable limits), reliable connections between all devices and an assess-
ment on the correctness of all measured parameters. After each adjustment a 30 s time 
out followed to allow the effect of the adjustment to be observed. 
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Figure 1: Flow scheme of algorithm 

Animal study 

The lamb model of neonatal RDS allowed us a translational approach due to its physio-
logic similarities of lung development in humans [29, 30]. Furthermore, anatomy and 
body size allowed us the use of the original equipment used in the neonatal intensive 
care units. The study design and the experimental protocol were in line with the institu-
tional guidelines for animal experiments and were approved by the institutional Animal 
Ethics Research Committee, Maastricht University, The Netherlands.  

One day before caesarean section, 22 date-mated ewes received an intra-muscular 
injection with betamethasone (12 mg, Celestone Chronodose, Schering-Plough, North 
Ryde, New South Wales, Australia) to induce fetal lung maturation [31]. Before delivery, 
lambs were randomly assigned to four different treatment groups for resuscitation and 
independently for two different treatment groups for subsequent stable ventilation. 
This setup allowed us to separately analyse the algorithm during rapidly changing and 
stable conditions. 

Resuscitation 

Lambs were operatively delivered prematurely at a gestational age of 128-132 days 
(term ~150 d) via a modified EXIT procedure, equipped with umbilical artery and vein 
catheters and intubated orally with a cuffed tube [32]. The arterial catheter was used to 
monitor heart rate and blood pressure, and to frequently obtain blood for blood gas 
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analysis. After cord clamping, lambs were weighed, sedated and transferred to an infant 
radiator bed (IW930 Series CosyCot Infant Warmer, Fisher & Paykel Healthcare, Auck-
land, New Zealand). An adhesive pulse oximeter sensor (M-LNCS Neo, MasimoSET, 
Masimo Inc., Irvine, CA) was placed around the tongue and subsequently connected to 
the pulse oximeter. Resuscitation in the first 15 minutes was standardized to the great-
est possible extend. This was achieved by connecting lambs to an infant ventilator set to 
volume-controlled mechanical ventilation (volume guarantee 6-7 ml/kg, max. PIP 45 
cmH2O, frequency 50/min). FiO2 at start of resuscitation was randomized to either 0.3 
or 0.6. FiO2 was adjusted to keep the lamb within the 25th and 75th percentile of satura-
tion in preterm infants according to Dawson [5] for the first ten minutes and subse-
quently between 90% and 95%. In all experiments, FiO2 was either controlled by the 
algorithm alone, without manual interventions allowed, or by a caretaker. This person 
was solely dedicated to adjusting FiO2, while resuscitation was performed by others. 
FiO2 adjustment was performed by experienced animal researchers and medical doctors 
or last year students with experience in neonatology, who were not limited regarding 
frequency and size of FiO2 changes. Outcome parameters for the resuscitation part 
were time within, above and below target range, number of events outside the target 
range, and total number of FiO2 adjustments. 

Stabilization and surfactant replacement therapy 

Resuscitation was followed by a short stabilization period. Animals which needed a 
fraction of inspired oxygen (FiO2) above 0.8 at any time during resuscitation or stabiliza-
tion were eligible to receive surfactant replacement therapy with Poractant alfa (Curo-
surf, 100 mg/kg body weight, Chiesi Pharmaceuticals, Pari, Italy). Lambs were consid-
ered to be stabilized after 30 minutes, or if they received surfactant, 15 minutes after 
surfactant replacement therapy. We recorded SpO2 and FiO2 before and after surfactant 
replacement therapy. 

Stable ventilation 

After stabilization, stabilized lambs were mechanically ventilated with either automated 
or manual FiO2 control for three hours. Automated FiO2 control was performed without 
additional manual interventions. In the manual group, caretaker-lamb ratio was 1:1. 
Arterial blood gas analysis was obtained every 30 minutes and respiratory settings were 
adjusted to keep PaCO2 between 45 and 65 mmHg. Saturation target range was 90-95% 
according to current consensus guidelines from European neonatologists [33], and the 
alarm range was set accordingly. Outcome parameters were time within and outside 
SpO2 target range (90-95%), number and duration of episodes of hyperoxia (SpO2 > 
95%), hypoxia (< 85%) and severe hypoxia (< 75%), average variation from median tar-
get saturation and total number of FiO2 adjustments. For analysis, we excluded times 
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when (i) animals showed saturation above the high target without a need for supple-
mental oxygen or when (ii) SpO2 was below the low target despite a FiO2 of 1.0. This 
was done because during these episodes, FiO2 control alone was not capable of keeping 
oxygen targets within the predefined limits.  

Statistics 

Normally distributed data are expressed as mean and standard deviation (SD), non-
normally-distributed data are expressed as median and interquartile range (IQR). Statis-
tical analysis was performed using Student’s t-test for normally distributed data and 
Mann- Whitney test for non-normally distributed data, using IBM SPSS version 20 (IBM, 
Armink, NY). Graphs were drawn with Microsoft Excel 2010 and GraphPad Prism v5.0 
(GraphPad Software, San Diego, CA). Significance was accepted at p<0.05. 

RESULTS 
Animal characteristics 

Preterm lambs did not vary significantly in baseline characteristics and ventilation pa-
rameters in both the resuscitation part and the stable ventilation part of the study (Ta-
ble 1). From 22 animals, 19 animals could be included for analysis of the resuscitation 
period. 2 animals were excluded because the control software was unintentionally acti-
vated other than intended in the protocol, and one animal was excluded because of 
sensor malfunction. In all animals included, time until first SpO2 measurement was 
about 2 minutes (median 106 s, IQR (80-148 s)) and time until pulse readout of the 
pulse oximeter correlated to the heart rate was 3 minutes on average (median 181 s, 
IQR (129-271s)). Fifteen animals underwent automated FiO2 control during resuscita-
tion, from which 9 started with a FiO2 of 0.3 and 6 started with a FiO2 of 0.6. In 4 ani-
mals FiO2 was controlled manually (starting from FiO2 0.3 in 3 and from FiO2 0.6 in 1 
animal). 
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Table 1: Animal characteristics  

   automated manual p 
Resuscitation       

number of animals  15 4 
male : female (n)  5:10  1:3   
surfactant replacement  9  1   
gestational age (d) median (IQR) 130 (128-132) 130 (129-131) 0.589 
birth weight (kg) mean (SD) 3.5 (0.8) 3.1 (0.8) 0.375 

First blood gas analysis 
pH mean (SD) 7.14 (0.10) 7.15 (0.08) 0.912 
PaCO2 (mmHg) median (IQR) 62.2 (55.0-70.7) 50.1 (49.1-50.1) 0.115 
PaO2 (mmHg) median (IQR) 43 (39-45) 39 (30-39) 0.411 

Blood gas analysis after resuscitation 
pH  mean (SD) 7.18 (0.15) 7.19 (0.11) 0.899 
PaCO2 (mmHg) median (IQR) 56.0 (44.2-85.3) 52.6 (47.8-58.3) 0.368 
PaO2 (mmHg) median (IQR) 51 (41-57) 44 (35-54) 0.342 

Stable ventilation       
number of animals 11 11  
male : female (n) 4:7 4:7  
gestational age (d) median (IQR) 130 (129-132) 130 (129-131) 0.401 
birth weight (kg) mean (SD) 3.7 (0.8) 3.2 (0.7) 0.545 
average FiO2 median (IQR) 0.60 (0.25-0.66) 0.35 (0.25-0.49) 0.243 
PIP (mbar) median (IQR) 24 (23-30) 25 (23-34) 1.000 
PEEP (mbar) median (IQR) 6.1 (5.7-7.3) 6.1 (5.6-7.2) 0.438 
TVe (ml) mean (SD) 21.9 (5.2) 20.6 (4.7) 0.519 

IQR interquartile range; SD standard deviation; PIP: positive inspiratory pressure; PEEP: positive end expirato-
ry pressure; TVe: expiratory tidal volume 

Resuscitation 

SpO2 target during resuscitation was defined as 25th and 75th percentile over time for 
both groups (Figure 2 A). Relative time within target range did not differ significantly 
within groups (Table 2). However, we observed significantly less time spent above the 
target range in the automated group, while time below the target range was similar 
(Table 2). Average time until first FiO2 adjustment was below 3 minutes in both the 
automated and the manual group (median 160 s, IQR (134-208 s) vs. 149 s (81-1698 s), 
p=0.317). The average number of adjustments during resuscitation was similar in both 
groups (median 27, IQR (17-35) vs. 28 (20-36); p=0.796). 
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Figure 2: Resuscitation SpO2 and FiO2: (A) SpO2 (%) during resuscitation is depicted as 25th and 75th percentile 
over time for automated (solid blue line) and manual (dotted green line) FiO2 control. (B) depicts the FiO2

(median) during resuscitation for the automated (solid blue lines) and manual (dotted green lines) control.  
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Table 2: Time within and outside saturation targets during resuscitation 

  automated manual p 
Relative time       

within target range 44.3% (30.7-48.1%) 41.4% (28.6-66.8%) 0.456 
outside target range 34.6% (25.3-36.7%) 42.2% (24.7-58.6%) 0.212 
above target range 6.8%* (3.4-16.7%) 18.9% (10.5-32.4%) 0.035 
below target range 20.3% (15.4-31.8%) 13.3% (7.0-43.3%) 0.908 

Number of times 
outside target range 5 (4-9) 8.5 (6-10) 0.480 
above target range 2 (1-4) 3.5 (2-7) 0.354 
below target range 3 (2-5) 4.5 (3-5) 0.826 

Data is given as Median and (IQR). *p<0.05 compared to manual. 

Automated resuscitation with FiO2 0.3 vs. 0.6 

Time within target range did not differ between animals receiving automated FiO2 con-
trol with an initial FiO2 of 0.3 compared to FiO2 0.6 (median 44.9%, IQR (24.2-48.5%) vs. 
40.6% (30.5-45.9%), p=0.814). However, animals resuscitated with an initial FiO2 of 0.3 
showed significant less time above target range than animals resuscitated with FiO2 0.6 
(3.7% (1.6-8.0%) vs. 14.9% (9.2-23.3%), p=0.008), while time below target range did not 
differ significantly (23.5% (18.9-32.1%) vs. 19.9% (6.4-34.5%), p=0.587).  

Median applied FiO2 at the end of the resuscitation period was higher in the auto-
mated group (Figure 2 B), however the oxygen need was highly variable in both the 
automated (IQR (0.52-0.98)) and the manual group (IQR (0.37-0.72)). 

Automated FiO2 control during stabilization and surfactant replacement 
therapy 

Nine animals received surfactant replacement therapy in the stabilization period during 
automated FiO2 control. After surfactant replacement, FiO2 was decreased from 0.97 
(IQR (0.86-0.99)) to 0.46 (0.35-0.56) in 14 (10-16) steps (Figure 3 B). The maximum 
number of steps the algorithm could make due to timeout restrictions of 30 s between 
steps was 20. Average time until the last FiO2 step down after surfactant replacement 
was 623 s (IQR 421-807 s). 

In the 10 minutes after surfactant administration SpO2 was subsequently kept close 
to target ranges, but was within the target range 44% of the time and above the range 
54% (Figure 3 A). Average time until SpO2 was again within target range after surfactant 
replacement was 576 s (387 -650 s). SpO2, however, reached 100% in only 9% of the 
time.  
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Figure 3: FiO2 and SpO2 after surfactant administration during automated FiO2 control: After surfactant appli-
cation (arrow), SpO2 (A) reached target range on average within less than 10 minutes. FiO2 (B) was automati-
cally adjusted according to changed oxygen needs (depicted are median (medium blue), 25th (light blue) and 
75th percentile (dark blue line)).  
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Stable ventilation 

Animals were stabilized within the first half hour of life (median 33:11 min:sec, IQR 
(30:01-39:47 min:sec)). During the subsequent stable ventilation phase, time spend 
within the target range was significantly higher when the automated controller was 
used (93.2% (80.6-98.9%) vs. 84.0% (63.8-89.4%), p<0.05, Figure 4 A), and time outside 
the target range, depicted as area under the curve (SpO2*sec per hour) was significantly 
lower (Figure 4 A). The number of episodes outside the target range per hour was also 
significantly lower in the automated group (Table 3). 
 

 

Figure 4: Stable ventilation SpO2 and FiO2: Distribution of oxygen saturation during stable ventilation in per-
centage of time (A) was significantly more within predefined limits in the automated (solid blue line) com-
pared to the manual (dotted green line) group. Need for supplemental oxygen highly varied between animals
in both experimental groups, as depicted (B) by the cumulative percentage of time spent at different levels of
FiO2 during stable ventilation in the automated (solid blue line) and manual group (dotted green line). 
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When comparing hypoxic and hyperoxic episodes, animals ventilated with automated 
control had significantly less episodes below the lower target saturation of 90% and 
showed a trend towards less hyperoxic episodes per hour (p=0.065, Table 3). We ob-
served only a small number of short hypoxic (< 85%) and severe hypoxic (<75%) epi-
sodes in our model, and number of these episodes did not differ between groups. This 
was also reflected in the low average deviation of saturation from the median target 
saturation in both groups (Table 3). The duration of hyperoxic, hypoxic and severe hy-
poxic episodes did no differ significantly between groups.  

Compared to manual control, the number of FiO2 adjustments per hour was 2.3 
times higher in the automated group, although this difference was not significant (me-
dian 13.0, IQR (3.0-16.4) vs. 5.7 (2.3-9.8), p=0.243). Applied FiO2 did not differ signifi-
cantly between groups, and we observed a heterogeneous need for oxygen within the 
groups (Figure 3 B). Animals in the manual group were outside target range longer with 
higher oxygen need, however correlation between time outside target range and aver-
age FiO2 was not significant (R2 linear = 0.614, p=0.889). In the automated group, aver-
age FiO2 and time outside target range did not correlate (R2 linear = 0.229, p= 0.136).  

 
Table 3: Number and duration of hyperoxic, hypoxic and severe hypoxic episodes during stable ventilation 

        automated manual  p 
No of episodes above 95% per hour 0.0 (0.0-1.4) 3.3 (0.6-10.3) 0.065 
average duration of episodes > 95% (sec) 18.5 (7.5-51.1) 16.5 (13.1-57.7) 0.797 
No of episodes below 90% per hour 1.4* (0.9-2.2) 4.0 (1.7-6.4) 0.010 
average duration of episodes < 90% (sec) 4.7 (1.0-27.5) 14.6 (6.3-49.4) 0.088 
No of episodes below 85% per hour 0.0 (0.0-0.3) 0.0 (0.0-0.7) 0.748 
average duration of episodes <85% (sec) 16.5 (6.0-29.3) 36.3 (6.6-157.5) 0.686 
No of episodes below 75% per hour 0.0 (0.0-0.0) 0.0 0.0-0.3 0,438 
average duration of episodes <75% (sec) 5.0  47.8 (1.0-75.0) 1.000 
Average deviation from target saturation (SpO2%) 1.0 (0.0-1.9) 1.7 (1.1-2.4) 0.171 

Data is given as Median and (IQR). *p<0.05 compared to manual. 

DISCUSSION 
We tested in our study if fully automated FiO2 control without manual interventions was 
feasible to keep preterm lambs within a predefined SpO2 target range under both rapid-
ly changing conditions in a delivery room setting and under stable volume guarantee 
ventilation. Tailoring oxygen supplementation to the needs of preterm infants in the 
first minutes of life is difficult because of the gradual increase of oxygenation [5]. In our 
study, time within target range with both manual and automated FiO2 control resem-
bled clinical data obtained in the delivery room [13]. 
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Our data indicated that automated FiO2 control avoided hyperoxia during resuscitation. 
This might have resulted from the algorithm following the target ranges in a stricter way 
than the human controller, although the number of adjustments and time until first FiO2 
adjustment did not differ between groups. However, we did not see significantly more time 
within target range in automated FiO2 control during resuscitation. A possible explanation 
is that the caretaker providing manual FiO2 adjustments was able to see the changing SpO2 
target ranges depicted as Dawson’s curve during resuscitation and therefore had more 
information about saturation trends than in a standard delivery room. This could have 
facilitated the decision for which FiO2 to provide, and made it easier to achieve saturations 
within the limits than during routine clinical resuscitation where SpO2 is presented only by 
pulse oximeter readout. However, we cannot rule out that the manual adjustments were 
based on additional clinical parameters such as heart rate, although heart rate increased 
adequately in both groups. Automated FiO2 control might be further improved by choosing 
a narrowed target range. By basing the target range on Dawson’s curve, the predefined 
range was broader during resuscitation than during subsequent ventilation. Closed loop 
FiO2 control has already been shown to maintain functionality in a setting of narrowed 
target ranges in the NICU [34]. Furthermore, automated FiO2 control might be improved by 
allowing the algorithm to change FiO2 more frequently, although the limitation of at least 
30 seconds between two steps resembled clinical recommendations [10]. 

Avoidance of oxygen overexposure is a major concern for implementing automated 
control in the delivery room [28]. In our study, animals resuscitated with an initial FiO2 
of 0.3 showed less SpO2 above target range than animals initially resuscitated with FiO2 
0.6, although FiO2 had to be increased during resuscitation in the first group. The start-
ing FiO2 had an effect until about 5 minutes after birth. This observation is in accord-
ance to a previous study where initial FiO2 of 0.3 or 0.65 had a significant effect on the 
FiO2 during the first 6 minutes of life [35]. This data supports previous findings that 
resuscitation with initially low FiO2 might be beneficial for preterm infants [9]. 

Automated FiO2 control was also feasible directly after surfactant replacement ther-
apy. The automated controller showed immediate and adequate reaction on the altered 
needs for supplemental oxygen. In this scenario, a caretaker might have the advantage 
from knowing what to expect from the applied treatment. However, the small number 
of animals receiving surfactant during the study did not allow us a direct comparison 
between automated and manual control after surfactant replacement therapy. 

During stable ventilation, animals receiving automated FiO2 control spent significant-
ly more time within the predefined target range. This advanced performance of the 
controller was striking, as manual control was performed in a 1-on-1 setting by a person 
without other tasks than ventilation control during the experiment. This dedicated FiO2 
control, which is different from the clinical situation, improved time within target range 
compared to routine control in a previous study [23]. In a clinical setting, meeting SpO2 
target ranges depends -amongst others - on patient-caretaker ratio [36]. Most closed 
loop studies compared automated to routine clinical care [14, 21, 24-26], only one 
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study could show a significant improvement comparing closed loop to dedicated manu-
al control [22]. In addition, in our study alarm range was equal to target range, which 
created an ideal setting for dedicated manual control as caregivers are more effective in 
keeping SpO2 within alarm limits then within target limits in preterm infants [37]. Inter-
estingly, our data suggests that keeping animals manually within the limits was more 
difficult with high oxygen need, while individual oxygen need did not influence the per-
formance of the automated control. 

We therefore conclude that automated FiO2 control is applicable both during rapidly 
changing physiologic conditions and during stable ventilation. Automated FiO2 control 
has therefore the potential to facilitate delivery room management during resuscitation. 
On the NICU, automated FiO2 control reduced the need for manual interventions during 
automated control by 33% to 90% [23-25]. Only one study reported no manual interven-
tions during automated control [22], however the overall time within target range for 
both manual and automated control was lower and the target range was wider com-
pared to our study. The potential of acting autonomously for at least a certain time is a 
prerequisite of safe use of automated FiO2 control in this vulnerable patient population.  

Nevertheless, automated control cannot outrun clinical experience, as therapeutic 
interventions in the delivery room have to be adapted to a multitude of parameters 
[38]. Early SpO2 is related not only to FiO2, but also to factors like adequate functional 
residual capacity (FRC) [39] and perinatal procedures like delayed cord clamping [40]. In 
addition, rising need for oxygen can be a symptom of a pathological condition such as 
pneumothorax or ventilation related complication, e.g. tube dislocation. Automated 
control may mask these changes, at least for a short period of time. Therefore, ade-
quate feedback about automated intervention to the caretaker must be ensured. Addi-
tional alarms for parameters like tidal volume (TVe) should be routinely implemented.  

Our model is limited by the fact that animals were mildly sedated for mechanical 
ventilation, partially preventing spontaneous breathing. Hypoventilation after episodes 
of active breathing during mechanical ventilation has been previously described as im-
portant contributor to desaturations in ventilated preterm children [41]. Automated 
FiO2 control might be ineffective in prevention of hypoxic spells [27]. However, our data 
suggests that automated control prevented episodes below target and might therefore 
have an effect on these episodes, as hypoxic spells have been associated with lower 
average SpO2 levels [42]. This highlights the need for additional studies investigating the 
influence of parameters defining the automated controller. 

In summary, to the best of our knowledge this is the first study where we demonstrate 
that fully automated FiO2 control is feasible during neonatal resuscitation in a near-clinical 
preterm delivery room setting, and that automated control prevents hyperoxia. We 
speculate that in a clinical scenario where not only SpO2 but also clinical evaluation of the 
patient influence oxygen therapy, the combination of automated and manual control 
might even imply better results. However, this question may best be addressed in a clini-
cal trial. In parallel, translational trials will help to improve closed-loop equipment. 
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ABSTRACT 
Factors positively influencing surfactant homeostasis in general and SP-B expression in 
particular are considered of clinical importance regarding an improvement of lung func-
tion in preterm infants. The objective of the study was to identify effects of physiologi-
cal levels of caffeine on glucocorticoid-mediated SP-B expression in vitro and in vivo. 

Levels of SP-B and pepsinogen C were quantified by qPCR or immunoblotting in NCI-
H441 cells daily exposed to caffeine and/or DEX. In vivo, SP-B expression was analyzed 
in BAL of preterm sheep exposed to antenatal DEX and/or postnatal caffeine. 

If DEX and caffeine were continuously present, SP-B mRNA and protein levels were 
increased for up to 6 days after induction (p<0.05). Additionally, caffeine enhanced SP-B 
mRNA expression in DEX-pretreated cells (p<0.05). Moreover, caffeine amplified DEX-
induced pepsinogen C mRNA expression (p<0.05). After short-term treatment with 
caffeine in vivo, only slightly higher SP-B levels could be detected in BAL of preterm 
sheep following antenatal DEX, combined with an increase of arterial oxygen partial 
pressure (p<0.01). 

Our data demonstrated that the continuous presence of caffeine in vitro is able to 
amplify DEX-mediated SP-B expression. In contrast, short-term improvement of lung 
function in vivo is likely to be independent of altered SP-B transcription and translation. 
An impact of caffeine on release of surfactant reservoirs from lamellar bodies could 
however quickly affect SP-B content in BAL, which has to be further investigated. Our 
findings indicate that caffeine is able to amplify main effects of glucocorticoids which 
result from changes in surfactant production, maturation, and release.  
  



Caffeine amplifies steroid-mediated SP-B expression 

59 

INTRODUCTION 
To ensure and improve proper gas exchange in alveoli of mammalian lungs, surface 
tension of the alveolar epithelium is reduced significantly by pulmonary surfactant, a 
mixture of lipids and four different proteins, namely surfactant protein (SP)-A, -B, -C, 
and -D (8). Beside a postulated role of SP-B in immunity (31), a more essential function 
of the hydrophobic SP-B and -C molecules is to stabilize the thin surfactant film and 
couple it to the aqueous phase lining the inner alveolar epithelium (19). SP-B is mainly 
synthesized in alveolar type II and club cells (Clara cells) and interacts with dipalmitoyl 
phosphatidylcholine, the major constituent of pulmonary surfactant (28). Survival rates 
of preterm infants with respiratory distress syndrome (RDS) have been substantially 
increased in the last decades by administering exogenous surfactant of animal origin 
containing SP-B (25). Since SP-B is the only SP being absolute essential for survival (18), 
different factors controlling or influencing its expression are considered of major im-
portance regarding an improvement of proper lung function. 

Beside SP-B mRNA transcription and stability (30), also post-translational events in 
SP-B processing and trafficking are main regulators of SP-B expression (13). In this con-
text, three proteases involved in maturation of the SP-B-proprotein (pro-SP-B) have 
been described: the cysteine protease cathepsin H (CtsH) and the two aspartyl proteas-
es napsin A (NpsA) and pepsinogen C (PGC) (13). 

On the transcriptional level, glucocorticoids (GCs) are main modulators of SP-B 
mRNA expression (6). Hence, antenatal GCs are used to induce maturation of the fetal 
lung, thereby reducing morbidity and mortality in neonates born <34 weeks gestation 
(20). Clinical trials show that a single course of antenatal GCs like dexamethasone (DEX) 
reduces the incidence of neonatal death, RDS, intraventricular haemorrhage, and ne-
crotizing enterocolitis, as well as increases the effectiveness of postnatal surfactant 
therapy (20). Like antenatal GCs, which are gold standards in accelerating fetal pulmo-
nary development (20, 26), postnatal caffeine administration is commonly used to treat 
apnea (22). Hereby it also reduces incidence of bronchopulmonary dysplasia (BPD) as 
defined by requirement of supplemental oxygen at 36 weeks gestation (22). Moreover, 
caffeine has an important clinical role in weaning infants from the ventilator (17). 

The molecular basis of protective actions of caffeine in the neonatal immature lung 
is not well defined. Besides reducing apnea rates, caffeine seems to abate the necessity 
of mechanical ventilation by improving respiratory muscle strength, especially by in-
creasing hypercapnic ventilatory response (3). In addition, also anti-inflammatory prop-
erties of caffeine have been proposed (14, 29). A newly described pharmacological 
target for caffeine and GCs is the surfactant system of the lung (10). 

The aim of the present study was to investigate, if induction of SP-B mRNA and ma-
ture SP-B is facilitated by consistent, physiological caffeine doses in vitro as well as in 
vivo with or without DEX. For this purpose, DEX and physiological caffeine doses were 
applied in different combinations during cell culture experiments and in an ovine model 
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of prematurity. Furthermore, another aim of this work was to reveal cellular mecha-
nisms underlying a possible induction of mature SP-B in vitro and to characterize the 
influence of caffeine on lung morphology and respiratory efficiency in vivo. 

MATERIAL AND METHODS 
Reagents 

Caffeine and DEX were purchased from Sigma-Aldrich (St. Louis, CA). 

Cells 

Airway epithelial cells NCI-H441 (H441) were purchased from ATCC (LGC Standards, 
Teddington, UK) and cultured as described (15). 

RNA extraction and RT-PCR 

For RNA extraction, 3105 H441 cells were seeded on six well plates (Greiner, Fricken-
hausen, Germany) or 1106 H441 cells were cultured in 75 cm² flasks (Greiner) and 
grown at 37°C. Cells were washed with Dulbecco’s Phosphate Buffered Saline (DPBS; 
Sigma-Aldrich) and treated as indicated. After the appropriate time, cells were washed 
again and total RNA was isolated using NucleoSpin® RNA II Kit (Macherey-Nagel, Due-
ren, Germany) according to the manufacturer’s protocol. Total RNA was eluted in 60 µL 
nuclease-free H2O and stored at -80°C until reverse transcription. For RT-PCR, 1 µg of 
total RNA was reverse transcribed using High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Life Technologies, Carlsbad, CA) according to the manufacturer’s 
instructions. Upon analysis, first strand cDNA was stored at -20°C. 

Quantitative real time RT-PCR (qPCR) 

Quantitative detection of human SP-B and β-actin mRNA was performed as described 
(10). For detection of human PGC isoform 1 (PGCiso1) and 2 (PGCiso2), CtsH, NpsA, and 
GAPDH mRNA, cDNA was analyzed using 12.5 µL iQ™ SYBR® Green Supermix (Bio-Rad 
Laboratories, Hercules, CA), 0.5 µL deionized H2O, and 10 pmol of each forward and 
reverse primer, respectively. Primers for PGCiso1, PGCiso2, CtsH, NpsA, and GAPDH 
mRNA were humPGCiso1fwd 5’-AGTATGGACAGTTTCTCGT-3’, humPGCiso1rev 5’-
TGAGGATATAGGAGGAAGGT-3’, humPGCiso2fwd 5’-TCTACCTCAGCAACCTGGTC-3’, 
humPGCiso2rev 5’-TGAGATTGGAGACAGGTAGGG-3’, humCTSHfwd 5’-
CATTTGCCAGCAACTGGAGGAA-3’, humCTSHrev 5’-ATTGGTTCAGTGCCATTTTAAATG-3’, 
humNAPSAfwd 5’-TACACCACCGATTTGATCCCA-3’, humNAPSArev 5’-
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CACCAATAGTCAGCTTGTCCT-3’, hGAPDHfwd 5’-CAAAGTTGTCATGGATGACC-3’, and 
hGAPDHrev 5’-CCATGGAGAAGGCTGGGG-3’, respectively. PCRs were performed on an 
ABI Prism 7500 Sequence Detection System (TaqMan®) as described (15). In case of 
measurements including SYBR Green, melt curve analyses were performed to verify 
single PCR products. Results were normalized to β-actin or GAPDH and mean fold 
changes were calculated by the ΔΔCT method (16). 

Immunoblotting 

Immunoblotting was performed as described (15). Blots were probed with primary 
antibodies to SP-B (generous gift of Dr. Jeffrey A. Whitsett, Perinatal Institute, Cincinnati 
Children’s Hospital Medical Center, Cincinnati, OH), and β-actin (926-42212; LI-COR Inc., 
Lincoln, NE), followed by staining with corresponding IRDye® secondary antibodies (LI-
COR Inc.) for 1 h at RT. Specific protein bands were visualized using an ODYSSEY® Infra-
red Imaging System (LI-COR Inc.). Accumulated signals were quantified using Odyssey 
Software v2.1 (LI-COR Inc.). 

Animal experiments 

All studies were approved by the Animal Ethics Committee of the University of Maas-
tricht, The Netherlands. Time-mated pregnant ewes were given 6 mg DEX intramuscu-
larly 48 h before delivery. A C-section was performed at gestational age of 133/134 
days. Ewes received epidural anesthesia as described (11). After lower midline incision, 
the fetus was extracted through incision of the uterus. The umbilical cord was carefully 
extracted through the incision of the uterus. Catheters were placed in the umbilical 
artery and in the umbilical vein. Baseline blood sampling was performed (Abbott i-STAT 
1 Blood Gas Analyzer, Abbott Laboratories, Abbott Park, IL). Custom-made binasal 
prongs were put in the nose. After its umbilical cord was cut, the lamb was weighed and 
moved to an adjacent, open, heated incubator (IW930 Series CosyCot Infant Warmer, 
Fisher & Paykel Healthcare, Auckland, New Zealand) maintaining normal body tempera-
ture of 38.5°C. Nasal prongs of lambs were connected to pressure-regulated ventilation 
using a ventilator Babylog 8000 (Draeger, Luebeck, Germany) with initial settings as 
follows: FiO2=1, PEEP 6 cm H2O, PiP 30 cm H2O, frequency 60/min, I:E 1:2 (nasal inter-
mittent positive pressure ventilation; NIPPV) with humidified gas. Caffeine citrate (20 
mg/kg) was given intravenously. After 15 min of NIPPV the ventilator setting was 
changed to continuous positive airway pressure (CPAP, 6 cm H2O). Arterial blood gas 
analyses were performed at 30 and 180 min of age. Three hours after delivery lambs 
were euthanized by i.v. injection of T61 (Veterinaria AG, Zuerich, Switzerland). At autop-
sy, a pressure-volume curve was recorded. Individual lung lobes were prepared and 
weighed. Selective broncho-alveolar lavages (BAL) of each lung lobe were performed 
with NaCl 0.9% as described (23). 
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Data analysis 

All results shown are combinations of a minimum of three independent experiments. 
Results are given as means±SD. Data were analyzed using Student’s t-test or Kruskall-
Wallis test. A p value ≤0.05 was considered significant. All statistical analyses were per-
formed using Prism® version 5.00 (GraphPad Software, San Diego, CA). 

RESULTS 
Influence of prolonged treatment with physiological caffeine doses on 
glucocorticoid-mediated expression of surfactant protein B mRNA 

The effect of prolonged treatment with caffeine on GC-mediated increase of SP-B 
mRNA and mature SP-B expression was first investigated for continuous, simultaneous 
induction with DEX and caffeine (Fig.1A). Our results revealed that on day 3 as well as 
day 6 the cellular SP-B mRNA content in cells treated with DEX and caffeine was always 
significantly higher than in cells treated with DEX alone (p<0.05; Fig.1B). Additionally, 
immunoblots with corresponding samples also revealed higher mature SP-B levels of 
cells treated with DEX and caffeine in comparison to cells treated with DEX alone. 

Influence of prolonged treatment with physiological caffeine doses on 
expression of surfactant protein B after pretreatment with dexamethasone 

Since in clinical situations preterm infants are antenatally exposed to maternal GCs and 
just postnatally treated with caffeine without simultaneous GC administration, we next 
simulated this situation by first inducing H441 cells with DEX for 2 days and subsequent-
ly with caffeine for up to 4 days (Fig.2A). We found that for day 1 to 4 cells pretreated 
with DEX and additionally exposed to caffeine expressed significant higher amounts of 
SP-B mRNA than cells only pretreated with DEX (Fig.2B). SP-B mRNA expression even 
increased one day after preincubation with DEX, then decreased over time but still was 
6.7-fold higher on day 4 in comparison to the corresponding control. Differences to the 
corresponding controls for days 0-4 were always significantly higher. Also, for caffeine-
treated cells which were not preincubated with DEX a lower but significantly higher SP-B 
mRNA expression could be detected for days 2-4 (p<0.01). However, on the protein 
level cells pretreated with DEX and additionally treated with caffeine showed no signifi-
cantly higher levels of mature SP-B compared to cells only pretreated with DEX (Fig.2C-
D). After day 1, mature SP-B was detectable in cells pretreated with DEX and/or addi-
tional caffeine. Detection was significant for only DEX-pretreated cells (p<0.01 and 
p<0.05 on days 0-1, respectively) and cells pretreated with DEX and additionally treated 
with caffeine (p<0.05 on days 1-2) in comparison to corresponding controls. 
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Figure 1. Influence of prolonged treatment with physiological caffeine doses during glucocorticoid-mediated 
expression of surfactant protein B.  
H441 cells were treated with 1 µM dexamethasone (DEX) and/or 250 µM caffeine for up to 6 days. During
culture, medium was changed daily because of the given short stability of caffeine in aqueous solutions (A). 
On day 3 and 6 qPCR of SP-B mRNA was performed (B). SP-B mRNA levels were normalized to β-actin, and fold 
differences compared to untreated cells were calculated. (C) Additionally, on day 3 and 6 Western immunob-
lotting analysis against mature SP-B was performed. Relative expression levels of SP-B were calculated by 
normalizing signals to detected β-actin levels. Means±SD of at least n=3 independent experiments are shown.
In C, representative immunoblots are shown. ** p<0.01 and *** p<0.001 compared to control cells, # p<0.05
compared to cells treated with dexamethasone. 
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Figure 2. Influence of prolonged treatment with physiological caffeine doses on expression of surfactant
protein B after pretreatment with dexamethasone. 
H441 cells were pretreated with 1 µM dexamethasone (DEX) for 2 days and subsequently with 250 µM caf-
feine for up to 4 days (A). On days 0 to 4 qPCR of SP-B mRNA was performed (B). SP-B mRNA levels were 
normalized to β-actin, and fold differences compared to untreated cells were calculated for each time point.
(C) Additionally, Western immunoblotting analysis against mature SP-B was performed. Relative expression
levels of mature SP-B were calculated by normalizing signals to detected β-actin levels. (D) A representative 
immunoblot of samples from day 0 and 1 are shown. For A-C, means±SD of at least n=3 independent experi-
ments are shown. ** p<0.01 and *** p<0.001 compared to corresponding control cells, # p<0.05, ## p<0.01,
and ### p<0.001 compared to corresponding cells treated with dexamethasone. 
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Expression of mRNA of SP-B proteases after treatment with caffeine following 
dexamethasone administration 

For detection of PGCiso1, PGCiso2, CtsH, and NpsA mRNA levels the model in closer 
accordance to clinic situations (Fig.2A) was used. Levels of PGCiso1 mRNA were barely 
detectable in untreated cells, therefore these amounts could only be normalized to DEX 
treated cells. Levels of PGCiso1 mRNA reached highest amounts 48 h after induction 
with DEX (9.7-fold compared to day 1) and decreased more rapidly than SP-B mRNA 
levels (Fig.3A). After one day of induction with additional caffeine, PGCiso1 mRNA levels 
were significantly higher (p<0.05) in comparison to only DEX pretreated controls. The 
continuous presence of caffeine in DEX untreated cells led to measurable but low levels 
of PGCiso1 mRNA compared to levels in DEX pretreated cells on day 1 (mean of day 1 to 
4=0.13±0.03-fold; Fig.4A). Additional experiments using high, unphysiological doses of 
10 mM caffeine in combination with 1 µM DEX for 24 h led to even more increased 
PGCiso1 mRNA levels, which were significantly higher in comparison to control levels 
(p<0.01; data not shown). PGCiso2, CtsH, and NpsA mRNAs were not significantly regu-
lated by DEX and/or caffeine (Fig.3B-D). 

Levels of mature SP-B in bronchoalveolar lavage fluid of caffeine-treated 
preterm sheep following maternal administration with dexamethasone 

To assess, if levels of mature SP-B are altered by physiological levels of DEX and/or caf-
feine in vivo, we next investigated BAL of preterm sheep exposed to caffeine and/or 
antenatal DEX (Fig.4A). A twofold higher overall mean of mature SP-B was observed in 
caffeine-treated preterm lambs of DEX-exposed ewes (1116±1349 pixel/bodyweight) in 
comparison to completely untreated ewes and lambs (584±965 pixel/bodyweight) and 
untreated preterm lambs of DEX-exposed ewes (524±723 pixel/bodyweight), respec-
tively (Fig.4B-C). Mature SP-B expression of caffeine-treated preterm lambs of DEX-
exposed ewes was tenfold higher in comparison to caffeine-treated preterm lambs from 
untreated ewes (135±279 pixel/bodyweight) and statistically significant (p<0.01) 
(Fig.4B-C). 
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Figure 3. Expression of surfactant protein B protease mRNAs after treatment with caffeine following dexame-
thasone administration.  
H441 cells were pretreated with 1 µM dexamethasone for 2 days and subsequently with 250 µM caffeine for
up to 4 days. On days 0 to 4 qPCR of pepsinogen C isoform 1 (PGCiso1; A), pepsinogen C isoform 2 (PGCiso2; 
B), Cathepsin H (C) and Napsin A (D) mRNA was performed. Measured mRNA levels were normalized to
GAPDH mRNA and fold differences compared to dexamethasone-treated cells on day 1 (A) or untreated cells 
on day 0 (B-D) were calculated. Means±SD of at least n=3 independent experiments are shown. * p<0.05
compared to cells treated with dexamethasone. 

 



Caffeine amplifies steroid-mediated SP-B expression 

67 

 

Figure 4. Increase of mature SP-B in bronchoalveolar lavage fluid of caffeine-treated preterm sheep following 
maternal administration with dexamethasone.  
Fetal sheep were treated with 20 mg/kg caffeine following maternal administration with 6 mg dexamethasone
(DEX; A). Lung lobes were lavaged separately and mature SP-B levels in equal volumes of obtained lavage
fluids were analyzed by Western immunoblotting. Relative expression levels of SP-B were calculated by nor-
malizing signals to obtained lavage fluid, lobe-, lung-, and bodyweight of each animal (B). Mature SP-B values 
for all five different lobes of n=4 untreated lambs of untreated ewes, n=3 untreated lambs of dexamethasone-
exposed ewes, n=4 caffeine-treated preterm lambs of untreated ewes, and n=6 caffeine-treated preterm 
lambs of dexamethasone-exposed ewes are shown individually. In C, a representative image of detected 
mature SP-B amounts in broncho-alveolar lavage of the right lower lobe is shown for at least two animals of
each investigated animal-group. ** p<0.01 compared to animals treated with caffeine from untreated ewes. 

Arterial oxygen partial pressure (PaO2) and carbon dioxide partial pressure 
(PaCO2) of preterm sheep after treatment with caffeine following maternal 
administration with dexamethasone 

To study a functional lung parameter, arterial oxygen partial pressure (PaO2) and carbon 
dioxide partial pressure (PaCO2) was measured in the different animal groups. We found 
PaO2 to be fourfold, significantly higher in caffeine-treated preterm lambs of DEX-
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exposed ewes (492±134 mmHg) in comparison to untreated lambs from DEX-exposed 
ewes (118±40.4 mmHg) 30 min after the administration of caffeine (p<0.01; Fig.5A). 
Differences 180 min after caffeine-administration were lower in general (149±27 mmHg 
and 76.3±18.9 mmHg, respectively) but still statistically significant (p<0.01; Fig.5B). In 
contrast to the PaO2 values, no significant changes were observed in the PaCO2, albeit a 
lower mean was observed for caffeine-treated preterm lambs of untreated ewes 
(75.7±19.5 mmHg) and caffeine-treated preterm lambs of DEX-exposed ewes 
(69.3±16.7 mmHg) in comparison to completely untreated ewes and lambs (95.8±41.0 
mmHg) 180 min after caffeine-administration. 
 

 

Figure 5. Arterial oxygen and carbon dioxide partial pressure of preterm sheep after treatment with caffeine
following maternal administration with dexamethasone.  
Arterial oxygen partial pressure (PaO2) and carbon dioxide partial pressure (PaCO2) of at least n=3 preterm 
lambs of every group was measured 30 min (A, C) and 180 min (B, D) after treatment of preterm lambs with
caffeine, respectively. * p<0.05 compared to untreated preterm lambs of untreated ewes, ## p<0.01 com-
pared to untreated preterm lambs of dexamethasone-exposed ewes. 
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DISCUSSION 
The results of our study showed that caffeine, if administered continuously and in phys-
iological doses, is positively influencing GC-mediated effects on SP-B expression in vitro 
and also more importantly on PaO2 in vivo. This enhancement of GC-mediated matura-
tion of the surfactant system and improvement of oxygenation after DEX administration 
to ewes reflects additional protective effects of caffeine on the neonatal lung. Other 
protective mechanisms of caffeine in this regard are supposed to be anti-inflammatory 
actions (14) which include inhibition of pro-inflammatory cytokine production (9, 29). 

In general, a complex relationship seems to exist between dose and method of caf-
feine administration (single/continuous) and its biological effects. A relationship between 
serum caffeine levels and cytokine concentrations was already observed in tracheal aspi-
rates and peripheral blood of preterm infants (9). For low serum caffeine levels, concen-
trations of pro-inflammatory cytokines TNF-α, IL-1, and IL-6 were reduced, but increased 
at higher levels, which could contribute to the severity of inflammatory conditions such 
as development of BPD (24). An inverse situation was observed for the anti-inflammatory 
cytokine IL-10 (9). In contrast to the effect of caffeine on expression of pro-inflammatory 
cytokines, a similar effect between high (10) and low concentrations on DEX-induced SP-
B expression in vitro was observed. However, if low caffeine doses were used its admin-
istration has to be repeated, which mimics a clinical situation. 

When we further incorporated more clinical characteristics in our in vitro model, 
where pretreatment of H441 cells with DEX was followed by daily retreatment with low 
concentrations of caffeine alone, amplifying effects on SP-B expression could also be 
observed. This is in accordance to an already described biological residual effect ob-
served for SP-B mRNA expression following treatment with DEX where SP-B mRNA lev-
els are declining constantly but do not return to the same basic level as in untreated 
cells (27). In our case, caffeine seems to boost DEX-induced SP-B mRNA expression for 
several days until new basic levels are reached. Using this experimental setting howev-
er, the effect was only detected for SP-B mRNA but no longer for mature SP-B. Hence, in 
relation to the results of our first experimental setting using a combined treatment, the 
in vitro data is indicating a necessity of residing levels of DEX for full maturation of SP-B 
in H441 cells which is largely independent of cellular SP-B mRNA levels. The decrease of 
the combined effect of DEX and caffeine on SP-B expression in the second experimental 
setting could possibly be explained by a diminishing effect of GCs and/or the develop-
ment of a caffeine-tolerance, as described for the hemodynamic and CNS effects of 
caffeine in humans (21). The clinical relevance of a possible tolerance to caffeine in 
neonatology as well as the influence of GCs on it has to be elucidated. 

Since regulatory differences were found between SP-B mRNA and mature SP-B lev-
els we speculate that additional effects of combined administration of GCs and caffeine 
also exist on a post-transcriptional or -translational level. For pretreatment with DEX 
and subsequent stimulation with caffeine we observed a significant induction of PGCi-
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so1 mRNA. This effect was even more pronounced if caffeine was increased to unphysio-
logical doses and directly combined with DEX. These results indicate that, in contrast to 
the combined application of DEX and high caffeine doses, caffeine alone has no direct 
influence on PGC mRNA expression. Since the onset of PGC expression has been de-
scribed to be induced by GCs (7) and to be more rapid than SP-B expression (12), this 
would explain the different mature SP-B levels detected for the combinatory or consecu-
tive administration of DEX and caffeine. In contrast to SP-B mRNA and PGCiso1 levels, 
mRNAs of the proteases CtsH and NpsA were not found to be influenced by DEX and/or 
caffeine. Our results support the theory that GCs induce the final processing of pro-SP-B 
forms via induction of PGC which we found to be expressed only to a minor amount 
under normal conditions in H441 cells. Expression of mature SP-B therefore is likely to be 
rendered by GCs and in greater quantities also by the addition of caffeine in H441 cells 
which are not able to process pro-SP-B forms completely under normal conditions (19). 

To verify our in vitro results also in vivo, we used an animal sheep model mimicking a 
common clinical situation, in which preterm infants have to be supported by NIPPV 
and/or CPAP, and treated with caffeine but lacking other pathologic factors like infec-
tion or invasive mechanical ventilation. The experiments were conducted with a set FiO2 
to minimize variability and to amplify the effects of surfactant pool size on the arterial 
PO2. When measuring mature SP-B in vivo, in contrast to our expectations only a higher 
overall mean by trend was detected in BAL of caffeine-treated preterm lambs of DEX-
exposed ewes after caffeine exposure in comparison to all other groups. These results 
indicate that caffeine is possibly able to modify mature SP-B levels not only in vitro but 
also in vivo, albeit in a different manner at the investigated time point. Measuring PaO2 
as a first functional parameter showed an improved gas exchange in animals treated 
with dexamethasone, and this effect was amplified by postnatal caffeine administration. 
Because this improvement emerged already 30 min after the application of caffeine, the 
additive effect of caffeine and dexamethasone on SP-B mRNA expression described in 
vitro seems, however, not be the main responsible factor for this effect in vivo. De novo 
synthesis and posttranslational processing of SP-B, and other surfactant proteins as 
well, would require several hours. A proposed direct effect of caffeine as a respiratory 
stimulant enhancing respiratory drive (1, 4, 5) seems to be no explanation, since ani-
mals from untreated ewes exposed to caffeine showed no improvement of oxygenation 
at all. Our results prove that such a short-term improvement of oxygenation by caffeine 
seems to depend on the presence of dexamethasone. Therefore one might speculate 
that antenatal application of dexamethasone induces intracellular maturation of SP-B 
precursors and enhances SP-B secretion. This last step, the release of SP-B reservoirs 
from lamellar bodies, could than likely be potentiated by caffeine potentially through 
modification of intracellular Ca2+ or protein kinases (2), explaining the observed early 
improvement after 30 minutes in the double-treated group. The trend of higher mature 
SP-B content in BAL of caffeine treated lambs from dexamethasone exposed ewes after 
180 min is in concordance with this proposed mechanism, but at this later time point 
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the described in vitro-effect could also be involved. Unfortunately, we had no possibility 
to measure the SP-B content in BAL 30 min after caffeine exposure which could confirm 
our hypothesis. Measuring PaCO2 as a second functional parameter showed no im-
proved CO2 exchange after 30 min but a trend for improvement in the caffeine- and 
double-treated group after 180 min. Our findings may therefore indicate that the main 
effect of GC treatment resulted from changes in surfactant production, maturation, or 
release, which was amplified by the presence of caffeine. 

Nevertheless, the kinetics of the lung in the whole body to intravenous caffeine and 
to an individual cell line and type in culture media are very difficult to evaluate and to 
compare. We have therefore assessed the kinetics of caffeine in vitro over a long time 
period. The in vivo approach was based on the immediate administration of caffeine to 
provide enough time for the direct and indirect effects on the oxygenation of sponta-
neously breathing preterm lambs. Possible impacts of a long-term treatment with phys-
iological doses of caffeine on SP synthesis and respiratory drive/oxygenation following 
maternal treatment with glucocorticoids have to be elucidated. 

Together with our previous findings (10) the effect of caffeine applied continuously 
for several days and at physiological doses in vitro and in vivo described here further 
underlines its clinical relevance. 

Conclusion 

We conclude that the continuous presence of physiological levels of caffeine in vitro is 
amplifying the stimulatory property of DEX on SP-B mRNA expression and full matura-
tion of SP-B. Our results suggest that DEX is necessary to induce maturation of pro-SP-B 
via PGC and that this process can be amplified by caffeine. Beside this and the already 
described inhibitory effect on pro-inflammatory cytokine production, the here de-
scribed short-term enhancement of GC-mediated improvement of the surfactant sys-
tem in vivo, which is possibly due to changes in surfactant release, reflects a comple-
mentary protective effect of caffeine on the neonatal lung. 
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ABSTRACT  
Background: Vitamin A (VA) is a fat-soluble vitamin and transcription factor which is of 
importance for human health due to its effects on development and regeneration of 
various tissues including the lungs. The term VA describes a number of different chemi-
cal substances, such as retinol, retinoic acid or retinyl esters, e.g. retinyl palmitate, and 
is crucial for prenatal lung maturation and postnatal growth and differentiation of the 
mucous membranes of the lungs. Premature infants may have inadequate VA pulmo-
nary stores, which is associated with a significant risk of developing bronchopulmonary 
dysplasia (BPD), a disorder of lung maturation and function. Intramuscular VA supple-
mentation in preterm neonates has been shown to prevent BPD and to improve long-
term pulmonary outcome. However, despite longstanding research efforts, there is still 
no consensus with regard to the optimal supplementation regime, since the best sub-
strate, method and dose of administration remains to be elucidated.  
Objectives: This feasibility study was designed to evaluate a new substance and route of 
VA application for use in the preterm population: a water-soluble, nano-encapsulated 
retinyl palmitate mono-preparation.  
Methods: We used a well-established animal model of preterm lambs to study VA dis-
tribution and the induction of early genetic expression of two retinoid homeostatic 
genes: lecithin:retinol acyltransferase (LRAT) and cytochrome P 26B1 (CYP26B1), com-
paring intravenous and endotracheal VA administration.  
Results: We found significant increases in retinol and retinyl palmitate in serum, lung 
and liver after intravenous and endotracheal retinylester administration as well as 
changes in the genetic expression of LRAT and CYP26B1.  
Conclusion: Our data indicate the feasibility of the tested substance for supplementa-
tion in the neonatal cohort using either the intravenous or endotracheal route. Further 
studies are warranted to explore this substance’s safety profile, short- and long-term 
effects, and practicalities with regard to dose, mode of application and its influence on 
BPD in the preterm neonatal population. 
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INTRODUCTION 
Bronchopulmonary dysplasia (BPD) is the most common complication in premature 
infants [1, 2]. BPD affects up to 40% of survivors of preterm birth below 29 weeks of 
gestation [3]. Therefore, the prevention of BPD in at-risk infants is one of the most im-
portant aspects of early neonatal care. Bronchopulmonary dysplasia is characterized by 
chronic inflammation, impaired alveolarization and vascularization which results in 
chronic lung damage with significant short and long term mortality and morbidity [4]. 
Vitamin A (VA), an umbrella term for different chemical substances such as retinol 
(ROH), retinyl ester (RE) or retinoic acid (RA) [5], is a prerequisite for the adequate pre- 
and postnatal development of lung tissue [6, 7]. The availability of VA is crucial for the 
maturation and function of the respiratory system as well as for embryonic lung devel-
opment and maturation, the growth and differentiation of respiratory epithelium, al-
veologenesis and septation of alveoli in utero, postnatal and after lung injury [8-13]. 
Premature infants have a lower availability of VA compared to full-term neonates, as 
shown by lower serum ROH and retinol-binding protein (RBP) levels. VA stores are cru-
cially important in the last trimester and are utilised for lung maturation at the time of 
term birth [14]. As a result of preterm birth, low ROH blood levels have been associated 
with BPD development and long-term respiratory morbidity [15, 16]. Therefore VA sup-
plementation in very low birth weight infants is considered a promising pharmacological 
option in BPD prevention [2, 8, 17]. Clinical studies of VA supplementation as retinyl 
ester preparations for BPD prevention have previously been conducted in the ELBW 
cohort [18-22]. A meta-analysis of clinical studies has shown a reduction in deaths or 
oxygen requirement at one month of age in infants treated with retinyl ester prepara-
tions [23].  

A common route for additional VA supplementation for the prevention of BPD is in-
tramuscular injection since there are no VA monopreparations available for additional 
intravenous use. Additional oral supplementation of VA, an alternative currently investi-
gated in a multicenter study [24], has not shown any beneficial treatment effects in a 
previous study [18]. Intramuscular administration, however, is not widely accepted, 
mainly due to the associated pain [25, 26]. Consequently a direct delivery of RE to the 
lung might be an alternative and promising approach. Nearly twenty years ago, Biesalski 
et al. investigated endotracheally administered VA in rodents with promising results 
[27]. Subsequent clinical studies using aerosolized VA preparations already demonstrat-
ed clinical benefits in preschool children and adults [28, 29]. 

The availability of a commercially sold, nano-encapsuled, water-soluble RE mono-
preparation, containing retinyl palmitate (RP) and intended for use in nutritional sup-
plementation (NovaSOL® A) but, due to its composition, principally usable as parenteral 
substrate, led us to explore the efficacy of this substance in an translational study. We 
employed a well-established animal model by using preterm lambs [30]. The pre-clinical 
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lamb model allowed the use of neonatal equipment in realistic conditions and has been 
shown to be an adequate model for translation into clinical practice [31]. 

The aim of our study was therefore twofold: first, to test the feasibility of intrave-
nous and endotracheal application of the described nano-encapsuled vitamin A prepa-
ration using a dose which is consistent with currently available clinical data [18, 19, 21, 
24] and second, to study VA distribution in serum, lungs and liver tissue. Further, we 
explored the mRNA levels of early homeostatic genes related to retinol uptake (STRA6), 
esterification (LRAT), and catabolism (CYP26B1) in the lungs [32, 33]. 

MATERIALS AND METHODS 
Dose preparation 

Retinol (retinyl palmitate [RP], [CAS-Nr.: 79-81-2)]) was provided by AquaNova® (No-
vaSOL®A 10% [RETI20010], AquaNova®, Darmstadt, Germany). The product is a solu-
bilisate, which means that a liposoluble product (VA) was made water soluble through 
encapsulation in a micellar structure of the size less than 10nm, a molar mass distribut-
ed between 2e+5 and 6e+5 g/mol and that contains at least 170.000 IU/g VA. For 
treatment, 1 mL of the original solution was solved in 33 mL saline (i.e. 5000 IU/mL), 
protected from light and warmed to body temperature (37°C) before application. 

Animals and experimental design 

Animal experiments were approved by the Institutional Animal Ethics Committee of 
Maastricht University. Ten lambs of time-mated Texel ewes were operatively delivered at 
a gestational age of 128-133 days (term ~150 days), at which lung maturation resembles 
about 30 weeks of gestation in humans [34]. One day before the experiment, the ewe 
received an intra-muscular injection with betamethasone (12 mg, Celestone®, Schering-
Plough, North Ryde, New South Wales, Australia) to induce foetal lung maturation [35]. 
Caesarean section was performed in a modified EXIT procedure, including placement of 
an arterial and a venous catheter (Argyle®, 3.5 Fr., Covidien, Tullamore, Ireland) in the 
umbilical vessels and subsequent oral intubation (Microcuff® 4.5 mm, Kimberly-Clarke, 
Zaventem, Belgium) [30]. After the cord was clamped, lambs were weighed and brought 
to an open, heated incubator (IW930 Series CosyCot™ Infant Warmer, Fisher & Paykel 
Healthcare, Auckland, New Zealand), maintaining the physiologic body temperature of 
38 °C. Body temperature was monitored by placing a rectal temperature probe. Lambs 
were continuously sedated with intravenous midazolam and ketamine, and were provid-
ed with parenteral nutrition (1:1 mix of Glucose 20% and Ringer’s solution, B. Braun 
Medical B.V. Oss, The Netherlands, 3,4 mL/kg body weight per hour). The tube was con-
nected to intermittent positive pressure ventilation (IPPV) using an infant ventilator 
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(Babylog 8000, Draeger, Luebeck, Germany). Initial settings were as follows: FiO2=1, PEEP 
8 cm H2O, PIP 30 cm H2O, frequency 60/min, relation of inspiratory to expiratory time 
(I:E) 1:2. Blood pressure and heart rate were measured via the arterial catheter, and 
frequent blood gas analysis was performed for ventilation control. 

Retinyl palmitate delivery 

At 0.5 hours of life, lambs randomly received 5000 IU/kg body weight of retinyl palmi-
tate diluted in saline (5000 IU/mL) either intravenously via the umbilical venous cathe-
ter (“i.v.”) or endotracheally (“e.t.”) via a gastric tube (6 Fr., Vygon, Ecouen, France) 
placed within the tube directly after an endotracheal surfactant bolus (Poractant alfa 
100 mg/kg, generous gift of Chiesi Pharmaceuticals, Parma, Italy). Untreated animals 
served as control group.  

Tissue collection 

Blood for serum ROH and RP analysis was taken immediately prior to treatment (pre- 
treatment value) and at 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h and at the end of the experiment. 
Unfortunately, for technical reasons, in one of the three control animals no serum was 
available for data analysis. Blood samples were taken in 1.1 ml tubes (Microtube, Serum 
Gel with Clotting Activator, Sarstedt, Nümbrecht, Germany), wrapped in aluminium foil 
and kept on ice. After the experiment, blood samples were centrifuged for 10 minutes 
at 1300 xg to obtain serum that was immediately frozen at -80 degrees Celsius. The 
lambs were euthanized with an overdose of pentobarbital after 3.5 +/- 0.5 h for necrop-
sy. We further sampled solid organs (lung, liver, kidney) and urine, which were immedi-
ately snap frozen. All samples were shielded from light. 

Vitamin A analysis 

All preparation steps were performed on ice and under yellow light, and the samples 
were stored in light-tight boxes. 

Serum and urine 

Frozen serum was warmed to 20 °C. 200 µL were transferred to a reaction vial contain-
ing 200 µL ethanol. After mixing, 500 µL N-hexane were added and the sample was 
mixed again, followed by a centrifugation step (1 min, RT, 16000 xg). The hexane phase 
was removed, extraction repeated and both hexane phases pooled and dried in a 
speed-vac concentrator. Dried samples were resuspended in 200 µL HPLC buffer, centri-
fuged (1 min, RT, 16000 xg) and supernatant transferred to an HPLC vial for analysis. 
Urine samples were treated accordingly. 
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Organ samples: 

For extraction, the antioxidant  (BHT) was added to either N-hexane (100 ppm) or etha-
nol (10 ppm), samples of 100-500 mg were put into a 15 mL Falcon tube filled with 2 mL 
PBS and 2 mL ethanol. After mixing, samples were homogenized with an Ultra-Turrax. 
For extraction, 5 mL N-hexane were added, mixed and shaken on a roller-shaker for 10 
min. Samples were centrifuged (2 min, 10 °C, 4500 xg) and the supernatant hexane 
phase transferred into a 50 mL round bottom flask. Pooled hexane phases from three 
extractions were dried in a rotating evaporator at a water temperature < 25 °C. Samples 
were then transferred to HPLC-buffer (80 % acetonitrile, 20 % Tetrahydrofuran (THF) as 
2 aliquots, one of which was analyzed immediately, the other one stored at -80 °C as 
backup. 

HPLC 

We used the Shimadzu Prominence gradient system with 2 pumps (LC20AT), au-
tosampler (Sil-20AC) cooled to 4 °C and a diode-array detector (SPD-M20A) set to 
325nm. The column used was a Nucleosil 5C18 (300mm x 4mm, 3µm) from Trentec 
(Gerlingen, Germany). The used HPLC buffer was acetonitrile (80%), (THF, 12%), metha-
nol solution (0,1M ammoniumacetat in methanol, 8%), flow rate 1.6 ml/min. 

RNA isolation and gene expression analysis 

Expression analysis was performed by applying the MIQE guidelines [36]. Total RNA was 
extracted from lung tissue using the NucleoSpin® RNA kit (Macherey-Nagel GmbH & Co 
KG, Düren, Germany) according to the manufacturer’s instructions and converted to cDNA 
using the High-Capacity cDNA Reverse Transcription Kit by Applied Biosystems (Life Tech-
nologies GmbH, Darmstadt, Germany). Prior to reverse transcription, it was confirmed 
that the PCR results were not influenced by contaminating DNA in the samples. Quantita-
tive real time PCR was performed in triplicates with 10 ng cDNA per reaction using Custom 
TaqMan® Gene Expression Assays from Applied Biosystems on an Applied Biosystems 
7500 Fast Real-Time PCR system . Beta Actin served as endogenous control. Primer and 
Probe combinations were as follows: OVIS_STRA6_F: 5’-GCTGCTAGTGGGTGTGGTA-3’ 
(forward), 5’-GGAGACGTCCGTGGTGATC-3’ (reverse), 5’-CCGCCCTCACCTTC-3’ (probe) 
OVIS_LRAT_F: 5’-TCAAGAAGAAGGCACTGCTCAA-3’ (forward), 5’GTGCCCAGCAGCTTCTCT-
3’ (reverse), 5’-CTGTGCCACCTCTTCG-3’ (probe) OVIS_CYP26B1_F: 5’-
CGCAGGGCAAGGACTACT-3’ (forward), 5’-CTCCTTGCTGCTCTCGATGAG-3’ (reverse), 5’-
CAGACGCGCTGGACAT-3’ (probe) OVIS_ACTB_F: 5’-CTTCCTTCCTGGGCATGGA-3’ (for-
ward),  5’-ACGTCACACTTCATGATGGAATTGA-3’ (reverse), 5’-CTGCGGCATTCACG-3’ 
(probe). 
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Relative quantification to the untreated control and normalization to the endogenous 
control were performed using Data Assist™ Software v3.0 (Applied Biosystems, Life Tech-
nologies GmbH, Darmstadt, Germany) according to the Comparative CT (ddCT) method.  

Statistical analysis 

IBM SPSS Version 20 (IBM, Armink, NY) was used for statistical analysis. Animal charac-
teristics and RP and ROH tissue levels were compared using non-parametric testing 
(Kruskal-Wallis H test). Groups of interest were compared by the Mann-Whitney U test. 
Data from RP and ROH serum level measurements were compared by the Friedman 
test. Comparative assessment of PCR data was done by the Student t-test. Significance 
was accepted at p-values <0.05. Graphs were drawn with GraphPad Prism v5.0 
(GraphPad Software, San Diego, CA). 

RESULTS  
Animal characteristics 

Ten animals were randomly assigned to three different groups. Treatment was per-
formed at 30 +/- 5 min of age. Three animals received no vitamin A treatment (control), 
three animals received vitamin A intravenously (i.v.), and four animals received vitamin 
A endotracheally (e.t.). There were no statistical significant differences with regard to 
animal characteristics, organ weight and physiological variables (Table 1).  
 
Table 1: Animal characteristics 

 control i.v. e.t.  
n= 3 3 4 p= 
gestational age (days) 131 ± 1.5 131 ± 1 130 ± 1 0.62 
birth weight (kg) 2.6 ± 0.5 2.3 ± 0.3 2.4 ± 0.3 0.94 
left lung weight (g) 32.1 ± 9.5 27.3 ± 6.9 33.9 ± 5.6 0.74 
right lung weigth (g) 21.7 ± 6.5 21.7 ± 2.3 23.3 ± 1.7 0.96 
liver weight (g) 39.6 ± 7.1 59.3 ± 15.1 68.1 ± 19.6 0.41 
left kidney (g) 7.7 ± 1.7 7.5 ± 1.4 8.5 ± 1.1 0.88 
start of treatment     

pH 7.12 ± 0.10 7.25 ± 0.05 7.00 ± 0.08 0.08 
pCO2 (mmHg) 68 ± 26 38 ± 6 86 ± 18 0.08 
pO2 (mmHg) 136 ± 101 95 ± 49 125 ± 61 0.82 

end of experiment     
pH 7.26 ± 0.02 7.18 ± 0.04 7.09 ± 0.08 0.29 
pCO2 (mmHg) 54 ± 2 57 ± 8 64 ± 9 0.76 
pO2 (mmHg) 29 ± 1 54 ± 15 57 ± 6 0.10 

Data given as mean ± SEM. pO2 partial pressure of oxygen, pCO2 partial pressure of carbondioxide. 
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Serum analysis of ROH and RP 

Serum ROH and RP analysis during all selected points in time in untreated control ani-
mals revealed a narrow distribution of ROH values between 99 nM (minimum) and 284 
nM (maximum), and pre-treatment ROH and RP results in i.v. and e.t. treated animals 
were similar to those measured in untreated controls (p=0.61 and p=1.00). Following 
intervention, ROH (Figure 1a) and RP (Figure 1b) increased significantly in i.v. and e.t. 
treated animals (p < 0.017 and p < 0.018 compared to controls).  
 

 

Figure 1 A and B: Pre-treatment (A) serum ROH and (B) serum RP in i.v. (square) and e.t. (triangle) treated
animals were similar to those measured in untreated controls (circle), and increased significantly in both
groups after treatment (*p < 0.05 compared to control). 

Tissue analysis of ROH and RP – Lung tissue 

Retinol and RP analysis in control animals revealed ROH and RP values just at or below 
the detection limit (mean (±SD) 17.3 (±13.0 ng/g)). After intravenous and endotracheal 
application of retinyl palmitate, concentrations of ROH (p=0.001 [i.v.] and p<0.001 [e.t.]) 
and RP (p<0.001 [i.v.] and p<0.001 [e.t.]) increased at a statistically significant rate with-
in lung tissue in both groups when compared to controls (Figure 2 a+b) . 

When comparing the distribution of vitamin A within the lung in different treatment 
groups, no statistically significant difference was found in i.v. treated (ROH lung apex 
42.6%±11.5%, lung hilus 17.4%±13.6% and lung base 40.0%±3.7%; RP 33.2%±17.8%, 
23.8%±21.7% and 43.0%±6.2%, respectively) and e.t. treated animals (ROH 
16.1%±10.2%, 37.7%±34.2% and 46.2±17.9%, respectively; RP 14.4%±16.7%, 
49.1%±30.6% and 36.5%±38.2%, respectively, p=0.097 to p=1.0). 
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Figure 2 A and B: In the lung of control animals, we found (A) ROH and (B) RP levels just at or below the detec-
tion limit. Both i.v. and e.t. treated animals showed statistically significant increase of lung tissue concentra-
tions of ROH and RP at autopsy (*p=0.001 and **p<0.001 vs. control). 

Tissue analysis of ROH and RP – Liver tissue 

After intravenous application, ROH and RP levels were increased at a statistically signifi-
cant rate in the liver (p=0.05 [ROH] and p<0.05 [RP]). However, vitamin A increase in the 
liver after e.t. administration missed statistical significance (Mann-Whitney-Test; p=0.08 
[ROH] and p=0.14 [RP]. 
 

 
Figure 3 A and B: In the liver, (A) ROH and (B) RP levels increased after intravenous application (p=0.05 [ROH]
and *p<0.05 [RP]). However, vitamin A increase in the liver after e.t. administration missed statistical signifi-
cance (p=0.08 [ROH] and p=0.14 [RP]). 
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Tissue analysis of ROH and RP - Kidney and urine 

Although we used a water soluble vitamin A preparation, ROH levels were below detec-
tion limits in the urine of all animals and RP was below detection limits in the urine of all 
but one animal, in which RP concentration was very low (12 nM). Kidney levels of ROH 
did not differ significantly between groups (control 635±328 ng/g, IV 943±42 ng/g, ET 
686±112 ng/g tissue, respectively, p= 0.333). Although RP levels where highest in the 
i.v. group, differences were not statistically significance (control 206±206 ng/g, IV 
1284±338 ng/g, ET 128±48 ng/g tissue, respectively; p=0.109). 

Molecular analysis of mRNA levels 

After intravenous application of VA, we saw increased mRNA levels of CYP26B1 
(p=0.029) in lung tissue when compared to controls. No changes were seen for LRAT or 
STRA6 mRNA levels when comparing i.v. to controls (Fig. 4). After endotracheal applica-
tion of RP, LRAT showed significantly reduced mRNA levels when compared to controls 
(p=0.0399). Neither CYP26B1 nor STRA6 showed a change in expression following e.t. 
treatment compared to control (Fig. 4).  
 

 

Figure 4: Molecular analysis of enzymes of vitamin A metabolism showed a significant increase in CYP26B
mRNA levels in the i.v. group and a significant decrease in LRAT mRNA levels in the e.t. group (*p<0.05 vs.
control). 
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DISCUSSION 
Our results show that both i.v. and e.t. supplementation of RP increases ROH and RP 
levels in serum and target organs (liver and lungs) significantly, hereby confirming those 
routes as potential routes for VA delivery. Current supplementation regimes do not 
sufficiently correct VA deficiency in the ELBW cohort [37], and it is therefore important 
to explore alternative preparations which allow for exact weight-targeted dosing and 
for usage via alternative routes of delivery. Biesalski et al. demonstrated that topical 
application of REs was able to increase intracellular REs and ROH in buccal epithelial 
cells [38, 39]. Further, it has been shown that retinyl palmitate supplementation by 
inhalation of an aerosol establishes an intracellular pool of retinol, improves VA status 
and is feasible as a treatment option [27-29]. The obvious advantage of the endotra-
cheal application is its delivery in close proximity to the target organ and its possible 
potential to increase the VA supply where it is needed most: at the alveolar septum. 
This is important as VA supplementation has been shown to revert the epithelial chang-
es associated with BPD [40]. VA reaching lung epithelial cells from the airway side in-
stead of from the capillaries led to sufficient tissue concentrations [27, 28]. In our study, 
VA levels increased in lung tissue after both i.v. and e.t. application.  

In contrast, only i.v. application was shown to also increase liver concentrations sig-
nificantly. This may have significant implications: on the one hand and although VA, in 
particular RE is generally considered nontoxic [41, 42] at recommended dose [43-47], 
toxic effects of long-term use of high doses of natural Vitamin A (not RA) can result in 
RE accumulation with subsequent liver dysfunction and at least cirrhosis. In particular, 
in preterm neonates the metabolic capacity of the liver is still immature and may be 
further compromised by various other drugs commonly used in this cohort such as 
antibiotics. An effective application route that bypasses the liver metabolism but still 
results in the desired clinical effect within the main target organ may therefore be ad-
vantageous.  

On the other hand, the liver serves as the main VA storage side. Increasing those 
stores, as long as no toxic effects are observed, may have long-term advantages. So far, 
and in favour of this argument, unphysiological formation of RA after RE supplementa-
tion does not seem possible due to the strictly controlled metabolism [6]. Hence sup-
plementation of RE compared to supplementation of RA is thought to be more advanta-
geous in view of its physiological properties. The lungs accumulate REs in the 3rd tri-
mester and those stores are being depleted immediately prior to term birth [14, 48] in 
order to provide RA which in turn induces lung maturation [49]. The sufficient repletion 
of VA storing cells in the developing lung is seen as an important factor for long-term 
lung health [6, 50, 51]. However, any direct supplementation with RA may only provide 
short-term effects, and these effects may additionally be diminished by up-regulation of 
RA inhibiting enzymes such as CRABP or CYP26 system [52, 53].  
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Interestingly, although we tested a water-soluble vitamin A preparation, no signifi-
cant amounts of ROH and RP were found in the urine and kidneys of treated animals, 
indicating that the substance was not rapidly lost via diuresis but stored. 

The determination of the expression of early molecular markers as an indication of 
an early VA effect has been of interest for several working groups in various animal 
models. In line with those previous studies we explored the mRNA levels of STRA6, LRAT 
and CYP26B1 [32, 54]. It is known that RA regulates several important genes in VA ho-
meostasis. Among those, STRA6, a transmembrane receptor for RBP, mediates retinol 
uptake through retinol binding protein from plasma and extracellular fluid into cells 
[33]. Retinoic acid further regulates the expression of LRAT and RA hydroxylases of the 
CYP26 family of cytochrome P450 genes [55]. Those enzymes and proteins are variably 
expressed with VA status and seem to exert tight control over intracellular VA status 
[56]. If RA is available, which is an indication for a sufficient VA status, the expression of 
LRAT is maintained [56]. Conversely, LRAT is down-regulated during VA deficiency [57]. 
CYP26B1 also increases with a rise in the concentration of RA [58] and is thought to be 
the cell’s response for detoxification of RA [59]. CYP26B1 is maintained at very low lev-
els in VA deficiency [60, 61]. 

In our study, we did not find increased levels in lung tissue of STRA6. This might 
document that the applied retinyl esters were directly absorbed into cells after i.v. and 
e.t. application, bypassing the well-known pathway using RBP. Indeed direct uptake of 
RE into different tissues has been documented previously [62].  

A statistically significant reduction of the mRNA levels of LRAT was seen after e.t. 
treatment, although no effect was seen after i.v. treatment. This result shows that es-
terification may not be needed because the retinyl ester can be absorbed by the lung 
cells without prior cleavage to retinol, a delivery route which has been shown using 
non-physiological fatty acids for retinol esterification (retinyl margarinate) [62].  

In rodents and following oral supplementation, it was previously shown that both 
lung RE concentrations and LRAT expression increased significantly after 6 hours follow-
ing oral supplementation [32]. Our findings suggest down-regulation of LRAT due to the 
direct uptake of RE into the cells. Cellular response may depend on the route of admin-
istration and the substrate (ROH or RE) and may be noticeably different when using 
different application methods. Given the short time-period, the results in this study may 
be quite promising in indicating that the build-up of VA stores, the substrate for the 
biologically more active forms, may already have induced a cellular response. 

The third metabolic enzyme investigated, CYP26B1, catalyses the oxidation of RA to 
non-toxic metabolites and appears to play a major role in VA detoxification and catabo-
lism [32]. It increases in several tissues when the concentration of RA rises [58]. Our 
results showed an early increase of CYP26B1 in lung tissue in the i.v. group. This in-
crease was not seen in the e.t. group. Although RA is the desired metabolic active form 
of VA, early expression of CYP26B1 may indicate high influx of potentially toxic RA. The 
differences in expression using different routes of administration plays an important 
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role with regard to the safety profile of the substrate and should be investigated in 
further studies. 

Study limitations 

This study is limited by the small sample size and the short duration of the study proto-
col, which in particular does not allow for any conclusions on long-term or disease-
modifying aspects of the preparation. Further, ongoing investigations regarding safety 
are necessary. We saw pulmonary complications in one animal in the e.t. group. Alt-
hough individual risk factors seemed to play an important role in this animal, which was 
unusually small for gestational age and required higher positive inspiratory pressures 
during ventilation in contrast to all other trial animals, further testing of endotracheal 
dosing is needed. This should also include pharmacological interactions between VA 
preparations and surfactant, although in previous studies with lavaged piglets endotra-
cheal vitamin A supplementation did not influence therapeutic effects of surfactant 
administration [63].  

Conclusion 

In conclusion, we could show that the newly tested, water-soluble, nano-encapsuled VA 
mono-preparation (as RP) is feasible for both intravenous and endotracheal VA supple-
mentation in preterm lambs. Our results are in line with previous studies in demonstrat-
ing a rise of systemic and tissue bond VA levels and early changes in mRNA levels of VA 
metabolic markers. Our results contribute to the ongoing research for the optimal sup-
plementation regime by adding a potentially new substance allowing for weight-
targeted supplementation via either the i.v. or e.t. routes. Ultimately, the best route of 
administration will depend on biological effects. The promising results of endotracheal 
VA administration in previous clinical and translational trials [27-29] and results from 
current trials using less invasive surfactant application (LISA) and surfactant nebulization 
in our animal model [64, 65] bear the potential of vitamin A supplementation via the 
endotracheal route in a non-invasive manner. Translational trials will enable us to fur-
ther improve means of vitamin A administration, while clinical trials and safety studies 
are warranted to help to investigate biological and clinical effects. 
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KEEPING THE BALANCE: LONG-TERM EFFECTS OF IMPROVED RESPIRATORY MANAGEMENT IN PRETERM INFANTS 
Improved management of RDS in prematurely born infants has been a success story in 
neonatology for more than 50 years. Milestones of respiratory management contribut-
ed remarkably to increased preterm survival. Until today, mortality of infants born very 
prematurely is constantly decreasing [2]. Along with the increased survival of these 
infants, a decrease in survivable gestational age could be observed. However, the lower 
the gestational age the more susceptible prematurely born infants are to complications 
during their hospital stay, but also to impaired long-term outcome. Postnatal fetal lung 
development is affected by pulmonary responses to postnatal interventions such as 
mechanical ventilation, oxygen exposure, pharmaceutical interventions including anti-
inflammatory substances like corticosteroids and substances directly interacting with 
lung development like vitamin A [1]. The different effects of antenatal and postnatal 
insults and interventions are summarized in figure 1.  
 

 

Figure 1: Multiple factors influence lung development in preterm infants. Postnatally, both potentially protec-
tive and injurious factors are mainly associated with therapeutic means (IUGR intra-uterine growth restriction, 
PPROM preterm premature rupture of membranes, PIP positive inspiratory pressure, PEEP positive end-
expiratory pressure, PDA persistent ductus arteriosus, NICU neonatal intensive care unit). From [1] 

 
There is a growing body of evidence that delivery room interventions may initiate lung 
injury [3]. Careful respiratory management including CPAP for avoidance of barotrauma 
by mechanical ventilation, avoidance of hyperoxia, and timely administration of surfac-
tant to spontaneously breathing infants has been proposed to improve long-term pul-
monary outcome by preventing lung injury already from transition onwards [4-7]. For 
example, routine use of CPAP at delivery has been shown to be effective in decreasing 
BPD or death in preterm infants [6], [7].  

However, BPD is a multifactorial disease, and the onset of lung injury might be initi-
ated in utero after intraamniotic infection [8]. Although exposure to chorioamnionitis 
might protect preterm infants from RDS [9], growing evidence suggests an important 
role of intrauterine inflammation as contributing factor to the development of BPD [10-
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12]. Exposure to chorioamnionitis has also been shown to increase the risk of BPD de-
velopment derived from mechanical ventilation [11]. Therefore, postnatal respiratory 
management may need to be adjusted to prenatal risk factors in order to counteract 
BPD development at an early stage. 

BPD is of such high importance since it exerts lifelong consequences on lung health 
of survivors of preterm birth. Low gestational age has been shown to be a risk factor for 
any obstructive airway disease in later life [13, 14].  Lung function impairment of former 
very low birth weight infants with BPD can be found until adulthood [15], and survivors 
of prematurity have higher risks for developing asthma when they were diagnosed with 
BPD [16]. Moreover, BPD as an independent risk factor for impaired neurocognitive 
outcome in children born very prematurely [17].  

Therefore, reduction of exposure towards potentially hazardous interventions al-
ready in the delivery room is of clinical, socioeconomic and scientific interest. Avoidance 
of oxygen overexposure by automated FiO2 control (chapter 3), the use of gentle ap-
proaches of surfactant replacement therapy helping to enhance the success of non-
invasive respiratory support (chapter 2), and the understanding of beneficial effects of 
early pharmacological interventions (chapter 4, 5) bear the potential to improve the 
health of preterm babies beyond the neonatal period.  

AUTOMATIZATION IN THE DELIVERY ROOM – THE TIME IS NOW? 
Oxygenation after birth is a gradual process [18]. The fetus develops in a low oxygen 
environment, and the arterial partial pressure of oxygen (PaO2) physiologically rises 
directly after birth [19]. This abrupt change in oxygen content of blood and tissue may 
induce physiological maturation of metabolic processes after birth [20]. However, an 
excess supply of oxygen resulting in hyperoxia might have detrimental effects on infants 
born prematurely. Oxygen supplementation is one of the most common therapeutic 
interventions in resuscitation of newborns [21]. However, its historically generous use in 
the delivery room has been abandoned in the last years due to new evidence from 
clinical studies [22]. In preterm infants, current guidelines advocate the use of a mixture 
of air and oxygen according to the infants’ oxygen saturation (SpO2). A recent meta-
analysis of studies comparing different initial fractions of oxygen (FiO2) in delivery room 
stabilization and resuscitation of preterm infants ≤32 weeks showed a trend towards a 
lower mortality when the initial FiO2 was 0.21-0.30 [23]. Two studies found a significant 
increase of markers of oxidative stress in preterm infants resuscitated with 90-100% 
oxygen compared to 21% or 30% [4, 24]. Therefore, current guidelines recommend 
using an initial FiO2 of 0,21-0,30, and to subsequently titrate FiO2 according to the in-
fant’s SpO2 measured by pulse oximetry in order to avoid hyperoxia [25-27]. Oxygen 
overexposure is a potential source of oxidative stress. Infants born at a very low birth 
weight are especially susceptible to oxidative stress, as their antioxidant enzyme activity 



Chapter 6 

94 

is low. Tissue damage by oxidative stress might have lasting effects, and BPD is consid-
ered by some authors as an oxygen-radical disease of the preterm [28]. 

Although experimental and clinical data indicate the importance of avoiding oxygen 
overexposure in preterm infants, it is very difficult to stick with SpO2 target values in the 
delivery room. Large deviations from the varying SpO2 target range during resuscitation 
of preterm infants have been observed in clinical studies [29], suggesting that manual 
FiO2 control in the delivery room is inadequate. Therefore, automatization of FiO2 con-
trol offers a possible solution for this problem. Automated FiO2 control has not yet been 
tested in the delivery room setting in clinical trials [30]. However, the use of automated 
closed loop FiO2 control has been proven to efficiently keep infants within a predefined 
SpO2 target in the NICU, using various modes of ventilation, and using different algo-
rithms (as reviewed in [31]). We could show in a lamb model of preterm respiratory 
distress syndrome that automated FiO2 control using a closed-loop is feasible during the 
transition after birth and during surfactant replacement therapy (chapter 3). Moreover, 
we could show in our model that automated FiO2 control during transition in the first 15 
minutes of life resulted in less hyperoxia (chapter 3).  

Therefore, avoidance of oxygen overexposure by using automated systems might 
help to improve pulmonary outcome of preterm infants, and clinical studies are on the 
way. Still, oxygenation after birth does not only depend on FiO2, but therapeutic inter-
ventions in the delivery room have to be adapted to a multitude of parameters [32].  

Rapid establishment and maintenance of an adequate functional residual capacity 
(FRC) is one important factor [33]. FRC can effectively be established using sustained 
inflation (SI). SI is performed by administration of a high peak inspiratory pressure (20-
25 cm H2O) for 10-15 seconds by a face mask or nasopharyngeal tube [34]. In animal 
studies, respiratory and cardiovascular transition after birth was facilitated by an early 
FRC and uniform aeriation when SI was applied [35, 36]. Clinical data suggests that SI 
improved short-term respiratory outcome in preterm infants, although BPD and/or 
death were not reduced [37]. Adequate FRC is further maintained by applying positive 
end-expiratory pressure (PEEP). In a model of prematurely delivered lambs, oxygenation 
increased with increasing PEEP [38]. When in this model PEEP was increased stepwise 
within the first minutes of life, gas exchange was improved compared to a group receiv-
ing SI [39]. 

Beside different ventilatory manoeuvres, oxygenation is also influenced by perinatal 
procedures like delayed cord clamping (DCC). DCC is performed in order to reduce neo-
natal anaemia, and is considered to be safe and to have no negative effects on adapta-
tion of preterm infants [40]. However, clinical data suggests a small but significant de-
crease in SpO2 measured by blood gas analysis from the umbilical cord [41]. In addition, 
decrease in SpO2 can be a symptom of a pathological condition such as pneumothorax 
or ventilation related complication, e.g. tube dislocation. Therefore, the complex task of 
oxygen therapy in the delivery room can so far not be managed by automated systems 
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alone, but the results of our study suggest that automated devices can help and support 
the delivery room team in the initial management of preterm babies.  

CAFFEINE – THE HIDDEN DR CHAMPION?  
In the last three decades, methylxanthines such as caffeine have successfully been used 
as pharmacological treatment for apnea of prematurity [42]. Caffeine is administered 
both prophylactically and therapeutically, and a third indication is weaning from me-
chanical ventilation [43]. Although earlier trials had raised concerns about unwanted 
side effects like increased oxygen consumption and impaired weight gain [44], recent 
clinical trials showed impressive short-term and long-term beneficial effects of caffeine 
treatment in preterm infants [45]. In the Caffeine for Apnea of Prematurity (CAP) trial, 
the duration of positive pressure ventilation was shortened and supplemental oxygen 
could be stopped earlier in VLBW infants receiving caffeine instead of placebo as sec-
ondary outcome [43]. In the caffeine group, removal of endotracheal tube was possible 
at an earlier gestational age, and the need for postnatal steroids was significantly lower 
[43]. In line with these findings, a Cochrane review described less failure of extubation 
in infants receiving prophylactic methylxanthines [46]. As long-term outcome, the CAP 
trial could show that caffeine reduced BPD, defined as need for supplemental oxygen at 
36 weeks corrected gestational age, from 47% to 36% [43]. This effect was presumably 
linked to the shortened duration of positive pressure respiratory support.  

However, the positive effects of caffeine on development of BPD might result from 
unevaluated benefits of this drug. A recent retrospective study revealed a strong corre-
lation between high serum levels of caffeine and a decreased incidence of BPD in in-
fants born ≤29 weeks GA [47]. Caffeine is a known unspecific inhibitor of phos-
phodiesterase (PDE), and the consecutive bronchodilation by an increase of cyclic AMP 
might support the infants’ respiration [3]. In addition, our data suggest that caffeine 
amplifies the positive effect of prenatal glucocorticosteroids on surfactant-protein B 
expression, indicating a maturational effect of caffeine on the preterm lung (chapter 4). 
In vitro, an additive effect on both transcription and translation of SP-B was shown [48]. 
Furthermore, in vitro studies indicated that unspecific PDE inhibition by caffeine also 
interferes with airway remodelling [49]. In this study, caffeine downregulated TGF-β 
induced connective tissue growth factor (CTGF) expression in lung epithelial cells, most 
likely by PDE-4 inhibition [49]. Inhibition of specific PDE-isoenzymes could therefore 
bear the potential to reduce lung remodelling in the context of BPD. In rodent models, a 
protective effect of PDE-4 inhibitors on BPD development has already been demon-
strated [50-52]. This protective effect was not only attributed to reversal of aberrant 
remodelling, but also through anti-inflammatory action [50, 52]. Modulation of inflam-
mation in preterm infants has also been described for caffeine in a recent clinical study 
[53]. In this study, therapeutic levels of caffeine correlated with a decrease of proin-
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flammatory and an increase of anti-inflammatory cytokines, whereas caffeine levels 
above the therapeutic range were associated with a proinflammatory cytokine profile 
[53]. In a rodent model, caffeine was found to promote anti-inflammatory effects in the 
immature lung when rat pups were prenatally exposed to lipopolysaccharide (LPS) [54]. 
However, if immune-modulatory effects of caffeine are influenced by prenatal cortico-
steroids, as we could describe for SP-B maturation, is still unclear. 

Moreover, data from both the CAP trial and from retrospective cohort studies indi-
cate how important timing of the start of caffeine therapy might be. In a subgroup anal-
ysis of the CAP trial, infants in whom caffeine therapy was initiated early, i.e. <3 days of 
age, had a significantly lower postmenstrual age at last endotracheal intubation and last 
positive pressure ventilation [55]. This suggests a possible mechanism for the decrease 
in BPD rates in infants receiving caffeine <3 days of age in previous retrospective studies 
[45, 56, 57]. Early caffeine in the delivery room has also been used as co-intervention 
when surfactant was administered by LISA [58]. However, in order to develop future 
recommendations, earlier initiation of therapy within the first hours of life or even in 
the delivery room need to be evaluated by currently ongoing clinical trials [59].  

VITAMIN A – AN OLD DRUG REVISITED 
Drugs for postnatal modulation of lung injury have been extensively studied in the past. 
One of the most promising substances is vitamin A. Vitamin A is crucial for fetal lung 
development and maturation, and prerequisite for adequate lung development [60, 61]. 
Retinol and retinoic acid act like steroid hormones, controlling gene expression by bind-
ing to nuclear proteins [62]. In preterm infants, vitamin A availability is lower than in 
term neonates [63]. Low plasma concentrations of retinol in preterm infants are at-
tributed to inadequate transplacental transport, inadequate storage and increased 
tissue utilization [62]. Clinically, vitamin A supplementation reduces mortality and oxy-
gen requirement at 36 weeks, and is therefore considered as a promising pharmacolog-
ical intervention in BPD prevention [64]. However, the number needed to treat in the 
reviewed clinical studies is considerably high (mortality or oxygen requirement at 28 
days of age: number needed to treat (NNT) 20, oxygen at 36 weeks: NNT 13). In addi-
tion, vitamin A is mainly administered via intramuscular administration, and the associ-
ated pain is another reason why vitamin A supplementation is not widely accepted 
amongst clinicians [65, 66]. A less invasive mode of delivery is therefore a promising 
treatment option (chapter 5). Our results showed that vitamin A administered endotra-
cheally to ventilated lambs increased serum levels and lung tissue concentrations (chap-
ter 5). We also found a trend towards higher vitamin A levels in the liver of animals 
treated with endotracheal vitamin A. The “direct route” to the lung might therefore be 
an interesting option for premature infants.  
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In our study, vitamin A was given as bolus directly after surfactant replacement 
therapy. Surfactant has already been tested as carrier for intra-pulmonary delivery of 
antibiotics [67] and corticosteroids [68, 69]. Another option might be inhalation of neb-
ulized vitamin A. Inhaled vitamin A has already been successfully tested for supplemen-
tation in preschool children in Ethiopia [70]. In a neonatal setting, administration of 
drugs via the airways became more available [71]. We could show feasibility of surfac-
tant nebulization in our lamb model (chapter 3). Although our data indicated that at last 
some of the nebulized surfactant does not reach the lung, but is “lost” in the upper 
airways or swallowed to the stomach (chapter 3), vitamin A uptake after nebulization 
might be more effective due to the ability of epithelial cells to take up vitamin A [72], 
and the uptake of swallowed vitamin A in the gastrointestinal tract [73]. Endotracheal or 
nebulized vitamin A in combination with a suitable surfactant preparation might there-
fore not only increase acceptance of vitamin A therapy for preterm infants, but also 
include physiological advantages.  

CONCLUSION AND OUTLOOK: HOW PRECLINICAL MODELS SUPPORT THERAPEUTIC INTERVENTIONS 
The developing lung of the preterm infant is pre-, peri- and postnatally exposed to dif-
ferent stress factors (Figure 1). Their impact on lung development also depends on 
interaction between different insults and interventions. In this thesis, different ap-
proaches to optimization of neonatal respiratory care have successfully been tested in a 
preclinical animal model (chapter 2-5). Preclinical testing can increase safety before new 
therapeutic interventions are tested in premature babies. Furthermore, the strictly 
defined circumstances in a preclinical model allow the concise testing of an intervention 
and in parallel avoid interference by controlling additional parameters which potentially 
influence outcome measures. In the preterm lung, clinical data indicates that different 
pre- and postnatal insults interact. For example, surfactant replacement therapy has 
been shown to be less effective in preterm infants who were exposed to chorioamni-
onitis and developed a fetal inflammatory response [74]. Exploring the pathophysiologi-
cal background of the interactions of two or more hits is not possible without transla-
tional models, which e.g. allowed testing a synthetic surfactant in an in vivo model of 
surfactant inactivation [75]. 

In this thesis, we could show that the effects of maternal steroid therapy interact 
with postnatal caffeine therapy in a synergistic manner (chapter 4). Vitamin A is another 
example how therapeutic interventions depend on prenatal conditions. In a rodent 
model, intrauterine vitamin A deficiency resulted in an abnormal airway smooth muscle 
phenotype, which persisted postnatally regardless of the adult vitamin A status [76]. In 
a sheep model, intraamniotic exposure to inflammation reduced vitamin A in the lung 
[77], indicating that therapeutic benefit also depends on the presence or absence of 
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prenatal inflammation. Translational studies can not only help to improve modes of 
administration of vitamin A (chapter 5), but can aim to test the efficacy of prenatal vit-
amin A, e.g. in a context of chorioamnionitis. In our lamb model, it could also be shown 
that chorioamnionitis interferes with prenatal glucocorticosteroid therapy. This experi-
mental data revealed that the combined effects of prenatal exposure to chorioamni-
onitis and glucocorticosteroids are variable and do not simply “add up”. Inhibition or 
even prevention of impaired structural pulmonary development after exposure to in-
traamniotic lipopolysaccharide depended on the timing of administration of maternal 
steroids [78, 79]. 

In the future, investigation on these combined effects might be the key to individu-
alize therapeutic interventions in the preterm child. Hypotheses of how different expo-
sures and interventions interact will be generated based on knowledge gained from 
large epidemiological trials. Therapeutic interventions tested in preclinical models in the 
context of perinatal insults will then help to optimize neonatal care. Experimental 
knowledge will form the background for randomized, controlled clinical trials, which can 
be planned according to the pre- and postnatal factors with the highest impact on the 
preterm lung. Consequently, postnatal interventions will be tailored individually to help 
the lung recover from early stress without causing more interventional stress than abso-
lutely necessary, based on biology and increasing clinical evidence. 
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NEDERLANDSE SAMENVATTING 
Vroeggeboorte wordt gedefinieerd als geboorte voor een zwangerschapsduur van 37 
weken en de incidentie van vroeggeboorte stijgt wereldwijd. Vroeggeboorte is de be-
langrijkste doodsoorzaak onder pasgeborenen wat neerkomt op bijna één miljoen do-
den wereldwijd in 2013. Vanwege het steeds beter worden van de neonatale zorg zijn in 
de afgelopen 40 jaar de overlevingskansen van vroeggeborenen enorm toegenomen, en 
in het bijzonder van kinderen geboren voor de 28 weken zwangerschap. De voornaam-
ste reden hiervoor is het ontstaan van nieuwe behandelingsopties ter ondersteuning 
van de longfunctie van deze te vroeg geboren baby’s. De bekendste voorbeelden hier-
van zijn maternale steroïden ter stimulatie van de longrijping in utero, het toedienen 
van surfactant - wat ervoor zorgt dat de longen open blijven tijdens het ademen - direct 
in de longen, en verbeterde niet invasieve beademing.  

Echter, de premature long is erg kwetsbaar. Behandelingen die na de geboorte no-
dig zijn om de long goed te laten functioneren en daarmee voldoende zuurstof op te 
kunnen nemen kunnen ook nadelige effecten op de longontwikkeling hebben en long-
schade veroorzaken. Deze longschade kan persisteren en vooral de extreem vroeg ge-
boren kinderen (tussen 22 en 28 weken) hebben een groot risico op het ontwikkelen 
van een chronische longziekte, ook wel bronchopulmonary dysplasia (BPD) genoemd. 
Op latere leeftijd kan zich dit uiten door een verslechterde longfunctie en door een 
groter risico op astma. Echter, de profylaxe en behandeling van chronische longschade 
is zeer complex.  

In dit proefschrift worden verschillende methoden onderzocht om longschade in 
een zo vroeg mogelijk stadium te verminderen, namelijk direct na de geboorte. Voor dit 
onderzoek hebben wij een uniek prematuur schaap model gebruikt waarin behande-
lingsopties werden geoptimaliseerd. Allereerst hebben wij onderzocht hoe door een 
vernieuwde geautomatiseerde techniek de zuurstoftoediening tijdens de beademing 
geoptimaliseerd kan worden. Dit onderzoek toont aan dat een computer algoritme kan 
helpen om zuurstoftoediening te verbeteren door onder andere te voorkomen dat 
teveel zuurstof wordt gegeven. Daarnaast hebben we een nieuwe manier van surfac-
tant toediening getest door gebruik te maken van een vernevelaar waarbij surfactant 
direct in de longen terecht komt. Hierbij werden ook factoren geïdentificeerd die het 
succes van de behandeling kunnen beïnvloeden. Bovendien hebben we onderzocht hoe 
het geven van glucocorticoïden tijdens de zwangerschap en caffeïne na de geboorte 
elkaar beïnvloeden. Deze studie laat zien dat de combinatie van beide medicijnen een 
positief effect heeft op de endogene surfactant productie van de long wat mogelijk leidt 
tot het afnemen van meer invasieve manieren om te beademen. Ten slotte hebben we 
aangetoond dat het geven van vitamine A in combinatie met surfactant direct in de 
longen een potentiele behandelingsoptie is voor longschade. Vitamine A is een belang-
rijke factor voor de ontwikkeling en regeneratie van de longen bij te vroeg geboren 
kinderen.  
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Samengevat, de bevindingen in dit proefschrift dragen bij aan het optimaliseren van 
de behandeling van vroeggeboren kinderen en daarmee het verminderen van long-
schade en het voorkomen van levenslange longproblemen in te vroeg geboren kin-
deren. 
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ENGLISH SUMMARY 
Preterm birth is defined as birth before 37 weeks of gestation, and the rate of preterm 
birth is rising worldwide. Preterm birth is the most important single cause of death in 
the first month of life, with almost a million deaths related to prematurity worldwide in 
2013. However, due to advances in neonatal medicine, survival rates increased dramat-
ically in the past 40 years, especially in infants born very prematurely (i.e. birth before 
28 weeks of gestation). This was achieved mainly by new therapies which support the 
lung function of these very immature babies. Well known examples for these therapies 
are maternal steroid therapy before birth which matures the lung in utero already, 
administering surfactant in the lung, a substance which is important to keep the lung 
open while breathing, and ventilation or ventilatory support. 

However, the preterm lung is very vulnerable. Postnatal therapy of breathing prob-
lems is necessary to guarantee that the lung functions and oxygen reaches the organs. 
But therapeutic interventions can also induce lung injury and interfere with lung devel-
opment. Finally, lung injury can persist and preterm babies can develop a chronic lung 
disease called bronchopulmonary dysplasia (BPD), which is a common diagnosis in chil-
dren born extreme prematurely between 22-28 weeks gestational age. Preterm lung 
injury can therefore have consequences which can last the whole life, e.g. by worsening 
lung function even until adulthood, or by increasing the risk to develop asthma. Howev-
er, prophylaxis and therapy of chronic lung injury is very difficult. 

In this thesis, different ways are explored in order to decrease lung injury at a very 
early stage: directly after birth. We used a unique model of prematurely born lambs to 
investigate optimal therapy. This was done by testing innovative automated techniques 
for oxygen therapy in the delivery room, and we could show that a computer algorithm 
can help to reach this goal by e.g. avoiding that too much oxygen is given. We further 
tested an innovative way to give surfactant into the lung by using a nebulizer, and could 
identify how success of this therapy is influenced by different treatment protocols. 
Furthermore, we investigated how a combination of glucocorticoids and caffeine sup-
ports the preterm lung´s own surfactant production. Finally, we tested a new way to 
give vitamin A, a substance which helps the lung to develop and to regenerate, directly 
where it is most needed: into the lung. 

These results can help to find optimal treatment protocols for preterm infants, and 
hopefully to reduce lung injury and to avoid lifelong lung problems in former preterm 
babies. 
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DEUTSCHE ZUSAMMENFASSUNG 
Frühgeburt ist definiert als Geburt vor der 37. Schwangerschaftswoche. Die Frühgebur-
tenrate nimmt zu, und Frühgeburtlichkeit ist die häufigste Todesursache bei Neugebo-
renen. Allein 2013 sind weltweit fast 1 Million Kinder aufgrund ihrer Frühgeburtlichkeit 
verstorben. Durch große Fortschritte in der medizinischen Versorgung hat die Sterblich-
keit von Frühgeborenen in den letzten 40 Jahren stetig abgenommen, insbesondere bei 
sehr frühgeborenen Kindern unter der 28. Schwangerschaftswoche. Die größten Erfolge 
wurden hierbei durch Therapien erzielt, die die Atmung der Frühgeborenen unterstüt-
zen. Hierzu zählen die Lungenreifebehandlung durch Kortikosteroidgabe an die Mutter, 
die Gabe von Surfactant - einer Substanz, die die Lungenbläschen beim Atmen offenhält 
- direkt in die Lunge, und verbesserte Beatmung bzw. Atemunterstützung. 

Allerdings ist die Lunge des frühgeborenen Kindes sehr verletzlich. Therapien, die 
nach der Geburt die Atmung und damit die Aufnahme von Sauerstoff erleichtern oder 
sogar erst ermöglichen, können unter Umständen auch schädliche Wirkungen auf die 
sich entwickelnde Lunge haben. Lungenschädigungen in so einer frühen Phase des Le-
bens können bleibend sein, und insbesondere sehr kleine Frühgeborene haben ein 
großes Risiko, eine chronische Lungenkrankheit zu entwickeln, die bronchopulmonale 
Dysplasie (BPD). In der späteren Kindheit und selbst im Erwachsenenalter können sich 
bei ehemaligen Frühgeborene noch Veränderungen der Lungenfunktion finden, und das 
Asthmarisiko ist erhöht. Sowohl die Prophylaxe als auch die Therapie der chronischen 
Lungenschädigung sind allerdings sehr schwierig. 

In dieser Arbeit wurden daher Ansätze untersucht, die helfen sollen, eine Lungen-
schädigung so früh wie möglich zu vermindern: direkt nach der Geburt. In einem einzig-
artigen Modell wurden an frühgeborenen Lämmern verschiedene Wege untersucht, wie 
die Behandlung im Kreißsaal optimiert werden kann. Es wurde zum Beispiel untersucht, 
inwieweit mit einem computergestützten Algorithmus, der auf Frühgeborenenintensiv-
stationen zur Steuerung der Sauerstoffkonzentration bei der Beatmung benutzt wird, 
bereits im Kreißsaal die Sauerstoffgabe optimiert werden kann. Diese Arbeit konnte 
zeigen, dass eine solche automatische Steuerung hilfreich ist und z.B. eine Überversor-
gung mit Sauerstoff hilft zu verhindern. Auch wurde eine Technik untersucht, mit deren 
Hilfe der o.g. Surfactant mittels Vernebelung in die Lunge Frühgeborener eingebracht 
werden kann. In dieser Arbeit wurden dabei Faktoren identifiziert, die den Therapieer-
folg einer Surfactantvernebelung beeinflussen können. Des Weiteren wurde untersucht, 
wie die Gabe von Kortikosteroiden vor der Geburt und die Gabe von Koffein nach der 
Geburt einander beeinflussen. Ein wichtiges Ergebnis war hier, dass die Kombination 
beider Therapien eine positive Einfluss auf die Reifung der lungeneigenen Surfactant-
produktion hat, was möglicherweise hilft, invasive Beatmung weniger notwendig zu 
machen. Schließlich wurde in dieser Arbeit gezeigt, dass in Kombination mit Surfactant 
auch die Gabe von Vitamin A direkt in die Lunge eine mögliche Therapieoption zur Be-
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handlung von Lungenschäden ist. Vitamin A ist ein wichtiger Faktor bei der Entwicklung 
und auch der Regeneration der Lunge Frühgeborener.  

Zusammenfassend können die Ergebnisse dieser Arbeit dazu beitragen, die Behand-
lung von frühgeborenen Kindern weiter zu optimieren, um hoffentlich frühestmöglich 
eine Lungenschädigung zu verhindern. 
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RELEVANCE  
My research concentrates on how the transition after birth of infants born prematurely 
(i.e. birth before 37 weeks of gestation) can be improved. Worldwide, the overall rate of 
preterm birth is rising. Due to advances in neonatal medicine, survival rates increased 
dramatically in the past 40 years, especially in infants born very prematurely (i.e. birth 
before 28 weeks of gestation). Nevertheless, preterm birth is still the most important 
single cause for mortality in the neonatal period, with almost a million deaths related to 
prematurity worldwide in 2013.  

The improvement in survival was achieved mainly by implementing therapeutic in-
terventions supporting the lung function of these very immature children. Adequate 
pulmonary function is necessary for gas exchange and is a prerequisite for survival of 
preterm infants. Major milestones in neonatal medicine include antenatal maternal 
steroid therapy to induce lung maturation in utero, exogenous surfactant administra-
tion as replacement therapy for the insufficient endogenous surfactant production in 
the preterm lung, and the appliance of continuous positive airway pressure (CPAP) 
helping to keep the premature airways open and to reduce postnatal lung injury. 

After birth, the preterm lung is very susceptible to injury. Although postnatal thera-
peutic interventions are necessary to establish and maintain pulmonary function, these 
interventions can induce lung injury and interfere with lung development, resulting in 
structural and functional impairment of the lung. Finally, lung injury can persist and con-
tribute to chronic lung disease of preterm children, bronchopulmonary dysplasia (BPD). 
BPD is the most common diagnosis in children born extreme prematurely between 22-28 
weeks gestational age, with incidences reported from approximately 40% to 70%. Recent 
data from the U.S. suggests that the incidence of BPD is rising in this group of extremely 
preterm babies, while mortality decreases. In addition, direct costs for extreme prema-
ture infants increase by more than 31,000$ per child if BPD is present. 

The consequences of preterm lung injury can however last the whole life: Survivors 
of prematurity have per se a higher risk for long-term impairment of lung function pul-
monary morbidities like asthma, and this risk is markedly pronounced in preterm infants 
diagnosed with BPD. Lung function impairment of former very low birth weight infants 
with BPD can be found until adulthood. In addition, BPD is an important independent 
risk factor for an impaired neurocognitive outcome in preterm infants. Therefore, long-
term impairment of quality of life, but also lifelong health care costs put a high burden 
on both the individual and society, reaching far beyond the neonatal period.  

Despite advances in neonatal therapy, prophylactic and therapeutic means for man-
agement of BPD are scarce. Therefore, there is an urgent need to explore new thera-
peutic options, but also to adjust known therapeutic concepts in order to reduce pul-
monary impairment in these vulnerable patients. 
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INNOVATION 
The results described in this thesis all bear the potential to improve pulmonary function 
of preterm infants by optimizing delivery room interventions leading to reduced lung 
injury. We have tested different innovative approaches to achieve this goal by 

- testing technology to improve pharmacological therapy, 

- applying existing procedures in a new environment to a new patient population, 

- combining existing drug therapies to understand synergistic mechanisms, and 

- testing an established pharmacological intervention in a new form of administration. 

Using a unique translational large-animal model, this research paves the way to bring 
these approaches to the patient.  

The results presented in this thesis are of interest for different groups. Patients and 
their parents will profit from improved short- and long-term outcome after premature 
birth. Survivors of preterm birth carry a lifelong health burden. Reducing lung injury can 
help to avoid pulmonary diseases in later childhood and adulthood associated with BPD, 
such as asthma or emphysema, and to avoid morbidities associated with BPD such as 
impaired neurocognitive development. In summary, BPD is associated with impaired qual-
ity of life, but also with a high socioeconomic burden. Research helping to improve the 
preterm lung has therefore positive effects for both the individual patient and for society.  

However, a single gold standard strategy does not exist. A combination of pharma-
cological and technical interventions can be the key to solve this problem. Our results 
are therefore of interest for doctors and caretakers engaged in neonatal intensive care, 
by providing important information about how therapeutic strategies interact or can be 
combined in order to provide best possible care not only with respect to the acute ef-
fects, but also in the context of long-term morbidities of survivors of premature birth.  

Furthermore, these results are of interest for developers of technical equipment and 
infrastructure, but also for pharmaceutical research and pharmaceutical companies. We 
expect that our results regarding different therapeutic strategies help to develop inno-
vative, clinically applicable products already within the next years. 

Our results regarding nebulization of surfactant further show that a close collabora-
tion between pharmaceutical researchers and developers of technical equipment is a 
prerequisite for successful development of an innovative therapeutic strategy. Both 
surfactant replacement and nebulization per se are techniques established in the past 
decades. However, merging these two interventions depends on a variety of factors, as 
we could show in our experiments. Before nebulized surfactant can become a standard 
clinical application, translational research as performed in our model will help to identi-
fy factors interacting with treatment results and lead to optimized treatment protocols. 
Knowledge derived from our experiments forms the basis for clinical tests and helps to 
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establish clinical protocols. As we used commercially available surfactant and technical 
equipment, a clinical protocol can be expected in the near future. 

Our results regarding endotracheal administration of vitamin A are also promising 
regarding its clinical application. Our results identified the endotracheal route as a pos-
sible way to administer an innovative vitamin A preparation in parallel to surfactant 
replacement therapy. The obvious advantage of the endotracheal application is its de-
livery in close proximity to the target organ and its possible potential to increase the VA 
supply where it is needed most: at the alveolar septum. Our results contribute to the 
ongoing research for the optimal supplementation regime by adding a potentially new 
substance allowing for weight-targeted supplementation. In the context of our results 
regarding surfactant nebulization, our results bear the potential of vitamin A supple-
mentation via the endotracheal route in a non-invasive manner. Further translational 
trials will enable us to improve means of vitamin A administration, while clinical trials 
and safety studies are warranted to help to investigate biological and clinical effects.  

Our research also helps to extend the use of newly emerging techniques like closed-
loop ventilation in neonatal care. First, our results showed safety and feasibility of 
closed loop oxygen control in a delivery room setting. Second, we obtained data about 
how biological parameters such as oxygen saturation are influenced by applying tech-
nical solutions. These findings are also a prerequisite for clinical application, and are 
especially important for caretakers on the neonatal intensive care unit. Meeting oxygen 
saturation (SpO2) targets by manually controlling the inspired fraction of oxygen is a 
difficult and time-consuming task. During routine NICU care, SpO2 target ranges are met 
during 50% of the time. Meeting SpO2 targets affects morbidity and mortality, depend-
ing on the target range chosen. Several clinical trials with different devices already have 
proven feasibility of automated closed loop FiO2 control in the NICU for various modes 
of ventilation, mixed populations, and by using different algorithms. In addition, an 
overall reduction of manual interventions during automated control was found in these 
studies, indicating facilitation of caretakers and nursing staff in clinical routine. The 
delivery of oxygen is also crucial in the delivery room setting. In this thesis, we could 
show that automated FiO2 control during mechanical ventilation was feasible in the 
delivery room setting with rapidly changing physiology of fetal transition to extra-
uterine life and during surfactant replacement therapy, and helped to avoid hyperoxia. 
In conclusion, a closed-loop device for control of inspired oxygen can be tailored to 
meet the patient’s needs directly after birth and to support the caretakers in the deliv-
ery room the best possible way. The use of a commercially available device will allow 
easily the next step by launching a clinical trial. 
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