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Abbreviation list
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CO2
CPAP
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nIPPV
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absolute humidity

bronchopulmonary dysplasia
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nasal continuous positive airway pressure
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neonatal intensive care unit

nasal intermittent positive pressure ventilation
nasal synchronized bilevel positive airway pressure
nasal synchronized intermittent positive pressure ventilation
randomized controlled trial

respiratory distress syndrome

respiratory rate

peripheral oxygen saturation



1. Introduction

1.1 Modes of non-invasive respiratory support in neonates

Modern neonatal intensive care offers a broad range of methods to support infants with
respiratory failure. Although severely affected patients still require endotracheal
mechanical ventilation (eMV) or even adjunctive therapies, such as inhaled nitric oxide
or extracorporeal membrane oxygenation,* most neonates can nowadays be stabilized
by non-invasive modes of respiratory support. Current techniques are listed in Tab. 1,
and can be grouped into methods that apply a constant airway pressure and methods
that apply a variable airway pressure.? In addition, low-flow supplemental oxygen is
used as a method to provide oxygen without significant pressure transmission to the

airways.

Tab. 1 Current techniques of non-invasive respiratory support.

Type of pressure
applied

Mode of non-invasive respiratory
support

Clinical status

No significant
airway pressure

Low-flow supplemental oxygen

Established method
in infants with chronic
lung disease

Constant airway
pressure

High-flow nasal cannula (HFNC)

Nasal continuous positive airway
pressure (NCPAP)

Recently established method

Standard of care

Variable airway
pressure

Nasal bilevel positive airway
pressure (NBiPAP)

Nasal intermittent positive pressure
ventilation (nIPPV)

Nasal synchronized bilevel positive
airway pressure (nsBiPAP)

Nasal synchronized intermittent
positive pressure ventilation
(nsIPPV)

Nasal high-frequency oscillatory
ventilation (nHFOV)

Established method

Established method

Prevalence limited,
clinical studies

Prevalence limited,

clinical studies

Prevalence limited,
case series, pilot studies




Clinical use of the diverse respiratory support modes may vary considerably from one
neonatal intensive care unit (NICU) to another, and there is a multitude of different

equipment available.

Apart from various devices that provide the actual mode of non-invasive respiratory
support, different tubing systems and heated humidifiers are applied.® Moreover, there
is a multitude of interfaces, including single and binasal prongs of different lengths and
diameters, nasopharyngeal tubes, nasal masks, nasal cannulae, and helmets.24’
Clinical studies that attempted to prove the superiority of specific devices or interfaces
mostly yielded inconsistent results and were focused on short-term outcomes. There
is a consensus, though, that short binasal prongs have a lower resistance and are
more effective at preventing reintubation than single nasal or nasopharyngeal

prongs.+89

Surveys that investigated the prevalence of non-invasive respiratory support modes
showed that nasal continuous positive airway pressure (nNCPAP) is the current
standard of care for the treatment of neonatal respiratory disorders. In comparison,
nasal bilevel positive airway pressure (nBiPAP) and nasal intermittent positive
pressure ventilation (nIPPV) are less frequently applied.'? Moreover, dedicated
surveys reflect the rapid increase in the clinical use of heated humidified high-flow
nasal cannula (HFNC).*314 In addition, nasal synchronized bilevel positive airway
pressure (nsBiPAP) and nasal synchronized intermittent positive pressure ventilation
(nsIPPV) are being investigated in clinical studies.'>'® Reports about nasal high-
frequency oscillatory ventilation (nHFOV) mostly relate to pilot trials and case

series.1718

A recent clinical report by the American Academy of Pediatrics recognized that the
newer modalities such as nBiPAP, nsBiPAP, nIPPV, nsIPPV and HFNC may offer
some advantages over nCPAP, but warned that efficacy and safety data are still

limited.®



1.2 Mechanisms of action

All'in all, the aforementioned methods of non-invasive respiratory support rely on four

basic mechanisms of action:

1. Pressure transmission to airways and lungs (not during low-flow oxygen)
2. Airflow that enters the airways at the level of the interface
3. Oxygen supplementation (possible with all methods)

4. Pressure oscillations

The major feature of continuous positive airway pressure (CPAP) is the application of
continuous distending pressure. This pressure splints the upper airways,?® decreases
supraglottic and total pulmonary resistance,?%?? increases functional residual
capacity,?® and improves the recruitment of the lungs.?* It is understood that the
increased end-expiratory lung volume stabilizes the infant’'s compliant chest wall and
improves thoracoabdominal synchronization.?>26 The overall effect is a reduced work
of breathing.?” Moreover, the distending pressure reduces obstructive apneas?® and

may preserve stability of oxygenation during central apneas.?®

There are different devices available to generate the CPAP, which either use
continuous flow or variable flow technology. Continuous flow devices deliver a constant
background flow to the inspiratory limb of the breathing circuit, while the CPAP is
generated by an adjustable resistance to gas flow at the end of the expiratory limb.
This adjustable resistance may be the expiratory valve of a neonatal ventilator during
ventilator-derived CPAP or an underwater seal during bubble CPAP.? By contrast,
variable flow devices generate the CPAP pressure close to the nasal orifices via a jet
stream passing through an opening in the nosepiece.33! Some of these devices use
the Coanda effect to attach the jet stream to different surfaces during inspiration and
expiration. This “fluidic flip” technology reduces expiratory resistance and may achieve

more stable pressure at the airway with additional reduction in work of breathing.30.32--35

During bubble CPAP, the bubbles create pressure oscillations that are transmitted
back to the airway opening. This noisy pressure waveform is superimposed on the
pressure fluctuations of spontaneous breathing, and may promote airway opening

events and lung volume recruitment as a result of stochastic resonance.3® Moreover,



the pressure oscillations of bubble CPAP may contribute to effective ventilation by

unconventional mechanisms of gas exchange, such as facilitated diffusion.37:38

Presumably, the flow that enters the airways during CPAP is also important, as it
facilitates expiration by a flow-dependent washout effect of carbon dioxide (CO2) from

the pharyngeal dead space.®°

During HENC, similar flow-related washout effects exist and are probably the most
important mechanism of action.*® Because the HFNC does not have a snug fit in the
nares, additional washout effects may occur at this level.®® By contrast, transmission
of distending pressure is probably less important during HFNC, as bench studies
showed that pressures obtained are highly variable and depend on a multitude of
factors, such as the flow rate, cannula size and nares diameter.*4? Even with less
distending pressure, however, HFNC may reduce resistive work of breathing in the
upper airways during inspiration by provision of gas flows that match or exceed the
patient’s peak inspiratory flow.*3 Notably, clinical studies found that the overall work of
breathing may be similar during nCPAP and HFNC.40:44

As low-flow oxygen lacks the specific action mechanisms of CPAP and HFNC
described above, it is nowadays hardly used in the acute phase of neonatal respiratory
disease, but matters if the weaning phase is prolonged, particularly if long-term oxygen
treatment is required in preterm infants with severe bronchopulmonary dysplasia
(BPD), Tab. 1.4546

At the other end of the spectrum, non-invasive respiratory support modes such as
nBIiPAP, nIPPV, nsBiPAP, nsIPPV and nHFOV attempt to provide “more potent”
respiratory support. These techniques combine the provision of continuous distending
pressure with variable elevations of the airway pressure to recruit the lungs more

efficiently and facilitate CO2 exhalation.

While BiPAP primarily aims at more effective lung volume recruitment by application
of a cyclic shift between a lower and slightly elevated positive airway pressure
(generally no more than 11 cm H20), nIPPV provides higher inspiratory pressures and
shorter inspiratory times to expand the lungs, similar to eMV.*® Unfortunately, the non-
invasive ventilation breaths are rarely transmitted to the chest if they are not

synchronized with the infant’s respiration.4” Therefore, triggered methods such as



nsBiPAP and nsIPPV seek to synchronize the non-invasive ventilator breaths with
patient breathing. Synchronization may be achieved by a flow trigger®, a pneumatic
capsule taped to the abdomen in the subxiphoid area,*® neurally adjusted ventilatory

assist,'%50 or transcutaneous electromyography of the diaphragm.>?

NHFQV is an innovative mode of non-invasive respiratory support that aims to combine
the positive effects of CPAP with the additional benefits of high-frequency pressure
oscillations superimposed on the patient’s tidal breathing. The method has a major
advantage in that it does not require patient-ventilator synchronization.>?
Hypothetically, the oscillatory pressure waveform of nHFOV induces unconventional
mechanisms of gas exchange similar to those identified in invasive high-frequency
oscillatory ventilation (HFOV).®® The impact of the pressure oscillations on CO:2
clearance is considered greater during nHFOV than bubble CPAP, as nHFOV
oscillations are more powerful and have an active expiratory phase.!’ In line with these
assumptions, bench studies showed that nHFOV enhances CO: elimination.5354
Clinical observational studies and a small crossover trial were able to confirm this effect

in the clinical setting.>557



1.3 Clinical efficacy

Non-invasive respiratory support may be used in the acute phase of neonatal
respiratory disorders, the weaning phase, or both. Appropriate choice of non-invasive
treatment depends on several factors, such as the nature and severity of the disease,
the maturity and age of the patient, the actual clinical setting, and the effective

combination with potent pharmacological agents.

To establish the efficacy of these interventions, clinical studies investigated specific
non-invasive treatment strategies in various respiratory conditions. In neonates,
probably the largest amount of clinical research was devoted to the investigation of
non-invasive respiratory support in the treatment of premature infants with respiratory
distress syndrome (RDS). These efforts were mainly undertaken to reduce major

complications of RDS, such as mortality and BPD.

BPD has long been recognized as a pulmonary sequela of eMV and oxygen
supplementation in surfactant-deficient lungs.58%° Subsequently, however, it was
acknowledged that BPD is a multifactorial disease of very preterm infants that can also
develop without prolonged exposure to oxygen or eMV. This so-called “new BPD” is
related to a maturational arrest of the evolving lung. It initially manifests as mild
respiratory distress, but leads to increased oxygen requirements and disturbed lung
development thereafter.5®®° Today, BPD is still a common complication of
prematurity,®! and is associated with long-term impairment of lung function, increased
risk of asthma, worse neurodevelopmental outcomes, impaired school achievement,

and reduced health-related quality of life.52-64

In 1987, a cohort study by Avery et al. revealed that the early use of bubble CPAP
instead of eMV was associated with a considerably lower incidence of BPD.%° At the
time, however, prospective trials did not investigate this finding further. Quite the
opposite, clinical research in the 1990s focused on strategies of early intubation and
endotracheal surfactant administration, followed by brief eMV and extubation to
NCPAP, as this approach appeared to be associated with the lowest incidence of air

leak syndromes and BPD.%8

After 2000, there was renewed interest in using nCPAP as a primary mode of

respiratory support in very premature infants. This had several reasons: First, registry



data revealed that the incidence of BPD remained high in very low birth weight infants
<28 weeks’ gestational age (GA), in spite of widespread use of antenatal steroids and
early surfactant administration.’? Second, animal studies showed that complete
avoidance of eMV by nCPAP treatment reduced indicators of acute pulmonary injury
in alveolar washes. This suggested that avoiding eMV altogether had the potential to
prevent activating the inflammatory cascade in the lung that leads to BPD.®” Third,
several multi-center randomized controlled trials (RCTs) were recruiting patients that
compared nCPAP as a primary mode of respiratory support versus prophylactic or
early selective surfactant treatment.58-’0 In addition, less invasive ways of surfactant
administration during nCPAP were explored’>"? and tested in RCTs.”®74 When the
present thesis was devised in 2012, data from the aforementioned RCTs were
available or upcoming, and some showed trends towards a reduction in BPD. Up until

then, however, these results had not been evaluated systematically in a meta-analysis.

Apart from nCPAP, other non-invasive modes of respiratory support are being used in
neonates, although there is considerably less evidence from clinical trials to document

their efficacy.

HFNC is nowadays recognized as an alternative to NCPAP in many clinical settings.
The main advantage of HFNC appears to be its ease of use. Moreover, it allows better
access to the infant’s face, thus facilitating feeding and bonding with parents.4 A
Cochrane Review in preterm infants analyzed RCTs that compared HFNC with nCPAP
after birth (four studies, 439 patients) and for post-extubation support (six studies, 934
patients). The analyses found no difference in the incidence of death, BPD or treatment
failure.” A recent multi-center RCT, however, compared HFNC with nCPAP after birth
in 546 infants 228 weeks’ GA and showed that treatment failure occurred more
frequently in the HFNC group (26% versus 13%).7 Moreover, concerns have been
raised that HFNC may prolong the weaning phase and exposure to supplemental
oxygen.’”’® Further knowledge gaps include the lack of efficacy data about HFNC use

in premature infants <28 weeks’ GA and its impact on long-term outcomes.

Non-invasive respiratory support modes that apply a variable airway pressure aim to
be more efficient at avoiding eMV than nCPAP, and thereby seek for a reduction of
BPD rates. To date, however, a beneficial effect of these modalities on the incidence
of BPD could not be proven. A recently updated Cochrane review compared RCTs that

applied various forms of nIPPV, nsIPPV and nBiPAP versus nCPAP in extubated
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preterm infants (10 studies, 1431 patients). In the intervention group, there was a
decreased risk of respiratory failure and less need for reintubation, but no difference in
death or BPD. Interestingly, a subgroup analysis of nsIPPV versus nCPAP was
associated with a reduction in BPD (three studies, 181 patients).”® Therefore, future
RCTs should be devised to investigate nsIPPV as an alternative to nCPAP in preterm
infants with RDS, and should consider the use of advanced triggering equipment such
as NAVA .50 Admittedly, the use of NAVA technology may be intricate in VLBW infants.
For these patients, nHFOV might be a suitable alternative to augment gas exchange,
as patient-ventilator synchronization is not needed during nHFOV.%? As previously
mentioned, however, available cohort studies and pilot trials of nHFOV focused on
short-term outcomes such as pCO:2 and were not powered to investigate the effects of

NHFOV on long term treatment efficacy.’18
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1.4 Adverse effects

There are a number of specific adverse effects associated with the use of non-invasive

respiratory support in newborn infants.

At the level of the interface, local adverse effects are a major concern. In particular, the
prolonged use of binasal prongs may lead to progressive flaring of the nostrils, circular
distortion of nares, and flattening of alar ridges.8® Studies of nasal prong CPAP
reported an incidence of nasal injuries between 20 and 60%.8%-%2 Redness, crusting
and excoriation typically occurs at the nasal septum.®? In severe cases, columella
necrosis has been reported and may require plastic reconstruction later in childhood.?
Meticulous nursing care, including appropriate choice of nasal prong size and proper
fixation, are paramount to reducing the aforementioned complications.®* The use of
nasal masks has recently been reported to reduce the incidence of severe nasal
trauma during CPAP therapy,® but nasal masks themselves may cause lesions at the

junction between the nasal septum and the philtrum.8?

Pressure transmission to the airways and lungs is associated with increased risks of
pneumothorax and other air leaks.®® In preterm infants, two multi-center RCTs of
NCPAP reported higher pneumothorax rates of 9% in the CPAP-treated groups, in
comparison with only 3% in the groups that received earlier intubation and
surfactant.%®8” However, similar multi-center RCTs did not replicate these findings,®%7°
and current guidelines recommend nCPAP with early rescue surfactant administration
as a safe alternative to intubation and prophylactic surfactant in the postnatal treatment
of premature infants with RDS.%® A more recent RCT even reported lower
pneumothorax rates of 4.8% and increased survival without major complications if
surfactant was administered via a thin catheter during nCPAP, while the pneumothorax

rate was 12.6% in the group that was intubated for surfactant administration.8°

Benign gaseous distention of the bowel has been reported in preterm infants treated
with nCPAP, and may lead to unnecessary contrast studies and surgery.®° This clinical
presentation has been denoted as “benign CPAP belly syndrome,” as it is not
associated with abdominal complications. Although there are some concerns that the
gaseous distention of the bowel may prolong the duration to achieve full enteral
feeds,% an ultrasound study in very low birthweight infants even reported faster gastric
emptying during nCPAP therapy.®?

12



Noise exposure may be substantial during certain modes of respiratory support. Bench
studies showed particularly high noise intensities during variable flow CPAP,3 helmet
CPAP,” and HFNC.®* Clinical studies in neonates confirmed that noise levels during
variable flow CPAP, bubble CPAP and HFNC often exceeded currently recommended
limits, and there are concerns that this may negatively impact preterm infants’

hearing.®>-%7

Supplementation of oxygen is often required during non-invasive respiratory support
and involves a broad range of risks for neonates. Preterm infants are especially
susceptible to oxidative stress,®® and hyperoxia is a recognized factor in the
pathogenesis of developmental diseases of prematurity, such as BPD5%859.99.100 gnd
retinopathy of prematurity.1%1:192 However, the early use of non-invasive respiratory
support instead of eMV aims to reduce the cumulative duration of any respiratory

support and may also reduce aggregate exposure to supplemental oxygen.

Overall, most data about adverse effects of non-invasive respiratory support relate to
NCPAP trials, and there is much less data about other respiratory support modes. In
the case of HFNC, specific concerns have been raised about the occurrence of air
leaks due to the unpredictable pressure transmission.193-105 However, bench studies
and clinical data indicate that excessive pressure transmission can be avoided by
appropriate choice of nasal cannula prong size and the use of a pressure relief valve
in the circuit.4%1% Encouragingly, a recent meta-analysis showed that the rate of air
leak during HFNC was comparable to that with nCPAP.1%7 With regard to nIPPV, early
reports raised concerns about the occurrence of intestinal perforation,1°® but an
updated Cochrane review did not substantiate these concerns.”® For nsIPPV,

nsBiPAP, and nHFOV, there is hardly any published information about adverse effects.

Finally, it is important to note that the use of N\CPAP and other non-invasive respiratory
support modes is only safe if the patient’s respiratory effort is sufficient to ensure
adequate ventilation. Hypercapnic respiratory failure may evolve unnoticed in preterm
infants and has been associated with an increased incidence of severe intraventricular
hemorrhage (IVH),1° especially during the first days of life.1° Therefore, the aggregate
data from RCTs about non-invasive respiratory support should be carefully and
systematically analyzed for the incidence of side effects to verify the safety of

innovative treatment approaches.
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1.5 Significance of leaks

Leaks are a major issue during non-invasive respiratory support of neonates, as they
have been shown to affect the efficacy of treatment. Moreover, they may be associated

with specific side effects that add to those already mentioned.

Theoretically, leaks can occur at any location between the ventilatory device and the
lungs. This may be due to technical problems, such as an improperly connected tubing
system or a leakage at the interface’s level, such as a nares-prong leak. In this sense,

the term “leak” refers to a respiratory support system that is not airtight.**!

Depending on the interface, leaks may be frequent during non-invasive respiratory
support. In neonates, the common use of nasal interfaces allows the continuous loss
of air through an open mouth, often denoted as “mouth leak.” Moreover, the fit of nasal
masks or nasal prongs is often not airtight, nasopharyngeal tube interfaces implicate
leaks through the contralateral nostril, and nasal cannulae involve an intentional leak
at the nares’ level.? Surprisingly, quantitative information about the incidence and
magnitude of such leaks in infants is scarce.’*?13 |In a previous neonatal crossover
study, we measured the leak during nasopharyngeal CPAP, with and without nostril
occlusion. Spontaneous mouth opening was observed in more than 75% of all
measurements. Leaks were almost invariably present and mostly exceeded the given

measuring range of >90%, corresponding to leak flows of >1.4 |-min-t.114

Hypothetically, such leaks impair successful treatment with non-invasive respiratory

support in various ways:

First, leaks reduce the efficacy of the pressure transmission to the airways by
introducing a discontinuity between the ventilatory device and the lungs.'! A neonatal
bench model of nCPAP demonstrated considerable pressure drops from the prongs to
the test lung when nares-prong leaks were simulated.'*® In line with these results, a
clinical study in 11 preterm infants on binasal bubble CPAP showed an increase in
pharyngeal pressure when the mouth was actively closed.1!® The actual effects of leaks
on oxygenation and breathing patterns, however, have never been investigated in

infants.

Second, leaks may impede triggering during nsBIPAP or nsIPPV if airway pressure or

flow-triggering systems are used for synchronization. However, specially designed flow

14



triggers exist that are less sensitive to leaks,*® and other innovative triggering methods
such as NAVA or diaphragmatic electromyography may circumvent this problem
altogether.16:51

Third, continuous bedside monitoring of tidal breathing parameters would be desirable
during non-invasive respiratory support to guide treatment, but leaks were shown to

interfere with such measurements.113.114.117

The presence of leaks may also have positive effects on gas exchange, as leaks
facilitate COz exhalation. During HFNC, the intentional leak around the nasal cannula
and the high flow rate may prevent expired gas from reentering the nasal prongs, thus
eliminating apparatus dead space. In line with this hypothesis, a recent bench study
reported considerably lower CO2 washout times during HFNC than during nCPAP,
even when a mouth-closed condition was simulated.®® In the same study, the quickest
CO2 washout occurred with the mouth-open condition, no matter whether HFNC or
NCPAP was applied. This observation can be explained by a unidirectional gas flow in
through the nose and out through the mouth.'811° Hypothetically, such a continuous
leak flow effectively reduces ventilatory dead space by CO2 washout from the naso-

and oropharynx and supersedes CO:2 exhalation via the nasal airway route.3%53

Unfortunately, the unidirectional leak flow through the mouth also involves a range of
undesired effects. These effects were well documented in adults receiving CPAP
treatment, and include sensations of oral and nasal dryness, increases in nasal
mucosal blood flux and resistance, and congestion of nasal airways.''8-120 |t should be
noted that sedated patients and small children are unable to declare such symptoms,
and it is likely that similar adverse effects exist in infants. The impact of leaks on upper
airway dryness, however, has never been investigated systematically in infants on non-

invasive respiratory support.
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1.6 Significance of heated humidification

Adequate heating and humidification of breathing gas are crucial to preventing adverse
effects associated with heat loss and airway desiccation during non-invasive
respiratory support.t?! In preterm infants, it has also been suggested that the provision
of warmed and humidified gas increases HFNC's efficacy by minimizing the metabolic
work of breathing, and improving respiratory conductance and pulmonary

compliance.43.122

Under normal circumstances, the nose and upper respiratory tract heat and humidify
the inspired air in order to achieve constant gas conditions within the lungs.'?3 Dery et
al. investigated the resulting temperature and humidity gradients along the respiratory
tract in adults breathing room air, and found that the gas reached 37°C and 100%
relative humidity five cm below the carina.'?* The position of this “isothermic saturation
boundary,” however, depends on the heat and moisture content of the inspired air, and
moves further downward during oral breathing or with increased minute

ventilation.125-127

During eMV, bypassing the upper airways places a greater burden of gas conditioning
on the lower airways. Insufficient heating and humidification of the delivered breathing
gas is associated with histological damage and functional impairment of the airway
mucosa, including the ciliated epithelium in the tracheobronchial tree.*?3 This leads to
increased mucous viscosity, depressed cilicary function, and impaired mucociliary
clearance of secretions, which increases the risk of airway obstruction and respiratory
infection. Moreover, the loss of body water and heat may have important clinical
implications in infants, who have a higher minute ventilation-to-body surface area

ratio.128

During non-invasive respiratory support, inspired gas passes through the upper
airways where it is conditioned, but the high flow rates applied may overwhelm the
usual airway humidification mechanisms, especially in the presence of leaks.*?! As
previously mentioned, the mouth leak is a well-recognized problem in adult patients on
CPAP, as the unidirectional leak flow through the mouth causes severe desiccation of
the naso- and oropharynx, increased nasal resistance, and increased nasal
congestion.119120 |nterestingly, these adverse effects could be attenuated by heated

humidification of the breathing gas.''®'?° In neonates, only a few studies genuinely
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investigated gas conditioning during non-invasive respiratory support. A long time ago,
a small cohort study in premature infants reported that crusting and clogging of
nasopharyngeal CPAP tubes could be prevented by heated humidification.13° A
randomized crossover trial of 12 preterm infants on nCPAP compared two temperature
settings of the heated humidifier, but did not detect consistent effects on vital
parameters.3! Recently, a neonatal manikin study systematically assessed the effects
of HFNC, low-flow oxygen and various modalities of nCPAP on oropharyngeal gas
conditions during heated humidification. The tested devices all achieved
oropharyngeal temperature >33°C and relative humidity >80%. This study, however,
did not simulate the effects of patient breathing and did not investigate the impact of
mouth leaks.?

In spite of the limited published evidence about gas conditioning in neonates, heated
humidifiers are nowadays a key component of the ventilatory circuit during non-
invasive respiratory support. Specifically, there is a consensus that heated
humidification is a prerequisite for the use of HFNC, which applies the flow of 2-8 |-min-t
to the neonatal nose, which would otherwise cause adverse effects.®42 The devices
themselves have technologically evolved over the years.3? In neonatal intensive care,
servo controlled pass-over humidifiers are frequently used. These devices apply
“single point temperature control” algorithms to target a constant temperature at the
chamber outlet.33 Unfortunately, these devices are strongly influenced by
environmental conditions and ventilatory settings.*3* Therefore, the efficacy of heated
humidification should be investigated actively whenever novel modes of respiratory
support are developed in preterm infants. Notably, a neonatal bench study of invasive
HFOV showed larger water losses for low HFOV frequencies and high amplitudes,3®

but gas conditioning has never been explored during nHFOV.
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1.7 Aims and objectives

In summary, available evidence about the efficacy and side effects of non-invasive
respiratory support justifies the frequent use of these treatments in the NICU. However,
clinical studies in infants mostly related to nCPAP, and many open questions remain.
Non-invasive strategies that avoid eMV in the primary treatment of RDS are evolving,
but the significance of these approaches needs to be assessed, especially with regard
to the prevention of BPD and other complications of prematurity. Further knowledge
gaps relate to the impact of leaks on the efficacy of non-invasive respiratory support.
Moreover, little is known in neonates about leak-related side effects and the impact of
heated humidification. Finally, much more research is needed on innovative modes of

non-invasive respiratory support, such as nHFOV.

The present habilitation thesis aimed to address these issues in order to extend the
knowledge about the efficacy and adverse effects of non-invasive respiratory support
in neonates. Specifically, the following research objectives were pursued:

1. To investigate the impact of non-invasive respiratory support strategies on BPD and
IVH in a meta-analysis of RCTs, considering published and previously unpublished

stratified data for infants <30 weeks’ GA.

2. To analyze the effects of nose and mouth leaks on oxygenation and respiratory rate

(RR) during neonatal CPAP, using data from a clinical crossover study.

3. To obtain information about the prevalence, clinical practice and side effects of

NHFOV in an international survey.

4. To develop a neonatal bench model suitable to investigate the impact of leaks and

heated humidification on oropharyngeal temperature and humidity during nCPAP.

5. To investigate the effects of nHFOV on oropharyngeal gas conditions in the

previously designed bench model.
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2. Original research

2.1 Impact of strategies to avoid endotracheal mechanical ventilation
on the incidence of bronchopulmonary dysplasia in preterm infants

<30 weeks’ gestational age

Fischer HS, Buhrer C. Avoiding endotracheal ventilation to prevent bronchopulmonary
dysplasia: a meta-analysis. Pediatrics. 2013;132(5):e1351-1360

To assess the clinical benefits of avoiding eMV in premature infants at high risk of BPD,
we performed a meta-analysis of RCTs in preterm infants <30 weeks’ GA. The primary
outcome was the incidence of death or BPD, defined as oxygen treatment at 36 weeks’
GA.>® As preterm infants are particularly vulnerable to IVH during the first days of
life, 109110 severe IVH (Papile grade three or four) was investigated as a secondary
outcome.'3® RCTs were eligible for meta-analysis if they compared a strategy that
aimed at avoidance of eMV with a control group in which eMV was performed at an
earlier stage. Data search, extraction and analysis followed the standard methodology
of the Cochrane Neonatal Review Group.'3’ After completing the literature search, we
requested previously unpublished stratified data from the corresponding authors of two
RCTs.’48” Thanks to their cooperation, we were able to meta-analyze seven RCTs

comprising a total of 3289 patients.

All included studies either used nCPAP alone or nCPAP combined with surfactant
administration via a thin catheter to avoid eMV. The meta-analysis showed that
applying these strategies in preterm infants <30 weeks’ GA reduced the overall
incidence of death or BPD from 42.4% to 39.6% (p=0.01, number needed to treat=35),
without increasing the incidence of IVH.138

The relatively small benefit of the “non-invasive approach” on the outcome death or
BPD and the high percentage of preterm infants who eventually required intubation
and eMV in the nCPAP groups (31-83% in the included RCTSs) suggested that further

studies are needed to improve the efficacy of non-invasive respiratory support.
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2.2 Influence of nose and mouth leaks on peripheral oxygen

saturation during continuous positive airway pressure in neonates

Fischer HS, Roehr CC, Proquitté H, Schmalisch G. Influence of nose and mouth leaks
on peripheral oxygen saturation during continuous positive airway pressure in
neonates. World J Pediatr. 2013;9(4):318-322

The presence of leaks at the nasal interface or through the open mouth may have been
one reason why nCPAP was less effective to avoid eMV in neonatal RCTSs. In preterm
infants with RDS, increasing levels of nCPAP (0, 2, 4, 6, and 8 cm H20) were shown
to result in higher tidal volumes, higher end-expiratory lung volumes and better
thoracoabdominal synchronization.?®6 By contrast, nCPAP failure is often the
consequence of a gradual clinical deterioration, which is heralded by increased CPAP-
and oxygen requirements.3® Hypothetically, the presence of leaks could have a role
in this process, as they impair pressure transmission to the airways!'® and may
therefore allow derecruitment of the lungs. To our knowledge, however, the impact of
leaks on oxygenation and breathing pattern has never been investigated during
neonatal CPAP.

To assess the influence of leaks on oxygenation and RR in the clinical setting, we
analyzed monitoring data from a previous randomized crossover trial of 32 newborns
on nasopharyngeal CPAP.14 In this trial, peripheral oxygen saturation (SpO2) and RR
measurements were taken with and without occlusion of the contralateral nostril, and
were recorded in one-minute intervals over a 10-minute period during each condition.

Mouth position was documented as “open” or “closed.”

The study results showed no significant impact of nostril occlusion or mouth opening
on SpO2. However, in a subgroup analysis of 17 infants with a SpO2 <93% during open
nostril, active nostril occlusion resulted in a higher SpO2 [median(range) 91(80-96)%
versus 89.5(78.5-93)%, p=0.036]. In the whole study group, RR was slightly lower
during nostril occlusion [median(range) 48(32-85) min? versus 50.5(26-82) min,
p=0.027].140
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2.3 Exploring the prevalence, clinical application and side effects
of nasal high-frequency oscillatory ventilation in neonatal intensive

care units

Fischer HS, Bohlin K, Buhrer C, Schmalisch G, Cremer M, Reiss |, Czernik C. Nasal
high-frequency oscillation ventilation in neonates: a survey in five European countries.
Eur J Pediatr. 2015;174(4):465-471

Hypercapnic respiratory failure is another reason why neonates may fail nCPAP
therapy. This may occur due to poor respiratory drive or due to respiratory fatigue of
the infant. NHFOV is a promising mode of non-invasive ventilation that combines the
application of a continuous distending pressure with high-frequency oscillations to
facilitate CO2 exhalation.'”'® To date, however, there is little evidence to support its

efficiency and safety.

To obtain information about the current clinical use and experience with nHFOV in
neonates, we conducted a survey in five European countries (Austria, Switzerland,
Germany, the Netherlands and Sweden). Clinical directors of NICUs who provide the
highest level of care in their country were requested to provide data about their use of
NHFOV. The 26-item questionnaire inquired about indications for nHFOV, equipment
used, ventilator settings and side effects.

Altogether, 172/186 (92%) of all contacted neonatologists took part in the survey, and
30/172 (17%) of the participants affirmed the use of nHFOV. NICUs who used nHFOV
differed substantially with regard to their nHFOV equipment, indications and settings.
Interestingly, thick, almost solid secretions in 7/30 (23%) and upper airway obstruction

due to secretions in 8/30 (27%) were reported as specific n(HFOV side effects.14!

These observations suggested that nHFOV reduces air humidity in the upper airways,
and may lead to the desiccation of secretions. The particular factors that caused this

problem, however, were not known and required further research.
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2.4 Influence of mouth opening on oropharyngeal humidification
and temperature during neonatal continuous positive airway

pressure

Fischer HS, Ullrich TL, Buhrer C, Czernik C, Schmalisch G. Influence of mouth
opening on oropharyngeal humidification and temperature in a bench model of

neonatal continuous positive airway pressure. Med Eng Phys. 2017;40:87-94

This bench model was designed to investigate factors that could negatively impact
oropharyngeal humidity and temperature during non-invasive respiratory support of
neonates. Because the unilateral leak flow through an open mouth was hypothesized
to be one cause of upper airway desiccation, we placed importance on the simulation

of open and closed mouth conditions.

As shown in Fig. 1, an active lung model with adjustable RR was used to simulate
infant breathing, and a modified rubber ball served as a model oropharynx. An
interposed pass-over humidifier simulated the exhalation of heated and humidified air
to the oropharynx. Oropharyngeal temperature and humidity were measured by a
digital thermo-hygro sensor. An occludable opening in the model oropharynx allowed

the simulation of mouth leaks.

In the first set of measurements, the model was tested during unsupported breathing.
It was shown that near-physiological gas conditions could be obtained in the model
oropharynx and mouth opening had no significant effect. In the second set of
measurements, the influence of mouth opening was investigated during nCPAP using
three different scenarios: 1) no conditioning in the CPAP circuit, 2) heating only, and
3) heated humidification. In all scenarios, mouth opening significantly reduced the
mean absolute humidity (AH) in the model oropharynx (p<0.001, respectively), which
fell to an AH of 3.0 £0.3 g m~ without conditioning. During heated humidification,
however, temperature and AH remained within clinically acceptable limits, regardless
of whether the mouth was closed (AH 42.6 0.9 g m~2 with an occluded model mouth

versus 35.7 +1.9 g m~3 with an open mouth, p < 0.001).14?
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Fig. 1 Experimental set-up used to investigate the influence of mouth opening on temperature
and humidity in the model oropharynx. The model mouth was occluded with a cone-shaped
silicone stopper as needed. Binasal prongs and the CPAP circuit were used in the second
series of experiments. (Fischer et al., Med Eng Phys 2017; open access article under the CC

BY-NC-ND license)!#?
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2.5 Impact of nasal high-frequency oscillatory ventilation on

oropharyngeal humidification and temperature

Ullrich TL, Czernik C, Buhrer C, Schmalisch G, Fischer HS. Nasal high-frequency
oscillatory ventilation impairs heated humidification: a neonatal bench study. Pediatr
Pulmonol. 2017;52(11):1455-1460

The nHFOV survey indicated that upper airway obstruction due to highly viscous
secretions is an adverse effect that occurred more frequently during nHFOV than
during nCPAP (publication 2.3).14! Hypothetically, this may be due to a direct impact
of nHFOV on oropharyngeal gas conditioning. We therefore investigated the effects of
the nHFOV pressure oscillations on oropharyngeal T and AH, using the bench model
described in publication 2.4 (Fig 1).14

To differentiate the influence of different ventilatory settings, oropharyngeal
temperature and humidity were measured at various nHFOV frequencies (7, 10, 13
Hz), amplitudes (10, 20, 30 cm H20), and inspiratory-to-expiratory ratios (l:E ratios)
(25:75, 33:66, 50:50), and also during nCPAP. All experiments were conducted with

an open model mouth.

The use of nHFOV led to a lower temperature and AH in the model oropharynx in
comparison with nCPAP (p<0.001, respectively). During nHFOV, decreasing
frequency and increasing amplitude both impacted negatively on temperature and AH
(p<0.001, respectively). Mean temperature and AH decreased from a maximum during
NCPAP (T 34.8£0.6°C, AH 39.3+1.3 g'm?) to a minimum when nHFOV with a
frequency of 7 Hz and an amplitude of 30 cm H20 was used (T 32.4 + 0.3°C, AH 34.7
+ 0.5 g-m~3). Increasing the I:E ratio also resulted in a reduction of oropharyngeal
temperature and AH (p = 0.03).143

In summary, the bench data showed that nHFOV negatively impacted gas conditioning
in the model oropharynx. In particular, intensified nHFOV settings with low frequencies,
high amplitudes, and high I:E ratios may be associated with an increased risk of

adverse effects due to upper airway desiccation in the clinical setting.
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3. Discussion

The present habilitation thesis relied on different methodologies to investigate the
efficacy and safety of non-invasive respiratory support in neonates. Specifically, it
included a meta-analysis, a clinical study, a survey and two in vitro studies using a

newly-devised mechanical bench model.

The meta-analysis explored the efficacy and safety of approaches aimed at avoiding
eMV in the treatment of very premature infants with respiratory distress. It was shown
that the use of non-invasive respiratory support strategies to avoid eMV reduced the
incidence of death or BPD without increasing the risk of IVH.13® At the time, this was
the largest meta-analysis investigating non-invasive respiratory support as an
alternative to earlier intubation and surfactant, and the first to also include RCTs of
surfactant administration via a thin catheter during nCPAP.”374 Particular strengths of
this meta-analysis were the strict adherence to Cochrane methodology in a
predetermined study protocol,*3” and the use of previously unpublished stratified data
for infants <30 weeks’ GA. The latter allowed us to target those infants at the highest
risk of BPD and IVH. The main limitation of our study was the restricted focus on only
two outcomes (BPD and IVH). In spite of this, the meta-analysis supported the view
that avoiding eMV by using nCPAP is beneficial and safe in preterm infants <30 weeks’

GA, and represents a viable alternative to early intubation and surfactant therapy.

Since the completion of our meta-analysis, a considerable number of new RCTs and
meta-analyses have been published that investigated specific strategies of non-
invasive respiratory support in very preterm infants. A meta-analysis of four RCTs by
Schmolzer et al., published immediately prior to ours, evaluated the effect of NCPAP
compared with intubation in preterm infants born at <32 weeks' GA. They reported a
similar reduction in death or BPD at 36 weeks’ corrected GA, with a number needed to
treat of 25, and found no differences in pneumothorax, severe IVH, and other adverse
outcomes of prematurity.*** Similarly, an updated Cochrane review found that
prophylactic nCPAP after birth in comparison with eMV reduced both the need for
surfactant and the incidence of death or BPD in preterm infants born at <32 weeks'
GA.1*® |sayama et al. meta-analyzed RCTs that compared early INSURE with NCPAP
in preterm infants of up to 35 weeks’ corrected GA and detected no difference in seven

main outcomes, including BPD.14¢ More recently, surfactant application during nCPAP
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has attracted particular attention, as these techniques appear to combine the benefits
of surfactant with the benefits of a CPAP-only approach.'’” The idea of surfactant
administration by using a thin catheter during spontaneous breathing was first
described by Verder et al. in 1992.1%8 Interestingly, this method of “less invasive
surfactant administration” (LISA) was only developed further by Kribs et al. after the
year 2000.”* It has since been adopted by many European NICUs,4%1%0 and was
tested in a number of RCTs.”3748%151 Notably, the NINSAPP multi-center RCT
compared LISA versus conventional surfactant application during eMV in extremely
preterm infants of <27 weeks’ GA. Although LISA did not increase survival without
BPD, LISA was associated with increased survival without major complications.®® Apart
from LISA, other methods of less invasive surfactant delivery are emerging.'#7:152 Most
importantly, Dargaville et al. devised a technique of surfactant application via
orotracheal catheterization using a semi-rigid, narrow-bore vascular catheter. This
method was termed “minimally invasive surfactant therapy” (MIST) and does not
require the use of a Magill forceps.”? To date, it has only been tested in cohort studies
and a pilot RCT,3-15 put in 2018, the first multi-center data of the “OPTIMIST-A” trial
is awaited, which aims to assess the impact of MIST on survival without BPD in preterm
infants of 25-28 weeks’ GA.1%® For now, several conventional meta-analyses and a
Bayesian random-effects network meta-analysis indicate that nCPAP in combination
with LISA or MIST is currently the most efficient strategy of non-invasive respiratory

support to reduce the combined outcome of death or BPD in preterm infants.157-160

With regard to IVH, our meta-analysis confirmed that non-invasive respiratory support
is a safe approach in the primary treatment of preterm infants with RDS. It implies that
concerns about hypercapnia with consequential IVH during nCPAP treatment are
unsubstantiated if appropriate thresholds for “rescue” intubation and surfactant are set.
This finding is in accordance with recent results of a multi-center RCT and a meta-
analysis in mechanically-ventilated preterm infants, which showed that the incidence
of severe IVH did not increase if higher than normal pCO, values of up to 65 mmHg

were accepted on days one to three.16%.162

While a lot of research activities were dedicated to the investigation of surfactant and
specific non-invasive respiratory support strategies in very preterm infants, there is
only limited knowledge about the significance of leaks during neonatal CPAP. In a

clinical crossover study of experimental nostril occlusion in 32 neonates on
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nasopharyngeal CPAP, we assessed the influence of nose leaks and spontaneous
mouth opening on SpO2 and RR. Nostril occlusion resulted in a marginal reduction of
RR, but had no effect on SpO2. Only in a subgroup of 17 infants with a SpO2 <93%
during open nostril, median SpO:2 increased from 89.5 to 91% during nostril occlusion.
No effects of mouth opening could be shown.'*° To our knowledge, this was the first
clinical study that investigated the impact of leaks on SpO2 and RR during neonatal
CPAP. It is reasonable to assume that the positive effect of nostril occlusion on SpO:
was due to improved CPAP transmission,*'® as CPAP is known to stabilize functional
residual capacity and oxygenation.?®2° If leak reduction improves oxygenation during
neonatal CPAP therapy, this finding might be clinically relevant, as intermittent
hypoxemic episodes were associated with severe retinopathy of prematurity in infants
of <28 weeks’ gestation.'®® The present study results, however, need to be interpreted
with caution. First, the effects on SpO2 were only evident in a subgroup analysis, and
the effect size was small. Second, the study only assessed short-term effects on two
monitoring parameters, whereas the long-term outcomes of leak reduction remain
unknown. Third, too few study patients opened and closed their mouths during the

measurement period to assess the true impact of mouth leaks.

From a clinical point of view, nose leaks are nowadays easily minimized by the use of
a closely-fitting binasal prong interface, whereas mouth leaks remain a significant
problem. To date, it is unknown whether deliberate mouth occlusion would result in
better long-term outcomes, and our study did not address this question. Interestingly,
chin straps and pacifiers have recently been recommended to reduce mouth leaks and
maintain airway pressure during nCPAP.8* The efficacy and safety of these measures,
however, remains to be proven. A recent crossover trial by Ahmadpour-Kacho
investigated the introduction of a pacifier to elicit non-nutritive sucking in 25 preterm
infants treated with nCPAP. The intervention resulted in a small but statistically
significant increase of SpO2 from 96.3 to 98.4%.164 Overall, the limited data available
suggests that measures to reduce leaks during neonatal CPAP may have small

beneficial effects and warrant further clinical studies.

The use of NnHFQV is another approach to enhance the beneficial effects of nCPAP.
Due to the paucity of clinical data about nHFOV, we decided to conduct a survey in the
tertiary NICUs of five European countries. Surprisingly, nHFOV was already being
used by 30/172 (17%) of the responders. The substantial differences in nHFOV
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equipment, indications and settings reported by the survey participants underlined the
urgent need for clinical trials about nHFOV. Notably, for the first time, “thick secretions”
and “upper airway obstruction due to secretions” were reported as specific nHFOV side
effects that occurred more frequently during nHFOV than during nCPAP.14! This was
the very first survey dedicated to nHFOV, and the first study that inquired into its side
effects. The results can be considered representative due to the 92% response rate
and the detailed responses of all nHFOV users. The main limitation was the obvious
fact that the survey data was merely based on individual experiences and preferences.
As these may have been subjective or biased, the efficacy of nHFOV still needs to be

proven. Another limitation was the restricted focus on European countries.

In the meantime, Mukerji et al. have conducted a survey of non-invasive respiratory
support practices in Canada. With a response rate of 93%, a reported nHFOV use of
5/28 (18%) in tertiary NICUs and a wide variation of clinical practices, their results were
similar to the European survey.'%> A number of clinical reports, a crossover trial and
two pilot RCTs have since enhanced our knowledge about nHFOV’s clinical efficacy:
Aktas et al. presented a small case series of nHFOV application via a new binasal
cannula interface in extremely low birthweight infants. They successfully used nHFOV
to avoid reintubation in three patients.% In the abstract of a cohort study published in
Chinese language by Wang et al., they confirmed previous reports that nHFOV in very
low birthweight infants was associated with a reduction of apneas, oxygen
desaturations and pC0O2.1%7 For the first time, De Luca et al. tested nHFOV in four older
infants/toddlers of about one year old. They documented an effective pressure
transmission by a face mask, but also observed a considerable dampening effect of
the pressure oscillations between the ventilator and the mask.1%8 Mukerji et al. reported
a pilot RCT of nHFOV versus nBIiPAP in 39 infants with a birthweight of <1250 g who
failed NCPAP therapy. They could not show statistically significant effects, but there
was a trend towards less treatment failure in the nHFOV group (38% versus 65%,
p=0.09).1%% In a clinical crossover trial, Klotz et al. compared nHFOV with nCPAP in 26
preterm infants <32 weeks’ GA following LISA or extubation. They found that the pCO2
after four hours of nHFOV compared with four hours of NCPAP was not different.1’© In
a pilot RCT of nHFOV versus nCPAP in preterm infants with moderate to severe RDS,
Zhu et al. showed a reduced need for eMV in the nHFOV group (24% versus 56%,
p<0.01).17%
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In spite of the aforementioned reports, the overall data about the efficacy of nHFOV is
still limited. The available evidence from recent trials suggests some clinical benefits
for nHFOV, but also indicates that pilot studies from single centers will be insufficient
for examining long-term outcomes. Future RCTs should therefore employ a multi-
center approach, focusing on those infants with a high risk of BPD and other
complications of prematurity. In particular, it might be promising to conduct a multi-
center RCT to investigate nHFOV in the primary treatment of more severe RDS in

preterm infants of 24-28 weeks’ GA.1"?

With regard to adverse effects, only the cohort study by Wang et al. reported nasal
septum injury in 4/36 (11%) of all nHFOV cases,®” but this could have happened
likewise during nCPAP. Overall, it is encouraging that side effects seemed to be
extremely rare in all clinical reports of nHFOV. The aforementioned studies, however,
were neither designed nor powered to detect specific adverse events. Importantly,
further research was needed to clarify the apparent nHFOV-related side effects of
upper airway obstruction due to highly viscous secretions reported in the European
survey. As previously mentioned, similar symptoms of crusting secretions and tube
blockage were observed during nasopharyngeal CPAP prior to the era of heated
humidification.'3° We therefore hypothesized that nHFOV negatively impacts heated
humidification and thus allows desiccation of the upper airways. Because temperature
and humidity measurements in the upper airways would be extremely intricate in
neonates, we decided to design a neonatal bench model suitable for simulating

oropharyngeal gas conditions during non-invasive respiratory support.

The neonatal bench model was first devised to investigate the impact of mouth opening
on oropharyngeal temperature and AH during nCPAP. Initial experiments during
unsupported breathing confirmed that the model was suitable for simulating stable and
near-physiological temperature and humidity in the model oropharynx. During nCPAP,
the mouth leak had a considerable negative impact on temperature and AH during
three different scenarios of gas conditioning. With heating only or without gas
conditioning, the AH reductions were extreme and resulted in AH values of <4.5 g-m3,
respectively. Even during heated humidification, mouth opening considerably impaired
oropharyngeal gas conditions, with a decrease in AH from 42.6 g-m™3to 35.7 g-m™3.142
To our knowledge, this was the first study to specifically investigate the impact of mouth

leaks on upper airway temperature and AH during neonatal CPAP. The new bench
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model combined several well-established features, such as a thermo-stable incubator
environment,3173 a miniaturized thermo-hygro sensor'®? and the intentional simulation
of a mouth leak.4! Furthermore, an extra heated humidifier was interposed between
the active model lung and the oropharynx to simulate the recurrent expiration of heated
and humidified air (Fig. 1). In spite of these efforts to create realistic gas conditions in
the model oropharynx, the study results need to be interpreted cautiously. It is obvious
that the mechanical bench model greatly simplified the pharyngeal anatomy, and was
not designed to simulate the complex physiology of heat and moisture exchange in the
upper airways.?>126.174 Moreover, the accuracy of the capacitive humidity sensor may
have been limited during high humidity levels.1’ On the other hand, the bench study
yielded reproducible results that were entirely plausible. Mouth leaks are recognized
contributors to oropharyngeal gas conditions during non-invasive respiratory
support,’?? and the findings of reduced oropharyngeal temperature and AH during

mouth leaks are consistent with clinical studies in adults.119.129

In the future, the present bench model could assist in shedding light on the factors that
influence oropharyngeal gas conditions during non-invasive respiratory support in
neonates. In particular, the model would be suited for investigating the impact of mouth
leaks during different non-invasive respiratory support modes and to assess the impact
of different ventilatory settings. It could also be applied to compare different equipment,
such as various ventilatory devices, interfaces or heated humidifiers. Recently, we
used the model to conduct a bench study of neonatal HFNC. During occluded mouth,
oropharyngeal temperature and AH increased with increasing flow. In the presence of
an open mouth, however, temperature and AH plateaued if flows of >6 L-min-! were
applied.1’® To answer the original question of whether nHFOV influences heated

humidification, another bench study was performed.

The bench study of nNHFOV aimed to investigate the impact of the nasal high-frequency
oscillations on oropharyngeal temperature and AH. For this purpose, measurements
were conducted during nHFOV using different ventilatory parameters, and during
NCPAP. As the previous study during nCPAP had shown that the open mouth condition
represents the greatest challenge for heated humidification, all measurements were
taken during open mouth. In comparison with nCPAP, nHFOV impaired the
oropharyngeal gas conditions, with a resultant decrease in AH from a maximum of

39.3 g'm3 to a minimum of 34.7 g-m3. Specifically, lower nHFOV frequencies, higher
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amplitudes, and higher L.E ratios reduced temperature and AH in the model
oropharynx.1#3 As these are results of a bench study, they should ideally be confirmed
in a clinical trial. In particular, it is difficult to say which decreases of temperature and
AH would be clinically relevant to avoid side effects during nHFOV. In spite of this, the
present study clearly showed that nHFOV negatively impacted oropharyngeal gas
conditions, and thus indicated that previously reported adverse events of highly
viscous secretions and consecutive upper airway obstruction can be related directly
with the use of nHFOV.

Interestingly, the decreased efficiency of heated humidification was associated with
ventilatory settings of n(HFOV that are known to enhance nHFOV tidal volume and COz2
elimination.>*177 Although the exact mechanisms of heat and moisture exchange
during nHFOV still need to be elucidated, these findings are of immediate clinical
relevance. Clinicians should be aware that intensifying ventilatory settings of nHFOV
puts their patients at increased risk of upper airway desiccation and potentially
dangerous airway obstruction. Hypothetically, even partial airway obstruction could
increase airway resistance and may represent an under-recognized reason for n(HFOV
failure. Preemptive measures to avoid these problems are needed but have never
been explored. According to our previous study about the impact of mouth leaks during
NCPAP, leak reduction by a chin strap or a pacifier could theoretically be an option for
improving oropharyngeal gas conditioning.1#> However, a recent bench study by Klotz
et al. showed that moderate leakage is necessary to achieve the most effective CO:2
elimination during nHFOV.53 Future bench studies and clinical trials should therefore
be dedicated to investigating strategies to optimize heated humidification during
neonatal nHFOV.
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4. Summary

Non-invasive respiratory support is nowadays a mainstay of treatment in neonates with
respiratory failure. Established treatment options such as nCPAP have been refined
over the years. Innovative strategies of non-invasive respiratory support are evolving,
but quite often there is a paucity of evidence to support their use. The present
habilitation thesis applied different methodologies to address specific research

guestions relating to the efficacy and safety of these new approaches.

In a meta-analysis of RCTs, we showed that non-invasive respiratory support
strategies to avoid eMV reduced the incidence of death or BPD without increasing IVH
in preterm infants of <30 weeks’ GA. In a clinical crossover study, we investigated the
impact of experimental leak reduction in 32 neonates on nasopharyngeal CPAP but
detected only minor beneficial effects on oxygenation. In an international survey, we
gained insights about the current clinical use of nHFOV in tertiary NICUs. We
encountered a great variety of clinical practices and identified upper airway obstruction
due to highly viscous secretions as a specific adverse effect of nHFOV. In a dedicated
neonatal bench model, we further investigated the determinants of oropharyngeal gas
conditions during non-invasive respiratory support. A bench study during nCPAP
showed that mouth opening reduced oropharyngeal temperature and AH, even during
heated humidification. A second bench study showed that nHFOV additionally
impaired oropharyngeal gas conditions and that the magnitude of this effect depended

on the ventilatory settings of nHFOV.

From a clinical point of view, the meta-analysis results approved the use of non-
invasive respiratory support in the primary treatment of preterm infants with RDS, but
the large number needed to treat to prevent one case of death or BPD clarified that a
comprehensive approach of different measures is required to effectively reduce BPD
in very preterm infants. The nHFOV survey provided information about the clinical
experiences with this novel mode, but as evidence about its efficacy and safety is still
limited, its clinical application should be confined to individual patients and RCTSs.
Importantly, the survey and the bench studies suggest that n(HFOV patients are at risk
of upper airway obstruction due to thick secretions, especially when intensified
ventilatory settings (low nHFOV frequency, high amplitude, high I:E ratio) are applied

in the presence of mouth leaks.
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According to the results of this thesis, the following four areas will require additional
research:

1) Innovative ways of surfactant administration should be advanced as a means to
avoid eMV in preterm infants, as early surfactant administration during nCPAP
currently appears to be the most effective respiratory intervention to avoid BPD.

2) Adjunctive measures to improve pressure transmission during nCPAP, such as chin
straps or pacifiers, should be investigated in clinical trials.

3) Bench studies are warranted to optimize heated humidification during nHFOV.

4) Appropriately powered multi-center RCTs will be needed to investigate the efficacy

and safety of nHFOV, and should focus on preterm infants at high risk of BPD.

82



5. References

10.

11.

12.

13.

14.

Patry C, Hien S, Demirakca S, Reinhard J, Majorek M, Brade J, Schaible T. Adjunctive
therapies for treatment of severe respiratory failure in newborns. Klin Padiatr.
2015;227(1):28-32.

Mahmoud RA, Roehr CC, Schmalisch G. Current methods of non-invasive ventilatory
support for neonates. Paediatr Respir Rev. 2011;12(3):196-205.

Roberts CT, Kortekaas R, Dawson JA, Manley BJ, Owen LS, Davis PG. The effects of
non-invasive respiratory support on oropharyngeal temperature and humidity: a
neonatal manikin study. Arch Dis Child Fetal Neonatal Ed. 2016;101(3):F248-252.

De Paoli AG, Davis PG, Faber B, Morley CJ. Devices and pressure sources for
administration of nasal continuous positive airway pressure (NCPAP) in preterm
neonates. Cochrane Database Syst Rev. 2008(1):CD002977.

Say B, Kanmaz Kutman HG, Oguz SS, Oncel MY, Arayici S, Canpolat FE, Uras N,
Karahan S. Binasal prong versus nasal mask for applying CPAP to preterm infants: a
randomized controlled trial. Neonatology. 2016;109(4):258-264.

Roehr CC, Yoder BA, Davis PG, Ives K. Evidence support and guidelines for using
heated, humidified, high-flow nasal cannulae in neonatology: Oxford nasal high-flow
therapy meeting, 2015. Clin Perinatol. 2016;43(4):693-705.

Trevisanuto D, Camiletti L, Doglioni N, Cavallin F, Udilano A, Zanardo V. Noise
exposure is increased with neonatal helmet CPAP in comparison with conventional
nasal CPAP. Acta Anaesthesiol Scand. 2011;55(1):35-38.

De Paoli AG, Morley CJ, Davis PG, Lau R, Hingeley E. In vitro comparison of nasal
continuous positive airway pressure devices for neonates. Arch Dis Child Fetal
Neonatal Ed. 2002;87(1):F42-45.

Sweet DG, Carnielli V, Greisen G, Hallman M, Ozek E, Plavka R, Saugstad OD,
Simeoni U, Speer CP, Vento M, Halliday HL, European Association of Perinatal M.
European consensus guidelines on the management of neonatal respiratory distress
syndrome in preterm infants--2013 update. Neonatology. 2013;103(4):353-368.

Roehr CC, Schmalisch G, Khakban A, Proquitté H, Wauer RR. Use of continuous
positive airway pressure (CPAP) in neonatal units--a survey of current preferences and
practice in Germany. Eur J Med Res. 2007;12(4):139-144.

Dani C, Bresci C, Lista G, Martano C, Messina F, Migliori C, Vento G. Neonatal
respiratory support strategies in the intensive care unit: an Italian survey. Eur J Pediatr.
2013;172(3):331-336.

Al-Mandari H, Shalish W, Dempsey E, Keszler M, Davis PG, Sant'Anna G. International
survey on periextubation practices in extremely preterm infants. Arch Dis Child Fetal
Neonatal Ed. 2015;100(5):F428-431.

Ojha S, Gridley E, Dorling J. Use of heated humidified high-flow nasal cannula oxygen
in neonates: a UK wide survey. Acta Paediatr. 2013;102(3):249-253.

Hough JL, Shearman AD, Jardine LA, Davies MW. Humidified high flow nasal
cannulae: current practice in Australasian nurseries, a survey. J Paediatr Child Health.
2012;48(2):106-113.

83



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Waitz M, Mense L, Kirpalani H, Lemyre B. Nasal intermittent positive pressure
ventilation for preterm neonates: synchronized or not? Clin Perinatol. 2016;43(4):799-
816.

Stein H, Beck J, Dunn M. Non-invasive ventilation with neurally adjusted ventilatory
assist in newborns. Semin Fetal Neonatal Med. 2016;21(3):154-161.

De Luca D, Dell'Orto V. Non-invasive high-frequency oscillatory ventilation in neonates:
review of physiology, biology and clinical data. Arch Dis Child Fetal Neonatal Ed.
2016;101(6):F565-F570.

Mukerji A, Dunn M. High-frequency ventilation as a mode of noninvasive respiratory
support. Clin Perinatol. 2016;43(4):725-740.

Cummings JJ, Polin RA; Committee on Fetus and Newborn, American Academy of
Pediatrics. Noninvasive respiratory support. 2016;137(1):€20153758.

Alex CG, Aronson RM, Onal E, Lopata M. Effects of continuous positive airway
pressure on upper airway and respiratory muscle activity. J Appl Physiol.
1987;62(5):2026-2030.

Cogswell JJ, Hatch DJ, Kerr AA, Taylor B. Effects of continuous positive airway
pressure on lung mechanics of babies after operation for congenital heart disease. Arch
Dis Child. 1975;50(10):799-804.

Miller MJ, DiFiore JM, Strohl KP, Martin RJ. Effects of nasal CPAP on supraglottic and
total pulmonary resistance in preterm infants. J Appl Physiol. 1990;68(1):141-146.

Richardson CP, Jung AL. Effects of continuous positive airway pressure on pulmonary
function and blood gases of infants with respiratory distress syndrome. Pediatr Res.
1978;12(7):771-774.

Bhatia R, Davis PG, Tingay DG. Regional volume characteristics of the preterm infant
receiving first intention continuous positive airway pressure. J Pediatr. 2017;187:80-
88.e2.

Locke R, Greenspan JS, Shaffer TH, Rubenstein SD, Wolfson MR. Effect of nasal
CPAP on thoracoabdominal motion in neonates with respiratory insufficiency. Pediatr
Pulmonol. 1991;11(3):259-264.

Elgellab A, Riou Y, Abbazine A, Truffert P, Matran R, Lequien P, Storme L. Effects of
nasal continuous positive airway pressure (NCPAP) on breathing pattern in
spontaneously breathing premature newborn infants. Intensive Care Med.
2001;27(11):1782-1787.

Field D, Vyas H, Milner AD, Hopkin IE. Continuous positive airway pressure via a single
nasal catheter in preterm infants. Early Hum Dev. 1985;11(3-4):275-280.

Miller MJ, Carlo WA, Martin RJ. Continuous positive airway pressure selectively
reduces obstructive apnea in preterm infants. J Pediatr. 1985;106(1):91-94.

Poets CF, Rau GA, Neuber K, Gappa M, Seidenberg J. Determinants of lung volume
in spontaneously breathing preterm infants. Am J Respir Crit Care Med.
1997;155(2):649-653.

Verder H, Bohlin K, Kamper J, Lindwall R, Jonsson B. Nasal CPAP and surfactant for
treatment of respiratory distress syndrome and prevention of bronchopulmonary
dysplasia. Acta Paediatr. 2009;98(9):1400-1408.

Benveniste D, Berg O, Pedersen JE. A technique for delivery of continuous positive
airway pressure to the neonate. J Pediatr. 1976;88(6):1015-1019.

84



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Moa G, Nilsson K, Zetterstrom H, Jonsson LO. A new device for administration of nasal
continuous positive airway pressure in the newborn: an experimental study. Crit Care
Med. 1988;16(12):1238-1242.

Courtney SE, Pyon KH, Saslow JG, Arnold GK, Pandit PB, Habib RH. Lung recruitment
and breathing pattern during variable versus continuous flow nasal continuous positive
airway pressure in premature infants: an evaluation of three devices. Pediatrics.
2001;107(2):304-308.

Pandit PB, Courtney SE, Pyon KH, Saslow JG, Habib RH. Work of breathing during
constant- and variable-flow nasal continuous positive airway pressure in preterm
neonates. Pediatrics. 2001;108(3):682-685.

Klausner JF, Lee AY, Hutchison AA. Decreased imposed work with a new nasal
continuous positive airway pressure device. Pediatr Pulmonol. 1996;22(3):188-194.

Pillow JJ, Travadi JN. Bubble CPAP: is the noise important? An in vitro study. Pediatr
Res. 2005;57(6):826-830.

Lee KS, Dunn MS, Fenwick M, Shennan AT. A comparison of underwater bubble
continuous positive airway pressure with ventilator-derived continuous positive airway
pressure in premature neonates ready for extubation. Biol Neonate. 1998;73(2):69-75.

Alzahrany M, Banerjee A, Salzman G. Flow transport and gas mixing during invasive
high frequency oscillatory ventilation. Med Eng Phys. 2014;36(6):647-658.

Sivieri EM, Foglia EE, Abbasi S. Carbon dioxide washout during high flow nasal
cannula versus nasal CPAP support: An in vitro study. Pediatr Pulmonol.
2017;52(6):792-798.

De Jongh BE, Locke R, Mackley A, Emberger J, Bostick D, Stefano J, Rodriguez E,
Shaffer TH. Work of breathing indices in infants with respiratory insufficiency receiving
high-flow nasal cannula and nasal continuous positive airway pressure. J Perinatol.
2014;34(1):27-32.

Sivieri EM, Gerdes JS, Abbasi S. Effect of HFNC flow rate, cannula size, and nares
diameter on generated airway pressures: an in vitro study. Pediatr Pulmonol.
2013;48(5):506-514.

Spence KL, Murphy D, Kilian C, McGonigle R, Kilani RA. High-flow nasal cannula as a
device to provide continuous positive airway pressure in infants. J Perinatol.
2007;27(12):772-775.

Dysart K, Miller TL, Wolfson MR, Shaffer TH. Research in high flow therapy:
mechanisms of action. Respir Med. 2009;103(10):1400-1405.

Saslow JG, Aghai ZH, Nakhla TA, Hart JJ, Lawrysh R, Stahl GE, Pyon KH. Work of
breathing using high-flow nasal cannula in preterm infants. J Perinatol. 2006;26(8):476-
480.

Lagatta JM, Clark RH, Brousseau DC, Hoffmann RG, Spitzer AR. Varying patterns of
home oxygen use in infants at 23-43 weeks' gestation discharged from United States
neonatal intensive care units. J Pediatr. 2013;163(4):976-982.

Khetan R, Hurley M, Spencer S, Bhatt JM. Bronchopulmonary dysplasia within and
beyond the neonatal unit. Adv Neonatal Care. 2016;16(1):17-25.

Owen LS, Morley CJ, Dawson JA, Davis PG. Effects of non-synchronised nasal
intermittent positive pressure ventilation on spontaneous breathing in preterm infants.
Arch Dis Child Fetal Neonatal Ed. 2011;96(6):F422-428.

85



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Moretti C, Papoff P, Gizzi C, Montecchia F, Giannini L, Fassi C, Midulla F, Agostino R,
Sanchez-Luna M. Flow-synchronized nasal intermittent positive pressure ventilation in
the preterm infant: development of a project. J Pediatr Neonat Individ Med.
2013;2(2):e020211.

Stern DJ, Weisner MD, Courtney SE. Synchronized neonatal non-invasive ventilation-
a pilot study: the graseby capsule with bi-level NCPAP. Pediatr Pulmonol.
2014,49(7):659-664.

Gibu CK, Cheng PY, Ward RJ, Castro B, Heldt GP. Feasibility and physiological effects
of noninvasive neurally adjusted ventilatory assist in preterm infants. Pediatr Res.
2017;82(4):650-657.

de Waal CG, Kraaijenga JV, Hutten GJ, de Jongh FH, van Kaam AH. Breath detection
by transcutaneous electromyography of the diaphragm and the Graseby capsule in
preterm infants. Pediatr Pulmonol. 2017;52(12):1578-1582.

Gregoretti C, Cortegiani A, Maggiore SM. Noninvasive oscillatory ventilation (NHFOV)
in infants: Another brick in the wall of paediatric noninvasive ventilation? Pediatr
Pulmonol. 2016;51(7):663-664.

Klotz D, Schaefer C, Stavropoulou D, Fuchs H, Schumann S. Leakage in nasal high-
frequency oscillatory ventilation improves carbon dioxide clearance-A bench study.
Pediatr Pulmonol. 2017;52(3):367-372.

Mukerji A, Finelli M, Belik J. Nasal high-frequency oscillation for lung carbon dioxide
clearance in the newborn. Neonatology. 2013;103(3):161-165.

van der Hoeven M, Brouwer E, Blanco CE. Nasal high frequency ventilation in neonates
with moderate respiratory insufficiency. Arch Dis Child Fetal Neonatal Ed.
1998;79(1):F61-F63.

Colaizy TT, Younis UM, Bell EF, Klein JM. Nasal high-frequency ventilation for
premature infants. Acta Paediatr. 2008;97(11):1518-1522.

Czernik C, Schmalisch G, Buhrer C, Proquitté H. Weaning of neonates from
mechanical ventilation by use of nasopharyngeal high-frequency oscillatory ventilation:
a preliminary study. Matern Fetal Neonatal Med. 2012;25(4):374-378.

Northway WH, Jr., Rosan RC, Porter DY. Pulmonary disease following respirator
therapy of hyaline-membrane disease. Bronchopulmonary dysplasia. N Engl J Med.
1967;276(7):357-368.

Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med.
2001;163(7):1723-1729.

Charafeddine L, D'Angio CT, Phelps DL. Atypical chronic lung disease patterns in
neonates. Pediatrics. 1999;103(4 Pt 1):759-765.

Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, Laptook AR,
Sanchez PJ, Van Meurs KP, Wyckoff M, Das A, Hale EC, Ball MB, Newman NS,
Schibler K, Poindexter BB, Kennedy KA, Cotten CM, Watterberg KL, D'Angio CT,
DeMauro SB, Truog WE, Devaskar U, Higgins RD, Eunice Kennedy Shriver National
Institute of Child H, Human Development Neonatal Research N. Trends in care
practices, morbidity, and mortality of extremely preterm neonates, 1993-2012. JAMA.
2015;314(10):1039-1051.

Gough A, Linden M, Spence D, Patterson CC, Halliday HL, McGarvey LP. Impaired
lung function and health status in adult survivors of bronchopulmonary dysplasia. Eur
Respir J. 2014;43(3):808-816.

86



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Anderson PJ, Doyle LW. Neurodevelopmental outcome of bronchopulmonary
dysplasia. Semin Perinatol. 2006;30(4):227-232.

Short EJ, Klein NK, Lewis BA, Fulton S, Eisengart S, Kercsmar C, Baley J, Singer LT.
Cognitive and academic consequences of bronchopulmonary dysplasia and very low
birth weight: 8-year-old outcomes. Pediatrics. 2003;112(5):e359.

Avery ME, Tooley WH, Keller JB, Hurd SS, Bryan MH, Cotton RB, Epstein MF,
Fitzhardinge PM, Hansen CB, Hansen TN, et al. Is chronic lung disease in low birth
weight infants preventable? A survey of eight centers. Pediatrics. 1987;79(1):26-30.

Stevens TP, Harrington EW, Blennow M, Soll RF. Early surfactant administration with
brief ventilation vs. selective surfactant and continued mechanical ventilation for
preterm infants with or at risk for respiratory distress syndrome. Cochrane Database
Syst Rev. 2007(4):CD003063.

Jobe AH. Decreased indicators of lung injury with continuous positive expiratory
pressure in preterm lambs. Pediatr Res. 2002;52(3):387-392.

Morley CJ, Davis PG, Doyle LW, Brion LP, Hascoet JM, Carlin JB, Investigators CT.
Nasal CPAP or intubation at birth for very preterm infants. N Engl J Med.
2008;358(7):700-708.

Dunn MS, Kaempf J, de Klerk A, de Klerk R, Reilly M, Howard D, Ferrelli K, O'Conor J,
Soll RF, Vermont Oxford Network DRMSG. Randomized trial comparing 3 approaches
to the initial respiratory management of preterm neonates. Pediatrics.
2011;128(5):1069-1076.

Finer NN, Carlo WA, Walsh MC, Rich W, Gantz MG, Laptook AR, Yoder BA, Faix RG,
Das A, Poole WK, Donovan EF, Newman NS, Ambalavanan N, Frantz ID, 3rd, Buchter
S, Sanchez PJ, Kennedy KA, Laroia N, Poindexter BB, Cotten CM, Van Meurs KP,
Duara S, Narendran V, Sood BG, O'Shea TM, Bell EF, Bhandari V, Watterberg KL,
Higgins RD, for the NICHD Neonatal Research Network and the SUPPORT Study
Group. Early CPAP versus surfactant in extremely preterm infants. N Engl J Med.
2010;362(21):1970-1979.

Kribs A, Pillekamp F, Hunseler C, Vierzig A, Roth B. Early administration of surfactant
in spontaneous breathing with nCPAP: feasibility and outcome in extremely premature
infants (postmenstrual age </=27 weeks). Paediatr Anaesth. 2007;17(4):364-369.

Dargaville PA, Aiyappan A, Cornelius A, Wiliams C, De Paoli AG. Preliminary
evaluation of a new technique of minimally invasive surfactant therapy. Arch Dis Child
Fetal Neonatal Ed. 2011;96(4):F243-248.

Gopel W, Kribs A, Ziegler A, Laux R, Hoehn T, Wieg C, Siegel J, Avenarius S, von der
Wense A, Vochem M, Groneck P, Weller U, Méller J, Hartel C, Haller S, Roth B, Herting
E. Avoidance of mechanical ventilation by surfactant treatment of spontaneously
breathing preterm infants (AMV): an open-label, randomised, controlled trial. Lancet.
2011;378(9803):1627-1634.

Kanmaz HG, Erdeve O, Canpolat FE, Mutlu B, Dilmen U. Surfactant administration via
thin catheter during spontaneous breathing: randomized controlled trial. Pediatrics.
2013;131(2):e502-509.

Wilkinson D, Andersen C, O'Donnell CP, De Paoli AG, Manley BJ. High flow nasal
cannula for respiratory support in preterm infants. Cochrane Database Syst Rev.
2016(2):CD006405.

Roberts CT, Owen LS, Manley BJ, Froisland DH, Donath SM, Dalziel KM, Pritchard
MA, Cartwright DW, Collins CL, Malhotra A, Davis PG, Investigators HT. Nasal high-

87



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

flow therapy for primary respiratory support in preterm infants. N Engl J Med.
2016;375(12):1142-1151.

Abdel-Hady H, Shouman B, Aly H. Early weaning from CPAP to high flow nasal cannula
in preterm infants is associated with prolonged oxygen requirement: a randomized
controlled trial. Early Hum Dev. 2011,87(3):205-208.

Heath Jeffery RC, Broom M, Shadbolt B, Todd DA. Increased use of heated humidified
high flow nasal cannula is associated with longer oxygen requirements. J Paediatr
Child Health. 2017;53(12):1215-1219.

Lemyre B, Davis PG, De Paoli AG, Kirpalani H. Nasal intermittent positive pressure
ventilation (NIPPV) versus nasal continuous positive airway pressure (NCPAP) for
preterm neonates after extubation. Cochrane Database Syst Rev. 2017(2):CD003212.

Robertson NJ, McCarthy LS, Hamilton PA, Moss AL. Nasal deformities resulting from
flow driver continuous positive airway pressure. Arch Dis Child Fetal Neonatal Ed.
1996;75(3):F209-212.

Khan J, Sundaram V, Murki S, Bhatti A, Saini SS, Kumar P. Nasal injury and comfort
with jet versus bubble continuous positive airway pressure delivery systems in preterm
infants with respiratory distress. Eur J Pediatr. 2017;176(12):1629-1635.

Yong SC, Chen SJ, Boo NY. Incidence of nasal trauma associated with nasal prong
versus nasal mask during continuous positive airway pressure treatment in very low
birthweight infants: a randomised control study. Arch Dis Child Fetal Neonatal Ed.
2005;90(6):F480-483.

Chang CS, Swanson JW, Wilson A, Low DW, Bartlett SP. Columellar Reconstruction
Following Nasal CPAP Injury. Plast Reconstr Surg. 2017;141(1):99e-102e.

Sahni R, Schiaratura M, Polin RA. Strategies for the prevention of continuous positive
airway pressure failure. Semin Fetal Neonatal Med. 2016;21(3):196-203.

Chandrasekaran A, Thukral A, Jeeva Sankar M, Agarwal R, Paul VK, Deorari AK. Nasal
masks or binasal prongs for delivering continuous positive airway pressure in preterm
neonates-a randomised trial. Eur J Pediatr. 2017;176(3):379-386.

Jeng MJ, Lee YS, Tsao PC, Soong WJ. Neonatal air leak syndrome and the role of
high-frequency ventilation in its prevention. J Chin Med Assoc. 2012;75(11):551-559.

Rojas MA, Lozano JM, Rojas MX, Laughon M, Bose CL, Rondon MA, Charry L,
Bastidas JA, Perez LA, Rojas C, Ovalle O, Celis LA, Garcia-Harker J, Jaramillo ML,
Colombian Neonatal Research N. Very early surfactant without mandatory ventilation
in premature infants treated with early continuous positive airway pressure: a
randomized, controlled trial. Pediatrics. 2009;123(1):137-142.

Committee on Fetus and Newborn, American Academy of Pediatrics. Respiratory
support in preterm infants at birth. Pediatrics. 2014;133(1):171-174.

Kribs A, Roll C, Gopel W, Wieg C, Groneck P, Laux R, Teig N, Hoehn T, Bohm W,
Welzing L, Vochem M, Hoppenz M, Bihrer C, Mehler K, Stutzer H, Franklin J, Stohr A,
Herting E, Roth B; for the NINSAPP trial Investigators. Nonintubated surfactant
application vs conventional therapy in extremely preterm infants: a randomized clinical
trial. JAMA Pediatr. 2015;169(8):723-730.

Jaile JC, Levin T, Wung JT, Abramson SJ, Ruzal-Shapiro C, Berdon WE. Benign
gaseous distension of the bowel in premature infants treated with nasal continuous
airway pressure: a study of contributing factors. AJR Am J Roentgenol.
1992;158(1):125-127.

88



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Havranek T, Madramootoo C, Carver JD. Nasal continuous positive airway pressure
affects pre- and postprandial intestinal blood flow velocity in preterm infants. J
Perinatol. 2007;27(11):704-708.

Gounaris A, Costalos C, Varchalama L, Kokori P, Kolovou E, Alexiou N. Gastric
emptying in very-low-birth-weight infants treated with nasal continuous positive airway
pressure. J Pediatr. 2004;145(4):508-510.

Kirchner L, Wald M, Jeitler V, Pollak A. In vitro comparison of noise levels produced by
different CPAP generators. Neonatology. 2012;101(2):95-100.

Konig K, Stock EL, Jarvis M. Noise levels of neonatal high-flow nasal cannula devices-
-an in-vitro study. Neonatology. 2013;103(4):264-267.

American Academy of Pediatrics, Committee on Environmental Health. Noise: a hazard
for the fetus and newborn. Pediatrics. 1997;100(4):724-727.

Karam O, Donatiello C, Van Lancker E, Chritin V, Pfister RE, Rimensberger PC. Noise
levels during nCPAP are flow-dependent but not device-dependent. Arch Dis Child
Fetal Neonatal Ed. 2008;93(2):F132-134.

Roberts CT, Dawson JA, Alquoka E, Carew PJ, Donath SM, Davis PG, Manley BJ. Are
high flow nasal cannulae noisier than bubble CPAP for preterm infants? Arch Dis Child
Fetal Neonatal Ed. 2014;99(4):F291-295.

Torres-Cuevas |, Parra-Llorca A, Sanchez-lllana A, Nunez-Ramiro A, Kuligowski J,
Chafer-Pericas C, Cernada M, Escobar J, Vento M. Oxygen and oxidative stress in the
perinatal period. Redox Biol. 2017;12:674-681.

Vento M, Moro M, Escrig R, Arruza L, Villar G, Izquierdo |, Roberts LJ, 2nd, Arduini A,
Escobar JJ, Sastre J, Asensi MA. Preterm resuscitation with low oxygen causes less
oxidative stress, inflammation, and chronic lung disease. Pediatrics. 2009;124(3):e439-
449,

Saugstad OD, Aune D. In search of the optimal oxygen saturation for extremely low
birth weight infants: a systematic review and meta-analysis. Neonatology.
2011;100(1):1-8.

Silverman WA. Oxygen therapy and retrolental fibroplasia. Am J Public Health Nations
Health. 1968;58(11):2009-2011.

Askie LM, Darlow BA, Davis PG, Finer N, Stenson B, Vento M, Whyte R. Effects of
targeting lower versus higher arterial oxygen saturations on death or disability in
preterm infants. Cochrane Database Syst Rev. 2017(4):CD011190.

Locke RG, Wolfson MR, Shaffer TH, Rubenstein SD, Greenspan JS. Inadvertent
administration of positive end-distending pressure during nasal cannula flow.
Pediatrics. 1993;91(1):135-138.

Hatipoglu Z, Esquinas AM, Ozcengiz D. High flow nasal cannula reduces carbon
dioxide washout time: What can we pay attention to? Pediatr. Pulmonol.
2017;52(11):1383.

Jasin LR, Kern S, Thompson S, Walter C, Rone JM, Yohannan MD. Subcutaneous
scalp emphysema, pneumo-orbitis and pneumocephalus in a neonate on high humidity
high flow nasal cannula. J Perinatol. 2008;28(11):779-781.

Collins CL, Holberton JR, Konig K. Comparison of the pharyngeal pressure provided
by two heated, humidified high-flow nasal cannulae devices in premature infants. J
Paediatr Child Health. 2013;49(7):554-556.

89



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

Kotecha SJ, Adappa R, Gupta N, Watkins WJ, Kotecha S, Chakraborty M. Safety and
efficacy of high-flow nasal cannula therapy in preterm infants: a meta-analysis.
Pediatrics. 2015;136(3):542-553.

Garland JS, Nelson DB, Rice T, Neu J. Increased risk of gastrointestinal perforations
in neonates mechanically ventilated with either face mask or nasal prongs. Pediatrics.
1985;76(3):406-410.

Fabres J, Carlo WA, Phillips V, Howard G, Ambalavanan N. Both extremes of arterial
carbon dioxide pressure and the magnitude of fluctuations in arterial carbon dioxide
pressure are associated with severe intraventricular hemorrhage in preterm infants.
Pediatrics. 2007;119(2):299-305.

Kaiser JR, Gauss CH, Pont MM, Williams DK. Hypercapnia during the first 3 days of
life is associated with severe intraventricular hemorrhage in very low birth weight
infants. J Perinatol. 2006;26(5):279-285.

Rabec CA, Reybet-Degat O, Bonniaud P, Fanton A, Camus P. [Leak monitoring in
noninvasive ventilation]. Arch Bronconeumol. 2004;40(11):508-517.

Huckstadt T, Foitzik B, Wauer RR, Schmalisch G. Comparison of two different CPAP
systems by tidal breathing parameters. Intensive Care Med. 2003;29(7):1134-1140.

Schmalisch G, Fischer H, Roehr CC, Proquitté H. Comparison of different techniques
to measure air leaks during CPAP treatment in neonates. Med Eng Phys.
2009;31(1):124-130.

Fischer HS, Roehr CC, Proquitté H, Hammer H, Wauer RR, Schmalisch G. Is volume
and leak monitoring feasible during nasopharyngeal continuous positive airway
pressure in neonates? Intensive Care Med. 2009;35(11):1934-1941.

Kahn DJ, Courtney SE, Steele AM, Habib RH. Unpredictability of delivered bubble
nasal continuous positive airway pressure: role of bias flow magnitude and nares-prong
air leaks. Pediatr Res. 2007;62(3):343-347.

De Paoli AG, Lau R, Davis PG, Morley CJ. Pharyngeal pressure in preterm infants
receiving nasal continuous positive airway pressure. Arch Dis Child Fetal Neonatal Ed.
2005;90(1):F79-81.

Fischer HS, Roehr CC, Proquitté H, Wauer RR, Schmalisch G. Assessment of volume
and leak measurements during CPAP using a neonatal lung model. Physiol Meas.
2008;29(1):95-107.

Hayes MJ, McGregor FB, Roberts DN, Schroter RC, Pride NB. Continuous nasal
positive airway pressure with a mouth leak: effect on nasal mucosal blood flux and
nasal geometry. Thorax. 1995;50(11):1179-1182.

Richards GN, Cistulli PA, Ungar RG, Berthon-Jones M, Sullivan CE. Mouth leak with
nasal continuous positive airway pressure increases nasal airway resistance. Am J
Respir Crit Care Med. 1996;154(1):182-186.

Bachour A, Hurmerinta K, Maasilta P. Mouth closing device (chinstrap) reduces mouth
leak during nasal CPAP. Sleep Med. 2004;5(3):261-267.

Esquinas Rodriguez AM, Scala R, Soroksky A, BaHammam A, de Klerk A, Valipour A,
Chiumello D, Martin C, Holland AE. Clinical review: humidifiers during non-invasive
ventilation--key topics and practical implications. Crit Care. 2012;16(1):203.

Greenspan JS, Wolfson MR, Shaffer TH. Airway responsiveness to low inspired gas
temperature in preterm neonates. J Pediatr. 1991;118(3):443-445.

90



123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Shelly MP, Lloyd GM, Park GR. A review of the mechanisms and methods of
humidification of inspired gases. Intensive Care Med. 1988;14(1):1-9.

Dery R. The evolution of heat and moisture in the respiratory tract during anaesthesia
with a non-rebreathing system. Can Anaesth Soc J. 1973;20(3):296-309.

Schulze A. Respiratory gas conditioning and humidification. Clin Perinatol.
2007;34(1):19-33

McFadden ER, Jr., Pichurko BM, Bowman HF, Ingenito E, Burns S, Dowling N, Solway
J. Thermal mapping of the airways in humans. J Appl Physiol. 1985;58(2):564-570.

Primiano FP, Jr., Saidel GM, Montague FW, Jr., Kruse KL, Green CG, Horowitz JG.
Water vapour and temperature dynamics in the upper airways of normal and CF
subjects. Eur Respir J. 1988;1(5):407-414.

Gross JL, Park GR. Humidification of inspired gases during mechanical ventilation.
Minerva Anestesiol. 2012;78(4):496-502.

Martins De Araujo MT, Vieira SB, Vasquez EC, Fleury B. Heated humidification or face
mask to prevent upper airway dryness during continuous positive airway pressure
therapy. Chest. 2000;117(1):142-147.

Pollett HF, Reid WD. Prevention of obstruction of nasopharyngeal CPAP tubes by
adequate humidification of inspired gases. Can Anaesth Soc J. 1977;24(5):615-617.

Lee SY, Lopez V. Physiological effects of two temperature settings in preterm infants
on nasal continuous airway pressure ventilation. J Clin Nurs. 2002;11(6):845-847.

Gupta V, Sharma SK, Ricard JD, Boyer A, Dreyfuss D, Michel F, Leone M, Martin C,
Geiseler J, Fresenius J, Karg O, Lellouche F. Section II: Humidification and devices.
In: Esquinas AM, editor. Humidfication in the intensive care unit. Berlin Heidelberg:
Springer-Verlag; 2012. p.17-63.

Schena E, Saccomandi P, Ramandi C, Silvestri S. A novel control strategy to improve
the performances of heated wire humidifiers in artificial neonatal ventilation. Physiol
Meas. 2012;33(7):1199-1211.

Schena E, Saccomandi P, Cappelli S, Silvestri S. Mechanical ventilation with heated
humidifiers: measurements of condensed water mass within the breathing circuit
according to ventilatory settings. Physiol Meas. 2013;34(7):813-821.

Schiffmann H, Singer S, Singer D, von Richthofen E, Rathgeber J, Zuchner K.
Determination of airway humidification in high-frequency oscillatory ventilation using an
artificial neonatal lung model. Comparison of a heated humidifier and a heat and
moisture exchanger. Intensive Care Med. 1999;25(9):997-1002.

Papile LA, Burstein J, Burstein R, Koffler H. Incidence and evolution of subependymal
and intraventricular hemorrhage: a study of infants with birth weights less than 1,500
gm. J Pediatr. 1978;92(4):529-534.

Higgins JPT Green S, editors. Cochrane Handbook for Systematic Reviews of
Interventions Version 5.1.0 (updated March 2011). The Cochrane Collaboration; 2011.
Available at http://handbook-5-1.cochrane.org/. Accessed Jan 14, 2018.

Fischer HS, Buhrer C. Avoiding endotracheal ventilation to prevent bronchopulmonary
dysplasia: a meta-analysis. Pediatrics. 2013;132(5):e1351-1360.

Dargaville PA, Aiyappan A, De Paoli AG, Dalton RG, Kuschel CA, Kamlin CO, Orsini
F, Carlin JB, Davis PG. Continuous positive airway pressure failure in preterm infants:
incidence, predictors and consequences. Neonatology. 2013;104(1):8-14.

91



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Fischer HS, Roehr CC, Proquitté H, Schmalisch G. Influence of nose and mouth leaks
on peripheral oxygen saturation during continuous positive airway pressure in
neonates. World jJ Pediatr. 2013;9(4):318-322.

Fischer HS, Bohlin K, Buhrer C, Schmalisch G, Cremer M, Reiss |, Czernik C. Nasal
high-frequency oscillation ventilation in neonates: a survey in five European countries.
Eur J Pediatr. 2015;174(4):465-471.

Fischer HS, Ullrich TL, Buhrer C, Czernik C, Schmalisch G. Influence of mouth opening
on oropharyngeal humidification and temperature in a bench model of neonatal
continuous positive airway pressure. Med Eng Phys. 2017;40:87-94.

Ullrich TL, Czernik C, Buhrer C, Schmalisch G, Fischer HS. Nasal high-frequency
oscillatory ventilation impairs heated humidification: A neonatal bench study. Pediatr
Pulmonol. 2017;52(11):1455-1460.

Schmolzer GM, Kumar M, Pichler G, Aziz K, O'Reilly M, Cheung PY. Non-invasive
versus invasive respiratory support in preterm infants at birth: systematic review and
meta-analysis. BMJ. 2013;347:f5980.

Subramaniam P, Ho JJ, Davis PG. Prophylactic nasal continuous positive airway
pressure for preventing morbidity and mortality in very preterm infants. Cochrane
database Systematic Rev. 2016(6):CD001243.

Isayama T, Chai-Adisaksopha C, McDonald SD. Noninvasive ventilation with vs without
early surfactant to prevent chronic lung disease in preterm infants: a systematic review
and meta-analysis. JAMA Pediatr. 2015;169(8):731-739.

Gortner L, Schiller SS, Herting E. Review demonstrates that less invasive surfactant
administration in preterm neonates leads to fewer complications. Acta Paediatr.
2017;107(5):736-774

Verder H, Agertoft L, Albertsen P, Christensen NC, Curstedt T, Ebbesen F, Greisen G,
Hobolth N, Holm V, Jacobsen T, et al. [Surfactant treatment of newborn infants with
respiratory distress syndrome primarily treated with nasal continuous positive air
pressure. A pilot study]. Ugeskr Laeger. 1992;154(31):2136-2139.

Kribs A, Hartel C, Kattner E, Vochem M, Kuster H, Moller J, Muller D, Segerer H, Wieg
C, Gebauer C, Nikischin W, Wense A, Herting E, Roth B, Gopel W. Surfactant without
intubation in preterm infants with respiratory distress: first multi-center data. Klin
Padiatr. 2010;222(1):13-17.

Klotz D, Porcaro U, Fleck T, Fuchs H. European perspective on less invasive surfactant
administration-a survey. Eur J Pediatr. 2017;176(2):147-154.

Mirnia K, Heidarzadeh M, Hosseini MB, Sadeghnia A, Balila M, Ghojazadeh M.
Comparison outcome of surfactant administration via tracheal catheterization during
spontaneous breathing with INSURE. Med J Islamic World Acad Sci. 2013;21:143—
148.

Herting E. Less invasive surfactant administration (LISA) - ways to deliver surfactant in
spontaneously breathing infants. Early Hum Dev. 2013;89(11):875-880.

Dargaville PA, Ali SKM, Jackson HD, Williams C, De Paoli AG. Impact of minimally
invasive surfactant therapy in preterm infants at 29-32 Weeks Gestation. Neonatology.
2018;113(1):7-14.

Dargaville PA, Aiyappan A, De Paoli AG, Kuschel CA, Kamlin CO, Carlin JB, Davis PG.
Minimally-invasive surfactant therapy in preterm infants on continuous positive airway
pressure. Arch Dis Child Fetal Neonatal Ed. 2013;98(2):F122-126.

92



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Bao Y, Zhang G, Wu M, Ma L, Zhu J. A pilot study of less invasive surfactant
administration in very preterm infants in a Chinese tertiary center. BMC Pediatr.
2015;15:21.

Dargaville PA, Kamlin CO, De Paoli AG, Carlin JB, Orsini F, Soll RF, Davis PG. The
OPTIMIST-A trial: evaluation of minimally-invasive surfactant therapy in preterm infants
25-28 weeks gestation. BMC Pediatr. 2014;14:213.

Rigo V, Lefebvre C, Broux |. Surfactant instillation in spontaneously breathing preterm
infants: a systematic review and meta-analysis. Eur J Pediatr. 2016;175(12):1933-
1942.

Foglia EE, Jensen EA, Kirpalani H. Delivery room interventions to prevent
bronchopulmonary dysplasia in extremely preterm infants. J Perinatol.
2017;37(11):1171-1179.

Aldana-Aguirre JC, Pinto M, Featherstone RM, Kumar M. Less invasive surfactant
administration versus intubation for surfactant delivery in preterm infants with
respiratory distress syndrome: a systematic review and meta-analysis. Arch Dis Child
Fetal Neonatal Ed. 2017;102(1):F17-F23.

Isayama T, Iwami H, McDonald S, Beyene J. Assaociation of noninvasive ventilation
strategies with mortality and bronchopulmonary dysplasia among preterm infants: a
systematic review and meta-analysis. JAMA. 2016;316(6):611-624.

Thome UH, Genzel-Boroviczeny O, Bohnhorst B, Schmid M, Fuchs H, Rohde O,
Avenarius S, Topf HG, Zimmermann A, Faas D, Timme K, Kleinlein B, Buxmann H,
Schenk W, Segerer H, Teig N, Gebauer C, Hentschel R, Heckmann M, Schlosser R,
Peters J, Rossi R, Rascher W, Bottger R, Seidenberg J, Hansen G, Zernickel M, Alzen
G, Dreyhaupt J, Muche R, Hummler HD, Group PS. Permissive hypercapnia in
extremely low birthweight infants (PHELBI): a randomised controlled multicentre trial.
Lancet Respir Med. 2015;3(7):534-543.

Ma J, Ye H. Effects of permissive hypercapnia on pulmonary and neurodevelopmental
sequelae in extremely low birth weight infants: a meta-analysis. Springerplus.
2016;5(1):764.

Di Fiore JM, Bloom JN, Orge F, Schutt A, Schluchter M, Cheruvu VK, Walsh M, Finer
N, Martin RJ. A higher incidence of intermittent hypoxemic episodes is associated with
severe retinopathy of prematurity. J Pediatr. 2010;157(1):69-73.

Ahmadpour-Kacho M, Pasha YZ, Hahdinejad Z, Khafri S. The effect of non-nutritive
sucking on transcutaneous oxygen saturation in neonates under the nasal continuous
positive airway pressure (CPAP). Int J Pediatr. 2017;5(3):4511-4519.

Mukerji A, Shah PS, Shivananda S, Yee W, Read B, Minski J, Alvaro R, Fusch C,
Canadian Neonatal Network |. Survey of noninvasive respiratory support practices in
Canadian neonatal intensive care units. Acta Paediatr. 2017;106(3):387-393.

Aktas S, Unal S, Aksu M, Ozcan E, Ergenekon E, Turkyilmaz C, Hirfanoglu |, Atalay Y.
Nasal HFOV with binasal cannula appears effective and feasible in ELBW newborns.
J Trop Pediatr. 2016;62(2):165-168.

Wang CH, Shi LP, Ma XL, Lin HJ, Xu YP, Du LZ. [Use of noninvasive high-frequency
oscillatory ventilation in very low birth weight infants]. Zhonghua Er Ke Za Zhi.
2017;55(3):177-181.

De Luca D, Costa R, Visconti F, Piastra M, Conti G. Oscillation transmission and
volume delivery during face mask-delivered HFOV in infants: bench and in vivo study.
Pediatr Pulmonol. 2016;51(7):705-712.

93



169.

170.

171.

172.

173.

174.

175.

176.

177.

Mukerji A, Sarmiento K, Lee B, Hassall K, Shah V. Non-invasive high-frequency
ventilation versus bi-phasic continuous positive airway pressure (BP-CPAP) following
CPAP failure in infants <1250 g: a pilot randomized controlled trial. J Perinatol.
2017;37(1):49-53.

Klotz D, Schneider H, Schumann S, Mayer B, Fuchs H. Non-invasive high-frequency
oscillatory ventilation in preterm infants: a randomised controlled cross-over trial.
Arch Dis Child Fetal Neonatal Ed. 2017;103(4):F1-F5.

Zhu XW, Zhao JN, Tang SF, Yan J, Shi Y. Noninvasive high-frequency oscillatory
ventilation versus nasal continuous positive airway pressure in preterm infants with
moderate-severe respiratory distress syndrome: a preliminary report. Pediatr
Pulmonol. 2017;52(8):1038-1042.

Fischer HS, Rimensberger PC. Early noninvasive high-frequency oscillatory ventilation
in the primary treatment of respiratory distress syndrome. Pediatr Pulmonol.
2018;53(2):126-127.

Roske K, Foitzik B, Wauer RR, Schmalisch G. Accuracy of volume measurements in
mechanically ventilated newborns: a comparative study of commercial devices. J Clin
Monit Comput. 1998;14(6):413-420.

Dery R, Pelletier J, Jacques A, Clavet M, Houde JJ. Humidity in anaesthesiology.
3. Heat and moisture patterns in the respiratory tract during anaesthesia with the semi-
closed system. Can Anaesth Soc J. 1967;14(4):287-298.

Kang U. A High-speed capacitive humidity sensor with on-chip thermal reset. IEEE
Trans Electron Dev. 2000;47(4):702-710.

Ullrich TL, Czernik C, Buhrer C, Schmalisch G, Fischer HS. Differential impact of flow
and mouth leak on oropharyngeal humidification during highflow nasal cannula:
A neonatal bench study. World J Pediatr. 2018;14(3):305-309

De Luca D, Piastra M, Pietrini D, Conti G. Effect of amplitude and inspiratory time in a
bench model of non-invasive HFOV through nasal prongs. Pediatr Pulmonol.
2012;47(10):1012-1018.

94



Acknowledgments

Above all, I sincerely thank PD Dr. Gerd Schmalisch for his excellent mentorship that
enabled me to acquire sustainable skills in my scientific work. His constant
encouragement, critical remarks, and immense knowledge were invaluable in the
planning, implementation, and completion of my experimental and clinical studies.

Next, | would like to thank Prof. Dr. Christoph Buhrer for his close collaboration on our
meta-analysis about avoiding mechanical ventilation, his expert input on past projects,
and his professional guidance in the accreditation process of this habilitation thesis.

Moreover, | want to express my gratitude to all of my colleagues who have collaborated
with me as authors on various scientific projects over the past several years:

Dr. Kajsa Bohlin, Karolinska University Hospital, Stockholm

PD Dr. Malte Cremer, Vivantes Klinikum Neukdlln, Berlin

PD Dr. Christoph Czernik, Charité — Universitadtsmedizin Berlin

Prof. Dr. Christof Dame, Charité — Universitatsmedizin Berlin

Prof. em. Dr. Simon Godfrey, Hadassah-Hebrew University, Jerusalem
Dr. Hannes Hammer, Berlin

Dr. Julia Hartung, Charité — Universitatsmedizin Berlin

Dr. Marcus Kelm, Deutsches Herzzentrum Berlin

Dr. Ramadan Mahmoud, Sohag University, Egypt

Prof. Dr. Hans Proquitté, Friedrich-Schiller-Universitat Jena

Dr. Lia Puder, Charité — Universitatsmedizin Berlin

Nora Reibel, Charité — Universitatsmedizin Berlin

Prof. Dr. Irwin Reiss, Erasmus University Medical Center, Rotterdam
PD Dr. Charles Christoph Rohr, University of Oxford

Tim Ullrich, Charité — Universitatsmedizin Berlin

Dr. Jakob Usemann PhD, University Children's Hospital Basel

Prof. em. Dr. Roland Wauer, Charité — Universitatsmedizin Berlin

Silke Wilitzki, Infant Lung Function Lab, Charité — Universitatsmedizin Berlin

Your expertise, endurance, and support were vital to the success of this thesis.

In addition, | would like to acknowledge Dr. H. G6zde Kanmaz, Zekai Tahir Burak
Maternity Teaching Hospital, Ankara, and Dr. Mario Rojas, Valley Children’s Hospital,
Madera, California, for providing previously unpublished data and additional
information on their RCTs and Prof. Dr. Michael Dunn, University of Toronto, and
Prof. Dr. Egbert Herting, Universitatsklinikum Schleswig-Holstein, Lubeck, for
providing additional information about their studies.

A special thanks goes to Regina Nagel and Jessica Blank for their secretarial and
administrative support during the nHFOV survey.

Finally, 1 would like to thank all of my colleagues, friends and other persons who
supported particular research projects, and who are listed in the acknowledgments
sections of the corresponding papers.

95



Statutory declaration

Eidesstattliche Erklarung
8 4 Abs. 3 (k) der HabOMed der Charité

Hiermit erklare ich, dass

— weder friher noch gleichzeitig ein Habilitationsverfahren durchgefiihrt oder
angemeldet wurde,

— die vorgelegte Habilitationsschrift ohne fremde Hilfe verfasst, die beschriebenen
Ergebnisse selbst gewonnen sowie die verwendeten Hilfsmittel, die
Zusammenarbeit mit anderen Wissenschaftlern/Wissenschaftlerinnen und mit
technischen Hilfskraften sowie die verwendete Literatur vollstandig in der
Habilitationsschrift angegeben wurden,

— mir die geltende Habilitationsordnung bekannt ist.
Ich erklare ferner, dass mir die Satzung der Charité — Universitatsmedizin Berlin zur

Sicherung Guter Wissenschaftlicher Praxis bekannt ist und ich mich zur Einhaltung

dieser Satzung verpflichte.

Datum Unterschrift

96



	180131_a
	180131_manuscript
	180130_manuscript_ohneSeitenzahlen2a
	180130_manuscript_ohneSeitenzahlen2b
	180130_manuscript_ohneSeitenzahlen3
	180130_manuscript_ohneSeitenzahlen4
	180130_manuscript_ohneSeitenzahlen5
	180130_manuscript_ohneSeitenzahlen6a
	180130_manuscript_ohneSeitenzahlen7
	180130_manuscript_ohneSeitenzahlen8a
	180130_manuscript_ohneSeitenzahlen8b
	180130_manuscript_ohneSeitenzahlen9
	180130_manuscript_ohneSeitenzahlen10
	180130_manuscript_ohneSeitenzahlen11

	Unbenannt
	Unbenannt



