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Abstract

Background: Survival of neonates requiring respiratory support has improved over
the last two decades, but unfortunately many suffer morbidity from ventilator related

complications.

Aim: To undertake a series of studies using physiological measurements as outcomes
in infants with evolving or established bronchopulmonary dysplasia (BPD) to test the

following hypotheses and carry out a national survey.

Hypotheses: Proportional assist ventilation (PAV) compared to assist control
ventilation (ACV) would improve oxygenation as assessed by the oxygenation index
(OI). Neurally adjusted ventilatory assist (NAVA) compared to ACV would improve
oxygenation. Use of heated, humidified, high flow nasal cannula (HHFNC) would
not have increased given the results of recent randomised trials. Continuous positive
airway pressure (CPAP) would reduce the work of breathing (WOB) and thoraco-
abdominal asynchrony (TAA) and improve oxygen saturation (SaO.) compared to

HHFNC.

Methods: Four studies were undertaken. The Ol was calculated from measurement of
blood gases and the level of respiratory support. A survey was undertaken of lead
practitioners in all UK neonatal units. The WOB was assessed by measurement of
the pressure time product of the diaphragm (PTPdi) and TAA using respiratory

inductance plethysmography (RIP).



Results: The Ol was lower on PAV compared to ACV (p =0.012) and on NAVA
compared to ACV (p=0.0007). The survey demonstrated HHFNC was used in 56%
of units in 2012 and 87% in 2015 (p=<0.001). There were no significant differences

in the WOB, TAA or SaO;, on CPAP versus HHFNC.

Conclusions: PAV and NAVA may be beneficial in infants with evolving or
established BPD. Use of HHFNC has significantly increased in UK neonatal units. In
infants with evolving or established BPD, CPAP compared to HHFNC offered no
significant advantage and in infants who required respiratory support beyond 34

weeks post menstrual age (PMA).
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Introduction

1.1 Background

1.1.1 Historical perspective

In the mid-sixteenth century the anatomist and physician, Andreas Vesalius, applied
positive pressure ventilation to keep the lungs inflated during dissection of the thorax
(Vesalius, 1543). It had become evident to the anatomist that it was only necessary
now and then to blow a little air into the lung of an animal with an opened thorax to
keep it alive for some time. Robert Hooke went on to describe (Davis, 1665 ), the
prolonged preservation of life in an open-chested dog by artificial ventilation. He
showed that a dog could be allowed to ‘die’ and be revived repeatedly by continually

inflating the lungs with bellows attached to the trachea.

In 1889, Alexander Graham Bell designed and built a body-type respirator for use in
new born infants (Stern et al., 1970), but this was met with little enthusiasm and the
apparatus was probably never used. The tank-type respirator designed by Drinker in
1929 was used successfully in twenty-one of thirty-five new born infants for
resuscitation of asphyxia at birth by Murphy and his colleagues in 1931(Shaw et al.,
1931). Most of the unsuccessful attempts were in premature babies. In 1950 Alan
Bloxsom invented the Bloxsom air-lock for new born resuscitation in which the
infant was enclosed and the box filled with oxygen. The pressure inside was slowly
cycled (Bloxsom, 1950). There followed 60 years of experimental work with
individuals designing their own home-made apparatus to assist in the artificial

ventilation of new born infants. Examples include the work of lan Donald and his
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collaborators. In a series of articles (Donald and Lord, 1953, Donald, 1954), they
described early models of the servo-controlled respirator, designed to augment the
ventilation of new born infants both acutely and over a period of time (Donald and
Lord, 1953, Donald, 1954). During this era poliomyelitis was epidemic, and the
resultant respiratory muscle weakness and bulbar respiratory failure was often
successfully treated with tank-type negative pressure ventilators of the Drinker
design or by manually delivered continuous positive pressure through an
endotracheal tube or tracheostomy. Many polio patients were weaned to a negative
pressure chest cuirass or to a foot-tilt rocking bed as they improved (Lassen, 1953).
By 1957, Professor Donald reported treatment of 151 new born infants with his
successive respirator models, and 50 survived, "A large number of which were under

three pounds, and even under two pounds” (Donald et al., 1958).

It was not until 1971 that Gregory (Gregory et al., 1971), an anaesthesiologist,
developed a method of delivering constant distending airway pressure to the new
born lung through an endotracheal tube. This system had the possibility of
maintaining open terminal airways at end expiration, thereby avoiding atelectasis
when surfactant was deficient and maximising ventilation-to-perfusion ratios. The
risks of prolonged use of high inspired oxygen concentrations and high peak airway
pressures were thereby often averted. This concept was added to both positive and
negative ventilator use, and was further modified by Bancalari who designed a
constant distending negative pressure chest cuirass (Bancalari et al., 1973) and by
Kattwinkle who developed nasal prongs to avoid the use of an endotracheal tube
when a ventilator was not needed (Kattwinkel et al., 1973). Ventilators have now
been successively modified and designed to support even in very prematurely born

infants.
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1.2 Bronchopulmonary dysplasia (BPD)

1.2.1 Introduction

Recent estimates of preterm birth rates (all live births before 37 completed weeks)
for 184 countries in 2010 and a time series for 65 countries with sufficient data
suggest that 14.9 million (uncertainty range: 12.3 - 18.1 million) babies were born
preterm in 2010 (Blencowe et al., 2012). Bronchopulmonary dysplasia (BPD) is a
chronic lung disease (CLD) that most commonly occurs in premature infants who
have needed mechanical ventilation (MV) and oxygen therapy for acute
respiratory distress (Northway et al., 1967, Jobe and Bancalari, 2001, Bancalari et
al., 1979), but can also occur in immature infants who have had few signs of
initial lung disease (Jobe, 2011). The clinical, radiological, and pathological
features of BPD were first described more than five decades ago (Northway et
al., 1967). BPD was then seen in moderately prematurely born infants with severe
respiratory distress syndrome who had been treated with high inspired oxygen
concentrations (Northway et al., 1967). Despite advances in the prevention and
management of respiratory distress syndrome (RDS) (including the widespread
use of antenatal steroids and surfactant treatment), BPD is the most common
adverse outcome of extreme prematurity and hence the prime focus in my thesis

involving preterm infants only.
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1.2.2 Prevalence of BPD

BPD in the United States occurs in 10,000 to 15,000 infants annually, including
approximately 50% of infants with birth weight less than 1000 g (Stoll et al., 2010,
Martin et al., 2013). The Israeli Neonatal Network reported outcomes for all very
low birth weight infants (VLBW; birth weight < 1500 g) born in Israel between 2000
and 2010 who survived to 36 weeks PMA (n =12,139) (Klinger et al., 2013). Based
on the need for supplemental oxygen at 36 weeks PMA, 13.7% of VLBW and 31%
of Extremely low birth weight (ELBW) infants met the diagnostic criteria (Klinger et
al., 2013). In the Canadian and Japanese Neonatal Networks, rates of BPD by
NICHD criteria for surviving VLBW infants were 12.3% and 14.6% between 2006
and 2008 respectively (Isayama et al., 2012).

In the Vermont Oxford Network (VON), yearly rates of BPD for VLBW infants
ranged from 26.2% to 30.4% between 2000 and 2009 (n=305,770) (Horbar et al.,
2012). In ten European regions, rates of BPD ranged between 10.5% and 21.5% for
infants born less than 32 weeks gestation in 2003 (Zeitlin et al., 2008). While some
reports indicate BPD rates are beginning to decline, the majority of studies suggest
that rates remained stable or are even increasing, possibly due to increased survival
of the highest risk infants (Smith et al., 2005, Fanaroff et al., 2007, Stoll et al., 2010,
Stroustrup and Trasande, 2010, Botet et al., 2012, Horbar et al., 2012). Results of the
EPICure study indicated no change in rates of BPD between 1995 and 2006 for
infants born between 22 and 26 weeks gestation (Costeloe et al., 2012). Hence, this
is an important group to study to see if newer strategies have indeed made a

difference.
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1.2.3 Pathogenesis of BPD

BPD, as it was initially described by Northway in the 1960s, was based on clinical
and radiographic evidence of pulmonary disease in moderately to late premature
infants with a history of RDS prior to utilisation of surfactant-replacement therapy
(Northway et al., 1967). Radiography of these infants showed areas of heterogeneity
throughout the lung fields and coarse scattered opacities in the most severely
affected of infants (Bancalari and Gerhardt, 1986). Classic BPD was characterised
by lung inflammation, airway injury secondary to interstitial and alveolar fluid
overload, lung parenchyma fibrosis due to hyperinflation and the development of
small airways disease, smooth-muscle hypertrophy, and oxidative stress (Baraldi and
Filippone, 2007, Cerny et al., 2008). High ventilator pressures and inspired oxygen
levels in addition to lack of antenatal steroids and postnatal surfactant, were largely

responsible for the development of classic BPD (Figurel-1).

There is now growing recognition that infants with BPD after premature birth have a
different clinical course and pathology than had been recorded before surfactant was
used (Charafeddine et al., 1999, Rojas et al., 1995). The classic progressive stages
with prominent fibroproliferation that first characterised BPD are generally less
striking now and the disease is now predominantly defined by a disruption of distal
lung growth, and has been termed the “new BPD”(Jobe, 1999) (Figurel-1). Unlike
the original form of the disease, this “new” form often develops in preterm newborns
who may have needed little or no ventilatory support, and have had low inspired
oxygen concentrations during the early postnatal days (Charafeddine et al., 1999,
Rojas et al., 1995). Animal studies suggest that the histology of “new” BPD shows

more diffuse disease, fewer areas of hyperinflation, a reduction in alveoli and
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capillaries, but little fibrosis (Coalson et al., 1995, Jobe, 1999). At autopsy, the lung
histology of these infants with the new form has regions of more uniform and milder
injury, but impaired alveolar and vascular growth remain prominent (Coalson, 2006)
(Figurel-1). The chest radiograph appearance of new BPD, that is small volume,
hazy lung fields, is very different from the cystic abnormalities and interstitial
fibrosis seen in “old” BPD. As a consequence, lung function abnormalities are likely

to differ according to whether an infant is developing old or new BPD.

Although the pathogenesis of the ‘new BPD’ remains unclear, much evidence
suggests that this form of chronic respiratory failure reflects abnormal growth and
repair of the immature lung exposed to the continuous stress of repetitive inflation
with oxygen rich gas in a setting of chronic inflammation, often aggravated by
recurrent infection (Pierce and Bancalari, 1995, Zimmerman, 1995). Studies have
shown an increase in the number of neutrophils, macrophages and neutrophil-derived
elastase activity in liquid suctioned from the airways of infants with acute RDS who
later acquire BPD (Ferreira et al., 2000). Studies have also showed that elastase
inhibitory capacity and 1-protease inhibitor activity are reduced, as is secretory
leukocyte protease inhibitor (Watterberg et al., 1994), in infants with evolving BPD
compared to infants without BPD. The reported association of maternal
chorioamnionitis and early lung inflammation in infants with subsequent BPD
(Watterberg et al., 1996) led to the notion that BPD sometimes may have a prenatal

inflammatory origin (Yoon et al., 1997, Gomez et al., 1998, Jobe, 1999).
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Figure 1-1 Histopathology of Old (A) and New (B) BPD

(Figure adapted from The New BPD: an arrest of lung development, (Jobe, 1999))
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1.2.4 Defining BPD

The definition of BPD has continued to evolve since Northway et al. (Northway et
al., 1967) reported lung damage as a result of prolonged mechanical ventilation in
premature infants with severe RDS. In 1969 (Pusey et al., 1969), Pusey et al
described diffuse interstitial fibroplasia associated with mechanical ventilation in
newborns including patients without RDS. There was no clear relationship
demonstrated between the use of high oxygen concentration and BPD, thus
suggesting barotrauma as the primary cause (Pusey et al., 1969). Further definitions
of clinical BPD have included supplemental oxygen requirement at 28 days postnatal
age (Kraybill et al., 1989, Sinkin et al., 1990) and 36 weeks postmenstrual age

(PMA) (Shennan et al., 1988, Marshall et al., 1999).

In 2000, a workshop sponsored by the National Institute of Child Health and Human
Development (NICHD), National Heart, Lung, and Blood Institute (NHLBI), and
Office of Rare Diseases (ORD) proposed the current National Institutes of Health
(NIH) consensus definition of BPD (Jobe and Bancalari, 2001). This definition used
supplemental oxygen requirement for 28 days and then identified three grades of
severity, dependent on the respiratory support required at either 36 weeks
postmenstrual age (PMA) or at discharge for those born at less than 32 weeks
gestation or at 56 days of life or discharge for those born at more than 32 weeks
gestation (Jobe and Bancalari, 2001) (Table 1-1). This definition was validated
preliminarily with the NICHD Neonatal Network database and data from Palta et al.
(Palta et al., 2000) and is thought to more accurately identify the risk of adverse

outcomes than previous definitions (Jobe and Bancalari, 2001). The definition
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includes a few additional features. First, a day of treatment with supplemental
oxygen was defined as 12 hours or more of supplementary oxygen exposure. Second,
infants must require supplemental oxygen for a cumulative of 28 days or more
before the assessment at 36 weeks PMA. Finally, respiratory support at the time of
assessment should reflect the infant’s usual therapy in the days surrounding
assessment and not an “acute” event. Studies that rely on a simple “snapshot” of
respiratory support at 28 days or 36 weeks PMA may therefore incompletely assess
BPD rates based on those criteria (Bancalari et al., 2003). To decrease variability in
BPD diagnosis, Walsh et al.(Walsh et al., 2003) proposed a “physiologic” definition
which required an oxygen reduction test to determine oxygen dependency. To
conduct the test, the fraction of administered oxygen was reduced in a stepwise
manner over a defined timed interval. Infants who are unable to maintain saturations
> 90% during that time were diagnosed with BPD. Ehrenkranz et al. (Ehrenkranz et
al., 2005) attempted to validate the accuracy of the NIH consensus definition of BPD
in a cohort of extremely low birth weight (ELBW; birth weight<1000 g) infants
followed in the NICHD Neonatal Research Network’s very low birth weight registry.
The Jobe and Banclari (Jobe and Bancalari, 2001) definition was more accurate in

predicting outcome than previous definitions and hence used in this thesis.
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Table 1-1: Diagnostic classification of BPD into mild, moderate and severe
based on gestational age and respiratory support requirement.

(Adapted from the National Institutes of Health Consensus Definition of
Bronchopulmonary Dysplasia (Jobe and Bancalari, 2001))

BPD classification

Gestational age

Mild

Moderate

Severe

Treatment with
> 21% oxygen

for 28 days plus

Need for < 30%

Need for > 30%
oxygen and/ or

positive pressure

oXxygen at
< 32 weeks no respiratory ventilation or
36weeks PMA or
support at 36 CPAP at 36
discharge home
weeks PMA or weeks PMA or
discharge home discharge home
Treatment with
Need for > 30%
> 21% oxygen
oxygen and/or
for 28 days plus Need for < 30%
positive pressure
no respiratory oxygen at 56
> 32 weeks ventilation or

support at 56
days Postnatal
age (PNA) or

discharge home

days PNA or

discharge home

CPAP at 56 days
PNA or

discharge home
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1.25 Risk Factors for BPD

The aetiology of BPD is multifactorial and involves exposure to prenatal and/or

postnatal factors, which disrupt pulmonary development, and may cause

inflammation and damage to the highly vulnerable premature lung (Jensen and

Schmidt, 2014).
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Figure 1-2: Stages of lung development, potentially damaging factors, and types

of lung injury.

Adapted from From Eugenio Baraldi, M.D.; Marco Filippone, M.D. Chronic Lung
Disease after Premature Birth (Baraldi and Filippone, 2007). N. Engl. J. Med. 2007,

357, 1946-1955.
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1.2.5.1 Prenatal Risk Factors

1.2.5.1.1 Intrauterine growth restriction

Fetal growth restriction in infants with a gestational age below 28 weeks appears to
be an independent risk factor for BPD (Bose et al., 2009, Torchin et al., 2016). The
extremely low gestational age newborn (ELGAN) study found a strong association
between fetal growth restriction and BPD in infants born less than 29 weeks
gestation (Bose et al., 2009). Odds of BPD in that cohort were over threefold higher
for infants with birth weight more than one standard deviation below the mean (Bose
et al., 2009). In a case-control study that included 2255 infants less than 33 weeks
gestation, infants born small for gestational age had more than twice the risk of BPD
(Odds ratio (OR) 2.73, 95% Confidence Interval (Cl) 2.11-3.55) (Eriksson et al.,
2015). Klinger et al. (Klinger et al., 2013) reported the risk-adjusted odds for BPD of
2.65 (95% ClI, 2.24-3.12) in VLBW infants with birth weight (BW) less than the

10% for gestational age (GA).

1.2.5.1.2 Chorioamnionitis

Whether maternal chorioamnionitis increases BPD risk remains controversial. A
study (Van Marter et al., 2002), reported decreased rates of BPD in VLBW infants
exposed to chorioamnionitis, except in those who subsequently developed sepsis.
Odds of BPD in those cases were nearly threefold higher (OR, 2.9; 95% ClI, 1.1 7.4).
Similar decrease in BPD with histologic chorioamnionitis alone was also present in
another study but an increase when postnatal sepsis (Lahra et al., 2009). The
unreliability of both clinical and histologic diagnoses of chorioamnionitis make the

interpretation of available data difficult (Redline et al., 2003, Jobe, 2012). The
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ELGAN study which aimed to identify factors that contribute to brain damage,
reported that while 51% of placental cultures obtained from 1119 extremely preterm
deliveries yielded positive results (Bose et al., 2009). Chorioamnionitis in fetal mice
stimulated angiogenesis and produced an inflammatory profile comparable to the
inflamed lungs of infants developing BPD (Miller et al., 2010). Infants exposed to
severe chorioamnionitis had lower clinical responses to surfactant treatment and
those lower responses correlated with longer mechanical ventilation and more BPD
(Been et al., 2010). A meta-analysis of studies involving 13,583 infants found that
histologically but not clinically diagnosed chorioamnionitis was associated with

higher odds (OR 1.89, 95% CI 1.56 to 2.3) of BPD (Hartling et al., 2012).

1.2.5.1.3 Genetics

Several investigators have attempted to identify associations with BPD of molecules
or pathways that are known to be associated with lung development, maturation,
inflammation, fibrosis, angiogenesis, oxidative stress, or tissue injury and repair. In
general, many of these studies have focused on single nucleotide polymorphisms
(SNPs) in relatively few genes or pathways, and have had limited sample sizes from
one or a few centres (Hallman and Haataja, 2006, Lahti et al., 2004, Sorensen et al.,
2014). A limitation of these approaches is that we currently do not have a good
understanding of the regulation of the transition from the saccular to the alveolar
stage of lung development. Hence, we do not know all the molecules or pathways of
critical importance to distal lung development (and therefore to BPD pathogenesis)
that can be targeted for analysis. Twin studies provide insight into genetic

predispositions as monozygotic twins share 100% of their genetic information while
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dizygotic twins are 50% concordant (Shaw and O'Brodovich, 2013). A total of 450
twin pairs were analysed using mixed-effects logistic-regression and a latent variable
probit model in a multicentre retrospective study. This analysis concluded that 65%
of the variances in BPD susceptibility could be accounted for by genetic and shared
environmental factors (Bhandari et al., 2006). Subsequent multicentre studies
confirmed the heritability of BPD by way of data identifying greater similarity in
monozygotic as compared to dizygotic twins. One series of over 300 twins reported
that genetics contributed to approximately 80% of the observed variance in rates of
BPD (Lavoie et al., 2008). More recently, several genome-wide association studies
(GWAS) have been conducted to identify candidate SNP’s associated with BPD. The
largest study evaluated over 1700 infants and failed to identify genomic loci or
pathways that accounted for the previously described heritability for BPD (Wang et
al., 2013). A second, smaller analysis (n=418) concluded that the SPOCK2 gene may
represent a possible candidate susceptibility gene and a key regulator of

alveolarisation (Hadchouel et al., 2011).
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1.2.5.2 Risk Factors At Birth

1.2.5.2.1 Gestational age

GA is inversely proportional to the incidence of BPD, as well as the severity of the
disease. Among infants meeting the physiological definition of BPD at 36 weeks
postmenstrual age (PMA), 95% were very-low-birth-weight (VLBW) (Walsh et al.,
2004). In the NICHD network, the incidence of BPD at 23 weeks PMA (as defined
as oxygen at 36 weeks PMA) was 73% with 56% of infants having severe BPD. In
comparison, at 28 weeks PMA the incidence of BPD was 23% with only 8% of
infants with severe BPD (Stoll et al., 2010). In the NICHD Neonatal Research
Network, the incidence of BPD in infants born at 23 weeks gestation was 73%, 56%
of whom developed severe disease (Stoll et al., 2010). At 28 weeks gestation, 23%

develop BPD, with severe disease found in only 8% (Stoll et al., 2010).

The Canadian Neonatal Network reported that 28.1% of surviving infants born
less than 25 weeks gestation developed BPD (defined as oxygen use at 36 weeks
PMA following oxygen use on the 28th day after birth) compared with only 4% of
infants born at 29 to 32 weeks gestation (Isayama et al., 2012). In an Israeli
national cohort, 50.1% of surviving infants born at 24 to 25 weeks gestation
developed BPD diagnosed by oxygen requirement at 36 weeks PMA compared

with only 4.1% born between 30 and 32 weeks ) (Klinger et al., 2013).
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1.2.5.2.2 Gender

Male infants are at increased risk of BPD compared with females of similar GA and
BW (Palta et al., 1991, Rojas et al., 1995, Ambalavanan et al., 2008, Costeloe et al.,
2012). Among VLBW infants enrolled in the NICHD trial of inhaled nitric oxide, the
adjusted odds of BPD or death were nearly five times greater for males than females
(Ambalavanan et al., 2008). Surviving males in the EPICure studies were over twice

more likely to develop BPD than similar females (Costeloe et al., 2012).
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1.2.5.3 Postnatal Risk Factors

1.2.5.3.1 Supplementary oxygen

1.2.5.3.1.1 Delivery room resuscitation

Several studies of delivery room resuscitation and early respiratory management
evaluated whether interventions aimed at reducing mechanical ventilation and
supplemental oxygen exposure result in improved respiratory outcomes. In a small
randomised control trial (RCT), (Vento et al., 2009), infants born between 24 to 28
weeks gestation those, resuscitated in the delivery room with 30% (n=37) and
compared to those with 90% (n=41) supplemental oxygen had a lower incidence of
BPD (31.7% vs 15.4%; p < 0.05). The Room Air versus Oxygen Administration
During Resuscitation of Preterm Infants (ROAR) study (Rabi et al., 2011), however,
found no difference in BPD rates between preterm infants treated with room air
(n=34), titrated oxygen (n=34), or 100% supplemental oxygen (n=38) (Rabi et al.,
2011). In another study (Kapadia et al., 2013), BPD in infants with gestational age of
24 to 34 weeks were randomised to two different delivery room resuscitation
strategies. In one arm (n=44), resuscitation was initiated with room air and
supplemental oxygen was titrated to achieve the neonatal resuscitation program
(Kattwinkel et al., 2010) recommended saturation levels. The alternate arm (n=44)
titrated from 100% supplemental oxygen to achieve a saturation of 85 to 94%. BPD
rates were lower in the infants initially resuscitated without supplemental oxygen

(7% vs. 25%; p=0.04) (Kapadia et al., 2013).
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1.2.5.3.1.2 Target oxygen saturation

Extensive efforts have been made to define optimal saturation targets for premature
infants (Manja et al., 2015). A meta-analysis including five separate trials did not
identify significant differences in the outcomes of visual disability following
retinopathy of prematurity or BPD but raised concerns for increased risk of mortality
at 18 — 22 month corrected gestational age (CGA) with lower saturation targets (low
85%-89% versus high 91% — 95%) as well as higher rates of necrotizing
enterocolitis (NEC) (Stenson, 2016, Saugstad and Aune, 2014). Specific to the
outcome of BPD, the Surfactant, Positive Pressure and Oxygenation Randomization
Trial (SUPPORT) found non-significant lower rates of BPD (38% versus 41.7%) in
the low-saturation group (Network et al., 2010a). The Canadian Oxygen Trial (COT)
identified a similar trend with BPD rates of 31.8% and 33.1% in the low- and high-
saturation groups, respectively (Schmidt et al., 2013). Finally, the three trials
conducted in New Zealand, the UK and Australia combined as the Benefits of
Oxygen Saturation Trials (BOOST I1) found similar non-significant trends with rates
of 39.5% and 44.7% in the low- and high-saturation groups respectively (Group et
al., 2013, Stenson et al., 2011). Use of higher saturation targets will inherently
increase documented rates of BPD as infants cannot be weaned until they can
maintain these higher goals. Nonetheless, the meta-analysis including all five studies
still failed to identify a significant difference in rates of oxygen requirement at 36
weeks (Saugstad and Aune, 2014). Despite the theoretical concerns for increased risk
of oxidative lung injury and pulmonary vascular remodelling, many units now use

higher saturation limits of 91%-95% based upon the collective finding of improved
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survival in these five trials. Some suggest that higher targets of 93% — 97% should
be considered with established BPD to reduce risks of subsequent pulmonary

hypertension (Cummings et al., 2016).

1.2.5.3.2 Permissive Hypercapnia

Permissive hypercapnia is a ventilatory strategy that permits relatively high levels of
partial pressure of arterial carbon dioxide (PaCO2) and always used to avoid lung
injury and BPD (Miller and Carlo, 2007). Four studies that enrolled a total of 693
participants selected to a meta-analysis (Mariani et al., 1999, Carlo et al., 2002,
Thome et al., 2006, Thome et al., 2015), revealed no effect of permissive
hypercapnia on decreasing rates of bronchopulmonary dysplasia (BPD). Permissive
hypercapnia also had no significant effect on mortality, intraventricular haemorrhage
(IVH), IVH (grade 3-4), periventricular leukomalacia (PVL), necrotising
enterocolitis (NEC), and retinopathy of prematurity (ROP) or air leaks in extremely

low birth weight infants (Ma and Ye, 2016).
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1.2.5.3.3 Patent ductus arteriosus

The role of a patent ductus arteriosus (PDA) in the development of BPD is much-
debated. There is evidence to support an association but not a causal relationship
between persistent PDA and BPD (Benitz, 2010, Benitz, 2012, Trzaski et al.,
2012). Studies of prophylactic closure of PDA showed no benefit for prevention
of BPD and some suggest that treatment may increase BPD risk (Cooke et al.,
2003, Fowlie et al., 2010, Ohlsson et al., 2013). In the Trial of Indomethacin
Prophylaxis in Preterm (TIPP) (Schmidt et al., 2001), Indomethacin reduced the
incidence of PDA (24% vs. 50% in the placebo group; odds ratio, 0.3; p<0.001)
and severe Periventricular Haemorrhage (PVH) and IVH (9%, vs. 13% in the
placebo group; odds ratio, 0.6; p = 0.02). No other outcomes were altered by the
prophylactic administration of indomethacin. In a follow-up to the TIPP study, the
treatment did not prevent BPD, although it reduced the frequency of PDA
(Schmidt et al., 2006). BPD rates were considerably lower (30% vs. 43%) in
infants in whom PDASs closed spontaneously without indomethacin compared
with those with closure following indomethacin (Schmidt et al., 2006). A recent
Cochrane Review found no difference in the incidence of BPD following medical
versus surgical closure of PDA in preterm infants, but the analysis contained only
a single small RCT (Malviya et al., 2013). In a subsequent systematic review of
all RCTs evaluating both surgical and pharmacologic methods of PDA closure,
Benitz (Benitz, 2010) found no reduction in BPD or the combined outcome of

death or BPD with any therapy.
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1.2.5.3.4 Infection and Inflammation

There exists controversy regarding the contribution of postnatal inflammation or
nosocomial infection to the increased risk of developing BPD (Oh et al., 2005,
Lahra et al., 2009, Klinger et al., 2010). Novitsky et al. identified that premature
infants with BPD were more likely to receive prolonged courses of antibiotics in
the first week after birth and to have evidence of resistant gram-negative bacilli in
their endotracheal tube (Novitsky et al., 2015). Those data raises concerns that the
presence of resistant organisms may result in more severe infection, advocating
for judicious use of prophylactic or prolonged antibiotics in premature infants at
risk. Non-infectious exposures, including oxygen and mechanical ventilation,
cause further injury to the preterm lung resulting in secondary insult via
inflammatory mediated responses. Increased pro-inflammatory cytokines found in
tracheal aspirates and blood samples from premature infants, including tumor
necrosis factor alpha (TNFa), IL-8, IL-1p and IL-6, have been shown to correlate
with increased risk of BPD (Tullus et al., 1996, Jonsson et al., 1997, D'Angio et

al., 2016).
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1.2.5.3.5 Postnatal corticosteroids

The potential benefits of systemic steroids are often outweighed by concerns for
long-term neurodevelopmental sequelae including increased risk of cerebral palsy
(CP) (Halliday, 2002, Halliday et al., 2009). Rates of use of systemic steroids for
prevention of BPD have markedly decreased following American Academy of
Pediatrics (AAP) and Canadian Pediatric Society (CPS) recommendations in 2002

against routine use (Jarreau et al., 2010, Yoder et al., 2009). Specifically, rates of

postnatal corticosteroids use declined from 20% in 1997 — 2000 to only 12% in 2001

— 2002 and then again to 8% in 2004 with no significant change thereafter (Fanaroff

et al., 2007, Stoll et al., 2015).
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1.2.6 Long-term Outcome

1.2.6.1 Re-hospitalisation

In a study of 238 infants who were born at less than 33 weeks gestation, 49% of
infants with BPD required readmission during the first year after birth compared
with 23% of non-BPD infants (Smith et al., 2004). The mean number of
readmissions and length of stay were also greater for infants with BPD (Smith et al.,
2004). During the first two years, Greenough et al. (Greenough et al., 2001) reported
that 57% of infants with BPD required re-hospitalisation for respiratory problems.
Respiratory syncytial virus infection in particular was associated with higher
readmission rates (Greenough et al., 2001, Drysdale et al., 2011). In the NICHD
Neonatal Research Network, rates of rehospitalisation and pulmonary medication use
at 18 to 22 months increased with increasing severity of BPD (Ehrenkranz et al.,
2005). During the second and third year of life, re-hospitalisation rates decline,
although BPD survivors may remain at increased risk for respiratory related

hospitalisations well into adulthood (Walter et al., 2009).
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1.2.6.2 Respiratory symptoms

Many survivors of BPD demonstrate a component of reactive airway disease.
Problematic respiratory symptoms, such as wheezing and coughing, can continue
into preschool years (2-5 years) (Greenough et al., 2006). In a cohort of 308
extremely preterm infants followed through six years of life, wheezing, coughing,
and use of inhaled medications were significantly more common in those with than
without BPD (Hennessy et al., 2008). At 11-year follow-up of infants from the same
cohort, 28% with a history of BPD were diagnosed with asthma, 24% suffered
exercise induced wheezing, and 22% experienced nocturnal cough (Fawke et al.,
2010). Cough, wheeze, and dyspnoea are also common in young adult survivors with
BPD (Gough et al., 2012). Lung function abnormalities and respiratory symptoms
can continue into adulthood. A study of 690 adults who had developed BPD as
infants (Vrijlandt et al., 2005) highlighted that compared to controls, wheezing
without a cold, asthma diagnosis and shortness of breath on exercise were more

common, but only in the female population.

Long-term follow-up of infants born less than 26 weeks of gestation identified that
25% had an asthma diagnosis at 11 years of age while over twice this percentage
(56%) had evidence of abnormal spirometry (Fawke et al., 2010). Cohort studies
show a significantly greater prevalence of asthma like symptoms and the use of
inhaled asthma medication among persons 8 to 19 years old who were born
prematurely regardless of whether they had BPD than among persons born at term
(Doyle et al., 2006, Anand et al., 2003, Halvorsen et al., 2004). A trend toward

clinical improvement is usually seen over time, however; symptoms progressively
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subside, respiratory exacerbations become uncommon, and most persons lead

apparently normal lives (Kinsella et al., 2006).

While children with BPD have asthma-like symptoms, they are also less likely to
demonstrate airway hyper-responsiveness or response to bronchodilators as they may
suffer a fixed peripheral airway narrowing (Joshi et al., 2013). In addition, co-morbid
bronchomalacia or other central airway disease in ex-premature infants can result in
exacerbated wheezing with use of bronchodilator therapy (Allen et al., 2003).
Benefits from inhaled corticosteroids are also thought to be less consistent for
children with BPD as compared to those with asthma (Allen et al., 2003). The
reversibility and impact of this asthma - like phenotype on late adult pulmonary

morbidity remains unknown.

1.2.6.3 Pulmonary function

In most infants with BPD, lung growth and remodelling during infancy results in
progressive improvement of pulmonary function and weaning from oxygen
therapy; few BPD patients remain oxygen-dependent beyond two years of age
(Greenough et al., 2004). Several studies in infants (aged 6 to 12 months) with
BPD have demonstrated evidence of small airway disease and impaired alveolar
growth. Lung function is usually in the low-to-normal range by age two to three
years, but airflow abnormalities can remain. In another study, sequential
measurements during the first two to three years following hospital discharge
demonstrated gradual increases in FRC (mL/kg) from initial low levels to more

normal levels, but with persistent limitations of maximum flow at FRC
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(VmaxFRC) (Fakhoury et al., 2010). Approximately one-third of those patients

responded to bronchodilators (Fakhoury et al., 2010).

Although clinical symptoms in individuals with BPD often improve during
childhood, pulmonary function tests (PFTs) often remain abnormal, particularly in
those with more severe disease (Baraldi and Filippone, 2007, Ronkainen et al.,
2015). One study (Filippone et al., 2003), reported a strong correlation between
VmaxFRC at two years of age and FEV at school age (mean 8-8 years),
suggesting persistent airflow limitation in some patients with BPD. Another study
compared preschool children with healthy controls and found decreased forced
expiratory volume in one second (FEV1), increased FRC, residual volume (RV),
and the ratio of RV to total lung capacity (RV/TLC) in the BPD group consistent
with obstructive lung disease (Robin et al., 2004). Those findings are consistent
with persistent airflow obstruction and gas trapping. A retrospective review of
322 preterm infants with BPD (Landry et al., 2011) demonstrated that lung
function as assessed by forced expiratory volume, forced vital capacity and forced
expiratory fraction was significantly reduced at seven years of age compared to
controls. They also observed that lung function abnormalities and health-care
utilisation during childhood was significantly associated with the initial severity
of BPD. In many patients, especially those with mild disease, pulmonary function
tests (PFTs) gradually improved over time, possibly in conjunction with new
alveolar development and improvement in small airway flow limitation (Baraldi

etal., 1997, Fakhoury et al., 2010, Gerhardt et al., 1987).

There are few data on the pulmonary function of adult patients with a history of
premature birth and old BPD. Long-term respiratory morbidity is not limited to
BPD survivors born before routine surfactant use. BPD survivors from the

EPICure cohort, 89% of whom received surfactant, suffered significantly
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decreased lung function at 11 years of age compared with extremely preterm and
term controls without BPD (Fawke et al., 2010). Abnormalities in PFTs are
commonly found in children and adults with BPD (Doyle et al., 2006, Landry et
al., 2011, Doyle and Anderson, 2009). PFTs frequently show decreased FEV1 and
decreased ratios of FEV to forced vital capacity (FEV1/FVC), consistent with
airflow limitation and small airway obstruction (Doyle et al., 2006, Landry et al.,

2011).

A recent systematic review of adults born during the pre-surfactant era found
higher rates of pulmonary function abnormalities and radiographic evidence of
persistent structural changes in the lungs of those with a history of BPD (Gough et
al., 2012). Another study compared lung function at eighteen years of age in two
cohorts of ELBW infants, one born before and the other after availability of
surfactant. Significant airway obstruction was found in preterm survivors from
both cohorts, with airflow limitations most pronounced in those with a history of

BPD (Vollsaeter et al., 2013).
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1.2.6.1 Pulmonary Hypertension

Complications of BPD include pulmonary hypertension (PH), due to anatomical
and physiological abnormalities in lung circulation in BPD patients, which
contributes significant mortality and morbidity in BPD patients (Kim, 2010).
While the true incidence of pulmonary arterial hypertension in infants with BPD
is unknown, several small retrospective reports estimate rates at 25% to 37% (An
etal., 2010, Slaughter et al., 2011, Kim et al., 2012, Check et al., 2013). Forty-
five percent of infants who required supplemental oxygen at 36 weeks PMA were
diagnosed with PH. The incidence of PAH increased with increasing BPD
severity. Only 2% of infants with mild BPD had evidence of pulmonary arterial
hypertension compared with 36% with moderate and 50% with severe BPD (Bhat
etal., 2012). In a series of 42 VLBW infants with BPD and PAH, mortality was
38% during a median follow-up period of 10.9 months and only 25% with severe
PH and BPD survived to two to three years of age (Khemani et al., 2007). Among
all survivors with BPD and pulmonary arterial hypertension, however, 89%
demonstrated improvement in pulmonary arterial hypertension during the follow-

up period (Khemani et al., 2007).
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1.3 Ventilator-induced lung injury (VILI)

Ventilator-induced lung injury (VILI) is a common complication of MV in
premature infants and may predispose the infant to abnormal lung growth and
development and BPD (Attar and Donn, 2002). Several mechanisms may contribute
to the lung injury that is associated with MV. These mechanisms are not mutually
exclusive and may act synergistically. Understanding these mechanisms may have

therapeutic implications.

1.3.1 Barotrauma

Barotrauma occurs when high pressures are used in ventilation, thus increasing the
risk of air leak syndromes, such as interstitial emphysema, pneumothorax, and
pneumomediastinum (Morisot et al., 1990), which in turn activate the inflammatory
cascade (Carvalho et al., 2013). In a study (Webb and Tierney, 1974), anaesthetised
rats were ventilated with room air at peak inspiratory pressures of 14, 30 or 45
cmH20 without any added PEEP, while other rats were ventilated with the same
inspiratory pressures but with an added PEEP of 10 cmH2O. The results showed that
the control group of rats that were not ventilated and the group of rats ventilated with
pressures of 14/0 showed no pathological lung changes while the group of rats
ventilated on 30/0 and 30/10 had perivascular oedema but no alveolar oedema.
Similarly, rats ventilated on 45/10 had no alveolar oedema and survived (Webb and
Tierney, 1974). On the contrary, rats ventilated with higher pressures of 45/0 cmH,0

had alveolar and perivascular oedema, severe hypoxemia, and decreased compliance
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and died within one hour concluding that that interstitial perivascular oedema
develops from ventilation with high tidal volumes generated by high distending

pressures (Webb and Tierney, 1974).

Several investigators questioned whether VILI was caused by the ventilatory
pressures per se (i.e. barotrauma), or the resultant ventilatory volumes (i.e. volume
trauma) (Dreyfuss and Saumon, 1993, Hernandez et al., 1989, Carlton et al., 1990,
Dreyfuss et al., 1988). Hernandez and coworkers (Hernandez et al., 1989) addressed
this question by comparing the effect of ventilation with 15, 30, or 45 cm H,O PIP
on normal rabbits, rabbits encased in plaster casts to limit chest excursions, and
excised rabbit lungs. No significant changes in capillary filtration coefficient (Kfc)
or any signs of macroscopic lung injury were found in the rabbits encased in plaster.
However, significant increases in Kfc were found in the other two groups (i.e.
normal rabbits or ex vivo lungs). Therefore, they concluded that it was the large lung
volumes (volutrauma), rather than the high airway pressures, which produced lung
injury. A similar conclusion was reached by Dreyfuss et al., based on their findings
of pulmonary oedema when rats were ventilated with either high tidal volumes and
high airway pressures (high pressure conventional mechanical ventilation) or high
tidal volumes and low airway pressures (negative pressure ventilation). In contrast,
no pulmonary oedema was found with normal tidal volume ventilation at high
airway pressures (positive pressure ventilation with thoraco-abdominal strapping)

(Dreyfuss et al., 1988).
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1.3.2 Volutrauma

Whilst pressure and volume are inextricably linked, over expansion of lung
parenchyma, rather than the absolute pressure, leads to lung injury (Dreyfuss and
Saumon, 1992). The importance of volutrauma has been demonstrated in animal
models. Young rabbits were exposed to peak inspiratory pressures (PIP) of 15, 30,
and 45 cmH20, in isolated lung preparations, intact rabbits, and rabbits in which the
chest and abdomen were encased in plaster of Paris, limiting expansion. The lungs of
the restricted expansion rabbits appeared macroscopically normal, and measurements
of capillary permeability, increased in lung injury, remained static at each of the
pressure intervals. In contrast, the lungs from uncasted rabbits showed progressive
macroscopic damage as the pressure to which they were exposed increased, with
increasing capillary permeability. The isolated lung preparations, with no restriction
to expansion, were worst affected (Hernandez et al., 1989). This study demonstrates
that volutrauma was more important than the absolute pressure applied in provoking
this aspect of lung injury. This is particularly significant in premature neonates,

whose compliant chest walls offer little protection against over-distension.

Another animal study has shown that even a small number of large inflations soon
after birth can adversely affect surfactant-deficient lungs (Bjorklund et al., 1997). In
this study of new born lambs, one lamb of each of five pairs was randomly assigned
to receive six large manual inflations ("bagging") after preterm delivery and before
starting MV and receiving artificial surfactant. At four hours, the bagged animals
compared with controls had lower inspiratory capacity and maximal deflation, were

more difficult to ventilate, and had less well expanded alveoli and more widespread
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lung injury on histologic examination. Injury caused by mechanical ventilation
primarily is due to large tidal volumes (volutrauma) that over distended airways and
airspaces, rather than increased airway pressures (Hernandez et al., 1989, Carlton et

al., 1990).

1.3.3 Atelectotrauma

Atelectorauma results from regionally or totally reduced lung parenchyma
expansion. Pulmonary injury is associated with alveolar instability: the successive
collapsing and reopening of the alveolar walls cause the lysis of the structural
elements that compose the lung interstitium, triggering local and systemic
inflammation. Experimental models of surfactant deficiency showed that low-
volume MV induces cytokine release and initiates the inflammatory cascade, which
also occurs in volutrauma (Froese et al., 1993). Studies performed during
conventional MV of surfactant-depleted lungs with various levels of Peak end
expiratory pressure (PEEP) provide support to the concept that the repeated opening
and closing of terminal units causes additional injury (Sandhar et al., 1988,
Muscedere et al., 1994). Muscedere et al. ventilated isolated, nonperfused, lavaged
rat lungs at different end-expiratory pressures above and below the inflection point
(Pinf) of the inspiratory pressure-volume curve. In the group ventilated with PEEP
below Pinf, compliance fell dramatically after ventilation, and lung injury assessed
morphologically was significantly greater (Muscedere et al., 1994). Another benefit
of setting PEEP above this inflection point is that it usually results in a very abrupt
decrease in shunt fractions and increase in PaO (Falke et al., 1972). It seems likely

that unstable lung units may be damaged by repeated opening and closing during
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tidal ventilation. PEEP may prevent diffuse alveolar damage during prolonged
ventilation at high lung volume by stabilising distal units. This may explain in part
the preservation of alveolar epithelium integrity and the decrease in oedema during
high tidal volume mechanical ventilation in the presence of PEEP in a ventilated rat
model (Dreyfuss et al., 1988), and minimisation of injury to ventilated surfactant-
deficient rabbit lungs by recruiting lung volumes and then maintaining a higher than
normal FRC by high frequency oscillatory ventilation (McCulloch et al., 1988).
Keeping end-expiratory lung volumes (EELV) high enough to prevent atelectasis,
and using small tidal volumes to prevent over distension improved surfactant
efficacy in premature rabbits (Gattinoni et al., 1987). Therefore, the lung apparently
also has a low volume injury zone (Jobe and Ikegami, 1998). If both high and low
volume lung injury concepts are clinically relevant, the logical inference is that MV
of acutely injured lungs should be placed on the linear portion of the pressure-
volume curve (Dreyfuss and Saumon, 1994), above the lower inflection point but
below the upper inflection (or ‘deflection’ point). This linear portion may be very
short. In such case, a tidal volume (V1) that would not be deleterious in normal lungs
may lead to excessive end-inspiratory volume when the PEEP is set high enough to

be above the lower inflection point.
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1.3.4 Biotrauma

Numerous studies over the past twenty years have demonstrated that there can be
release of various mediators into the lung, pulmonary recruitment of leukocytes, and
local initiation of inflammatory processes. This biological response to mechanical
forces has been called biotrauma (Tremblay and Slutsky, 1998). The biotrauma
hypothesis postulates that the circulating mediators can cause local lung injury, and
if they translocate into the systemic circulation, they may lead to distal organ

dysfunction and death (Slutsky and Tremblay, 1998).

Tremblay et al (Tremblay et al., 1997) found that isolated non-perfused rat lungs
ventilated for two hours with large tidal volumes without PEEP had large increases
in lavage concentrations of tumor necrosis factor (TNF)-a, interleukin (IL)-1p, IL-6,
and macrophage inflammatory peptide 2. High V1 ventilation also increased
expression of c-fos MRNA, a transcription factor important in the early stress

response (Tremblay et al., 1997).

The potential for ventilation-induced inflammation in humans was examined in
forty-four patients with ARDS who were randomised to receive traditional or lung-
protective ventilation (Ranieri et al., 1999). Broncho-alevolar lavage (BAL) and
plasma concentrations of several proinflammatory cytokines were lower in patients
receiving protective ventilation, as were other indices of plasma and alveolar fluid
inflammation, compared with patients receiving traditional tidal volumes and lower

PEEP.
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Inflammation is a process that is a vital response to injury that needs to be triggered
to bring about recruitment of blood leucocytes, activation of tissue macrophages, and
production of a series of mediators. The inflammatory response to injury may
include activation of macrophages that generate ‘early response cytokines’ like TNF-
a and IL-1. These cytokines stimulate vascular endothelial cells to express vascular
adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), and E-
selectin. Blood neutrophils adhere to endothelial cells and transmigrate into the
interstitial and alveolar compartments (Ward and Lentsch, 1999). The entry of
neutrophils into the alveolar compartment together with tissue-activated
macrophages sets the stage for injury of both lung cells and matrix glycoproteins
(e.g., collagens, elastin). Injury is related to generation of oxidants by phagocytic
cells and the release of proteases. The activation of NF-kB in phagocytic cells is
central to the generation of inflammatory mediators. NF- kB has the ability to bind
with promoter sequence in DNA and to inaugurate transcription (generation of
messenger RNA) for many inflammatory peptides. The NF- kB is held in check by
inhibitors, which bind to the NF-kB complex and prevent its entry into the nucleus
(translocation) and subsequent binding to DNA. In the rat model of immune
complex-induced alveolitis, several interleukins were found to have a strong anti-
inflammatory response, with IL-10=I1L-13>IL-4>IL-6>IL-12 (Ward and Lentsch,

1999).

MYV provokes the release of cytokines, both pro-inflammatory (IL-1, IL-6, IL-8,
TNF-0) and anti-inflammatory (IL-10), and other mediators from the cells. In vitro
studies suggest that this release is caused by mechanical stretch to the tissue, leading
both to disruption of the contact between individual cells and also to transduction of

the forces intracellularly via the cytoskeleton (Halbertsma et al., 2005). The pro-
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inflammatory response, increased in preterm neonates due to reduced anti-
inflammatory cytokine release (Oei et al., 2002), attracts neutrophils and other
inflammatory cells to the airways, and also increases vascular permeability (Munshi
etal., 1997, Groneck et al., 1994). Surfactant dysfunction, either due to a direct
cytokine effect or due to increased alveolar capillary leak of proteins, increases the
propensity for lung damage. It has been shown that preterm neonates who go on to
develop BPD have higher levels of inflammatory cytokines and that these persist
longer than those infants who do not develop BPD (Jonsson et al., 1997, Arnon et
al., 1993, Tullus et al., 1996). This inflammatory cascade can induce apoptosis in
pulmonary epithelial cells and is also implicated in the alteration of gene expression
in injured lung tissue, both sustaining inflammatory responses and also modifying
pathways involved in tissue repair and remodelling (Denervaud et al., 2015). Animal
studies have demonstrated that lung injury induced by MV and associated with
increased pro-inflammatory cytokine release leads to delayed alveolarisation and
saccular wall fibrosis, similar to the histological changes found in neonates with

BPD (Ratner et al., 2013, Coalson et al., 1999).

The mechanical factors that lead to barotrauma, volutrauma and atelectrauma have
been associated with inflammatory mediator-related injury which has been termed
biotrauma. MV promotes inflammation and direct damage to the lungs in premature
infants. For that reason, ventilator strategies which are least harmful are needed for

preventing ventilator-induced injuries and in turn prevent BPD.

53



1.4 Neonatal ventilation strategies

Management strategies are aimed at protecting against lung injury and the
development of BPD. As the pathogenesis of disease is multifactorial, diverse
approaches have been adopted including both ventilation and medical strategies.
Interestingly, both antenatal steroids and surfactant reduce rates of RDS and improve
survival; however, neither has been shown to reduce incidence of BPD (Stoll et al.,
2015). It is important to determine the impact of different modes of ventilation on
respiratory morbidity in order to optimise neonatal ventilation. There are a number
of modes of ventilation currently used to support prematurely born infants, including

invasive and non-invasive methods.

1.4.1 Invasive ventilation

1.4.1.1 Volume targeted ventilation

During VTV, a constant volume set by the practitioner is delivered to the infant
regardless of changes in the infant's lung function. At least eighteen randomised or
quasi-randomised trials have been undertaken comparing VTV to pressure-limited
ventilation in prematurely born infants. Meta-analysis (Peng et al., 2014)
demonstrated that VTV was associated with a reduction in BPD (nine trials) and
significant reductions in all IVH, grades 3-4 IVH, PVL and pneumothorax. In

addition, the durations of MV and supplementary oxygen were shorter with VTV.
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There was, however, no significant reduction in mortality and no long-term
outcomes were reported. Difficulties in generalising the results of the meta-analysis
are that different ventilators were used in the two arms of some trials and different
volume targeting ventilators were used. A variety of mechanisms are used to achieve
volume targeting and, as a consequence, there are differences in the airway pressure
waveform and mean airway pressure at apparently the same V1t setting according to
ventilator type (Sharma et al., 2007). In addition, different levels of volume
targeting used in the various trials and the VT level used significantly affects the
WOB in infants with acute respiratory distress (Patel et al., 2010b) and in the

recovery stage (Patel et al., 2009b).

1.4.1.2 High-Frequency Oscillation

During high-frequency oscillatory ventilation (HFOV), small tidal volumes are
delivered at fast rates, usually in the range of 10 — 15 Hz. The performance of high
frequency oscillators varies, but for all, the delivered volume is affected primarily by
the oscillatory pressure and less by the frequency (Laubscher et al 1996). Volume
delivery, however, was reduced as frequency was increased (Laubscher et al 1996).
Randomised clinical trials have demonstrated that HFOV have potential to reduce
risk of BPD (Sun et al., 2014, Henderson-Smart et al., 2007); however, a Cochrane
review of elective HFOV revealed only a small reduction in the incidence of chronic
lung disease with notable inconsistency across the nineteen studies included (Cools
et al., 2015). As many infants require more sedation with high frequency ventilation

(HFV), prophylactic use of HFV remains controversial.
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In the United Kingdom Oscillation Study (UKOS) (Johnson et al., 2002), 797 infants
born prior to 29 weeks of gestation from 25 centres, were randomised uniquely
within an hour of birth to HFOV or conventional ventilation (Johnson et al., 2002);
no significant differences in short-term outcomes were demonstrated. There were
also no significant differences in lung function results at one year of age (Thomas et
al., 2004), but the results were only from a subset who lived close to the London
centre and small airway function was only assessed by measurement of gas trapping.
In another study (Hofhuis et al., 2002) demonstrated small airway function, as
assessed by maximal flow at functional residual capacity (V' max FRC) at 12 months
corrected, was significantly better in infants who had been supported by HFOV
rather than CMV. Those results (Hofhuis et al., 2002) were not from a randomised
trial, but suggested that HFOV might preserve small airway function. That
hypothesis was proven by an assessment of 320 “UKOS” children when aged 11 to
14 years, which demonstrated significant differences in small airway function in

favour of HFOV (Zivanovic et al., 2014).
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1.4.1.3 Patient triggered ventilation (PTV)

1.4.1.3.1 Assist control and synchronised intermittent ventilation (AC and SIV)

PTV was introduced into neonatal intensive care in the 1980s, initially as
assist/control (A/C, inflations triggered by every spontaneous breath that exceeded
the critical trigger threshold) and synchronised intermittent mandatory ventilation
(SIMV), only the preset number of inflations is triggered regardless of the infant’s
spontaneous respiratory rate). It was hoped that these ventilation modes would be
more likely to promote synchrony between the infant and ventilator inflations and
hence reduce air leaks and BPD. The recent Cochrane review (Greenough et al.,
2016) of randomised trials comparing AC/SIMV to pressure limited ventilation
(PLV) demonstrated that ACV/SIMV compared to CMV was associated with a
shorter duration of ventilation (mean difference (MD) 38.3 hours, 95% CI —53.90 to
—22.69). SIMV or SIMV + Pressure Support (PS) was associated with a greater risk
of moderate/severe BPD compared to HFO (Relative Risk (RR) 1.33, 95% CI 1.07
to 1.65) and a longer duration of mechanical ventilation compared to HFO (MD 1.89
days, 95% CI 1.04 to 2.74). ACV compared to SIMV was associated with a trend to
a shorter duration of weaning (MD — 42.38 hours, 95% CI —94.35 to 9.60). Neither

ACV nor SIMV was associated with a significant reduction in the incidence of BPD.
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1.4.1.3.2 Pressure support ventilation (PSV)

During pressure support ventilation (PSV), the infant's inspiratory efforts determine
both the initiation and termination of ventilator inflation. Ventilator inflation is
terminated when the infant's inspiratory flow declines to a predefined level, which
varies according to the type of ventilator. A randomised trial (Reyes et al., 2006)
showed that the use of PSV in addition to SIMV during the first week after birth
facilitated weaning in infants of birth weight <1000 g compared to SIMV alone.
This was associated with a shorter oxygen dependency in infants of BW 700-1000 g.
The likely benefits were explained by the results of a crossover study (Patel et al.,
2009a), where one hour periods of SIMV and SIMV with pressure support were
compared (n=20 infants, mean GA of 31 weeks). They found that the addition of
pressure support to SIMV reduce the WOB in infants being weaned from the
ventilator. The likely explanation for the success of PSV with SIMV versus SIMV
alone is that, in the former ventilator strategy, all the infant's breaths are supported

and this reduces their WOB (Patel et al., 2009a).
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1.4.1.3.3 Proportional assist ventilation (PAV)

During proportional assist ventilation (PAV), the applied pressure is servo
controlled, based on continuous input from the infant’s breathing throughout each
spontaneous breath. In addition, the ventilator can provide inflation pressure in phase
with the Vt change in order to reduce the compliance load (i.e. the load due to the
stiffness of infant’s lungs) and in phase with the flow change to reduce the resistance
load (i.e. the load due to airflow obstruction), termed elastic and resistive unloading,
respectively (Schulze, 2002). Very prematurely born infants developing or with
established BPD will have stiff lungs (that is non-compliant) despite a very

compliant chest wall, so may be particularly likely to benefit from elastic unloading.

PAV, however, has only been assessed in neonates in a few studies. In prematurely
born infants with acute respiratory disease, PAV was associated with maintenance of
gas exchange with lower transpulmonary pressure swings compared to continuous
mandatory ventilation (CMV) and ACV in a crossover study (Schulze et al., 1999).
In evolving CLD in prematurely born infants, PAV was shown to provide
satisfactory gas exchange at lower mean airway pressures compared to SIMV and
ACYV in a crossover study (Schulze et al., 2007), but PAV was demonstrated to

reduce TAA and chest wall distortion in preterm infants (Musante et al., 2001).

In a crossover study, infants with evolving or established BPD supported on PAV
compared ACV had better oxygenation indices, a lower WOB and better respiratory
muscle strength. The infants, however, were only studied on each ventilator mode
for one hour (Bhat et al., 2015). The longest infants have been reported to be studied

on PAV was four hours (Schulze et al., 2007), but during that study, only changes in
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pulse oximetry results were assessed. During PAV, a trigger delay of 60
milliseconds was demonstrated using an in vitro model (Patel et al., 2010a); hence, it

is important to assess blood gases over a longer period than previously studied.

1.4.1.3.4 Neurally adjusted ventilatory assist (NAVA)

In 1987 Daubenspeck et al. described a new technique to evaluate the diaphragmatic
EMG using an array of seven sequential electrode pairs on an oesophageal catheter
(Daubenspeck et al., 1989). In the 1990’s Sinderby and Beck expanded this concept
with the introduction of embedded electrodes in a nasogastric tube that detected a
reliable diaphragmatic EMG signal. The signal reflected the patient’s neural
respiratory drive in real time, and minimised artefacts (Sinderby, 2002, Beck et al.,
1998, Beck et al., 1995). The technology was integrated into a commercially
available mechanical ventilator (Servo-I and Servo-N; Maquet, Solna, Sweden) that
converted the electrical activity into a synchronised breath known as NAVA

(Sinderby, 2002, Beck et al., 2015).

NAVA is a mode of ventilation where the patient’s neural respiratory drive controls
the timing and amount of assist provided (Sinderby et al., 1999, Sinderby C, 2012).
The neural respiratory drive is interpreted from the diaphragm electrical activity
(Edi), measured with small sensors on the patient’s Edi catheter at the level of the
gastroesophageal junction. Measuring the Edi in the oesophagus removes potential
contamination from changes in lung volume, body position, intra-abdominal
pressure, postural and expiratory muscles, the subcutaneous layers, and applied
PEEP (Beck et al., 1998, Beck et al., 1995, Sinderby et al., 1999, Barwing et al.,

2011, Barwing et al., 2009). Signal integrity also does not seem to be influenced
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when receiving bolus versus continuous nasogastric feeds (Ng E, 2010) or with milk
influx during oral feeding (Stein et al., 2012). Edi has been shown to correlate with
transdiaphragmatic pressure (Beck et al., 1998, Beck et al., 2001, Fauroux et al.,
2003) and with the pressure generated by the respiratory muscles and inspiratory

effort (Bellani et al., 2013).

There are few studies of NAVA and they address short-term outcomes, but available
data are encouraging. In a retrospective analysis of the results of fifty-two neonates
changed to NAVA from conventional ventilation, peak inflation pressures and
supplementary oxygen levels were lower and the partial pressure of carbon dioxide
improved during NAVA (Stein and Howard, 2012). Those results were subsequently
confirmed in a prospective study of five infants each exposed to four hourly cycles
of pressure controlled ventilation and NAVA, despite lower peak inflation pressures
the partial pressure of carbon dioxide was lower during NAVA (Stein et al., 2013a).
In a four hour crossover comparison between NAVA and SIMV with PS, in twenty-
six preterm infants, the WOB was lower on NAVA and blood gases were maintained
despite lower peak pressures (Lee et al., 2012). NAVA compared to pressure
regulated-volume control has also been associated with less asynchrony and need for

sedation (Longhini et al., 2015).

Infants with evolving or established BPD have a high resistance which means flow
triggering can be challenging. In addition, the severity of their lung function
abnormalities likely means that supporting each breath throughout the inspiratory
cycle ie with a small trigger delay would be advantageous. This thesis will test the
hypothesis that NAVA compared to ACV would result in a lower oxygenation index

(OD) in infants with evolving or established BPD.
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1.4.2 Non-invasive respiratory support

Significant efforts have been made to move away from use of invasive ventilation
over the past two decades (Stoll et al., 2015). In a secondary analysis from the
Caffeine for Apnea of Prematurity (CAP) trial, higher rates of BPD in infants who
were intubated at birth compared with those who were stabilised with non-invasive
CPAP were found (DeMauro et al., 2011). A recent meta-analysis of four RCTs with
a total of 2782 very preterm infants compared early use of CPAP to intubation and
MV (Morley et al., 2008, Network et al., 2010b, Sandri et al., 2010, Dunn et al.,
2011, Schmolzer et al., 2013). BPD rates were only modestly reduced with early
CPAP (32.4% vs.34.0%), and the results failed to meet statistical significance (RR,
0.91; 95% CI, 0.82 — 1.01) (Schmolzer et al., 2013). Use of alternative non-invasive
modalities including non-invasive positive pressure ventilation (NIPPV), bi-level
nasal CPAP (biPAP) and HHFNC is also increasing with some evidence to suggest
these modes may also be effective in managing neonatal respiratory disease
(Hutchison and Bignall, 2008, Kugelman et al., 2007, Yoder et al., 2013). Studies
have identified that an early attempt at extubation alone may decrease the risk of
BPD, regardless of need for reintubation or duration of ventilation (Jensen et al.,

2015, Robbins et al., 2015).

The optimal approach, impact on BPD and long-term outcomes with use of non-
invasive ventilation (NIV) remain to be defined. Studies above suggest a need for

additional prospective trials.
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1.4.2.1 Continuous positive airway pressure (CPAP)

CPAP has been used since the 1970’s as a modality to prevent alveolar collapse by
maintaining mean airway pressure (Gregory et al., 1971). A survey of eight tertiary
neonatal centres in the United States of America (USA) (Avery et al., 1987)
demonstrated the centre which used CPAP as initial respiratory support had the
lowest rate of BPD with similar survival rates; the other centres used intubation and
ventilation as their initial ventilatory mode. Other observational studies highlighted
that use of early CPAP was associated with significantly less need for intubation and
ventilation (Aly et al., 2004, Miksch et al., 2008, Narendran et al., 2003) and BPD
(Aly et al., 2004, Miksch et al., 2008, Ammari et al., 2005, Birenbaum et al., 2009).
There have subsequently been randomised trials which have yielded differing results.
The COIN trial (Continuous Positive Airway Pressure or Intubation at Birth)
(Morely et al., 2008) showed that the use of early CPAP in the delivery suite in very
preterm infants (25 — 28 weeks) compared to intubation and ventilation was
associated with lower risk of the combined outcome of death or need for oxygen
therapy at 28 days, but there was no significant difference in oxygen dependency at
36 weeks post menstrual age. The trial however highlighted that the CPAP group
had a higher incidence of pneumothorax, which might relate to the CPAP pressure of
8 cm H20 or the lower use of prophylactic surfactant. In the SUPPORT trial
(intubation and early surfactant followed by CPAP versus early CPAP) (Finer et al.,
2010), there was no significant difference in the primary outcome of death or BPD,
although there was higher postnatal steroid use in the intubation—surfactant group

(13.2% vs. 7.2%, p<0.001). The CPAP group required significantly less days of
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mechanical ventilation (p =0.03) and had a significantly higher rate of survival free
of mechanical ventilation at seven days (RR 1.14, 95% CI, 1.03-1.25). A
prospective follow up study to SUPPORT, the breathing outcomes study (Stevens et
al., 2014), assessed respiratory morbidity at 6-month intervals from hospital
discharge to 18 — 22 months corrected age. The study found that infants randomised
to early CPAP rather than intubation and early surfactant had fewer episodes of
wheezing without a cold, fewer respiratory illnesses diagnosed by a doctor, and
fewer physician or emergency room visits for breathing problems. In the CURPAP
trial (prophylactic surfactant followed by CPAP versus early CPAP) (Sandri et al.,
2010), no significant difference was found in the primary outcome, the need for MV
in the first 5 days or in the secondary outcomes including death, BPD, air leaks,
grades 3-4 IVH, sepsis, retinopathy of prematurity and pulmonary haemorrhage. A
subsequent Randomised controlled trial (RCT) randomised 648 infants to one of
three arms: initial management to prophylactic surfactant followed by a period of
mechanical ventilation, prophylactic surfactant followed by rapid extubation to
bubble CPAP or bubble CPAP and selective surfactant (Dunn et al., 2011). The
study was terminated early because of declining recruitment. There were no
significant differences between the groups with regard to mortality or other
complications of prematurity (Dunn et al., 2011). A meta-analysis of four RCT’s,
(Morely et al., 2008, Dunn et al., 2011, Network et al., 2010b, Sandri et al., 2010)
comparing use of nCPAP to intubation in infants born at less than 32 weeks of
gestation demonstrated nCPAP was associated with a significant reduction in BPD
or death (Schmolzer et al., 2013). Thus, early CPAP therapy for preterm infants
compared to invasive ventilation has been demonstrated to be associated with less

respiratory morbidity.
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1.4.2.1.1 Methods of CPAP generation

There are a number of methods of CPAP generation and delivery. Devices which
generate CPAP can broadly be divided into two categories, continuous flow or
variable flow devices. Continuous flow devices include conventional ventilators, jet
ventilation systems and bubble CPAP. Conventional ventilators provide a constant
flow of gas and the pressure is controlled by the exhalation valve. With a jet system,
a small jet is produced either at the nostrils or in a prechamber in front of the nasal
prongs. During bubble CPAP, a variable flow device, the pressure is set by
immersing the expiratory limb of the CPAP device in an underwater chamber to a
depth equal to the desired CPAP level. The gas flows through the system causing
bubbling in the chamber; this causes variability in the mean CPAP pressure. Using a
variable flow device, the CPAP level is dependent on the flow of gas. There have
been few randomised trials comparing methods of CPAP generation, the results of
those studies have suggested that variable-flow CPAP has advantages over
ventilator-delivered CPAP being associated with lower duration of supplementary
oxygen, length of stay (LOS) and WOB and greater stability of flow and tidal
volume (Huckstadt et al., 2003, Pandit et al., 2001, Stefanescu et al., 2003). In
subgroup analysis of infants ventilated for less than two weeks, bubble CPAP
compared to variable-flow CPAP was associated with a significantly lower rate of
extubation failure, as well as a significantly reduced duration of CPAP, but overall,
there were no significant differences in the rates of successful extubation (Gupta et

al., 2009).
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1.4.2.1.2 CPAP delivery

Short binasal prongs and nasal masks are two of the most commonly used interfaces
for delivering CPAP (Kieran et al., 2011). Other methods include a nasopharyngeal
prong, an endotracheal tube and a helmet. In a short-term randomised crossover
study, ‘helmet” CPAP was found to be as effective as nasal CPAP with respect to
oxygen requirement, oxygen saturation (SaO>), heart rate (HR), respiratory rate
(RR), mean arterial blood pressure (MAP), and transcutaneous carbon dioxide. In
addition, helmet CPAP use was associated with a significant increase in infant
comfort assessed by the Neonatal Infant Pain Scale (Trevisanuto et al., 2005). There
are, however, concerns that it may adversely affect cerebral blood flow (Zaramella et
al., 2006) and it is associated with significantly higher noise levels than nasal CPAP

(Trevisanuto et al., 2011).

Short binasal prongs are associated with a lower WOB compared to nasopharyngeal
prongs (De Paoli et al., 2002). The results of a meta-analysis highlighted that binasal
prongs were more effective in preventing reintubation in prematurely born infants
when compared to either single nasal or nasopharyngeal prongs (De Paoli et al.,
2008). Nasal injury has been described using short nasal prongs. In a randomised
study which included eighty-nine very low-birthweight infants, no significant
difference in the incidence of nasal injury was demonstrated between nasal prongs
and nasal mask, but the incidence of nasal injury was significantly associated with
CPAP duration (Yong et al., 2005). Continuous method of CPAP with nasal mask

would be used for studies in this thesis.

66



1.4.2.2 Heated Humidified High Flow Nasal Cannula (HHFNC)

During humidified, high flow nasal cannula (HHFNC), heated and humidified gas is
delivered at flow rates between 2 — 8 L/min via nasal cannulae. It has been
suggested that HHFNC may be effective by eliminating the dead space (Dysart et
al., 2009), reducing the WOB (Saslow et al., 2006), improving lung compliance at
higher flow rates (Saslow et al., 2006) and delivering some degree of continuous
positive airway pressure (Dysart et al., 2009, Spence et al., 2007). There are,
however, concerns about the unpredictability of the positive airway pressures
generated (Kubicka et al., 2008, Lampland et al., 2009, Finer and Mannino, 2009)
and the possibility of increased risk of infection, particularly due to Ralstonia species
(CDC, 2005) and gram-negative organisms (Shoemaker et al., 2007) resulting from
contaminated humidifier cartridges in the Vapotherm 2000i device in 2005 (Jhung et
al., 2007). Following the introduction of stricter infection control guidance by the
manufacturer, there have been no further infection concerns since. Nevertheless, the
technique has become popular, HHFNC has gained popularity in many countries
(Ojhaetal., 2013, Hochwald O, 2010, Hough et al., 2012, Manley et al., 2013,
Roehr et al., 2007, Manley et al., 2012). Sixty three percent of units in Australia and
New Zealand were reported to be using HHFNC in 2010 (Manley et al., 2012). A
survey of fifty-seven level two or three neonatal units in the UK reported in 2013
that HHFNC was used in 77% of units (Ojha et al., 2013). In addition, infants were
perceived to be more comfortable and more easily handled on HHFNC compared to

nCPAP (Ojhaetal., 2013).
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1.4.2.2.1 Distending pressures generated by HHFNC

The distending pressure delivered by HHFNC is dependent on prong size. There
have been several attempts to produce a formula to calculate the pressure generation
during HHFNC at different flow rates on the basis of infant weight, but inconsistent
results have been produced (Dysart et al., 2009, Sreenan et al., 2001). Airway
pressure increases with the nasal prong to nares ratio (Sivieri et al., 2013). Inan in
vitro system (Lampland et al., 2009), and in eighteen infants (Wilkinson et al.,
2008), the pressure increased with increased flow (Lampland et al., 2009). In 15
patients with RDS, the presence of a leak as small as 30% reduced the pressure to
less than 3 cm H.O (Lampland et al., 2009). Among infants with a postmenstrual age
of between 29 and 44 weeks, and a birth weight of 835-3735 g, no pressure was
generated when the infants” mouths were open, regardless of whether flow rates of
up to 5 L/min were used (Kubicka et al., 2008). When the infants’ mouths were
closed, the oral cavity pressure was related to both flow rate and weight. For the

subgroup of infants with birth weights <1500 g, there was a linear relationship

between flow rate and oral cavity pressure (Kubicka et al., 2008). In a model, small,
medium and large nares were simulated by holes drilled in a plastic fixture, which
was connected to a lung simulator that simulated spontaneous breathing (Volsko et
al., 2011). Nasal cannulae were inserted in the nares of the model, ensuring that the
occlusion of the nares did not exceed 50%. Flow was adjusted from 2to 6 L/minin 1
L/min increments. Not surprisingly, the greatest effects on Vt and pressure change as
flow was increased, occurred with the smallest cannula. Another study (Collins et al.,

2013Db), compared pharyngeal pressures using two commonly used HHFNC devices,
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the Fisher & Paykel Healthcare HHFNC (Auckland, New Zealand) and the
Vapotherm 2000 (Vapotherm Inc., Stevensville, MD,USA), in nine infants at flow
rates of 2 — 8 L/min. There was no difference in pharyngeal pressures recorded
between devices at flow rates of 2 — 6 L/min. At flow rates of 7 L/min, the
Vapotherm delivered a mean pharyngeal pressure of 4.7, with a standard deviation
(SD) of 2.2 cm H20, compared with a mean of 4.23 (SD 2.2) cm H20 by the Fisher
& Paykel device (p = 0.04). At a flow of 8 L/min, the mean pharyngeal pressure via
the Vapotherm was 4.9 (SD 2.2) cm H20, compared with 4.1 (SD 2.3) cm H20 with
the Fisher & Paykel device (p = 0.05). Whether such differences are clinically
important remains to be determined and further studies are required to assess the

relationship between flow and pressure in a variety of patient groups.

Flow rates needed to generate significant positive airway pressure remain unclear.
Lampland et al. (2009) found that end-expiratory oesophageal pressure increased
linearly with flow rate (1-6L/min), however there was large inter-patient and intra-
patient variability, therefore delivered pressure for a given flow rate could not be
predicted. Lavizarri et al. (2014) randomised twenty preterm infants with mild-
moderate respiratory distress to receive CPAP (at 2, 4 or 6cm H20) and HHFNC (at
2, 4 or 6L/min). Retropharyngeal pressure was measured between periods of CPAP
and HHFNC. It was found that the retropharyngeal pressures achieved during
HHFNC were very variable. Retropharyngeal pressures of 2cm H>O was achieved in
four infants with 2 L/min and in eleven infants with 4L/min, whilst pressures of 4cm
H20 was reached in four infants with 4L/min and in eleven infants with 6L/min.
Pressures of 6cm H>O were only obtained in five of the twenty infants supported
with HHFNC, whereas 6cm H>O of CPAP achieved pressures of 6cm H20 in all

twenty infants. This study highlights the variability in airway pressures achieved
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during HHFNC, and thus confirms the unpredictability of the pressures generated by

HHFNC.

1.4.2.2.2 Work of breathing (WOB) and HHFNC

In a crossover study (Saslow et al., 2006), 18 infants with a birth weight <2 kg and a
mean gestational age (GA) of 28 weeks were randomised to 6 cm H,O nCPAP or
HHFNC delivered at 3, 4 and 5 L/min. No significant differences in the WOB on the
two respiratory support modes were reported. Measurements of tidal oesophageal
pressure were used to approximate pleural pressures using an oesophageal balloon
catheter (Viasys Healthcare Inc., Palm Springs, CA). In another study (de Jongh et
al., 2014), the WOB was compared in a crossover study involving twenty infants
(mean GA 28 weeks and BW 1.5 kg) at two levels of nCPAP settings 5 and 6 cm
H>0 and two levels of HFNC settings 3 and 5 L/min. The WOB was assessed using
respiratory inductive plethysmography (RIP). They found that infants on nCPAP had
significant greater chest and abdomen synchrony on CPAP compared with HHFNC,
but there was overlap of the confidence intervals; hence, the authors suggested the
results were unlikely to be of clinical significance. In a third study (Lavizzari et al.,
2014), twenty infants with mild or moderate RDS less than 96 hour old were studied,
no significant differences were found in the WOB and lung mechanics during
periods of support on nasal CPAP (nCPAP) (2, 4 cm H20) and HHFNC (2, 4 L/min).
Tidal volume by RIP, pleural pressure estimated by oesophageal pressure, and gas
exchange were evaluated at each setting and used to compute breathing pattern

parameters, lung mechanics and WOB.
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None of the above studies looked into WOB of infants with evolving or established
BPD, and hence the need for the study in the thesis comparing WOB between

HHFNC and CPAP in evolving or established BPD.

1.4.2.2.3 The efficacy of HHFNC compared to CPAP

Four studies, including three post-extubation studies, were considered in a Cochrane
review, which concluded that, post-extubation, HHFNC may be associated with a
higher rate of intubation than nCPAP. In addition, the review highlighted that there
was insufficient evidence to establish the safety or efficacy of HHFNC as a form of
respiratory support for prematurely born infants ie infants born less than twenty eight
weeks gestation (Wilkinson et al., 2011). In a multicentre trial, infants randomised to
HHFNC compared with those randomised to nCPAP did not differ significantly with
regard to the primary outcome, which was treatment failure within seven days. If
HHFNC failed, the infants could then be transferred to nCPAP and if nCPAP failed,
infants were reintubated. Almost half of the infants not successfully supported by
HHFNC were subsequently successfully treated with CPAP without reintubation.
The incidence of nasal trauma was lower in the HHFNC group than in the CPAP
group (p=0.01). There were no significant differences in the rates of death before
discharge, need for oxygen supplementation at 36 weeks of PMA, pneumothorax,
PDA, requiring treatment, NEC, retinopathy of prematurity (ROP) or intraventricular

haemorrhage (IVH) (Manley et al., 2013).

In a randomised trial of 432 infants of 28-42 weeks of GA, no significant difference
was seen in early (<72 h) extubation failure between infants on HHFNC (10.8%)

compared with nCPAP (8.2%) (Yoder et al., 2013). There was also no significant
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difference in the subsequent need for intubation or in adverse outcomes including air
leak between the two groups. Infants remained on HHFNC longer than on nCPAP

(median 4 versus 2 days, p = 0.01). There were no significant differences with regard
to days on supplemental oxygen (median: 10 versus 8 days) or the incidence of BPD

(20% versus 16%).

Collins et al. (Collins et al., 2013a) randomly assigned 132 infants less than 32
weeks of gestational age to receive either HHFNC or nCPAP post-extubation. The
primary outcome of extubation failure in the subsequent seven days was defined as
at least one of the following: apnoea (respiratory pause more than 20 seconds), more
than six episodes in 6 hours or one requiring intermittent positive pressure
ventilation, acidosis, pH<7.25 and arterial carbon dioxide levels more than 66
mmHg and more than a 15% sustained increase in the inspired oxygen concentration.
No significant differences were found in the primary outcome or in the number of
infants reintubated in the first week. The mean nasal trauma score, however, was

lower in the HHFNC group (3.1 versus 7.4, p < 0.001).

1.5 Outcome measures

This thesis will utilise physiological measurements and oxygenation indices as
outcome measures. The physiological outcome measures will be work of breathing
(WOB), thoraco-abdominal asynchrony (TAA) and assessment of oxygenation
indices (Ol). In addition, time to achieve full oral feeds will be determined for the

oral feeding study.
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1.5.1 Assessment of work of breathing

Infants with BPD may be compromised by several factors, which include
respiratory limitations and increased energy needs. The work of breathing
gives an indication as to how much energy the infant is expending to inhale and
exhale (Cabello and Mancebo, 2006), and thus a low WOB suggests lower
respiratory muscle work. The work of the respiratory muscles may be assessed
by either calculating the mechanical work or by evaluating the oxygen cost of
breathing (Milic-Emili et al., 1999). A method of quantifying the effort
expended by the respiratory muscles is the pressure time product (PTP)

(Cabello and Mancebo, 2006).

Work in a two-dimensional system is equal to the force applied to an object

multiplied by the distance the object travels. That is,
Work = force x distance, or W =F x D

However, in the three-dimensions that apply in the respiratory system, work
now becomes the pressure applied to yield a change in the volume of the

system, or

13
P
W:P><V:f0 x dv

&)

in which "9 s the integral of the pressure across the respiratory system, as a
function of volume, and dv is the change in the volume of the respiratory

system.
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1.5.2 Assessment of the diaphragmatic pressure time product

Pressure time product (PTP) is defined as the pressure developed by the
respiratory muscles integrated to the time taken for the contraction (Cabello
and Mancebo, 2006). The pressure time product of the diaphragm (PTPdi) can
be calculated from the time integral of the transdiaphragmatic pressure (Pdi)
(Brochard, 1991), where Pdi is the difference between pressures in the thoracic
(pleural) and abdominal compartments, which are represented by the
oesophageal (Poes) and gastric (Pgas) pressures respectively. In this thesis

PTPdi will be used as a measure of WOB.

PTPdi= [ Pdi.dt Where Pdi=Pgas- Poes

Gastric pressure
10 (Pgas)

Oesophageal
pressure (Pes)

10

Pressure deflection (cmH,0)

Transdiaphragmatic
pressure (Pdi)

’ Pdi = Pgas - Pes ‘

Time base —

Figure 1-3: Schematic representation of the gastric and oesophageal pressure
change
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1.5.3 Thoracoabdominal asynchrony

Asynchrony between the motion of the chest wall (ribcage) and abdomen occurs in
respiratory distress (Hammer and Newth, 2009). Asynchrony occurs frequently in
prematurely born infants as they have a predominantly cartilaginous ribcage that is
highly compliant (Gerhardt and Bancalari, 1980). In infants with BPD, the degree of
asynchrony has been shown to be directly proportional to airways resistance and
inversely proportional to lung compliance (Allen et al., 1991). The increased
negative pleural pressure generated during inspiration in infants with a high airways
resistance is transmitted to the highly compliant chest wall, uncoupling rib cage and
abdominal wall motion (Allen et al., 1990). The degree of asynchrony between the
ribcage and abdominal motion is related to the inspiratory load which in turn may

lead to fatigue (Tobin et al., 1987).

Thoracoabdominal motion may be assessed using a Respiratory inductance
plethysmography (RIP) to map the magnitude and duration of both ribcage and
abdominal motion. The two signals are mapped on an XY plot to form a Lissajous
figure from which a phase angle can be calculated (Figure 1-4, 1-5 and 1-6). Once
the Lissajous figures are constructed, an index of asynchrony was then calculated as
described Allen et al (Allen et al., 1990), by dividing the width of the loop at mid
ribcage excursion (m) by the width at the extremes of abdominal 90 excursion (5).
Degrees of motion (¢) was calculated from the radian, where sin ¢ (in radians) =
m/s, where ¢ is <90 and where ¢ is > 180, then ¢ =180 —sin (m/s) (Allen et al.,
1990, Mayer et al., 2003). This is done using the Excel spreadsheet (Microsoft
corporation, USA). Completely synchronous motion has a phase angle of zero

degrees (figure 1-4) and paradoxical motion an angle of 180 degrees (figure 1-5)
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(Allen et al., 1990) . In this thesis, RIP will be used to measure TAA due to the

relative ease of interpretation and non-invasive nature.

RC

AB
lo=0° |

Synchronous

Figure 1-4: Complete synchronous motion of the rib cage and the abdomen

mis =0
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S
AB
| o=180° |
Paradoxic

Figure 1-5: Complete asynchronous motion of the rib cage and the abdomen
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Figure 1-6: Lissajous figures demonstrating various degrees of asynchronous
motion of the rib cage and the abdomen.

Figures 1-4 to 1-6: Reprinted with permission of the American Thoracic Society.
Copyright © 2014 American Thoracic Society (Allen et al., 1990).
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1.5.4 Blood gases

The oxygenation index will be used to assess the intensity of ventilatory support

required to maintain oxygenation. A lower Ol is better.

FiO2 x MAP x 100
Oxygen Index (OI) = ==--=mmmmmmmmmmeeee

FiO2: Fraction of inspired oxygen in percentage
MAP: Mean Airway Pressure (mmHQ)

PaO2: Partial pressure of arterial oxygen (mmHg)

Weaning of FiO; in the clinical studies was done by the bed-side nurse to avoid any

potential bias.
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1.6 Hypotheses

e PAV compared to ACV will improve oxygenation as assessed by the oxygen

index (Ol).

e NAVA compared to ACV will improve oxygenation as assessed by the Ol.

e Current use of HHFNC will not have increased in view of the results of recent

randomised trials.

e HHFNC will reduce the WOB and the degree of TAA compared to CPAP.
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1.7 Aim

Overall aim is to undertake series of studies involving invasive and non-invasive
ventilation using physiological measurements as outcomes in infants with evolving
or established bronchopulmonary dysplasia (BPD), and to carry out a national

survey.

e To determine if PAV compared to ACV will improve oxygenation as assessed by

the OI.

e To determine if NAVA compared to ACV reduces the WOB and asynchrony

with improvements in oxygenation.

e To conduct a survey to evaluate current practice regarding the use of HHFNC in

all United Kingdom neonatal units.

e To determine in infants who are chronically CPAP dependent i.e. they are
receiving CPAP two weeks after birth, whether HHFNC reduces the WOB and

the degree of TAA compared to CPAP.
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Chapter 2: Methods
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2.1 Overview of protocols and ethical approval

2.1.1 Randomised crossover study comparing PAV with ACV

Recruited infants were randomly assigned to receive either PAV or ACV. Each
infant was exposed to each mode for four hours, at the end of which an arterial blood
sample was obtained, the ventilator settings were noted and the Ol was calculated.
The infant was then switched over to receive the other mode. Mean respiratory rate
(RR), tidal volume (Vt) and mean airway pressure (MAP) was calculated over the
last five minutes of the four hour study period. All the infants had continuous oxygen
saturation monitoring. The data were obtained from the nursing chart taken each

hour and mean calculated.

The South East London Research Ethics Committee approved the study (REC
reference number: 07/H0808/147). Infants were entered into the study if their parents
gave informed written consent. The study was undertaken at King’s College Hospital

NHS Foundation Trust, London.
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2.1.2 Randomised crossover study comparing NAVA with ACV

A randomised crossover study comparing NAVA to ACV was undertaken in
prematurely born infants. Infants were studied for one hour each on NAVA and
ACV in random order. At the end of each hour the Edi Peak and Edi min, MAP and
dynamic compliance (Cdyn) were measured and the oxygenation index (OI)
calculated. In addition, the HR, RR and oxygen saturation were noted. Data obtained

by the Edi catheter was downloaded from the ventilator into Excel via USB stick.

The study was approved by the West Midlands - Solihull Research Ethics
Committee (REC reference number: REC15/WH/0330). Infants were entered into
the study if their parents gave informed written consent. The study was undertaken at

King’s College Hospital NHS Foundation Trust, London.

2.1.3 Survey to evaluate current practice regarding the use of HHFNC in all
United Kingdom neonatal units.

In 2015, clinicians in all UK neonatal units, identified from the National Neonatal
Audit Programme (NNAP) Report, British Association of Perinatal Medicine
(BAPM) directory and a departmental database from previous audits, were sent an
email inviting them to complete an electronic web-based survey using Survey
Monkey. Non-responders were sent email reminders and then contacted by
telephone. In 2012, practitioners from the then 203 UK neonatal units had been

contacted.
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2.1.4 Comparison of WOB between CPAP and HHFNC in infants with
evolving BPD

A randomised crossover study comparing the WOB between CPAP and HHFNC
was undertaken in prematurely born infants with evolving BPD. Infants were studied
on two consecutive days. On each study day infants received CPAP and HHFNC
each for two hours, the order of which was randomised. The order in which the
modes were delivered was reversed on the second day. The WOB was assessed by
measuring the pressure time product of the diaphragm (PTPdi). PTPdi, TAA and
SaO; were assessed during the final five minutes of each two hour period and

average values calculated.

The study was approved by the London — Westminster Research Ethics Committee
(REC reference number: REC 14/L0/0202). Infants were entered into the study if
their parents gave informed written consent. The study was undertaken at King’s

College Hospital NHS Foundation Trust, London.
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2.2 Equipment

2.2.1 Blood gas analysis

Measurement of blood pH, pCO2 and pO2 and the calculation of Ol were performed
using the blood gas equipment available on the NICU at King’s College Hospital
(ABL 700 series, Radiometer, Copenhagen, Denmark). In the randomised crossover
studies of PAV versus ACV 0.2 — 0.3 millilitres of blood was withdrawn from an
infants’ indwelling arterial line, inserted by the clinical team for clinical reasons
prior to commencing the study. For NAVA versus ACV study, capillary blood
samples were taken via a heel prick. The blood gas machine was automatically
calibrated four times in each 24-hour period. In addition, the blood gas analyser
underwent a quality control (QC) check with the bioengineer at least once every 24

hours as per the trust and the neonatal unit standard operating procedure.
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2.2.2 Comparison of WOB between CPAP and HHFNC in infants with
evolving BPD

2.2.2.1 Measurement of airway flow and pressure

Respiratory flow was measured using a pneumotachograph (F10L, GM Instruments,
Kilwinning, Scotland) and associated differential pressure transducer (MP45 range
+/- 2 cmH0, Validyne, Northridge CA, USA). The pneumotachograph was
calibrated prior to each study using a rotameter (10 L/min KDG Mobrey®, England).
Airway pressure was measured using a differential pressure transducer (MP45 range
+/-100 cmH.0, Validyne, Northridge CA, USA) attached to a side arm on the
pneumotachograph via a fine bore catheter. The flow and pressure signals from were

amplified (CD 280, Validyne Northridge CA, USA) prior to acquisition.

2.2.2.2 Linearity of the pneumotachograph

The linearity of the pneumotachograph / transducer / amplifier / system was tested
by passing air at known flows through the pneumotachograph and plotting the
amplified electrical output against actual flow delivered by the rotameter. The
pneumotachograph / transducer / amplifier / system were linear across the range + 8

L/min.
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Figure 2-1: Linearity of flow system

87



2.2.2.3 Linearity of the airway pressure transducer

The linearity of the airway pressure transducer was tested using a digital pressure
meter (C950315/1S, Comark Limited, Welwyn Garden City, UK). The transducer

was connected to the pressure meter using a three way tap and pressures were

applied using a hand held syringe in 10 cmH20 increments from -150 to 150 cmH20.

The linearity of the Comark pressure meter was tested against a water manometer
(Figure 2-2).The applied pressures measured by the digital pressure meter were
plotted against the corresponding amplified output voltage from the transducer

converted to digital units by the acquisition system software. The transducer had a

linear response over a range = 150 cmH20. The pressures measured and reported in

this thesis lie within this range.
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Figure 2-2: Linearity of Comark Pressure meter against a water manometer
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2.2.2.4 Measurement of intrathoraic, intra-abdominal and transdiaphragmatic
pressure

Intrathoracic and intraabdominal pressures were obtained by measuring the pressures
in the lower third of the oesophagus (Poes) and stomach (gastric pressure (Pgas))
respectively, using a dual pressure transducer tipped catheter (Gaeltec CTO - 2,
Gaeltec Ltd, Isle of Sky, Scotland) and its associated amplifier (model type S7b/2,
Gaeltec Ltd, Isle of Skye, Scotland). The catheter was 120 cm in length, and
mounted with two miniature strain gauge transducers (5 x 2 mm). The gastric
transducer was mounted at the tip of the catheter and the oesphageal transducer was
mounted five cm proximal from the gastric transducer. The external diameter of the
catheter was 2.1 mm. Prior to insertion, the catheter was lubricated with sterile
aqueous gel (Aquagel, Williams Medical Supplies, Gwent, Wales, UK) and either
inserted nasally or orally and advanced until the distal transducer was located in the
stomach and the proximal transducer in the lower third of the oesophagus which was
indicated by a positive deflection in Pgas and a negative deflection in Poes. Correct
positioning of the Poes transducer was checked by comparing oesophageal to airway
pressure during an occluded breath. Agreement between Poes oesophageal and
mouth pressures within 90% and 110% (Beardsmore et al., 1980, Baydur et al.,
1982) indicated that the transducer was correctly located in the thoracic oesophagus

and hence pleural pressure could be reliably estimated.
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2.2.2.5 Calibration

To calibrate the pressure transducer-amplifier system, the catheter was placed inside
an airtight calibration tube and the amplifier zeroed at ambient pressure. A known
pressure was then applied to the catheter using the digital pressure meter and the gain
of the amplifier was set to 50 cmH20/V. Prior to each study, the dual tipped pressure
transducer catheter-amplifier-computer system was calibrated with a two point
calibration. The lower, zero point being atmospheric pressure and the upper, either
negative or positive pressure, applied using the calibration tube and measured using
the digital pressure meter. The linearity of the dual tipped pressure transducer
catheter-amplifier-computer system was tested as described above for the differential

pressure transducer across the range £ 150cmH>0O using the digital pressure meter.
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Figure 2-3: Linearity of oesophageal transducer
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2.2.2.6 Frequency response

The respiratory rate of a neonate is between 60 to 120 breaths per minute. The
fundamental frequency (the first harmonic) is therefore 1-2 Hz. The first ten
harmonics contribute to the pressure waveform. Ideally the frequency response of the
measuring system should be at least ten times the frequency of the infant’s
respiratory efforts, i.e. 20 Hz, to enable it to reproduce the first ten harmonics of the

pressure wave without distortion.

The frequency response was determined by creating a quasi-instantaneous change in
pressure using a ‘pop test” in which an inflated balloon was fitted over the signal
input site and then burst, producing an instantaneous negative step input to the
system. The frequency response of the system (f3db) was calculated using the
equation f3db =1/3 x Tr, where Tr (response time in seconds) is defined as the time

taken for pressure to fall from 90% to 10% of the initial pressure (Figure2-5).

The frequency response of each system used was determined using the pop test
method, with the change in pressure against time recorded on a computer (MacBook,
Apple Computer Corp, Cupertino, California, USA) using Chart software (Version
5.0, ADInstruments Pty Ltd, Bella Vista, NSW Australia) with analogue-to-digital
sampling at 40KHz (Powerlab, ADInstruments Pty Ltd, Bella Vista, NSW,

Australia).
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The frequency response of the airway pressure transducer system (consisting of the
pressure transducer, connecting tubing, amplifier and computer) was determined by
placing the tubing which connected the transducer to the pneumotachograph sideport
inside an inflated balloon which was then burst. The response time was 8

milliseconds (0.008s), giving a calculated frequency response of 41.6 Hz.

The frequency response of the flow measurement system (consisting of the
pneumotachograph, connecting tubing, pressure transducer for flow, amplifier and
computer) was determined by attaching one end of the pneumotachograph to an
inflated balloon. Partial occlusion of the other end of the pneumotachograph,
allowed a constant background flow to be produced. Once flow through the
pneumotachograph had been established at a constant rate, the balloon was burst
resulting in an immediate fall in airflow to zero. The response time was 9

milliseconds (0.009s), giving a calculated frequency response of 37 Hz.

The frequency response of the oesophageal and gastric pressure transducing system
(consisting of the dual microtransducer-tipped catheter, amplifier and computer) was
tested by placing the catheter inside an inflated balloon which was then burst. The
response time was 3.6 milliseconds for the oesophageal pressure transducer and 3
milliseconds for the gastric pressure transducer, giving frequency responses of 92.5

Hz and 111 Hz respectively.
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Figure 2-5: The response to a sudden decrease in pressure associated with

the bursting of a balloon on the measurement of pressure
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2.2.2.7 Data acquisition and storage

Amplified signals from the dual pressure catheter ie oesophageal and gastric
pressures were recorded and displayed in real time on a desktop computer with
Spectra® software version 3.0.0.9 (Grove Medical Ltd, U.K.) with 100 Hz
analogue to digital sampling (PCI-MI0O-16XE-50, National Instruments, Austin,
USA ). Pressure signals were then transferred to laptop computer (Dell Optiplex
170L) running Labchart software (v7.3.7 27, Powerlab 16SP, ADInstruments,
Sydney, Australia) with analog to digital sampling at 100Hz (Powerlab 16SP,
ADlInstruments, Sydney, Australia). The data stored in the desktop computer was
encrypted and transferred on to a secure laptop computer in the research office
immediately after data acquisition which was secured by a laptop lock. Paper

copies containing patient identifiable data were kept in a locked filing cabinet.

2.2.2.8 Measurement of thoraco-abdominal asynchrony

To provide data on thoracoabdominal synchrony, chest and abdominal wall motion
was assessed using a non-invasive method of uncalibrated respiratory inductive
plethysmography (RIP) (Respitrace Corporation, Ardsley NY, USA) in AC
uncoupled mode. Inductance coils embedded in two elastic bandages were placed
around the rib cage (RC) under the axillae and at the level of the umbilicus (AB).
Output voltages from the RIP were proportional to the changes in band
inductance which were in turn proportional to the changes in the underlying cross
sectional area or excursions of the chest and abdomen. The voltages from both

bands were acquired and recorded.
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2.2.2.8.1 Analysis of TAA waveforms

TAA was determined from ten artefact-free breaths during a five minute
measurement period. For each breath, the rib cage (RC) and abdomen (ABD)
movements were measured and a Lissajous figure plotted (Figure 2-6) with ABD
movements on the x axis. Individual breaths were delineated by points of zero
voltage (Figure 2-7). Asynchrony between RC and ABD movements were
quantified by determining the phase angle by comparing the difference between
inspiratory and expiratory abdominal positions at mid-RC excursion (ABdiff)
with the maximum abdominal excursion (ABmax). The phase angle ¢ was
calculated as sin g=ABdiff/ABmax. When RC and ABD move in perfect
synchrony, the phase angle is 0°. As asynchrony appears the 100p opens.
Complete asynchrony (paradoxical movements) results in a phase angle of

180°Adapted from (Hammer and Newth, 2009).
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Figure 2-6: A trace demonstrating an asynchronous motion of the rib cage (RC)
and the abdomen (AB) wherein the RC and AB motion are out of phase by 45
degrees. ‘m’ is the width of the figure at mid RC excursion, and ‘s’ is the width
representing AB excursion.
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2.2.2.9 Transdiaphragmatic pressure time product (PTPdi)

The transdiaphragmatic pressure time product (PTPdi) was measured as an index of
the WOB in the randomised, crossover study comparing CPAP and HHFNC in
prematurely born infants with evolving BPD. PTPdi was calculated breath by breath
by integrating the area subtended by the transdiaphragmatic pressure during
inspiration. Measurement and acquisition of Pdi is described above. The phase
transition of respiratory flow is generally used to determine the start and end of
inspiration. Because of the use of HHFNC, it was not possible, to measure
respiratory flow directly in the study. The beginning of inspiration was
determined, therefore, by the rise in Pdi at the start of a breath and end of
inspiration was determined from rib cage movement using RIP (Figure 2-8 and 2-
9).The mean of 20 consecutive infant respiratory efforts was taken to calculate the

PTPdi.
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Figure 2-8: Trace obtained from an infant showing Pgas, Pes, chest and
abdomen signals obtained when infant was measured on CPAP mode. The
shaded area depicts calculation of PTPdi which was obtained from the area
subtended by the Pdi trace during inspiration.
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Figure 2-9: A diagram representing the calculation of PTPdi during inspiration
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2.2.3 Measurement of diaphragm electrical activity (Edi)

NAVA uses the electrical activity of the diaphragm (Edi), captured by a specialised
nasogastric tube with an array of eight bipolar electrodes (Edi catheter), to servo
control the applied ventilator pressure. The Edi is used both to trigger each inflation
and also to determine the level of support proportional to the infant’s neural drive to
breathe throughout each inflation (Navalesi and Longhini, 2015). Signals from each
electrode pair are differentially amplified, digitised, and processed. The signal is
filtered to remove electrical contamination from the heart, esophagus, and

environment to give the highest possible signal-to-noise ratio (Sinderby et al., 2007).

Before insertion, the Edi catheter (Figure 2-10) (Maquet Critical Care AB) was
dipped in sterile water for a few seconds to both activate the coating which improves
electrical conductivity and to aid insertion. Edi catheter size and insertion distance
for each patient was determined by the patient weight in kilograms and length in cm.
The Edi catheter was inserted either oro or nasogastrically by measuring the “NEX”
distance (the distance from nose, ear, and xiphoid) for proper insertion depth. The
Edi catheter was inserted and correct positioning confirmed as per manufacturer
instructions using the Edi catheter positioning guide function on the ventilator
(Magnet Servo-n User Manual Version 1.1). The guide function displayed the
retrocardiac echocardiograph. Correct positioning was achieved when the P waves
and QRS complexes were visible in the uppermost leads and then decreased in size
until the P waves disappeared in the lowest lead. Coloured highlighting of the central
two leads appeared once the catheter was in the correct place (Figure 2-11). Once
correct positioning was confirmed, the catheter was securely attached to the infant’s
face using an adhesive dressing. Stein et al (Stein et al., 2013b) evaluated the

success or failure (due to complications) of placing the Edi catheter in 17 premature,
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non-ventilated infants (average birthweight 1220 g, range 628-2520 g). The Edi
catheter was placed successfully and correctly in all subjects, as determined by a
dedicated “catheter positioning” window on the ventilator and no adverse events
were noted (i.e. no pharyngeal, esophageal, or gastric damage or trauma, no apnea or
bradycardia, and tracheal placement). There was no deterioration in the Edi signal

with different positions, or with feeds.

Before the infant was changed to NAVA mode, the NAVA level was adjusted so that
the estimated pressure waveform on NAVA closely matched the actual pressure
waveform on the baseline settings, aiming for the peak Edi to be between 5-15uV as
per the recommendations of the manufacturer. The baseline ventilator settings were
used to determine the back-up settings to be used on NAVA in the absence of an Edi
signal. The backup setting was the pressure setting when baby was on the ACV,
default Edi trigger was 0.5 mcV and apnoea time set was 2 seconds. The upper
pressure limit was at least five cm H.O higher than the baseline settings, but did not

exceed 30 cm H20.

The highest Edi value of the waveform (Edi peak) represented neural inspiratory
effort, responsible for the size and duration of the breath. The lowest Edi (Edi min)
represented spontaneous tonic activity of the diaphragm, which prevents de-
recruitment of alveoli during expiration. The Edi trigger (1V; the minimum increase
in electrical activity from the previous trough) triggered the ventilator to recognise

the increase in electrical activity, thereby resulting in initiation of a breath.

The NAVA level (cmH2O/uV; a conversion factor) translated the Edi signal into
proportional pressures. Edi multiplied by the NAVA level determined airway

pressure delivered by the ventilator for each breath. The NAVA software
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automatically calculates peak inspiratory pressure (PIP) every seventeen minutes

demonstrated by the formula

PIP = NAVA level x (Edi peak — Edi min) + PEEP.

Figure 2-10: NAVA - Edi Catheter

1- Connection to the module used for electrical activity of the diaphragm (EAdi)

measurements, 2 - Microsensors, 3- Nutrition feed
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Figure 2-11: Edi catheter positioning screen. Correct placement of the
nasogastric tube shows the retro cardiac electrocardiogram (ECG) signal
progressing from large p and QRS complexes in the upper leads to small or
absent complexes in the lower leads.
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2.3  Statistical analysis

Data were analysed for normality using the Kolmogorov-Smirnov, Shapiro-Wilk
tests. Student’s t-test was used to compare normally distributed groups. Non-
parametric data were analysed using the Mann Whitney U test and Wilcoxon signed
rank test for paired data. The Chi Squared and Fisher’s exact test were used where
appropriate. Data were deemed significant if the p value was less than 0.05. SPSS for

windows (version 21 or 22 SPSS Inc, Chicago IL, USA) and Stata v 14 were used.

2.4 Randomisation

Randomisation was carried out by random number table generation and selection of
a sequential sealed envelope after successful recruitment and meeting of pre-defined
entry criteria based upon gestational age. There were no gestational age strata for

randomisation. There has been no drop outs in any of the studies.
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Chapter 3: Randomised crossover trial of PAV versus ACV
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3.1 Introduction

During PAV, the applied pressure is servo controlled, based on continuous input
from the infant’s breathing throughout each spontaneous breath. In addition, the
ventilator can provide inflation pressure in phase with the tidal volume change in
order to reduce the compliance load (i.e. the load due to the stiffness of infant’s
lungs) and in phase with the flow change to reduce the resistance load (i.e. the load
due to airflow obstruction), termed elastic and resistive unloading, respectively
(Schulze, 2002). Very prematurely born infants developing or with established BPD
will have stiff lungs (that is non-compliant) despite a very compliant chest wall, so
may be particularly likely to benefit from elastic unloading. PAV has only been
assessed in neonates in a few studies. In a previous crossover study, infants with
evolving or established BPD on PAV compared to ACV had better oxygenation
indices, a lower WOB and better respiratory muscle strength. The infants, however,
were only studied on each ventilator mode for one hour (Bhat et al., 2015). The
longest infants have been studied on PAV was four hours (Schulze et al., 2007), but
during that study, only changes in pulse oximetry results were assessed. During
PAV, the applied pressure is servo controlled throughout each breath, whereas
during ACV, only the initiation of inflation is synchronised to the start of inspiration;
hence, it is likely that oxygenation would be superior on PAV compared to ACV
(Bhat et al., 2015). During PAV, however, it has been previously demonstrated that
there is a trigger delay of 60 millisecond in an in vitro model (Patel et al., 2010a);
hence, it was important to assess blood gases over a longer period than studied

previously (Bhat et al., 2015). Hence, in this study the hypothesis that infants with
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evolving or established BPD would have superior Ol results after four hours on PAV

compared to after a similar period on ACV, was tested.

3.2 Methods

A randomised, crossover study was undertaken. Infants were entered into the study if
their parents gave informed written consent. The study was approved by the South

East London Research Ethics Committee (Appendix 1.1).

3.2.1 Protocol

linfants who were born prematurely (less than 32 weeks gestation) and who
remained ventilated after the first week after birth were eligible for entry into the
study if they were being supported by ACV. Evolving BPD was defined as ventilator
dependence beyond seven days and established BPD as ventilator dependence
beyond twenty-eight days. Infants were ineligible for inclusion in the study if they
had a major congenital cardiac abnormality or were receiving a neuromuscular

blockade agent.
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During the eight hour study period, no other changes were made to the infant care
than the changes in ventilator mode. Infants at King’s College Hospital NHS
Foundation Trust are routinely supported by the SLE 5000. The infants were
transferred from the SLE 5000 ventilator to ACV on the Stephanie ventilator using
the same ventilator settings (baseline). All infants as per the unit’s routine policy
were ventilated via shouldered endotracheal tubes which have been shown to have

minimal or no leaks (Hird et al., 1990).

One hour was allowed for stabilisation of the infant on the Stephanie ventilator. A
blood gas analysis was then performed and the baseline ventilator settings were
noted. During the stabilisation period, the ventilator displayed compliance and
resistance settings were noted every ten minutes and the six results meaned. The
ventilator calculated the compliance from the inflation pressure (PIP - PEEP) and the
resultant tidal volume. The value of the reciprocal of the compliance, elastance, was
used to set the level of the elastic unloading. Each infant was then randomised to
receive first either PAV or ACV mode for four hours and for the second four hours

received the alternative mode.

During ACV, the peak inspiratory pressure (PIP), PEEP and the inflation time were
kept the same as at baseline. During PAV, the maximum PIP was set at 5 cm H20
above the PIP on ACV to prevent higher airway pressures. The PEEP level during
PAV was the same as at baseline, and the PEEP and the inflation time during back
up ventilation were the same as at baseline. Whenever cessation of spontaneous
breathing occurred for more than five seconds during PAV, mandatory backup

inflations were automatically delivered by the ventilator. The backup rate set at 40

109



breaths per minute was delivered to the infant for ten seconds with a backup inflation
peak pressure of 5 cm H20 above the PIP used during ACV. Elastic unloading,
which was used only during inspiration, was initially set at 75 % of full unloading. If
after ten minutes the infant remained stable and no airway pressure waveform
abnormalities were observed (Patel et al., 2010a), the unloading was increased to 100
%. Full unloading was the level of unloading which increased the infant’s
compliance to the expected ‘normal’, that is, 2.0 mL/cm H.O/Kkg. If airway pressure
waveform abnormalities were then noted by looking at the pressure display, the
unloading was to be reduced back to 75 %. Resistive unloading was not used as, an
in vitro model, oscillations in the airway pressure waveforms appeared when the
resistive unloading was greater than 100 cm H>O/L/s (Patel et al., 2010a). The
number of desaturations oxygen saturation less than 88 %) on each mode was noted.
An arterial blood sample was obtained at the end of each 4 hour period, the ventilator
settings were noted and the Ol was calculated. RR, VVt and MAP were obtained from
the ventilator. The results from the last five minutes of the four hour study period
were averaged. All the infants had continuous oxygen saturation monitoring. During
the study, the inspired oxygen concentration was adjusted as necessary to maintain

the oxygen saturation level in the range 92 — 96 %.
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3.2.2 Sample size

In a previous study, the mean Ol in the PAV group was 6.0 (SDx2.4) and in the
ACYV group was 9.8 (SD+3.7) (Bhat et al., 2015). The planned sample size was
eighteen infants to allow detection between the two ventilator modes of a within
patient difference of 0.7 SD in the oxygenation index results with 80 % power and a

two-sided significance of 5 %.

3.2.3 Statistical analysis

Differences were assessed for statistical significance using the paired Wilcoxon

signed rank test using IBM SPSS statistical software, V.21 (IBM Corporation, USA).
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3.3 Results

Recruitment to the trial was stopped at eight infants as all the OI results were in
favour of PAV (Table 3.1). The decision was taken by the clinical team and the
study statistician in the knowledge that the probability of all 8/8 results being in the
same direction if both modes were in fact equally effective was extremely small
(p=0.0039).

The median BW of the eight infants was 767 (range 650 —1926) g, GA 25.7 (range
24.4 — 33.5) weeks and postnatal age at measurement 19 (range 10 —105) days; seven
of the eight infants were male. All the infants had been exposed to antenatal steroids
and received postnatal surfactant and were receiving caffeine at the time of study.
None were receiving sedation at the time of study or had received postnatal steroids.
Their median baseline compliance was 0.4 (range 0.3-1.1) mL/cm H20 and
resistance was 155 (range 66—-252) cmHO/L/s. All infants tolerated 100 % elastic
unloading the study. The median FiO (p= 0.049), the median mean MAP (p=0.012)
and the median Ol (p=0.012) were all lower on PAV compared to ACV (Table 3-1).
There was no significant difference in the median number of desaturation episodes

(Table 3-2) between the two modes.
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Table 3-1: Oxygenation index results by ventilator mode

Infant Number

o N o o A W DN P

Median

PAV

8.1
7.0
17.4
12.6
5.2
10.0
5.9
9.9

ACV

15.2
8.3

21.6
20.3
8.4

14.1
11.3
11.7
12.9

Mode used first

PAV
PAV
ACV
PAV
ACV
PAV
PAV
ACV
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Figure 3-1: Box plot oxygenation index results by ventilator mode
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Figure 3-2: Box plot Mean airway pressure results by ventilator mode
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Table 3-2: Comparison by ventilator mode (n=8)

The results are expressed as the median (range)

FiO»

PCO:- (kpa)

Ol

MAP (cm H20)
Respiratory rate

Tidal Volume (ml/kg)

Saturations (Sao2) (%)

Desaturation episodes (n)

PAV
0.48 (0.31-0.65)
8.0 (5.5-9.4)
9.0 (5.2-17.4)
8.5 (6.7 -10.0)
56 (47-76)

7.5 (3.70-10.0)
95 (92-97)
1(0-2)

ACV
0.57 (0.40-0.72)
7.2 (5.5-11)
12.9 (8.3-21.6)
9.5 (8.1-13)

57 (49-66)

5.8 (3.5-10.3)
95(93-98)
0(0-2)

P value

0.049

0.889

0.012

0.012

0.401

0.093

0.571

0.429
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Table 3-3: Comparison by PAV ventilator mode used first (n=5)

The results are expressed as the median (range)

FiO»

PCO:2 (kpa)

Ol

MAP (cm H20)
Respiratory rate

Tidal Volume (ml/kg)

Saturations (Sao2) (%)

Desaturation episodes (n)

PAV
0.52 (0.4-0.6)
8.1 (5.5-8.9)
8.1 (5.9-12.7)
7.7 (6.7-10)
55 (48-77)
8.6 (4.1-9.6)
96 (93-97)
1(0-1)

ACV
0.55 (0.46-0.64)
6.9 (5.5-9.3)
14.1 (8.3-20.3)
8.5 (8.1-12)

53 (50-61)

5.5 (3.5-10.3)
95 (94-99)
0(0-2)

Table 3-4: Comparison by ACV ventilator mode used first (n=3)

The results are expressed as the median (range)

FiO2

PCO:2 (kpa)

Ol

MAP

Respiratory rate

Tidal Volume (ml/kg)
Saturations (Sao2) (%)

Desaturation episodes (n)

PAV
0.45 (0.31-0.65)
7.2 (7.0-9.32)
9.9 (5.2-17.4)
9.3 (7.1-10)

58 (55-70)

6.7 (3.7-7.9)

94 (94-98)

1(0-2)

ACV
0.6 (0.4-0.72)
7.5 (6.4-11)
11.7 (8.5-21.6)
10 (9-13)

61 (57- 66)
6.3 (3.8-7.5)
96 (93-97)

0(0-2)

p value
0.343
0.686
0.043
0.042
0.225
0.138

0.480

0.480

p value
0.109
0.593
0.109
0.109
1.00
0.285
1.00

0.655
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3.4 Discussion

This study has demonstrated that PAV compared with ACV in prematurely born
infants ventilated beyond the first week after birth resulted in a reduced WOB and a
lower OI. The lower Ol is in keeping with the findings of Schulze and colleagues
(Schulze et al., 2007), pulse oximetry readings were not significantly different on the
two modes in very prematurely born infants (mean GA 25.6 weeks) with evolving
CLD. In addition, in prematurely born infants with acute respiratory distress (birth
weights between 600 and 1200 g) on 45-minute epochs on PAV compared with 45-
minute epochs on ACV or intermittent mandatory ventilation, similar arterial
oxygenation was maintained despite lower airway and transpulmonary pressures
during PAV (Schulze et al., 1999). The lower mean airway pressure and lower Ol
that this study has demonstrated on PAV likely reflect that during PAV the applied
pressure is servo controlled throughout each spontaneous breath, whereas during
ACYV, synchronisation of inflation is only at the beginning of inspiration. In addition,
the lower Ol might also reflect the reduced level of asynchrony during PAV, which
was not statistically significant (p=0.05). High airway pressures and airway pressure
oscillations have been demonstrated when excessive amounts of elastic and resistive
unloading are used (Schulze et al., 1998). Previous study (Bhat et al., 2015) was
terminated before the calculated sample size, as all twelve infants in the one hour
crossover study had lower Ol results on PAV compared to ACV (Bhat et al., 2015).
The maximum duration PAV was previously trialled was four hours (Schulze et al.,
2007), twenty two infants had a median GA of 25.6 weeks and were studied at a

mean PNA of 22.9 days. They found after a four hour period of PAV that despite a
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lower MAP, the inspired oxygen concentration and pulse oximetry readings were not
significantly different between the two groups. Hence, it was important that four
hour duration was tested for oxygenation indices when on PAV and compared with
ACV. This study has demonstrated that four hour on PAV compared with four hour

on ACV resulted in a significant improvement in the Ol.

On subgroup analysis, the results remained the same when analysis was done
separately depending upon the start mode of ventilation ie PAV first however not
when ACV was used first. This indicates that there was no cross over effect of the
baseline ventilator mode and that four hour study is adequate to reliably note the

differences between the two modes.

There are limitations to this study. The postnatal age of infants studied had a wide
range, studying infants at different stages of evolving BPD. Further stratifying based
on the postnatal and gestational age would have been ideal however difficult in view

of the small sample size.

In conclusion, this short-term cross- over study has demonstrated that PAV
compared to ACV was associated with significant superior oxygenation, which
likely reflects better synchronisation of the inflation pressure and tidal volume

throughout inspiration.
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Chapter 4: Neurally adjusted ventilatory assist (NAVA) in very
prematurely born infants with evolving BPD
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4.1 Introduction

Application of mechanical ventilation in spontaneously breathing children remains a
challenge for several reasons: mainly, small tidal volumes and high respiratory rates,
especially in the presence of leaks, interfere with patient-ventilator synchrony. Leaks
also cause unreliable monitoring of respiratory drive and respiratory rate (Vignaux et
al., 2013). Furthermore, ventilator adjustment must take into account that infants
have strong vagal reflexes, demonstrate central apnea and periodic breathing, with a

high variability in breathing pattern (Beck et al., 2016).

NAVA is a mode of ventilation whereby the timing and amount of ventilatory assist
is controlled by the patient's neural respiratory drive. Since NAVA uses the
diaphragm electrical activity (Edi) as the controller signal, it is possible to deliver
synchronized assist, to follow the variability in breathing pattern, and to monitor

patient respiratory drive, independent of leaks (Navalesi and Longhini, 2015).

Infants with evolving or established BPD have a high resistance which means flow
triggering can be challenging. In addition, the severity of their lung function
abnormalities likely means that supporting each breath throughout the inspiratory
cycle would be advantageous. Hence, this study aimed to test the hypothesis that
NAVA compared to ACV would result in a lower Ol in infants with evolving or

established BPD.
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4.2 Methods

A randomised, crossover study was undertaken. Infants were entered into the study if
their parents gave informed written consent. The study was approved by the West

Midlands - Solihull Research Ethics Committee (Appendix 1.2).

4.2.1 Protocol

Infants were eligible for this randomised, crossover study if they were born at less
than 32 weeks of gestation and remained ventilated at one week of age on ACV.
Those with major congenital abnormalities or receiving neuromuscular blockade
were excluded. Infants at King’s College Hospital NHS Foundation Trust are
routinely supported by the SLE 5000 (software versions 4.3; SLE Ltd., South
Croydon, UK). All infants were ventilated with Coles shouldered endotracheal tubes
which have been shown to have minimal or no leaks (Hird et al., 1990). Volume
targeting was not used. On entry into the study, the infants were transferred from
ACYV on the SLE 5000 to ACV (named ‘Pressure Control” on the Servo-n ventilator,
Maquet Critical Care, Solna, Sweden). The same ventilator settings and backup rate
were used. In particular, the PEEP was kept at 4-5 cmH2O as had been used prior to
the study and the inflation time was set, as previously, at 0.36 to 0.4 seconds. The
back-up setting was set with apnoea time of two seconds and the upper pressure limit
at least five cm H2O higher than the baseline settings, but did not exceed 30 cm H20.
The default Edi trigger was set at 0.5 mcv. A six French Edi catheter was inserted

and correct positioning was confirmed as per the instructions of the manufacturer
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using the Edi catheter positioning guide function on the ventilator (Magnet Servo-n

User Manual Version 1.1).

After one hour of stabilisation on the Servo-n ventilator using the settings described
above, blood gas analysis was performed. Infants were then randomised to receive
either ACV or NAVA first for one hour and then to receive the alternative mode for
a subsequent hour. The order in which the infants received the two modes was
randomised between each baby using a sequential opaque sealed envelope system.
Before the infant was changed to NAVA mode, the NAVA level was adjusted so that
the displayed pressure waveform on NAVA closely matched the actual pressure
waveform on the baseline settings, aiming for the peak Edi to be between 5 and 15
uV as per the recommendations of the manufacturer. The baseline ventilator settings
were used to determine the backup settings to be used on NAVA in the absence of an
Edi signal. The initial ventilator settings were noted, and the number and duration of
desaturations (defined as oxygen saturation less than 88%) were noted on each
ventilator mode. The inspired oxygen concentration (FiO2) was adjusted to maintain
oxygen saturations between 92 and 96%. At the end of each hour, capillary blood gas
analysis was performed and the Ol calculated as FiO2 x MAP x 100/pO.. The FiO,
the PIP, MAP, Vt and respiratory system compliance (calculated from the tidal
volume divided by the PIP) were recorded from the ventilator displays and averaged
from the last five minutes of each one hour period. The data were down-loaded into

excel via a USB stick.
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4.2.2 Sample size

The planned sample size was eighteen infants, as this allowed detection of a
difference in Ol between the two modes of one standard deviation (1SD), with 80%
power and 5% significance. An interim analysis was planned to take place half way
through, i.e. after nine patients, as a previous study with PAV, a ventilation mode
which also provides tailored support throughout the infant’s inspiratory cycle,
demonstrated that the Ol on PAV was better in all patients than on ACV (Bhat et al.,
2015). In order to preserve the type | error at 5%, the interim analysis was conducted
at 0.01 with the final analysis conducted using 0.04. If the interim analysis showed p
< 0.01, then the trial was to stop and the final analyses was conducted using the nine

patients.

4.2.3 Statistical analysis

The results were positively skewed and, therefore, log transformed for analysis so
that a paired t test could be used. Using that method, the results including the mean
and confidence intervals were on the ratio scale. Results were back-transformed to
give geometric means for each mode of ventilation. The ratio of geometric means
and the corresponding 95% confidence intervals for the ratio are presented. The ratio
of the geometric means was interpreted as the percentage difference between results
on NAVA compared to on ACV. The desaturation data were discrete and analysed

using the Wilcoxon signed-rank test. Data were analysed using Stata v 14.
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4.3 Results

At the interim analysis, the comparison of the Ol on NAVA versus ACV was
statistically significant using the modified cut-off for significance described above.
The Ol was lower on NAVA for all infants (Table 4-1). Hence, the clinical and
statistics team agreed that the trial was to be stopped and the data analysed. Nine
infants had been assessed, seven males and two females. Their median GA was 25
(range 22-27) weeks and median BW 750 (range 545-830) grams. The infants were
studied at a median PNA of 20 (range 8-84) days. Three infants with the highest
OI’s median GA was 25 (range 25-26) weeks, BW 760 (range 760-794) grams and
PNA when infants were studied 64 (64-84) days. This when compared with the
remaining infants of median GA 25 (range 24-28) weeks, 750 (range 600-830) grams
and PNA of 10.5 (range 8-21) days was not statistically significant. All had received
at least one dose of antenatal steroids and postnatal surfactant and were on caffeine
at the time of the study. Only one infant was receiving sedation and this was at the
same dose throughout the study. Five of the infants were studied first on NAVA and
four on NAVA then ACV. Neither was there any suggestion that the order (by
chance) was related to the size of value, i.e. no suggestion that all those with a high
starting Ol received the modalities in the same order (p=0.66). The ratio of the
geometric means for the Ol, the primary outcome, was 0.72 (NAVA/ACV), showing
that the mean Ol was 28% lower on NAVA compared to ACV with corresponding
95% Cls from 62 to 83% (Table 4-1). Infants who had the highest Ol’s on ACV
tended to have a larger reduction in Ol when studied on NAVA (Table 4-1). The
mean PIP (p=0.017) and mean MAP (p =0.004) were significantly lower on NAVA,
as was the mean FiO (p = 0.007). The mean compliance (p=0.005) and oxygen

saturation (p=0.016) were significantly higher on NAVA. The Ol results remained
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statistically significant even without including the infants with highest OI’s
(p=0.003). The means for the Vt, RR and peak Edi and the number of desaturations

were not significantly different between the two modes (Table 4-2).
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Table 4-1: Results by ventilatory mode

Individual baseline PIP and FiO: at the start of the study and individual Ol data at

the end of each study mode is given below. The mode which was used first in each

infant is given in the fifth column.

IP (cm FiO2
H-0)

27 1

16 0.44
18 0.63
18 0.27
24 0.87
19 0.41
19 0.7
18 0.45
23 0.4

ACV
(On

30.3
9.2
7.6
6.7
26.8
7.4
24.1
6.4
5.7

NAVA Mode
(o))} first
17.4 ACV

8 NAVA
5.7 NAVA
4.6 ACV
16 ACV
6.6 NAVA
13.4 NAVA
5.4 NAVA
4.5 ACV

GA at
measurement
(wks)

36.3
26.1
26.6
26.4
29.6
29.6
32.6
27.9
27.1

PNA at
measurement

(days)
84

9

9

8

30

12

64

21

20
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Table 4-2: Results by ventilatory mode

The results are presented as the geometric mean (range) for each mode, the ratio of

geometric means between the two modes and the corresponding 95% ClI

Oxygenation
index

Peak airway
pressure
(cmH20)
Mean airway
pressure)
(cmH20)
FiO.

Peak Edi (LV)

Expiratory tidal
volume (ml/kg)
Compliance
(ml/cmH.0)
Respiratory rate
(breaths/min)
Oxygen

saturations (%)

Mean ACV

11.06
(5.7-30.3)
20.13
(14.8 -27.1)

10.53
(8.8-14.2)

0.45
(29.2-91.0)
14.04
(6.1-47.0)
7.06
(5.1-8.6)
0.50
(0.30-0.68)
51
(40-65)
94
(90-98)

Mean
NAVA

7.92
(4.7-17.4)
16.72
(12.7-28.6)

9.20
(7.8-12.7)

0.36
(23-54.9)
11.10
(7.4-22.0)
6.24
(3.9-10)
0.62
(0.34-0.91)
50
(38-67)
98
(95-100)

Ratio of
geometric
means
(NAVA/ACV)

0.72

0.83

0.87

0.81

0.79

0.88

1.24

0.98

1.03

95%
confidence
interval for

ratio

0.62-0.83

0.72 -0.96

0.81-0.94

0.71-0.93

0.60 - 1.05

0.76 —1.02

1.09-1.41

0.89-1.08

1.01-1.05
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P value

0.0007

0.017

0.004

0.007

0.089

0.87

0.005

0.616

0.016



4.4 Discussion

This pilot study demonstrated that in infants born very prematurely and with
evolving or established BPD, NAVA compared to ACV resulted in a significantly
lower OI. This was associated with significantly lower PIPs and MAPs, likely
reflecting that during NAVA the applied pressure is servo controlled throughout
each inflation. On ACV, although inflation is triggered by the beginning of the
infant’s inspiratory effort, the start of inflation may have been delayed as a flow
trigger was used. Furthermore, after the inflation is triggered during ACV, neither
the inflation pressure nor time is tailored to the infant’s inspiratory efforts. The
higher compliance on NAVA compared to ACV reflects the lower PIPs with similar
tidal volumes. A higher compliance on NAVA has been previously reported in
neonatal and paediatric patients (Beck et al., 2009, Breatnach et al., 2010, de la Oliva
et al., 2012). The study results suggest that infants with the highest Ols, i.e. the most
severe lung disease, had the greatest reduction in Ol during NAVA. This may reflect,
as above, the shorter trigger delay on NAVA which means more of the infant’s

breath is pressure supported.

There are strengths and some limitations to this study. As the same ventilator was
used for each mode, the significant differences demonstrated are due to the
differences in the modes, rather than differences in the ventilator performance.
Although infants were only studied for an hour on each mode, this study has
demonstrated significant differences between the two modes. The infants included
had a wide range of severity of respiratory disease as suggested by their PIP and

FiO2, yet a positive effect of NAVA in all infants was noted. The infants had also
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had a wide range of postnatal ages, but previous audits of 100 consecutive
prematurely born infants demonstrated, 95% of those who remained ventilator
dependent at one week developed BPD. Thus results demonstrate that compared to
ACV, NAVA use was associated with superior results in infants with evolving or
established BPD. Capillary blood samples were used to calculate the Ols. This
method was used at the end of each of the two periods in all infants, thus the use of
capillary blood sampling would not bias the results. The infants were all clinically
stable when assessed and none were seriously ill, had shock, hypotension or
peripheral vasoconstriction at the time of assessment (McLain et al., 1988). Thus, it
was appropriate to calculate the Ols from the capillary blood samples. Only one
infant was receiving sedation and this was at the same dose throughout the study, so
this did not influence the results. A crossover study design was used as this removes
the variability between patients by looking at effects within them. As no order effect
was demonstrated, the design gives more precision. The trial was stopped at the
planned interim analysis as in all infants the Ol was lower on NAVA. There was no
significant difference in the peak Edi between the two modes, although there was a
trend for it to be lower on NAVA. This may have been due to insufficient
redistribution of work from the patient to the ventilator, as the NAVA level was only
adjusted so that the estimated pressure waveform closely matched the pressure
waveform on the baseline settings. As yet, there are no randomised controlled trials
with long-term outcomes assessing NAVA and therefore, any potential long term

benefit remains unknown.
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In conclusion, this study has demonstrated in a randomised crossover study that
NAVA, compared to ACV, resulted in improved (lower) Ol and this was associated
with lower peak and mean airway pressures. There was no suggestion that the size of
difference in Ol was greater with order i.e. with either ACV then NAVA and

therefore, any potential long term benefit remains unknown.
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Chapter 5: Changes in use of heated humidified high flow nasal cannula
oxygen (HHFNC)
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5.1 Introduction

HHFNC has gained popularity in many countries (Ojha et al., 2013, Hochwald O,
2010, Hough et al., 2012, Manley et al., 2012, Roehr et al., 2007). Recent RCTSs,
however have not demonstrated any superiority of HHFENC (Collins et al., 20133,
Manley et al., 2013). Hence a survey was conducted with aim to determine whether
use of HHFNC had changed since a previous survey in 2012 (Desai P et al, 2012).
In addition, the survey aimed to also identify if and why practitioners preferred

HHFNC or CPAP.

5.2 Methods

In 2015, lead clinicians of all 194 neonatal units in the UK were identified from the
NNAP report, the BAPM directory and a departmental database from previous
audits. Clinicians were sent an email inviting them to complete an electronic web-
based survey using Survey Monkey (Appendix 1.3). Non-responders were sent email
reminders and then contacted by telephone. In the 2012 survey, practitioners from
the then 203 UK neonatal units had been contacted (Desai P et al, 2012). Both
surveys included questions on the level of neonatal care, the indications for use of
HHFNC and the flow rates used. In addition, the 2015 survey also contained
questions on nasal prong size, weaning policies and reasons for HHFNC or CPAP

preference (practitioners were given a list of reasons to choose from (Table 5-2)).
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5.2.1 Statistical analysis

Differences in the results of the two surveys were assessed for statistical significance
using the chi-square test. IBM SPSS statistical software, V.22 (IBM Corporation,

USA) was used.

5.3 Results

There was a 100% percent response rate to both surveys. Use of HHFNC had
significantly increased in 2015 compared to 2012 (p<0.001) (Table 5.1). Almost all
local neonatal and neonatal intensive care units were using HHFNC in 2015.
Although fewer units were using HHFNC as an alternative to CPAP or weaning
from CPAP (p=0.001), a greater proportion were using it as the primary support
mode post extubation (p=0.001). The highest and lowest flow rates used varied in
both surveys, but the magnitude of change of flow when weaning from HHFNC did
not differ significantly in the two surveys. The flow rate tended to be weaned 24
hourly. The 2015 survey highlighted that in 25% of units prong size was chosen to
fit snugly and occlude the nostril and 36% of units had no HHFNC guideline. The

majority of practitioners preferred HHFNC to CPAP (Table 5.2).
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Table 5-1: HHFNC practice in 2012 and 2015

Data are displayed as the n (%)

HHFNC
Total number of units
Using HHFNC

Unit Level

Special Care Unit

Local Neonatal Unit
Neonatal Intensive Care Unit

Data are subsequently displayed only for units using
HHFNC

Indication of Use
Alternative to CPAP/ Weaning from CPAP
Primary mode of respiratory support post extubation

Highest Flow Rate
8

7
6
5

Lowest Flow Rate
4

3
2
1

Size of change in flow when weaning
0.5 L/min

1 L/min

0.5-1L/min

Time between changes in flow rates
24 hourly

24-48 hourly

48 hourly

Depends on the infant’s condition

Prong size
Snug fit to occlude the nostril
Prong size selected to allow air leak

Guideline/Policy
Yes

2012

203
113 (56%)

12/53 (23%)
60/92 (64%)
41/58 (70%)

66 (58%)
47 (42%)

36 (32%)
12 (11%)
38 (34%)
27 (23%)

11 (10%)
40 (35%)
45 (40%)
17 (15%)

30 (27%)
38 (34%)
45 (40%)

2015

194
169 (87%)

22142 (52%)
84/88 (95%)
63/64 (98%)

65 (38%)
104 (62%)

78 (46%)
6 (4%)
77 (46%)
8 (4%)

18 (11%)
40 (24%)
97 (57%)
14 (8%)

51 (30%)
58 (35%)
60 (36%)

79 (47%)
21 (12%)
17 (10%)
52 (31%)

42 (25%)
127 (75%)

108 (64%)

137

P value

<0.001

0.003
<0.001
<0.001

0.001
0.001

0.011
0.017
0.030
<0.001

0.485
0.023
0.003
0.058

0.301
0.504
0.271



Table 5-2: Preference for CPAP or HHFNC

Data are displayed as n (%)*

Which is better

Better access to the infant
Easier to set up

Better access for skin to skin
care

Quicker to achieve full bottle
feeding

Quicker to achieve full breast
feeding

Less nasal trauma

More comfortable for the
infant

Parental preference

CPAP
18 (11%)
1 (1%)
13 (8%)
0 (0%)

0 (0%)

0 (0%)

0 (0%)
1 (1%)

0 (0%)

HHFNC
109 (64%)
145 (86%)
138 (82%)
162 (96%)
166 (98%)
168 (99%)

162 (96%)
165 (98%)

162 (96%)

*Not all practitioners responded to every question

P value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
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5.4 Discussion

Comparison of the results of surveys has demonstrated that there has been a
significant increase in the use of HHFNC between 2012 and 2015. Units are now
significantly more likely to use HHFNC rather than CPAP as the primary support
mode post extubation. This is despite a lack of evidence that HHFNC provides more
efficacious respiratory support (Shetty and Greenough, 2014). This change in
practice then reflects practitioners’ views on other advantages to the infant that may

occur during HHFENC support.

The most commonly used devices were Vapotherm 2000i and the Optiflow TM
(Fischer and Paykel). Similar observations were made in a survey in the United
States (Hough et al., 2012). HHFNC was used as primary treatment post-extubation
from MV in sixty-two percent of the neonatal units in Australia and New Zealand
(Hough et al., 2012). Survey done by Ojha et al (Ojha et al., 2013) showed fifty-three
percent of the neonatal units used HHFNC post-extubation . In a randomised trial of
432 infants of 28-42 weeks of gestational age, no significant difference was seen in
early extubation failure (less than 72 hours) between infants on HHFNC (10.8%) and
nCPAP (8.2%) (Yoder et al., 2013). Collins et al. (Collins et al., 2013a), randomly
assigned 132 infants less than 32 weeks of gestational age to receive either HHFNC
or nCPAP post extubation. No significant differences were found in the primary

outcome or in the number of infant’s reintubation in the first week.
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During HHFNC, airway pressure increases with the nasal prong to nares ratio. As a
consequence it has been recommended that the prong diameter should be about half
that of the nostril (Hochwald O, 2010). Yet, 25% of units were using prongs of a size
to occlude the nostril. Weaning flow in increments of between 0.5 -1 L/min and 24
hourly were most popular, but there was no consensus. This likely reflects that there
is currently no evidence to determine the best weaning strategy from HHFNC. As a

consequence, infants may stay on HHFNC longer than on CPAP (Gupta A, 2014).

HHFNC was thought to be better than nCPAP by the majority (64%) of responders.
Similarly a survey of nursing staff demonstrated 76.9 % of nurses preferred HHFNC
over NCPAP in infants equal to or older than 28 weeks of gestational age (Roberts et
al., 2014). Practitioners reported that the majority of parents favoured HHFNC over
CPAP. A likely influence on parental preference is that almost all practitioners who
responded to our survey thought that HHFNC facilitated easier access to skin to skin
care, was more comfortable for the infant, caused less nasal trauma and facilitated
earlier achievement of full enteral feeds. The evidence for those beliefs, however, is
mixed. A randomised, crossover comparison of 24 hours of nCPAP or HHFNC then
24 hours of the alternative support in infants with mild respiratory illness
demonstrated that, although parents preferred HHFNC, there were no significant
differences in the results of a patient comfort score (Klingenberg et al., 2014). Injury
to the nasal mucosa or external nares has been frequently reported in prematurely
born infants supported by nCPAP (Newnam et al., 2013, Fischer et al., 2010), and
several studies have demonstrated a lower incidence of nasal trauma with HHFNC
compared to HHFNC (Manley et al., 2013, Yoder et al., 2013, Kugelman et al.,

2015). Infants born extremely prematurely may remain on respiratory support for
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many months, including the age when they should be able to take oral feeds, that is
usually at 34 weeks PMA (Mizuno and Ueda, 2003, Gewolb et al., 2001, Lau et al.,
2000). The likelihood of a trial of breast or bottle feeding may be higher if the infant
is supported by HHFNC rather than CPAP, but that evidence is only from a

retrospective review (Yoon SH, 2011) .

This study has a number of strengths and some limitations. Unlike previous surveys
of HHFNC, this survey had a 100% response rate in 2015 as did the comparator
survey in 2012. In addition, all levels of units completed the survey. As with all such
surveys, the responses may reflect the views of the practitioner answering the survey
rather than the unit’s policy. Sixty-four percent of units, however, did have an
HHFNC policy/guideline so it does feel that our results are likely to reflect UK

practice in 2015.

In conclusion, use of HHFNC has significantly increased in UK neonatal units, in
particular as the primary support mode post extubation. Those data and the lack of
consensus on weaning strategies highlights research is urgently needed to optimise

weaning from HHFNC.
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Chapter 6: Work of breathing during CPAP and heated humidified high
flow nasal cannula
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6.1 Introduction:

Non-invasive respiratory management of infants with evolving or established BPD is
particularly challenging as such infants often tolerate CPAP poorly. Whether CPAP
or HHFENC provides more effective respiratory support has not been assessed in such
a population. Hence, the aim of this study was to determine in infants with evolving
or established BPD whether CPAP compared to HHFNC reduced the WOB and

TAA and improved oxygen saturation (Sa0>).

6.2 Methods

A randomised, crossover study was undertaken. Infants whose parents gave informed
written consent were entered into the study. The study was approved by the London

— Westminster Research Ethics Committee (Appendix 1.4).
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6.2.1 Protocol

Infants born at less than 32 weeks of gestation between April 2014 and February
2015 at King’s College Hospital NHS Foundation Trust, London, UK and required
CPAP and more than 40% of oxygen at or beyond two weeks of age were eligible for
entry into this study. Those infants with a postnatal age greater than 14 days but less
than 28 days were diagnosed as having evolving BPD and those aged 28 days or
older established BPD. Infants whose parents gave informed written consent were

entered into the study.

Infants were studied on two days for two hours each on CPAP (SLE 2000 or 5000
infant ventilator) and HHFNC (Fisher and Paykel using optiflow TM neonatal and
infant nasal prongs). Infants were randomised on the first day to be supported on
either CPAP or HHFNC for two hours and then by HHFNC or CPAP for two hours,
on the second day the modes were delivered in the reverse order. The CPAP level
was 6 cm H20 and during HHFNC a flow rate of 8 L/min was used for infants with a
weight more than 1 kg and 6 L/min for infants with a weight less than 1kg. WOB, as

the PTPdi was assessed and TAA determined.

6.2.2 Sample size

Recruitment of twenty infants allowed us to detect a difference of twenty-five
percent in the WOB between the groups and differences in the results of the other
physiological measurements equivalent to one standard deviation with 80 % power

at the 5 % level.
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6.2.3 Statistical Analysis

The data were tested for normality and found to have a normal distribution, hence a
paired t-test was used to assess whether differences were statistically significant.
There was no evidence for any effect of the order or of the day in the results, hence
the results for each of the two respiratory support modes were averaged over the two
days. Regression models were used to examine the effect of the order of modes of
respiratory support (CPAP/HHFNC or HHFNC/CPAP). The residuals from the
regression model were checked for their fit to a normal distribution. Because of the
relatively small sample size and the difficulty in ensuring a normal distribution, the
analysis examining mode was also run using a rank test (Wilcoxon matched pairs)
which gave similar results. IBM SPPS statistical software, V.22 (IBM Corporation,

USA) was used. Analyses were conducted using Stat v12.

6.2.4 Results

Parents of thirty eligible infants were approached and twenty agreed to recruitment.
The infants who were recruited compared to those who were not did not differ
significantly with regard to their GA (27 (range 25-29) weeks versus 28 (range 25-
32) weeks) (p=0.47) or BW (median 834 (664—1020) grams versus 880 (range 512-
1500) grams) (p=0.94). When studied the infants required a median FiO; of 0.42
(range 0.4-0.58) (Table 6-1). There were no significant differences in the results of

any of the physiological measurements between the two groups (Table 6-2).
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Table 6-1: Demographic data

The data are presented as median (range) or n (%)

Number of infants recruited (n)
Gestational age (weeks)
Gestational age > 28 weeks
Birth weight (grams)
Antenatal steroids
Surfactant
Caffeine
Post conceptional age (weeks) at assessment
Postnatal age (days)
Male (%)
Ethnicity:

Caucasian

Afro-Caribbean

Asian

Other

20

28 (24-32)

7 (35%)

888 (512-1500)
18/20 (90%)
20/20 (100%)
20/20 (100%)
31 (28-39)

23 (15-96)
11/20 (55%)

8 (40%)
5 (25%)
5 (25%)
2 (10%)

Table 6-2: Physiological assessment results by respiratory support mode

The results are expressed as the median (range)

CPAP HHFNC P value
PTP cmH20/s/min 244 (126-294) 220 (169.5-318) 0.852
TAA (degrees) 12.6 (4.5-23.3) 13.1 (4.2 -23.8) 0.763
HR (bpm) 153 (130-172) 152 (140-175) 0.93
RR (bpm) 55 (35-79) 55 (38-74) 0.78
Oxygenation 95 (93-100) 96 (94-99) 0.485

Saturation (%)
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6.3 Discussion

This study has demonstrated that in prematurely born infants with evolving or
established BPD, there were no significant differences in the WOB, TAA or Sa0:
when the infants were supported by CPAP or HHFNC. Infants with evolving or
established BPD were studied exclusively, unlike in previous studies (Lavizzari et
al., 2014, Saslow et al., 2006, de Jongh et al., 2014). Interestingly, in the one study
which did include infants with BPD, but also other pathologies, no significant

difference was found in the WOB between CPAP and HHFNC (Saslow et al., 2006).

This study has a number of strengths and some limitations. A dual pressure tip
transducer was used to assess the WOB as assessed by measurement of the
transdiaphragmatic pressure time product. Changes in oesophageal pressure may not
accurately reflect change in pleural pressures when chest wall distortion results in an
uneven distribution of pleural pressure changes. In this study, there were no
differences in the TAA between the two respiratory support modes; hence the
comparison of the WOB results is valid. A crossover design was used, hence we
cannot comment on long term outcomes. Previous studies investigating the WOB
were also of a crossover design (Saslow et al., 2006, Lavizzari et al., 2014, de Jongh
et al., 2014), but were of single crossover design and did not analyse the effect of the
order in which the infants were studied on a particular respiratory mode. This study
examined infants on two successive days with the order of respiratory support mode
being reversed on the subsequent day and then the results of two days were meaned.
It is possible had the infants been exposed to longer periods of HHFNC and CPAP
different results may have been obtained. Assessment of ten very low birth weight

infants in a crossover design study of two hours on HHFNC (mean flow rate of 4.8

147



or 5.4 I/min) or CPAP (5 cm H20) demonstrated greater diaphragmatic activity on
HHFNC suggesting that nCPAP was providing more effective respiratory support.
Of note, however, there was no significant difference in the oxygen saturation levels

between the two modes (Nasef et al., 2015).

In conclusion, this study has demonstrated that CPAP did not provide superior
respiratory support as determined by physiological assessments compared to

HHFNC in infants with evolving or established BPD.
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Chapter 7: Discussion
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7.1 Summary and current literature

7.1.1 Invasive ventilation studies (PAV and NAVA)

In Chapter 3, the randomised crossover study of PAV versus ACV demonstrated that
PAV compared to ACV in prematurely born infants with evolving or established
BPD, was associated with significant superior oxygenation which likely reflects the
better synchronisation of the inflation pressure and tidal volume throughout
inspiration. There have been no recent studies examining PAV in premature infants
that have been published. The findings from the studies undertaken by our research
group (Bhat et al., 2015, Shetty et al., 2016) and by Schulze et.al.(Schulze et al.,
2007) in premature infants have shown promising results but a randomised
controlled trial with infants on PAV for a duration longer than four hours with long-
term outcomes is needed to evaluate if any benefit is appreciable in the long term
before routine clinical use. Ventilation strategies designed to improve patient-
ventilator ‘interaction’ have continued to evolve, of which NAVA is an example.
Some authors believe that NAVA is more suitable for a wider range of infants than
PAV including the most premature infants, due to more accurate triggering and
delivery of ventilator support regardless of leak around the endotracheal tube

(Kacmarek, 2011).
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In Chapter 4, a randomised crossover study demonstrated that NAVA compared to
ACV, resulted in improved (lower) Ol and reduced peak and mean airway pressures.
In the neonatal population NAVA has been compared in a number of crossover trials
to date to modes such as PSV and ACV (Lee et al., 2012, Stein et al., 2013a,
Longhini et al., 2015). Data from these studies suggest an improved patient
ventilator synchrony, lower peak pressures with a lower work of breathing. In a
retrospective single centre study (Jung et al., 2016), where twenty-nine preterm
infants with a median gestational age of 25.4 weeks (range, 23.4-30.3 wk) and a
median birth weight of 680 grams (range, 370 - 1,230 grams) and who were
supported with a mechanical ventilator for more than four weeks were converted to
NAVA. During NAVA, the peak inspiratory pressure (20.12 +2.93 vs

14.15+3.55 cm H20; p < 0.05), mean airway pressure (11.15+£1.29 vs

9.57+1.27 cm H20; p < 0.05), and work of breathing (0.86 +0.22 vs 0.46 £0.12 J/L;
p < 0.05) were significantly decreased, and the blood gas values were significantly
improved. In an another study (Lee et al., 2017) of fourteen prematurely born
patients who received prolonged ventilation, NAVA reduced cyanotic episodes and
the need for sedatives and dexamethasone. NAVA has also been used in improving
patient-ventilator synchrony, reducing endotracheal secretion and gastric over
distention in a rare skeletal dysplasia (Jeune syndrome -asphyxiating thoracic
dystrophy) (Cosi et al., 2016) and also there are case reports of use in unilateral
diaphragmatic paralysis (Roosens et al., 2016). However, larger RCTs are needed to

determine if these findings are generalisable.
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7.1.2  Non-invasive ventilation studies

In chapter 5, I have shown that use of HHFNC has significantly increased in UK
neonatal units, in particular as the primary support mode post extubation but
concluded that the lack of consensus on weaning strategies highlighted that research
is urgently needed. The recent Cochrane review (Farley et al., 2015) also concluded
that there is currently no evidence available to suggest the best strategy for weaning

and withdrawing HHFNC as a respiratory support in preterm infants.

In Chapter 6, | have demonstrated that CPAP did not provide superior respiratory
support compared to HHFNC in infants with evolving or established BPD. HHFNC
was not significantly different in efficacy from nCPAP or NIPPV in respiratory
support after extubation in a Cochrane meta-analysis (Wilkinson et al., 2016). In
another systematic review (Fleeman et al., 2016) concluded that there was lack of
convincing evidence suggesting that HHFNC is superior or non-inferior to usual
care, in particular NCPAP. Both of these studies, however, looked at non-invasive
forms of respiratory support in preterm infants immediately after birth or following
extubation. There have been no further studies examining WOB in BPD and hence a

larger randomised study would be beneficial in the future.

A pilot study to determine the feasibility of using HHFNC in stabilisation of babies

born less than 30 weeks gestation in delivery suite in a single-centre (Reynolds et al.,
2016), concluded HHFNC for stabilisation of premature infants in the delivery room
and subsequent transfer to NICU is feasible. Whether this would prevent the number

of BPD infants is yet to be determined.
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Non-invasive Neurally Adjusted Ventilator Assist (NIV-NAVA) has been

introduced via a pilot and a randomised observational study to assess its safety,
feasibility, and short term physiological effects (Gibu et al., 2017). The pilot protocol
applied NIV-NAVA to eleven infants on nasal CPAP, HHFNC, or nasal IMV
(NIMV), in multiple two to four hour periods of NIV-NAVA for comparison. The
NAVA catheter was used for eighty one patient day’s without complications. NIV-
NAVA produced significant reductions (as a percentage of measurements on NIMV)
in: PIP, 13%, FiO2, 13%, frequency of desaturations, 42%, length of desaturations,
32%, and phasic Edi, 19%. NIV-NAVA is projected as a safe, alternative mode of
non-support that produced beneficial short-term physiological effects, especially

compared to NIMV. If NIV-NAVA was the future of NIV is yet to be determined.

In a retrospective analysis (Colaizy et al., 2016) of a cohort of twenty-four VLBW
(<1.5 kg) ventilation improved after an increase in NIV NAVA level in 83% of the
premature infants studied (20/24) with a decrease in median pCO2 by 5 mm Hg
(p=0.0001). They concluded that NIV NAVA can provide synchronised post-
extubation ventilatory support as measured by decreased pCO> in premature infants.
Our patient group have been infants with evolving or established BPD and to

translate above effects to BPD infants would be a challenge.
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7.2 Strengths and weaknesses of the studies

7.2.1 Invasive ventilation studies (PAV and NAVA)

We stopped the trial at the planned interim analysis in both the studies in Chapter 3
and 4, as all infants in both these studies had OI’s that were lower on NAVA and
PAV compared to ACV. Hence our sample size is comparatively low. Inthe NAVA
study, we used capillary blood samples to calculate the Ols. We used this method at
the end of each of the two periods in all infants. The infants were all clinically stable
when assessed and none were seriously ill, had shock, hypotension or peripheral
vasoconstriction at the time of assessment (McLain et al., 1988). Thus, it was
appropriate to calculate the Ols from the capillary blood samples, however arterial

blood gas analysis would have been ideal.

Ages of infants studied in above studies were wide ranged ie 10 -105 days in Chapter
3 study and 8-84 days in Chapter 4. As per inclusion criteria we have included all
infants who required ventilation beyond first week of life. However, in view of the
small sample size it would be would be difficult to tease out evolving and

established BPD as per definition.
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7.2.2 Non-invasive ventilation studies

One of the main strengths of our study in Chapter 6, comparing WOB between
CPAP and HHFNC in evolving and established BPD is that infants were studied on
two successive days with the order of respiratory support studied being reversed on
the subsequent day and the results were then meaned, hence the results are robust.
The measure of WOB, PTPdi was calculated by breath by breath integration of the
area subtended by the transdiaphragmatic pressure during inspiration. The phase
transition of respiratory flow is generally used to determine the start and end of
inspiration. Because of the use of HHFNC, it was not possible, to measure
respiratory flow directly in the study. The beginning of inspiration was determined,
therefore, by the rise in Pdi at the start of a breath and end of inspiration was
determined from rib cage movement using RIP. The same method was used for both

modes of ventilation and no statistical differences were noted in both the groups.
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7.3 Future work

Both PAV and NAVA, respiratory support is servo-controlled based on continuous
input from the infant’s respiratory effort. Both aim to improve synchronisation of the
timing of the respiratory cycle and also to vary the level of support offered breath-to-
breath in proportion to the respiratory effort of the patient. In this thesis, both PAV
and NAVA have been shown to have advantageous in neonates, but they have not
been compared to each other and should be. Studies evaluating NAVA with other
modes of ventilation have been small. Since VTV has been shown to improve both
short term and long term outcomes in prematurely born infants, randomised trials
comparing NAVA with VTV in newborns to see if NAVA is superior to VTV would
be useful. As most previous studies and trials were small and did not include long-
term patient oriented outcomes, randomised controlled trials are needed to determine
whether NAVA is effective in decreasing the duration of ventilation, reducing the

incidence of BPD and decreasing LOS, rate of pneumothorax and IVH.

Non-invasive Neurally Adjusted Ventilator Assist (NIV-NAVA) has been
introduced into clinical practice via a pilot and a randomised observational study to
assess its safety, feasibility, and short term physiological effects (Gibu et al., 2017).
The improvements in oxygenation and the reduction in the frequency and severity of
episodes of desaturation, if sustained on NIV-NAVA, could make a difference in the
long-term outcomes of BPD or retinopathy of prematurity. Well-designed feasibility
studies are needed to assess the safety of NIV-NAVA and its possible longer term
physiological benefits, which make it a feasible alternate therapy to all current

modalities of non-invasive ventilation.
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A pilot study to determine the feasibility of using HHFNC in stabilisation of babies
born less than 30 weeks gestation in delivery suite in a single-centre (Reynolds et al.,
2016), concluded HHFNC for stabilisation of premature infants in the delivery room
and subsequent transfer to NICU is feasible. If these finding are generalisable is yet

to be found out by well-designed RCTSs.

7.4 Conclusions

PAV and NAVA may be beneficial in infants with evolving or established BPD. Use
of HHFNC has significantly increased in UK neonatal units. In infants with evolving
or established BPD, CPAP compared to HHFNC offered no significant advantage

and in infants who required respiratory support beyond 34 weeks PMA.
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Al.1 Patient information sheet and Consent form for Chapter 3

King's College Hospital NHS

INFORMATION SHEET NHS Trust
(19/10/2013, Version 6)

Optimisation of neonatal ventilation — proportional assist ventilation (PAV)

We are inviting you to consider allowing your baby to take part in a research study. Before you decide it is
important for you to understand why the research is being done and what it will involve. Please take time to read
the following information carefully and discuss it with friends, relatives and your GP if you wish. Take time to
decide whether or not you wish your baby to take part.

Why are we doing it?

A significant proportion of babies admitted to the neonatal unit require help via a machine (ventilator) for their
breathing. The survival of such babies has improved dramatically over the years, but complications such as
chronic oxygen dependency and other breathing problems at follow-up remain unchanged. New types of
ventilation have been developed in the hope their use may reduce the breathing problems. It is important these
new types of ventilation are used in the best possible way. One is called proportional assist ventilation (PAV),
which delivers support in proportion to the infant’s breathing efforts. Our aim is to determine whether PAV offers
any advantages for the baby over assist controlled ventilation (patient triggered ventilation), a form of pressure-
limited ventilation, during which ventilator breaths are delivered at a pre-set pressure.

How will we do it?

We will assess babies that are still requiring support from the breathing machine at over a week of age who are
receiving assist controlled ventilation. Babies will be randomly assigned to either assist controlled ventilation or

PAV and they will spend four hours each on PAV and assist controlled ventilation. At the end of each four hour

period we will measure your baby’s muscle strength and the work associated with breathing (work of breathing).
To measure the work of breathing we will use a tube similar to your baby’s nasogastric (feeding) tube. Once the
measurements are made on both the ventilator modes, your baby will go back to the same mode he/she was on
before the study.

Are there any disadvantages of taking part in the study?
There are no known risks to your baby from taking part in this study.

How will the information be shared?
All information that is collected will be kept strictly confidential. We will, with your consent, inform your GP of your
child’s involvement in this study.

Giving Consent
It is important you understand that this study is voluntary and for research purposes. You may choose not to

allow your child to participate in this study and you may withdraw your child at any time without their medical care
or legal rights being affected. If you require any further information please ask. There are no harmful side effects
associated with this study. No indemnity is available, although, normal NHS procedures apply in the unlikely
event of any adverse outcome of the study.

If you decide to allow your child to take part in the study, you will be given a copy of the information sheet and
consent form to keep. All information that is collected during the course of the research will be kept strictly
confidential and if the results are published then anonymity will be maintained. This study was reviewed and
approved by the Research Ethics Committee of King's College Hospital NHS Trust.

Thank you very much for considering your child for enrolment into this project. If you are happy to participate

please sign below. If you have any further questions or would like to meet with a member of the research team to
discuss this further, please do not hesitate to contact us on the telephone number below.
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CONSENT FORM

(19110/2013, Version 6) King's College Hospital m

MNHS Trust

Patient Identifier number _
forthistrial: L (1) patient, (2) researcher, (3) hospital notes

Title of Project: Optimisation of neonatal ventilation

Please initial
box
1. | confirm that | have read and understand the information
sheet dated 19/10/2013 for the above study and have
had the opportunity to ask questions.

2. lunderstand that my child’s participation is voluntary and that |
am free to withdraw at my child at any time, without giving any
reason, without my child’s medical care or legal rights being affected.

3. lunderstand that sections of any of my child’s medical notes may
be looked at by responsible individuals or from regulatory
authorities where it is relevant to my taking part in research.
| give permission for these individuals to have access to my child’s
records.

4. | agree to allow my child to take part in the above study.

Name of Child Date
Name of Person giving consent  Date Signature
Researcher Date Signature
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A 1.2 Patient information sheet and Consent form for Chapter 4

King’s College Hospital NHS

NHS Trust

INFORMATION SHEET
(0171072015, Version 3)

Neurally Adjusted Ventilator Assist (NAVA) versus Assist control ventilation

We are inviting you to consider allowing your baby to take part in a research study. Before you decide it is
important for you to understand why the research is being done and what it will involve. Please take time to read
the following information carefully and discuss it with friends, relatives and your GP if you wish. Take time to
decide whether or not you wish your baby to take part.

Why are we doing it?

Many babies admitted to the neonatal unit require help via a breathing machine (ventilator). The survival of such
babies has improved over the last twenty years, but long-term complications such as chronic oxygen
dependency and chronic breathing problems remain unchanged.

Modern ventilators attempt to match the patient’s needs as much as possible but are not capable of knowing
exactly when a patient wants a breath. The ventilator may give breaths even when the patient is not ready and
this may cause some discomfort.

A new monitoring tool called NAVA is now available that measures exactly how much “breath” a baby needs to
be comfortable. This is a special computerised module that attaches to the ventilator that can work out exactly
how much power the diaphragm is generating or needs (the diaphragm is the main respiratory muscle that does
all the breathing). The tool is very simple in that it is a special nasogastric tube (one that we ordinarily use to feed
babies) that has electrodes in it that measure the power of the diaphragm. It is very much like an ECG for the
heart, but only for the breathing muscles. This special nasogastric tube provides an instant feedback to the
ventilator of how much breath is required and the ventilator then delivers every breath as demanded by the
patient every second. NAVA has been used in adults and children including premature babies and has proven
very useful in optimising patient comfort on ventilators.

Our aim is to determine whether NAVA offers any advantages over standard pressure limited ventilation.

How will we do it?

We wish to assess babies who are born prematurely and remain supported by a breathing machine one week after
birth because of their breathing problems. Babies will be randomly assigned to either assist controlled ventilation or
NAVA and they will spend one hour each on NAVA and assist controlled ventilation. At the end of each one hour
period we will measure the baby’s muscle strength and the work associated with breathing (work of breathing). To
measure the work of breathing we will use an additional tube similar to the baby’s nasogastric (feeding) tube. A
small blood sample will be taken at the end of each hour from the baby’s indwelling catheter, that is there are no
extra pricks, to assess the levels of oxygen and carbon dioxide (the waste gas). Once the measurements are
made on both the ventilator modes, your baby will go back to the same mode he/she was on before the study.

Are there any disadvantages of taking part in the study?

There are no known risks to your baby taking part in this study. The procedure may cause some disturbance
when changing the breathing apparatus, but every effort will be taken to minimise this. If at any point during the
study, researcher feels that your child is not ready for the study, and then your child will be put back onto the
original ventilator.
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What happens if something goes wrong?

Your baby will be closely monitored throughout the study in case any issues do arise. If you do have any
concerns about any aspect of this study, you should speak to the researchers, using the contact details below,
who will do their best to answer your questions. If you remain unhappy and wish to complain formally, you can do
this by contacting the Patient Advice and Liaison Service (PALS) via phone (0203 299 3601) or email (kch-

tr.PALS@nhs.net).

How will the information be shared?
All information that is collected will be kept strictly confidential. We will, with your consent, inform your GP of your
child’s involvement in this study, by stating it in your baby’s discharge summary.

Who has reviewed the study?

This study was reviewed and received favourable opinion by the West Midlands — Solihull Research Ethics
Committee.

Giving Consent
It is important you understand that this study is voluntary and for research purposes. You may choose not to

allow your child to participate in this study and you may withdraw your child at any time without their medical care
or legal rights being affected. If you require any further information please ask. There are no harmful side effects
associated with this study. In the event that something does go wrong and your baby is harmed during the
research and this is due to someone's negligence then you may have grounds for a legal action for
compensation against King's College London or King's College Hospital NHS Trust, but you may have to pay
your legal costs.

If you decide to allow your child to take part in the study you will be given a copy of the information sheet and
consent form to keep. All information that is collected during the course of the research will be kept strictly
confidential and if the results are published then anonymity will be maintained. This study was reviewed and
approved by the West Midlands — Solihull Research Ethics Committee.

Thank you very much for considering your child for enrolment into this project. If you are happy to participate

please sign below. If you have any further questions, or would like to meet with a member of the research team
to discuss this further, please do not hesitate to contact us on the telephone number below.
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King's College Hospital NHS

CONSENT FORM NHS Trust

(01/10/2015, Version 3)

Patient Identifier number NB Three copies should be made, for
forthistrial: L (1) patient, (2) researcher, (3) hospital notes

Title of Project: Neurally Adjusted Ventilator Assist (NAVA) versus Assist control ventilation

Please initial
box
2. | confirm that | have read and understand the information
sheet dated 01/10/2015 for the above study and have
had the opportunity to ask questions.

3. lunderstand that my baby’s participation is voluntary and that |
am free to withdraw at my baby at any time, without giving any
reason, without my baby’s medical care or legal rights being affected.

4. lunderstand that sections of any of my baby’s medical notes may
be looked at by responsible individuals or from regulatory
authorities where it is relevant to my taking part in research.
| give permission for these individuals to have access to my baby's
records.

5. I consent for my GP to be informed of my baby’s inclusion into the study

6. Iagree to allow my baby to take part in the above study.

Name of Baby Date
Name of person giving consent ~ Date Signature
Researcher Date
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A 1.3 Survey Questionnaire in Chapter 5

Humidified High Flow Nasal Cannula Oxygen (HHFNC)

* 1. Please provide the following information

Name
Job Title

Hospital

* 2. What level of Neonatal Care is provided at your unit?
1
2

3

* 3. Is HHFNC used at your unit?
Yes

No

Prev

Next

Exit this survey
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Exit this survey

Humidified High Flow Nasal Cannula Oxygen (HHFNC)

* 4. What equipment is used at your unit?
Vapotherm
Optiflow

Other (please specify)

* 5. Do you have a guideline/policy for HHFNC use at your unit?
Yes

No

* 6. For which indications is HHFNC used at your unit? Please select all that apply.
Initial respiratory support- alternative to CPAP
Weaning from CPAP

Post-extubation
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* 7. What starting flow rate is used at your unit?
8l/min
6l/min

Other (please specify)

* 8. What is the lowest flow rate used at your unit?
4l/min
3l'min
2l/min
11/min

Other (please specify)

* 9. For babies with decreasing requirements, what increment of flow is typically used when weaning?

0.5Vmin
1¥min

Other (please specify)
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* 10. When weaning, what would typically be the duration of each step at your unit?
12 hourly
24 hourly
48 hourly

Other (please specify)

* 11, How are the nasal cannulae sized to fit when using HHFNC at your unit?
Snug fit
Cover »50% of nostril but not snug to nostril

Caver <50% of nostril

¥ 12. Is HHFNC used for particular gestations of babies at your unit?
Preterm babies only
Term babies only

All gestations

¥ 13. Please describe any weight criteria for the use of HHFNC on your unit
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A 1.4 Patient information sheet and Consent form for Chapter 6

INFORMATION SHEET King's College Hospital NHS

(11/03/2014, Version 2) NHS Trust

Comparison of the work of breathing during humidified high flow nasal cannula oxygen (HHFNC) and
continuous positive airways pressure (CPAP).

We are inviting you to consider allowing your baby to take part in a research study. Before you decide, it is
important for you to understand why the research is being done and what it will involve. Please take time to read
the following information carefully and discuss it with friends, relatives and your GP if you wish. Take time to
decide whether or not you wish your baby to take part.

Why are we doing it?

This study is being carried out to determine whether babies have to work less hard to breathe (work of breathing)
on HHFNC or CPAP. Both forms of breathing support are used as a step down when babies no longer need help
from the breathing machine (extubated), but still need some support for their breathing. During HHFNC, the
breathing gas is delivered at high flows, during CPAP lower flows are used and higher pressures can be given.
Both techniques are delivered via nasal cannulae, that is small tubes inserted just inside the nostrils. When
babies are taken off the ventilator they have to work harder to breathe and it is not clear whether HHFNC or
CPAP better supports babies, that is they have a lower work of breathing. The work of breathing is particularly
important in babies who are chronically dependent on breathing support, that is they require breathing support
beyond two weeks after birth, if the baby is working hard to breathe this can slow down their weight gain. We,
therefore wish to determine whether HHFNC or CPAP better supports in babies who are chronically dependent
on respiratory support and which is associated with the lower work of breathing.

How will we do it?

Much of the information we need for this study can be obtained from the medical and nursing teams caring for
your baby, but we do need to make some additional measurements. On two successive days, babies will be
studied for two hour periods on the two types of breathing support, CPAP and HHFNC. The order in which they
will be studied will be chosen by random, that is as tossing a coin. The order in which the breathing support
modes will be studied will be reversed on the next day. For the last five minutes at the end of each two hour
period we will measure the work associated with breathing (work of breathing) and how well the chest and
abdomen move up and down together as your baby breathes. To measure the work of breathing we place a tube
similar to your baby’s nasogastric (feeding) tube through his/her mouth into the stomach. This allows us to
measure the main breathing muscle, the diaphragm. To measure how well the chest and the abdomen move
together as your baby breathes, we will put elasticated bands around his/her chest and the abdomen. You are
welcome to be present during the procedure.

Why has my baby been invited?

Your baby is still requiring support for their breathing and is over two weeks old.

Are there any disadvantages of taking part in the study?

There are no known risks to your baby taking part in this study, indeed it will help us see which of the two
methods of supporting your baby’s breathing is more helpful to your baby. The procedure may cause some
discomfort and there may be some disturbance when changing the breathing apparatus, but every effort will be
taken to minimise this.
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How will the information be shared?

The results of the study will be given to the clinical staff looking after your baby and this will be one of
the ways they to decide which method of breathing support will be better for your baby. We will, with
your consent, inform your GP of your baby’s involvement in this study by stating it in your baby’s
discharge summary.

What will happen to the results of the study?

The results of the research from all the babies that have been taken part will be analysed and the
results made available to practitioners such as doctors, nurses and physiotherapists and may be used
to guide the management of babies in the future. The results may be presented at national and
international meetings and in peer reviewed medical journals for wider distribution. At no point will any
information revealing your baby’s identity be made available to anyone outside the research team or
the clinical team caring for him/her.

What if there is a problem?

There are no harmful side effects associated with this study. In the unlikely event that there is a
problem King'’s College, London and King's College Hospital indemnity will apply.

What happens when the research stops?

Once the required information has been collected from your baby, there is nothing further that you or
your baby is required to do. Your baby would continue to receive their medical care as usual

Who has reviewed the study?

A regional Ethics committee (NRES London - Westminster Research Ethics Committee) has reviewed
and approved the study.

Giving Consent:

It is important you understand that this study is voluntary and for research purposes. You may choose
not to allow your baby to participate in this study and you may withdraw your baby at any time without
their medical care or legal rights being affected. If you require any further information, please ask.

If you decide to allow your baby to take part in the study, you will be given a copy of the information
sheet and consent form to keep. All information that is collected during the course of the research will
be kept strictly confidential and if the results are published then anonymity will be maintained. This
study was reviewed and approved by the Research Ethics Committee of King's College Hospital NHS
Trust.

Thank you very much for considering your baby for enrolment into this project. If you are happy to
participate please sign below. If you have any further questions or would like to meet with a member of
the research team to discuss this further, please do not hesitate to contact us on the telephone
number below.
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CONSENT FORM
(15/01/2014, Version 1)

Patient Identifier number NB Three copies should be made, for

forthistrial: (1) patient, (2) researcher, (3) hospital notes

Title of Project: Work of breathing during HHFNC and CPAP
Please initial box

3. | confirm that | have read and understand the information
sheet dated 11/03/2014 for the above study and have

had the opportunity to ask questions.

4. | understand that my baby’s participation is voluntary and that |
am free to withdraw at my baby at any time, without giving any

reason, without my baby’s medical care or legal rights being affected.

5. lunderstand that sections of any of my baby’s medical notes may
be looked at by responsible individuals or from regulatory

authorities where it is relevant to my taking part in research.

| give permission for these individuals to have access to my baby’s

records.

7. | consent for my GP to be informed of my baby’s inclusion into the study

8. lagree to allow my baby to take part in the above study.

Name of Baby Date
Name of person giving consent Date Signature
Researcher Date Sign
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Abstract Druring proporionz] assist ventilation (PAV), the
appilied press ure is serv o-comiral led hesed on oom tinuou s gt
from the infant’s bresthing. In addition, elstic ad reistive
umlnading can be empkryed to compensate fior the abnoml-
ities im the infant’s lung mechanics. The aim of this smdy was
in test the hypothesis that in very pramatrely bom in fimis
emaming ventilaid beyond the first week, PAV compared
0 assist omngral yantlatin (ACY) would be associed with
smaiar oxy gemation. A nndomissd oossover sdy was m-
dertaken. Infmis were stdied for 4 hours exch on PAV and
ACY in mndom onder; & the emd of each 4-h perind, the
axy gemation index (07 was caloulsiad. Fight mfanss, median
gesttional age of 25 (onge 24-33) wedis, were sudied ata
median af 19 {mnge 10-105) days. It hal been intended to
sty 18 infants bt = all theinfants had superior oxy genation
an PAY (p—0.0039), the stdy was esminatal afiar recmit-
ment af sight infants. Themeadian inspired o ygen con entr.
tiom {p=0.049), mean irway prssure (p=0.012) md OT o=
0101 Z) were all kower on PAY.
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Abbreviatons

ACY  Assig control ventltion

BPFD  Fronchopul ry dysplass

FOZ  Fecton of spired oxygen conentmt
MAPF  Mmn sinvay pressume

or Ohoy gemation index

PAY  Proportionz] assist ventilation

PCYV  Patient anminal led ventilstion

PEEP Positive end expiratory pressune

al Peak imspiriory pressme

AWV Synchronised mermitien t mandsinny ventilation

Lt el i

Drurin g propastional & sis t venti ktion (PAY), the applied pres-
mmre is servn contralled, hxal on contimions gt from the
infant’s heathing throughout each spont heath. Inad-
ditiom, the ventibior can provide inflation presame i phase
with the tidal volume change in order to reduce the ampli-
mae bad {Le the load due io the stiffness of nfant’s kmgs)
and in phase with the fow chang e in reduce the resi sanos Toxd
iz the bad doe to airflow obstmaion), temmed shstic and
i st ve umloeding, respectively [l Viery pematurely bom
infants developing or with esihlished bronchopu monany
dhysplasia {BPTY) will have stff lungs {that 15 non-compl iand)
desite a very oompliant chest wall, so may bhe pationldy
likdy i benefit from elstic unkeding. PAV has anly heen
msemed I neomades na Ew sndies. In @ previows o sover
sudy, we demonstrated that mfants with evolving or
e hiizhed bmnchopu maomary dyspl=ia (BPDY) on PAV ame
s in @ sist ooninal venti ktion {ACV) had betier oxygena-
tion indices, a lower work of hrething and hetter respirstory
musch sirengh. The infanis, however, were anly stdiead on
mch ventikuinrmaode fior 1 b [1]. The longest infants havebeen
simdied on PAV is 4 h[7], but during that sdy, only changes
in pul s= oximetry w=ols were asmessed. During PAV, the ap-
plied i seTve © lled dwouzh ach breath,
whereas during ACV, only the mitation of inflation is
sycnchromised 4o the start of inspiration; hence, we
Iypothesised that oxygemation would he superior on PAV
anmpared to ACY. Dorng PAV, however, we have demaon-
sireied 2 trigger delay of 60 ms using an in vito model [4];
hence, it ws imporant i0 assess hlood gpses overa lmgar
period that stndied previously [ 1] Theaim af this stdy, thers-
e, was i test the hypothesis that infants with evolving or
extahlished BPD would have supenior oxygemation ndex ne
sults affer 4 h on PAV compared io afier 2 similar period on
ACY,

€1 Springss

Methods

A randomised, crossover sindy was underiaken. Pramasmehy
bom infents remaining ventiletal afier the fist week afier
hirth ware digihle for antry imo the study if they wem heing
suppartal by ACY. Evobing BPD was definal as ventdlior
depandence heyond 14 days and estahlished BPDas ventilainr
depandence hayond 28 days. Infanis wes meligible for mclo-
sicm in thesindy if they had 2 maj or aongemi ol caxdizcabmor-
mality or were receiving 2 neummuscular blockade agent
Infanss wese eniewd min the sudy if their parens grve in-
forme]. wiiten comsent. The study was appmved by the South
Fa=t London Reseaxch Ethice Committes and King's Caollege
Hospital Research Fhics Commitiee. During the 8-h study
periad, no other changes were made o the nfant care gan
the changes in vent bior mode

Infants 2t King's Callege Hospital NHS Foundation Tres
are mutinely supporied by the 3LE 5000. The infanis were
imnsferred from #he SLE 5000 ventilator io ACWV on the
Sephanic vantilator using the same venti kior settings (hase-
lime). All infants a= per theaunit s routne palicy were vent -
ed via shouldared endotrachen] subes whidh have been shown
i have minimal or no leaks [2] One hour was allowad for
stahilisation af the infamt on the Stephanie ventibior. A blood
s mnalysis was then performed and the basd e ventilior
setiings wer motal. During the sahilismton period, the ven-
tilnter isp by compliance and resistnces sefings were not-
ed every 10 min and the six resulls maned. The ventltor
caloubied the oompliance from the nfistion pressore PTP-
PEEP) and the msulant tidal voleme. The value af the recip-
mocal af the compliznce, elhsbnce, was used in sa the levd of
the ebstic unloading. Fach infant was then randomissd in
meca ve first either PAV ar ACV maode for 4 h and for the
seomd 4 h mceived the alermative mode During ACY, the
peak mspiratory pressus (PTP), pasitive end expirasory pres-
sure (FEEP) and the inflation time wene kept the same = at
hasdine. Druring PAY, the maximum PIP was setat 5 om FO
above the PIP on ACV. The PEEP kvel dhring PAV wa the
e as ot haselme, and the PEEP and the influton gme dur-
ing hack up ventilation wes the sme 2 at haseline When-
ever cesmatim of sponznecws hrething oocumed fir maone
than 5 s during PAY, mandatory beclup infatims weae auto-
masically da ivered by the ventibior. The baclop rate set a1 40
breats per mimute was delivared o e infant for 10 s with 2
hackup infltion peak pressue of 5 om H2 above te PIP
wsed durmg ACV. Ebstic unkeding, which ws used onby
during inspiration, was initially set 2175 % of full unkeding.
Full unloading was the levd ofunlnading which inceased the
minit’s comphiance to the expecied ‘nomml’, thatis, 2 0ml/
om HyOvkg. TF afier 1 0min the infant remained stable and no
airvay pressure wavebim abnormlites wane ohsarved [,
the mhadmg ws incremed to 100 %4 If airway pressure
waveform aimommelites were than noted by looking at the
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pressure display, the mloading was to be reduced back to
75 % Remistive imloading was not used a=, an in vitro model,
wmcil btions in the airway pressune wavekims appeared when
the: mesis tive imlonding was greater tan 100 om HOVLS [4].

The number of destnrsions fan oxygen smration less
than 88 %)on each mode was notad. An anterial blood sample
was ohivined at the end of each &h parind, the ventilatory
sedfings were noied and the moy gemation ndex (07} was cal-
aulated Resgpiratory rie, tidal vohme and mean airway pres-
mure wer obtvinsd from the venthior The results from the
kst 5 min of the &h sudy petiod were averaged. All the
infants hed ontimoous oxygen smedon monitoring. During
ithe sy, the inspirad oxygen coneninton was adjusied s
meEssy 0 maintan the ooy gen smmtion level i the mnge
92-96%.

Sa miple sinm

Tn our previous stndy, the mean OF in the PAY goup was 6.0
ED42 &) andin ghe ACV grom was 9.8 (SD43.7) [1]. The
plrmad sample size was 18 infan s i allow detection between
the: twn ventilior modes of 2 within patent diference of 0.7
FD in the axygemation mdex resuls with 80 % power and a
twoesided significance of 5 %,

Anahyis

Differemces wene ass essed for satisial significanoe using the
pairer] Wilcmoon signed rank test wwing TBM SPPS satiktical
safiware, V21 {TBM Corporation, US4 )

Results

Recruitment in the trizl was sopped 2 eightinfmis = all e
0 resulis were in fovour of PAV (Tahle 1) The decision was
taken by the dinical tmm and the sidy statistician in e
Toowiedge tha e protability of all 88 results i the sume
direction thence favouring PAV) if both mndes ware in fact
apually effective was extremely sall (0.5 =0 0059).

Talle | (hygpesaris

e s By DN FANT P ALY

e tibice Srde

Telvidi] does e gy | 21 B2
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5 33 a4
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T 39 ni
3 7% 7

The mesdian binh weight of the infans was 767 (mnge
G50-1926) g, gestational age 257 (range 24 4-335) wesls
and postata] age at 19 {mnge 10-105) days;
seven af the sight infnts were male All theinfants had heen
enpimed in aninaial stenoids, woeived postinats] sorfactnt
and ware moeiving caffirine at the tme of sudy. None were
receiving sedation at the time of smdy or had recsived post-
naal seroids. Their median baseline cympliance was 04
{mange 0.5-1.1) mLomil 20 ad resisane was 155 {mnge
66-252) emiL VL5, All infamts wlerated 100 % ehstc
unloading throughout the stdy. The median Fid. (p—
L), the medion men airway pressune (p=0.012) and the
mestian oy gemation index o ={.012) wes all lower an PAV
oomparal i ACY (Table 2). Thew was no significant difer-
ence in the malian number of desstmation episndes hawen
the two mades.

Discussion

We have d frated et PAV compared o ACV in prama-
tmely bom infants ventilated heymnd the first week afier birgh
meslied in superior ooy gemation index resulis. Those wesuls
are in keeping with those of Schulee o al. [7] who comped
PAV 1o STMV or ACV in infants with evolving BPD. The 22
infanis hed 2 median gestational age of 25 6 weeks and wene
stnchier] & amesn posinatl age of 22 9 days. They found afier
a 4h paiod of PAY that despite & kowear MAF, the inspird
aryEEn comceniration and pulse mometry resdings wers not
=i gmi fimmthy diffiarent between the two groups. All the infans
in our sdy had arerial blood gs messuements, and hence,
we were ahle in caloubie thar oxygenation index. We coms-
pared PAV to ACV as both maodes pm vide respirtory suppont
fior al the infant’s bresths. Druxing STV, only 2 pres ot number
af the infant’s breaths are supporied by the ventibior and
hence this might 2t least partial by exp bin why PAY was supe-
riarin STV ACVin the exrliar stucdy [7]. We have previoushy
demom strated dat during PAV [ 1], the ins piratogy tide] volume
and inflation pressumes are cksdy phase-maiched and e oc-
sophapeal pressure is ;e of phase ax & resolt of e popar-
tomality. This does not ocmrin ACVand likdy keads to maone
effidmtsppon during PAV. We did not reonsd whethar com
pliznce was improved on PAV compaed to ACV, but in ouwr
prervios paper [ 1] demonsimied ther was an abmest signifi-
cant {p=0.05) reduction in thomoo-abdominal asynchmmy
which could improve axygematin. In owr previous stdy
[1], the respirtory rate was =i gnifianthy lower during PAV,
it the medians wane 54 hpmon PAVand 57 bpmon ACV, sn
unbikay i beofclimeal s gmfiance. In dis sudy, we did not
demaon straie any significant diferences in therespiminn e
ar dalivered tidal vohmes. PAV compamed 0 ACV suppont
was not associzied with any signi imnt raduction m Pal0,
bt the mean airway pressume wis significanthy lower during

&) dpsinger
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PAN, suppeting the PIP was lowerand hence dhat PAV might
harve ressul i im greater C0h clearance.

In 2 pevims 4h cos-ovar study [T ddhough the inci-
demce of anterial ooy gen dsaturations was not significanthy
diffirent, the demmptions bstal longer when infns ware
spporied by PAV. In that stady, however, the infants had a
Tis iy o f frequent apnoeas and asterial ooy gen d KM=

inspimtion {ACVY) orthe sant and end of inspintion e
suppont verdilution).
Comel usion

In comd L, we have o d in 2 shori-term cross-

Mane of the infnts in this sty hed heen ventilated because
af ahistory of apnoea. In addition, in thepevious sudy [7], 2
tmme af 10 5 was wed during which the ventilator sofwae
idemtifiexd ces sation af breashing, whesas we used an updated
vemimn of the Sephanie software i which a 5« paiod was
usedd during which the ventibior saftwane identified the ces-
sation of beathing. It is likely then that this updated version
emahled better suppont during PAV when the infant was
anoeic. We did not demonstrate any significant diffeseno
in the number of demtmmtions; indead, the nfnss in both
Ermgs exparienced very few desaturstions.

O study was temminaied before owr cloulated smple
size, W were mindful datall 12 infms inour 14 cos-over
sy had lower O resnlis on PAV compared o ACV [1].
Hence, we wished to siop this siudy as early = possible if
al | the: PAW results wese again superior to the ACV nesults.

In o prenvions siudy [1 ] weako reporied that on PAV, the
mesdian pressure tme product level ws signifiantly kwar
than on ACV indicating a kowar wark of breathing, which
my reflect more synchronised support by the ventbhior
troughmn mspimton. Nemally adjsted ventilinry assist
{MAVA) also applies aireay pressme throughoot mspiaton.
Draming NAWVA, the pressure applied is proportional to the
dectrim] activity of the diaphragm. In 2 oross-over smdy of
14 preterm infants [3], asynchmmy was significanthy lowar
chring 12 hom NAVA than during 12 h on pressure regul aied,
vk ciomnton lled ventilat on. Im ad dition I.mmgnmmirls
mcovarmg from severe acnie res piriry Y
mmw::mrdaﬁhufﬂt?ﬂmmda
§ haf pressuwe suppont ven tlation (PEV) [5] Thess data 1, 3,
5] amnd the results curent by repuoried sugpest venti bution modes
which agply airwey pressme in propomtion to the infant’s e
spirairy effort hwughowt mspiaton may be superiar to
dxse madss in which synchronisaion & only at the stant of

€1 Springss

aver study, PAY compared to ACY was associaed with sig-
i fi o thy s e aocy gemation whiich likd y reflects the hater
synchmmisation of the inflatin pes=me od tdal volume
thmugho impinton. We, thaefiore, fied these data empha-
size the need now for 2 randomaised comtm lled izl
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ORIGNAL ARTICLE

Crossover study of assist control ventilation and neuarally

adjusted ventilatory assist
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Abstract Some smdies of infanis with aoute repiminny dis-
tress harve demmaomstmter] thet memalhy md justed vent buior assist
(MNAVA) had betier shori-term results compared o mon-
triggered or ather migpeed models. We determined if very
prematuely bom infants with evolving or esablished
bronchopuimonarny dysplesiz (BPT) had 2 lower oxy genation
imdex ({0 om NAVA compared o assist anmiral ventilation
(ACV) Infants wes studied for 1 h each on each mode. At
the emd of mch hour, blond g= anal ysis was performed and
the O cal o bied. The imspired oxygen coneentmtion {Fd:),
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the peak inflation (PIP and memn airway pressmes (MAP)
and anmpliance were averaged from the kst 5 min on eaxch
mexde. Wine infants, median gestatonal zge of 25 (enge 22
7 weels, were sdisd 2t a mesdian posmatal age of 20 (onge
F-B4) days. The menn O afier | h on NAVA wa 7.9 com-
pered 0 111 on ACW {p = QL0007 ) The R, (036 veras
045, p = 0007y, PIP {147 versss 20.]1 cm H2, p=0.017)
and MAP (9.2 versus 10.5 om H0, p= 0L004) were kower on
NAVA. Compliance was higher on MAVA (062 versus
0. 50 el Qg p = 0LO0S L

Concduson N ANVA compared to ACY improved oxy gena-
tion in premeturd y hom infanis with evolving or esohlished
BPDL

W e R

+ Nasrally arevinl vervtibesor adjest INAVA | acesr shat alirt o] arctivity oyl
s didcrphragm b v crvelel the eyl e e

+ I dnffimas weith dcate RIS, scrt of NAVA was aerocidtd witk Mower ol
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+ Thes staaly wigueady st provts infants with & walving cr eriablivhed BFTY
et heir raieelie ware crim v ove 1 b e of NAVA and aenie
ermirellicl weailition
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Keywords Assist oon ol ventiletion - Neurally adjused
ventilbinny assist - Premumrity

Albtirey intio m

ACY  Assist congrol vemtilation

BPD  Bronchopu moneny dyeplasia

Edi Elecirical activity af the diaphragm

L springger
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R,  Inspired oxygen conceniration
MAP Mo xirway prssures

MNAVA  Neurally ascist vent bior adjust
PEEP Puositive end eoqpiriory prossure
np Peak infiation pressume

ED5%  Respirinty distress syndnome

Int mdlu ctinm

Whilst the survival of bahies bom vary prematrely has ime
proved, many will develop bronchapul ry dysplsin
{BPD) and chmnic nespiminny morhidity. Mew modes af ven-
glation have heen developed with the aim of reducing kmg
i) ury and gy ing respiratory cuicomes. One such modeis
meralhy adjuster] ventibiory ascis (MAVA )L NAVA mes the
electrical activity of the dizplmagm (Edi), cag d by 2
specialisal msogmsinic whe with an amay of datmdes (e
Edi catheser}, in servo coninal the appliad ventilsior pressme.
The Edi & used both &0 trigger each inflation and ako to
destermine the level of support pmporti onal i the infant's neo-
=l drive to brenthe throughout each inflation [11]. Inflations
are affcycled when the Edi falls by a prespecified amomt
The clinician sets the NAVA level or gain fadtor by which the
Edi sigmal 2t each point in time & “venshiad " into aireay
pressure pravided The change in dectrical aotivity af the
diaphmgm that riggers inflaton & mrlier in the Espitony
oyde than the change in Sow which i used in other mgga
modes; hence, the trigger delay is shortar on WAVA [4] Edi
ey he & maore acanmie method to deted the nfant’s i egire
tory efforts and hence, there would be les meffective ar
wasied effirtand auto or doohile i ggering..

Tn infants with aonte respirtory distress, in randomisesd and
memrandomized cressover studies, MAVA ha been shown to
have supariar resuls compared i non-triggered and other
riggared mades, but only with mgard o pressure lovds and
hmg fimction. Studies havenot addwssed clini gl y impo nznt
ouicnmes such as the length of minbation or mosdaliy. In a
mndomised crosover sindy of 4-h periods comparing
synchmmnised intarmiztant mandetony ventibton (SIMV) with
pressure support, NAVA ws shown to have a lower peak
airway presune i preemm infans bom between 24 and
36 weelds [8]. I a non-mndomized study, five pramatee in-
Bnts with 2 mean gesationl ageof 26 weelks weresindied at
2 mexdian posinatal age of 7 deys [13]. They ware vent lied
or comsecutive &-h paiods on NAVA followesd by presse
amiralled ventibtion, and the ssquenor was repeated thees
times. The peak inflation pressure (PIP) was lower and the
tidal v s and compliance wers higher on KAVA [13]. A
mn-rendomised, crossover study of two 1Zh periods of
presureregubted volume cmiral ventiltion fiollowed by
NAVA was periimed om 19 infnis with 1 median gestational

4l Springer

age af 318 weels. NAVA resulisd in bower peak imspiraiony
pressumes and the tidal vol umes of the infants were kwar on
MNAVA [9]. Inaddition, on MAVA, the asmchmny index was
lower and there wese no neural agmoess [9].

Infanis with evalving or established bronchopumanary
dhy=pl =i (HPT) have a high recistance o f the respindnny sys-
tem which means flow triggering can be challanging. During
MNAVA, flow tri ggering is not wed [4]. Previous studies have
ammes med] m famis with acuie respiminny distress who have very
differant kmg fimction tn those with evohing or esahlishead
BPD. Hence, it crmat be assumed dot similer resulis from
thase with acuie respiratory disiress would be achieved
those with esihlished or evobving BPD. Hence, the aim of
oursindy was in unique y test the npothesis that N AVA come-
pared to assist coninal vent btion {ACV) would esul n a
lower O in infants with eval ving or estblished BPTL

Methods

The sudy was undaraken 2t King's Callege Hospinl NHS
Foundation Trust between Decembar 2015 and June 20146
Imfanis wese eligihle for this mndomissd, crosover study if
they were bom at less than 32 weeks of gesotion and
remuinea] ventilated at 1| week of age on assist ool venti-
edon {ACV) Eligibleinfans wes identified on adaily hasis
by 2 resemrcher by discussion with the climical team A kbal
andit of 100 consecusive infants born 2 less dhoan 32 wesks of
gesittion had demonstnied 25% af thase who wema ned ven-
tkior dependent 2t 1 wedk of age developed BPD, that &
mxygen dependency beyond 28 days. Those with major con-
genitl shnormalities (that is requinng sgical comection) or
receiving neummms o br blodoade wes excloded All infans
were chinically siahle with assemsed The study was apgproved
by the West Midlnds - Solihull RBessaxch Ethics Commities.
Written,, in formed pawen &l comsent was obtvined .

Infants at King's Callege Hospital NHE Foundation Trost
are noutindy spporied by the SLE 5000 (5o fiware versions
4.3 5LE Lid, South Crowdon, UKL All infanss wes venti-
lated with Cales shouldered endotracheal tubes which have
been shown to have mimimal or no leels [7] Vohme opeing
was not used. On entry inin the sdy, the nfnis were tons-
Feared from ACY on the SLE 5000 @ ACY (named *Pressure
Contral’ an the Servo-n ventilstor, Maquet Critical Case,
Salnz, Sweden). The same ventiluinr setings and backnp rte
were used In pasticuler, the positive end expirainny pressume
(PEEF) was kept 2 4-5 an H, 0 as had heen nsed prior in the
stuchy and the inflation Gme was sa, as previously, 2t 56 in
L4 5. The apmosa tme was setto 2 5 and the upper pressure
limit & lemst 5 om O higher $han the haseline settings, bt
did not exceed 30 om HX. A six French Edi catheter was
inseried and comedt positioning confirmed as per the imstc-
tions af the mamfactmer using the Edi cathater positining
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- cheely hed the p
taseline setings.

W have previowsly demonstinisd that proparSonal assst
ventilbtion (PAV ) when aompared o ACY, resulied in ime
proved oy gemation [2, 12] and 2 eduocad work of breathing
2] minfanis with evolving or estsh hished bron chopu monary
dysplasia. Both PAV and NAVA pmvide suppont in propartion
i the respirzinny effort dwoughout each breath. Oor mesulis
s et that s uch maodes are superior o A CV. As yet, there am
0 randomised contmolled trizls with long-erm oot
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guide fimction on the ventilator (Magnet Servo-n Lser
Manmal Version 1.1% The guide function displays the
eicandiac ediocandi ograph. Comect positioning was when
the P waves and (RS complexes were visihle in the upper
most kezds and then deceased in size ungl the P waves dis-
appeared in the lowest leed . Coloumd highlighting of thecen-
tral two leads appesred once the cathaber was m the cmect
ploe. Once ommert sitoning was anfirmed,, the cathetar
was seound y attached to the infant’s fice wsing an adhsive
dremsmg. Afier 1 h of stabilisation on the Sarvon vent lior
wsing the settings describad above, blond gs ambsis was
perfirmed . Infantz were than randomizsd o recave =ither
ACWor MAVA firt for 1 h and then to recaive the alemative
mode fora subsequant howr The onder in which the infints
moeived the two modes was mnd omissd between sach haby
wsing a sequential opaquesaled emvelope system. Before the
infant ws changed 0 NAVA mode, the NAVA level was
adjsied so that the displaoyesd pressune waveform on WAVA
dmsely muichad the adual pressure wavelhm on the badine
setings, aiming forthe peak Edi to be between 5 and 15 pVas
per the remmmendations af the manufactuer. The basdine
vemti lator settings werne wsexd in deteamine the backup sattings
0 be msal on MAVA in the aheence of an Edi =i gmal

The imitiz] ventiluior setiings wese noted, and the mumber
and duratin of desaturations (defined 25 ox ygen stmation
less than 88%) were noied on each venmtikior mode. The
T, was xljusted with the xim of mantining ooy gen -
mtioms hatwesn 92 and %6%. At theend o feadh hour, apillary
hilond gas analysis was parformed and the oxygenaton mdex
0T caloulated as the inspired oxygan concentmton (Fill, ) x
mean airway pesame (MAP) 10050, . The Fil),, te PP,
WA, tidal valume and respimtory system comp liance falo-
leiesd frnm the gdal vol ume divided by the PIF) were reconded
from the ven tilvinr dis plays and avaraged fom the b=t 5 min
af each 1-h period. The dat were dowmn doxded intn eocd via
aUI5H sidk.

Sample s

The plmmed sample siee was 18 infnts, as this would allow
detection af a diffarence i moygemation index hetwaen the
twn modes of one sandand deviation, with BF% power and
5% significance. An imaim amlysis was phmmed to ake
plce half way through, i.e. afier nine patients, as our sindies
with proportiona] assist venti btion {PAV), 2 ventilaton made
which also pmvides @ilowd suppont imughow the infant's
s piraiory cycle, d the O on PAV wes heferin
all patients than on ACV [2,12]. noxder in preserve the ypel
amr & 5%, the interim amahysis was condodted at 0.01 with
the fimal amalysis conducted wsing 004, This gave an averall
ope | smor mie (signifance levd) aof 5% [{1-001) = (1-
Ly = 095 = 1-0L05]. If the interim analysi showed

< 001, then the trial wa to siop and the final amalyses
omducied using the nine patients restad io that point.

Analysis

The resulis were positively skewed and, therefore, log-
transErmad for analysis so that 2 peired ¢ test could be nsad
Usin g th &t methnd , the we=sulis inchudin g the mean and aonfidence
imtervals az on the ratio smle [ 3], Resuls wes back-¢nnsiomed
0 give goometric means fr cadh mode of ventiltion. The mtio
af gemetric means and the comesponding 9 5% confidenee m-
tervals fior the mtio ax presenied. The mtio of the gametric
menns can be inepetn] = the peomiage diffsence hetwem
& result on NAVA compared in on ACV. The desstumdion dets
wes disarete and anahysed using the Wiloon signed-onk test
Dty were armshysad using Soo v 14

Hsults

At the mtarim amalysiz, the cmmparison of the OT on NAVA
versus ACY was statistically sigmificant using the madified
out-aff fior signifimne deaibed ahove. The OT was lower
an MAVA for all infans (Table 1) Hence, the clinical and
statistios team agwed that the trial be siopped = tha point
and the dot amahysed.

Mine mfants had bheen assessed, seven males and two fe-
maks. Their median gestatiomal age wa 25 (rmge 22-I7)
weeks and median hinhweight 750 (range S45-830)
grammes. The infants were smdied & 2 median posmanl age
af 20 (rnge §-84) days. All had received at lestone dmseaf
antenatal seroids and posinaisl srfadant and wers on @df-
fieine & the time of the sudy. Only one infant was recsiving
sedatin and this was & the same dme throughout the stdy
Five of the mfants wes studiad firgt on NAVA and for an
ACV. Thare was no su ggestion that the sine of diferencein OF
was geaier with onder (e with either ACV them NAVA or

Taksde 1 Detivilu] Bue b PIP ol Fally o 0he s of e aosdy asd
vl O dotn of See ol of cacly sl The sl sl W sl
Bratis e ilied & gves i S BN oolese

PIP { = Hyll) Filly, ALY MANA M Ties
T 1 a3 4 ACY
1[] [EEEY g2 L] ANA
It ] [T TE 7 NANA
It} azT &T 46 ACY
4 a3T 53 LA ALY
% a4l T4 (1] NANA
% aT 40 m4 ANA
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MAVA then ACV). Naither was there any suggestion dat the
aorder {by chance) was related to the size of value, i2 no
suggestion that all those witha high sarting O recaived the
modalities in the same order (p= (L66)

The ratio af the ganmetnic means for the O, the primeny
outcome, ws 0,72 (NAVAMAOV ), showing that the mean O
was ZR% lweron N AVA compared to ACV with comespond-
ing 95% (Is from 62 to B5% (Table 1) Infanss who had the
highest (s on ACY tendad to have a brger reduction m O
when stdied on NAVA (Table 1. The mean PIP {p = 0017)
and mean MAP (p = L004) were significandy lower om
NAVA, = was the meen Fill, §o = 0007} The mmn avmpl-
moe (p = 0L005) and axygen satmtim {p = 0L016) were
sigmificandy higher on NAVA. The mans for the tida] val-
ume, respirainry rate and peak Edi and the mumber of
desatumations were not =g ficantly diffesent hetween the
two modes (Tahle 21

DN s

W have demonsimisd that i in fnis bom veary prematurehy
mnd with evalving or esablished BPTY, MAVA ampard to
ACVY resulied in & sigmificant] y kower ox ygemation index. This
was mancizied with significantly krover PIPs and MAPs, likdy
mflecting $at during MAVA the applied pressure is servo-
anmiral ked thmughout each inflati on. On ACY, alhough inflar
tiom is irigganed by the hegiming of the nfint's inspimtory
effiort, the sart of inflation moy have heen ddayed as a flow
trigger was mwed. Furthermaore, afier the inflation is rigganed
dhring ACY, naither the inflation pressure nor time is t ked
i the infant’s mspiratry effors. The higher compliance an
MAVA mmpared to ACV refleats the krnver PIPs with similar
tidal vohmes. A higher complizncs on N AVA has been pre-
vinusly reported in neomat] and peedistnc patients [1, 5, 6]
O msults suggest dut infans with the highes Ok, ie. te
mos severe lung disease, hal the greatest reduction O

&) springs

during NAVA . This may refledt, as above, the shorer migger
delry on NAVA which means mare of the infani's breath =
pressurs suppred

There are srengihs and some limitation s io our stdy. As
the =me ventibinr was wsal for sch mode, the sSgnificant
diffarences demonsirated ae due in the differences in the
muades., rather $han differances in the ventibior pesfommance.
Although imfants were only stdisd fior an houron each mode,
we have demaons trater] sigmificant di feren o haiwean the two
mades. The infans induded had 2 wide range of severity of
respiminTy disese a5 sugpestal by thedr PIP and Fil, ya we
saw 2 pesitive effedt of NAVA i all mBngs The infants had
akso had a wide range of posnatal ages, bt wehawve shown in
an audit af 100 consaative prematmely bom infants, 95% of
these who remained vens baor dependant at | wedk developad
BPD. Thus, we feel our resubis d amaon sirade that compared i
ACY, NAVA we ws associntal with spenior esuls inin-
fans with evolving or estahlished BPD. We med capillany
hlood samples i0 calanlie the (s W used s meathod at
theend ofeach af the two perinds in all infants, thus theuseaf
capil lary blond sempling did not bizs our results. The infants
were all clinially sahle when assemeal and none ware seri-
wshy ill, had shock, hypotension. or paripheral vasooonsric-
tiom 2t the time of ssessment [10] Thus, we fiel it was ape
propriate in caloubte the Ofs finm the capillary blood sam-
ples. Omly one infant was receiving sadation and dhis was a1
the mme dose thmughm the sudy, so dis did not infuence
the m=uls. We nsed a conssover design as dhis removes the
variahility betwesn patienis by | ookdng at effects within them
As we have demonstimied no onder effect, the design gives
mare predision. We siopped the tria at the planned interim
amalyzis 3z inall infan s the O was lowar on KAVA. We did
not demen sirate a significant diference in the peak Edi be-
tweem the two modes, 2l hough thare was 2 tend Bir it tobe
lower on MAVA. This may have heen doe in insufficient re-
disribution of work fiom the patient o the ventlatsor, ax the
NAWVA leve was only adjusied so that the estimated pressure
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Work of breathing during CPAP and heated
humidified high-flow nasal cannula

Sandeep Shetty, ' Ann Hickey,' Gerrard F Rafferty,? Janet L Peacock, ™

Anne Greenough®*

ABSTRALT

Objective o deemmne whetes conmnuows post e
e prescume |PAF) cmpaed Wi heded
huerecfied, hagh-flow nesd canmula (HEFNG) In iInfans
with esolving o establshed beanchopulmaonasy dysplase
(3P reduced e work of breatfung (WOS) and

o ool 2 heony (TAG) and egaceed
cogygen satuEton (a0,

Design Randomesed oossowes sudy.

Setting Tenay neonata unl

Patients 20 nians (meden gegdond age of

27 6 wesis (range 6319 wesls)) weme suded 2t 2
meden poshatal age of 309 wesks (@nge 28.1-
391 weslts].

Imerventions i wes swded on 2 corsennive
days. On the firg study day, Ty e randomsed 1o
elha (PAF or HEFNC eah o 2 b, e order being
memed an the second day.

Main outcome measures The WOS wes amseed by
ey B The pressuse tne produd. of 1he dupfragm
(FIRd]L PP, T and 530 wese assesserd during e
final 5 min of each 2 b pedod and the el an the
two study days ware meaned.

Resubts Thes weme nosagnificant dfiesences o e
sl on CPAR versws HEFNC: mean FTRD 226 (=nge
126 -294) wersus 224 om H OV sknin (95% O o
diflerere: —27 1o 22, p=0.85) (mnge 170-318)
(p=0.87), mean Thi 134" (@nge 4 511337 wemus
14.01% [range 425"-2386") (95% O for diffence:
—39 10 28: p=073) (p=043) and meen 530, 95%
(=mge 93%—100%) vemus 95% (4% 99%), (95% O
for diffesence —1.8 1o 05 p=25) (p=0.45]
Conclusion In nfans wih ewohing or estabiched
BP0, CPtP compased with HHRC offessd no sigreficant
thanage wih mgad 1 e WO3, dagee of
Ec I OF G AN SAREDon.

INTRODULTION

Heared and homidihed gas delversd ar How raes
herwesn 2 and & Lfmin via nasal canmlae fhomidi-
tied, high-flow nasal cannula (FHHFNC)) & incres-
ingly being oeed as an akermative to contimooms
psitve airway pressare (CPAF). Abomr 633 of
Ansralian™ew Fealand mnits were repored o he
using HHFNC in 210" and 2 survey of 57 lavel 2
ar levd 3 UK neonaml onis in 2013 highlighmed
that HHFNC was wsed in 77% of mnis? This i
depite the distending pressore  delivered by
HHFMC bheing dependent on prong sie, nasal
prong-memares rado, flow rare and whether the
infant’s momh i opan.’ * In addison, it has hesn
reporied that even when flows of op oo & Limin
were meed doring HIHFMWC, prescores over 5 an

What is already known on this topic

»+ Humidified, hugh flow nesal cannula (HRFNC) &
incmangly beng wed &5 an abemate to
nizsa | conbnuous posie Smaky [ e
nPAP).

» The deending pressum durng HHRNC &
dependent on prong siee, nasal prong o nass
e, flow @te and whether the infant’s mouth
5 open.

- Studes compaing the wak of beeathing
(WOE) on HHFNC or nOPAP hawe ghen

conflctng resulis.

What this study adds

» In infants with evobving or esth kshed
rondhopulmonany dyplaia, we have
ompared WOB on HHRC and CPAP.

* In this Endomsed oossmer wial we
demarstaied no sgnificant difaences in e
WOB batwesn the two modes.

I addithon, we highlight that these were no
sagn ificant diffesences n the degres of
aggndhmny aF agygen sabuston baek.

0 were rardy achieved® A lower disending
pressure would seem likely oo resolt in an incresse
in the work of breathing (WOR); however, thres
studies in which the infane’s WOR doring FIFIFNC
and CPAP wa oompared have ghven conflicting
resuls ™ In a cossover smdy of 18 premm
infams with a hirhweight of less than 20 kg who
had mild respirzory illn=s, no significanr differ-
ence was found in the WOB when the infans were
suppored by §cm HO CRAP or FIHFNC deliv-
ered & 3, 4 and 5 Limin* The infanm, howewr,
had a diverss range of paemaral ages 1-67 days and
a variery of diagnoses inchiding mild respiramry
disress syndrome [RDG), bronchopalmonay dys-
plasia (BPDY) or apnoea of premanorine. In 2 sohse-
quent smdy of M) infanes with moderars respiramry
distress  (fracdon  of inspired  mygen  ([FiDy)
hearwesn 21% and 32%), the WOB was higher
during HHFNC (ddiversd ar 3 ar § Limin) than
on CPAP (56 cm FLOL™ In addition, the degres
of sgnchrony as assessed by the phase angle mea-
sured by respiramry indooanee plethysmography
(RIF) and the lahoored brearhing indew was greasr

BMI

Shemy 5, ot a_Arh D& Chill s’ Mmonata & 0061 -R4. dof 00U 11 36 Aachd achild - 20 18- 305310

REPCH  Fl
e

203




daring HHFNC" In a third smdy of 20 infans with mild or
moderare KOS less than % h old, no significanr differences
were found in the WOB and lng mechanics doring periads of
smpport on nasal CPAP (nCPAR 2, 4 an H0) and HHFNC
@, 4 Limin).*

Respiramry management of infans with evolving or estah-
kished BPD & pamiculrdy challnging. Whether CPAP or
HHFNC provides more effective respiramry suppont has not
bemn assessed specifically in soch a popoladon. The aim of chis
smdy, then, was oo derermine whecher CPAP compared with
HHFNC radoced the WOB and thoracmehdominal ssnchrony
(TAA) and improved moygen samrarion (5a(};) in infams with
evolving or estahlished BPTL

METHODS

Infanrs horn ar bess than 32 weelks of gestarion ar King's College
Hospiral WHS Foondagon Trost, London, UK, requiring CPAF
and more than 40% of mxygen & or heyond 2weels of age
were digihle for emory inoo chis sdy herwesn April 2014 and
Fehroary 2015 Those infams with a posnatal age greacer than
14 days b less than 28 davs were dizgnoeed = having evalving
BPD and those aged 28days or older & esmhlishad BPDL
Intas whose parenms gawe informed wricen consenr were
entered inm the smdy. The sody was approved by the London
—exminzer Rezmrch Ethics Commimes and King's College
Hospital Remearch Erhics Commeimes.

Infames were sodied on 2 days for 2 h each on CPAP (SLE
2000, 500 infant venrilacor) and HHFNC (Fisher and Pakel
meing apriflow neonaral and infanr nazal prongs). Infans were
ramndomised on che firsc day oo he frs soppomed by either CPAP
for 2h and then by HHFNC for 2 h On che second dax, dhey
received FHIFIFNC and CPAP in the reverse order. The CPAP
lewel was & am H O and doring HHFNC a How rae of 8 Limin
was nsed for infens with 2 weight more than 1 kg and & Limin
for infans with a weight les than 1 kg The How levels were
chogen st reviewing promank from other onits and dizons-
sim at oar deparmental goiddine development mesring.

Daring the last § min of ech 2 h period, physiologicl amsess-
mens were made. To assess the WOR, the mansdiayhrag martic
prezmre rime prodoce (PTPT) was ascesesd . Osophageal (Poes)
and gasrric (Pgas) pressones were measored wsing a2 dozl pressore
mansdner tpped cathewr ((Gaehec, Dunvegan, Scodland, UKL
Cnarect positioning of the catheter was indicosd by a positive
deflecrion in Pgas and a negarive deflection in Poss. Presenre
signals were amplifed {CO 2R84, Validyne) and recorded on 2
ommer (Dell Optplx 170L) mming Labchan software
N73ET 27, Powerlah 165F ADInecroments, Spdney, Amerraliz)
with malogoe o digial sampling ar 100 Hz (Powerlah 165F
ADInsruments, Sydney, Avsralia) Transdiaphragmaric pressore
(Pdi) was calonlased by the acquisicion sofrware osing digita sob-
maxion of Pos from Pgax. PTPdi was chmined from the area
suhwended by the Pdi trace doring imspiration {figore 1), As
respiracory flow was nor measored directly, the hegiming of
inspiration was derermined by the rise in Pdi and end of inspir-
arion was deermined from rib @age (RC) movementosing meali-
brazd RIP (Respitrace Maodd 109230, Ambalerory Manitoring,
Mew York, U3A) in AC-oupled mode used oo assess RC and
ghdnmen (AR D) movemsnr {fignre 1). TAA was derermined from
10 amefcrfres hreaths doring the 5 min mesmremen: period
For =ach hrexh, the RC and ABD maowvemenss wers measared
and a Lisajons figore was plomed (figore 2). Asmchromy
herween BC and ARD movemens were quanrifiad by desrmin-
ing the phase angle by commaring the difference hetwesn inspira-
mry and expiramry ahdominal pasitions & mid-RC sconrsion

Start  End

Cheest

Figume 1

Caleulation of teredisphragmatc preaure fime produce
during irepition & thaan. The shaded s mpmetents the s
sutrlended by the raredisphragmatc presure (Pdi) face during
repieaion. The beginning of repiraion wes deamined by e rikge in
Pl and end of irpiration wes delermimad bom b cage mowement
g wrcalibeaied e gralory indudence pletysmagrapiy.

(ABRdiff ) with the masxdmom ahdominal sxcorsion (ABmax) The
phase angle @ was @lonl aved 2% sin = AR diff/A Bmac. PTPdi and
TAA were assessed from the last 5 min of each 2 h period. Dioring
the smdy, respiramry rare, hearr rate and oxygen samration wers
cmnrnoously reasrded (TreelliVioe M P70 Philips pagent maonioor )
amd aweraged for the 2 h period. The resals from the two sody
davs were meaned.

Sample size
A sample sie of 3 infams allvwed detection herwesn the ovo
respiramTy suppon modes of a difference in the resobs of the
physiclogical assessmenzs of 1.0 5D with 80% power with 5%
i gnificance

Analyis

The daa were teswed for normalicy and found o have 2 normal
distriborion, hence a paired r-esr was oeed 1o e whether dif-
ferences were sarsially significanr. Regression models were
used oo examine the effec of the order of modes of respiramay
support (CPARTHPNG or HFIFWNCACPAP). Sincee cthere was no
evidence for any effecr of the arder or of the day, the measore.
mems for each of the rwo respiratory soppon modes were aver-
aged over the 2 days. The residnals from the regression maodel
were checked for dheir fit to 2 normal disribotion. Doe o the
relarively small sample sizz and the dithicoly in ensoring a
normal dismiboton, the analysis examining made was ako mn
using a rank t=w (Wilmxon matched pairs), which gave similar
resnls. IBM SPPS sadstcal sofrware (V22 TBM Corporation,
1F5A) was nsed. Analyses were ayndnored msing Srar (W12)

RESULTS

Parenm of 30 eligihle infanms were approached and 20 agresd to
recraimment The infants who were recited compared with
those who were not did nor differ significancly with regard o
thar gesrational age (27 weeks (range 25-29 weels) ve 28 weels
(range 2532 weels) (p=0.47)) or median hirthweight fmedian
B3 g 641020 5) vs BRO g (range S12-150dg) (p=>0.94]).

Original article
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e
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The 20 nfnrs who were inchidsd in the smdy had a2 median
geratonal age of 7.6 wedis frange 24.6-31.9 weelks) and
hirhweight of 880 g frange 512-1300g) fahle 1) When
smdisd rhey required 2 median Fil}, of 042 frange 0.4-0.58)
There were no signifimnt differences in the resales of any of e
physialogicl measoremens herween the rwo groups fable 2).

Table 1 Demogrphic das

Table 2 Prysiblogical sssessmment rls by resgiatory superl
mosde

FAF HHFNC B Vai
FTF am Hyisimin I14(26-29) DI(EA5IE LS
TAA Hegocs) 126[5-83) 111A-Ag oA
Coypenation Taraton (%) % (H-100 35 (34-3) ne
The raci s arw sxpet sl i e rielin

CPAR confitnanss pur e i rwity s e it igh Peow 1 s

carnnda, TA8, turico dakovingd o drany.

DISCUSSI0N

We have demaonstrared that in premamrely horn infams with
evolving or exahlished BPD, there were no signifiant differ-
ences in the WO, TAA or 520}, when the infants were sup-
pored by CRAF or HHFNC. W exchisively smdied infans
with evolving or established BPD, unlike previous smodiss™™
Ineresmingly, in the one smdy which did inclode infn= with
BEPL, and adher parhologies, no significan: difference was foand
in the WH herween CPAP and FIMFMC.® W nsed higher flow
rar= during HHFNC (B Limin for infanrs with weghs maone
than 1kg) than smployed in the previons smdies™ which may
alen explain our findings.

There have now besn several randomised miak of FIFIFMC
versus CPAP In one smdy, 60 inns bom & > 28 weels gesra-
tional age stahle on nCPAP (5 an H 0¥ for at least 24 h wich an
Filk, <030 were randomized o sty on nCPAF ar be cransfermed
o FIHFMNC ar 2 Limin. The larer groap required ignificanhy
e d.:..].*s of smpplemenmry oxpgen and ootal respiramoy
support” The 5 cm Hz» CPAP compared with 2 Limin of
HHFMNC may have resuled in the differences in the resols. Ina
larger smdy of 132 inGnex all ks than 32 weels of gesmrional
age, infamrs were randomissd ro FIFFNC ar 8 Limin or nCPAP
at 7-8 om H( pom exmoharion. Although a similar propomtion
tailed ewmoharion defined as inmbation with 7 days, the masal
trauma score was significandy lower in the HHFNC group” In
a soody of 432 infars of gesmdonal age beoween 2B and
42 weels with plamned n{PAF soppon (recommended saning
pressare =6 cm FI,0) either & a primary made or post exmha-
T, ez.'ry.' failure and nesd for imohadon was similar in che o
gromps'" Infans randomissd to FIFIFNGC received an initial
flow dependerr on gesadonal age (3 Limin for those weghing
100-19992: 4 L/min for those weighing 2000-2999z and
5 Lmin for thoee weighing = 3000 g). The doration of the smdy
merde was significamly longer on HHFMC (median 4 vs 2 days,
p<L0l), bor there were no significam differsnces berwesn the
groups in the doration of sopplemen tary oxygen, rate of BFDor
length of smy Hencee, the anthors conduoded thar FIFIFMNC
appeared m haw similar efficoy and safery oo nCPAP when

_‘F: l::;?ﬁﬂ applied immediarely post exmoharion or & initial, non-imeasiw
e p—— suppart for respiracory dysfonesion ™ Crr resalts suggess thar
Sractant HHFMNC wsing the flow rares we employed provides similar
e support a5 nCPAP in infans with evolving or estahlished BPDU
Pos . e el at N ga-: Cr smdy has 2 nomher of smengths and some himimrimnz.
Ml (%) 1120 5% e meed 2 doal pressore tip transdoeer oo assess the WOB as
By ammessed by messarement of the FTPdL Changes in Poes may
Cavackn LX) n acmraely reflcr change in plearal preseores when chest
[T — 5 ETR) wall distordon resol®s in an meven disrilrion of pleoral pres-
A 5 ETR) sare changes. In our smdy, there were o differences in the TAA
O FX L herwesn the mwo respiraory suppon modes and henee e @m-
arison of the WOB resols is valid We med a crossover design,
Thadiss des pritanasd & sickian (megd o0 0 04 £m we camnaot avmment on long-term omcomes. Previoos
L shedw S whal Aech (N il Foal Mot !l 201602154 ofor 110 1 T3 anchd iech 1 107 53053 3 x|
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sudies investigating the WOB were dso of a crossover design™
e were of single cromsover design and did nor analyse dhe
effe of the order in which the nfns were sudied on a par-
donlar respiracory mode. We smodied infanes on 2 soocessive
days with the order of respiracory suppom smdied being
reversed on the snhesquoent day and rhen we meaned rthe resnles
af 2days, hence we feel oar resnls are robost It is possible thar
had the infants hemn exposed o longer periods of HHFNC and
(PAF different resnls may have been chmined Ascescment of
10 very low hinhweight infanms in a crosover design soody of
Zh on HHFNC (mean fow rate of 4.8 or 5.4 Limin) o CPAP
(5 on HAY) demonstraed greaer disphragmaric aoiviy on
HHFNC, thoz sggesring tha nCPAP was providing maore
effeative respiraory sopport. OFf note, however, thers was no
significamt difference in the oxygen samraton levels herwesn the
owo modes. ™ We nsed higher flow raes during FFFMNC than
in the previons sode'" We recraied 20 of 30 eligible infans,
b those recmited did nor differ significancly with regard o
gemagona age or himhweight from those noe recmied, hence
we fe=] ouor resols are generalicahle.

In conchision, we have demonstrazd thar CPAP did noz
provide supeTior respiratory suppon aympared with FIFFNC in
infans with ewnlving or emahlished BPD. Infams soppored by
HHFNC rather than nCPAF are repomsd o have lex naxal
mauma’ and are more aceessibl  perems and =i’ BPD
infan= are often inmleram of NCPAR and thos we suggest
HHFNC m he an appropriae altermative.

Gonriberiors &G and 572 designed the sudy. 55 oollected the data_ ILF advised
mthe mayss Al ashos wee vobed in prodecam of te fnal momape
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ARTICLE INFO ABSTEACT

o aifa bl oorlinee wooe Long-#=rm respiraory morbidity i @mman, pariolaly in those bom very prematurely and who have
devedoped bran chopulmanary dys plasia (HPD ), b it does o in Shase without BFD and in infares barn at
Aepea tis teTm. A varisty of neanat] strabegies hawe been developed, al with short-berm advantages, but metaanatyses
e wnIleen ofrandomized contmalled triak (RCTs) have demanstrabed that anly volume targeted ventlation and prephylac:

Loeg-term Rltver ip tic high-frauency osaill atory ventilation (HPOW) may reducs BPDL Few RCTs have incorporated Jang 4=rm
ey e falkow.up. but ane has demanstrated $h2 prophylcs: HIOV improves respirgory ad fimctiona] outmmes 2
——— sichanl age, desp e niot reducing BPD. Results from ather neonata] interventions have demanstrated that anyim-
[ — pactan BPD may not translie imto changes in lang-#erm ouimmes. All foire neonatal ventilaon RCTs should
have Jang-term outoomes rather than BPD as their primary outome if they ar o impact an dinial practice:

© M4 Pleevier [t Al rights reserved.
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1. b troddusction dysplasia (BPD), chronie axygen dependency beyond 28 days after

Chronic res pir iy morbidity is 2 common outme of very prema-
ture birth, particularly in these who lad developed bronchopu monary

* Comesponding asSorar ML, 45 FuaorCokden Jabile Wing, King's Coflege Hosphal
D Hill Lo, 55985, Ui Mg, Tel: 4 44 10 299 TET: G 44418
1% WIM,

E-mul o sandesp | dherngBicLac ok 5. Shey), anegm e hiiclar ol
(A Comensgh.

" WL, 4 Floor Gobdien Jubiles Wit Kingf s Codlege Hogia] e mank Hill, Loagion,

SES O Tel: 4 44 10 199 JX37, tan: 444 103 19 B34,

birth BPD was initial ly described in inlans who had severe lung disease,
so-¢alled old BPD_Afleaed infants usually required high inspred oxygen
conoeirations and iniemittent positive presure ventilation with high
peak inflating pressues 1t can, however, aocur in very prematurely
baorn infants who had minimal of even noinitial respiratory distress,
so-called new BPD. The latter has been suggested to be a
maldevelopment sequence resulting from inte imuption inter ference
of the normal development signalling for terminal maturation 1]
Unfortunately, infants with BPD sufler chronic respi ratory maorbidi-
Ty. They may require supplementary axygen fr many months,
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al though few remain ocooygen depend ent beyond two yarsof age (2]
IHoespi il readim kcsion i oom mion, part oolarky for respiraiony prob-
l=me [3]. Trowhlesome respiratary Sympinms raquinng treament
can ccour in chilld hood [4] and persist nto ad ultheod | 5). Children
and adhulits who had BPD have g fonction abnermalities in the
first favo years, they may hawe high Sreays msistance, a5 Fapping
and ventilation inhomogeneity. lung growth and remo delling e
sultsin 3 pmgresshe improsement i bun g fonoon, bt arflos im-
itation persiets 6], such that airway obetrocdtion and impaired @s
trareier i o in adu s who had BPD (7).

BPD hasa mubifactonal astalogy, which indudes shriguma and

mmammmmmmrMMmdb

weloping and « mew mechan N and mo
rclpnl:\lyn“:nﬂm:l'l'lqu.le—s with the hope of reduocng the
exmunenece of BPD 2 nd ¢ hecanic espi@ inry morbiding. The aim of this ne-
wiewy 5, by examinin g the literature, to detenmine: how soooessful the
meweT ventilEnr sirategies have been in demeasing BPD and, mone im-
poranthy i shedr introduction has nfloenosd long-tesm resp iratory
cariomes. It should aleo be noted Satinin s born at term and who
revquired mechanical wen silaton can ako suffer chronic adwerss effecs
=] Uniostunaiely, a5 this rewiew will atso highlight Siene have been
few smdies investigting respirairy support techniques in that
populaon

T Nonimvashve respiratory sop pont
21 P

! Eardy M

An easty med-analysis of RCTs of prophylaosc triaks demonestrated
o advantage in auiomes o propiylac c nOPAF [9). Sabs equently,
there havwe been RCTs of diffening design with difiening resulis. The
(OO irial [10] {=asly CPAP verss infubaton and wentilation ) demon-
sirated 2 significan gty lower riek of daath fram need for supplementry
cocyen at 28 days, but these was no significant difflesnce: in e nead
fior supplementary cooygen & 36 weels PMA and ghe OPAP groophad
2 significan gy higher inodence of The SUPPORT trial

n and eariysurfcant s ey OPAF ) | 17] neponied nodid-
Emmﬂamammmmlqmmmﬁmn
findicwed by CPAP wem s ey OPAF ) reponied no significant differenos
in the primany autonme of need far mechanical ventilston wathin fee
days The Bresthing Owtoomes Sdy [12], 2 ssondary sody o
SPPORT, compared respiratony morbedities at she-month inereals
froim hesspital dischiange to 5= mon@s arecied age (CA); infan s
randomized o OPAF had sgnificanidy fewer episodes of wheezng
withouta oodd, respimory ilinessess dagnosed bya dooor, and phys-
N OF SmEgency Noom visits fior breashing problems. Fonter sodies
e requird i detenmine the: optimal berhnique for delfvening nCPF.
It b b suggesied that weaning fram OPAP by reduction in sme
rather ghan pressure might moreases the oedihood of BPD [13]. The
Cohrane wesew of three il [14] highlighied that ane il m which
WPAF was just siopped had shown 2 significant dedrease in the
durason of corygen therapy anda decreased bength of stay. Tiak ane re-
quired todedenmine whe ther simphy Sopping nCPAP wemus 2 mducion
in e might influence longtenm cwmmes

201, Mz e momiee v prclice poe e el
M- randoimizad or shos - studes have demonsiraed advan-
tages of nasal an | MIFFV)

{ 2014 jrrs-rr

survey of 57 level 2 or 3 neona@ll units in the UK mported 2013
that HHFMCwas ueed in 772 of wnis [17] In 2 oo e tal o 303
it baxx than 32 wesies of gecntonal age, hoseser, mints randam-
zed in HHPNC compamed i theee randomized o nOPAP did not d fifer
significanthy with mgand to the pomany outome = freament Sile
within sewen days. There wee nosignificant difflesnces in the rates of
deaith bedfoe discharge, need for corygen supplemenation 236 wes
PMIA, preumihora, PP nequining teatment, MEC, re tinopat iy of pne
maturity {ROP)or VH [12] Inanother ondamized il of 437 mifants of
EE o 4T wess of gestational age. mo significan tdiffsrenoe was s in
early <72 hours) svhubaiion Gilre befwesn infns on HEFNG
{ 105X ) compased to nCPAP (2.7) [19]. infan i remain ed cn HEFSNC
longer than on nCPAP (median, 4 versus 2 days, p = 001). There
were ro significant differences with =gand to days onsupplement | ox-
¥aen {median, 10 wersus & days)or the incidence of BPD {308 versus
165} Ther i insufficient evidence i support the mutine wee of
HHRC fior premaiue infn i and forther ressanch i required [70].

27 Pessane divaiie wensibrtion

Pressure lmeed wen silabon 1Fl.'l."_| Temaines a jpoipular micde of wen-
Lation [ 21.32]. Dusing P i {1V
pesitre n{IFFV], o inflagions
l‘l.‘li!h\:l.‘dil‘i |I:d:fl1u:| Eir regardiess of the infant s sponEneoos
mespiranry efforts This cn iad io2syn dheoiy, actie expiration 2nd 2r
lmalies | ). Amynchirony and 2ir beaies can be reduoed by the adminicra-
o of menrommusoular blorfleng agenits | 24, bt then higher jpea o pres-
sues are requied and infants cn eome cedemaious. An ditematiee
approach thoabolsh async ooy 5o e Bt wntlorraes (60- 150/
min high-fmquency posithe prssune vensilaSon, HFPPY |, which morne
dosely efledts the infanfs spon@neous respiramory rae; mets
araliysis of the nesults of RCTs | 25 | show that HFFFY comipared o shomer
e PLVsipnifica iy redo ce 2ir beaies | RR, 0069, 955 0, 051 =052 ), bt
cnly in prematurshy baonn infanes [9,11].

23, Pemmivsive kyperoopoia

Permixsive: ypencapn @, defined asp artial pressune of biood @rbon
i {0y | of more than 7 iPa, may be rowtine iy paoticed inneong
tall e cane units in Borope [(56]. In 2 onoessectonal sursey of 173
i, hypencan @ was presetin 3 1 ofiblood gaoes Yet, sysematicre.
e o e ramdom 2ed inials fat ennadlsd 26 nfndsdid not deman-
sirate aivy oaerall benefit of ypercarbis, withno speficant eductans
in death, BPDat 36 weskes BVA, IVH or PVL [ 7). Indesd, cne teial [ 25]
wis ETminaed prematurely & there wene tends owards 2 higher
morality and inodene of nesrodevsopmentl impainment in G
“minima” wvensilation arm in which the plD; GEet was 55 o
&5 mmHyg compared o35 and 45 mmbg and the oambined cmmome
efmental impainmentor death was sgnificandy geaier in e minmal
TRl BOn N

2.4, Patient viggered wenslarion {FTV)

241, Avsist comiral g srmciene d it vemibsion

TV was manirceduced] ino neaon 2] efensne cae in the 19805, -
iy a5 3 skt contd | AL inflation £ are trigganed by svery spona meo
reath that ewoeeds the orical trigger hireshold | and synchronssd

ot
compared to nCPAP. A RCT [15] in which 1009 ELEW infants were
enmodied, however, demornsraed no significant difflesnoes in death o
suritval with BPD beteeen NIPPY and OPAF.

212 Hemiedd bumidhind, kigh. fbow mzan ok

n | SINV, by She [prese romibser of
iniflatioms are tnggened wgandies of the in fant s s pontaneoos respiraho.
ry e Lkt was hoped that these wentla sion modes wiould be more ity
o [pram e symchran y etween the infant and venslatar inflasons and
henee redoee air keaics and bronchopu imonary dysplasia | BPD). Al
thomgh EMprosem ents in ooygenaton and reductions in asynorony
were demonsiraied in physiological studies, meta-analyss of RCTs
[ A MV 0 PLY [25] deman smied no sigraficantd flenences

mhﬂm;ewtdmhemlimmm]u“ﬂ.hadﬁnna

in the rates of BPLL sewere KOH, air leaics or mortlity. The durasion of

m*u'ﬁ#ﬂinﬂ-ﬂ_&mi;-— iy

Early Hum Dev {Z014),
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wentilation, howeser, was shoner (weighied mean diffeence
34 & howrs ) wath ADTEM V. There howe been no stadies Shat howe ade-
ey tactad whether ACSINV improves long rm surnmes. Thane
hawe beentwo studes Shat have mduded tenm bem s companng
SIMV i MV, no significant diffsrences in #he durasion of ven silason,
meedfor rentubation ar the raes of preumothorax or mostality [13,14]

2.42 Presare sgpost

nl.l'l'lg suppoirt verntilasion {P5V), the indn £ in spioory

efiorn datermine both e initoson and temminaton of ventilenr infla-

o, Ventilaior inflation & ferminaterd when ghe infant’s inspiraory

ﬁw&mmapﬂﬁdm“hmumhﬂtm
of wentilaior. A recent Cochane rewew |6 analyzed

tihe pRatitioner & dedfvered i e infant regardiess of changesin e
inifant"s bung fundtion and henoe theoratically it shoobd be poecible to
ey 2 wolume targeied ] tha i axeoma wed with the beast chnanic
respaminry marbidity. The mamfacores wee diffsrent medhantsmsto
achiese walume targetn g and, as a conssquence;, ere are diffeenes
in the airway pessure waseionm, peak pressume and inflagon sme,
and henoe different mean airway pessure at apparenty the same VT
setting aoonrding to wentilator type [41] whether this infloenoes long -
team carmoame has not been testerd. Diflerent names hawe been given
to VTV and indude solume bimied, wolume goaraniesd, wolome
conirollsd ar wolume support sendilaion. A least 12 randomied or
quas- ruldnlmdh'ﬂsluwhemmdﬂt&nhmrnp:e VIV to

= PS5V andam --myimm.dm
wen edighde for analysts meohan g a ol of 19 paten and addressing
only short-enm impact of PSV [1,7]. Mot addessed the impact of
PV on rate of BFD or other ngtenm ouromes. PEV with STV
comparad to MV done has ben shosn o be more effartve in
ELEW infanis wentilaied beyond ghe fimtweek afier binth in ghat it
was asociated with 2 smaller proponticn of s besing, ven slador
dependent at 22 days, and in the sub-group with binth weghts of
TFOO0-1000 g, areductian in the d n of cxygen dependency [39]
The Iy exjplan ation for the suocess of PV wath SIMY wersus SIMY
alore @5 that, in the fonmer ventilamr sraiegy, ail the infants breaths
are supparted and his reduces thedr work of breathing [30], wheter
this 2 ffaots long-tesm owrome has not been aooscced Them am few
siucdiess in tenm born infants and again cnly with short-Enm cwioomes

131}

2421, Proposbal asis vemtiharion, Dvunn f; propontonal assist wentils-
o { PAV), e app bierd pressure i sersn-onmirodied throwghout each
spontaneois beeath, and the fraquency, tming and rate of bung inflaton
are coinitradlad by the patient. The applisdp j 1 8
tiom i e medalvodume and msperaney flow 4 by the pasient,
which can be enhanced i reduce the work of breathing. There are,
however oy imied data on the efficacy of PAV infants and only
short-tenm esulis hawe beenrepaned. In 2 @ndomized crossoeeT oom-
panzon of PAV and FTV {ACY or SI8Y ), which inchuded 22 wentlaor-
dependent infants with evolving BFD. g3 exchan g was suoessfully
man@imed at signifiandy lower mean and peaic pressones on PAY,
bt weith homger decatum tioms: (2], in another shast-tenm, @ndomized
crasmoaer sy [33], 12 infan s with 2 median gectational age o 25
| 3-15) wekes were shdier] ata median of £ (2-85) days PAV com-
pared with ADV was axsooaed with a s ignifiandy reduced work of
breahingand a e cocggen aton inde (1)L

2472 Newrally onfjecied wntiwnryessar Dunn g neorally adjusted sen-
tilatory assist {MAVA ) the edactical actvity of she diaphragm (Edi) i
s fotrEger, st the amount of e daiverad and oyde off the
weniilainr [ 34] In 2 sirospacie anabysis of the results of 52 neonaies
comeeried to MAVA from oorentional wentilation, peak prssores and
supplsmentary cxygen keweds wee lower duning MAVA [20]. In older
mfans {mean age 43 monthis), MAVA was akso shown o impmee
patient-ven tlamor interacton [35]. In com pantson to S with FEY,
amongst the 19 inkants who oompleted 2 ninehoor proom] e work
of bregthing was lower on NAVA and hiood gses wer mainQined
despite the e of lower pal pres sures | 36]; mprosemen s in long
funchnn hiawe koo been desoribed | 37] NAVA has ales bren shown o
e feasible in indants with a postenc-daieral diaphogmatic defect [32]
These enooum Ting results shoukd promps B CEs with clinsca iy relevant
lomng-feem cutoom es.

24221 Volwme-agerd vendinton (VTV). Exossive volume, sven
fior a shantpeniod after binth, cn oompromisefong fun oion | 3] Smdies
i an anim al moded b e indicaed that it i Lge solumes ofher gan
Large pressures that canee wentilabor- nduced bung, injury {VIL) [40]
During wolume -G rgeted ventilation (VIV),a mnstant volume s=t by

n in jprem aturedy bomn infants and have
heenmn:luded in the most recent reviews and med-
analyses [42] This demansraed that VTV modes were assooared
with 2 reduchion m e mcidence of BPD 2t 35 wesics PMA (RE, 055;
S5 (0,039 i 0.59; nine k) and signi fiant reductions in 2l IVH,
grades 34 IVH, PV preumoshora and bypocarbia. In addmon, the du-
rasons of mecharical sentilston (mean diffesnce, 2 days; 952 3,
L8553, 14] and supplsmerniary coygen | 1.68 days, 3920, 05 to 247)
weTe shonier with VIV modes. Thene was, however, no significant w-
duction in morlity and niolong-m oo ioomes wene neported. Diffi-
culies in generalimng these res s ae ot different ventilaors were
e i the twvo 2 0 some of thetrals and diffenent sodume Grgetng
weniilsors wer weead in fhe warous trils (oee ghove | In addibion,
differant bwels of wolume tagetng were nsad and shudiex have
showmn that ghe VT level signifianty affeos the work of breathing
it in enfants wiith aoute respiratory distress | 48] and in e recwery
stage | 43| Fallow-up of 548 of 109 mfnts o two years of age has been
periormed from one of the RCTs 44 | mcluded in the med-analyss.
There wer no sipnificant differences in hospia ] eadmission rates or
fregquency of respiratony diness befwesn the fao groups; however,
fiver chillcdemiin ghe VTVanm requ red teahment with inha bd stencidc
o ranchodilators {p e Q04) [45] In ndanis bommat ienm, 2 VT lend of
& miljliog was aesociated with 2 sgnificanthy lower work of breathing
wentilation without wolume targesing, whether shis improwed long-
TN S am S Was Nt irvestgated | 46)-

2.5 High frequency jot et (HEV)

IDurin g high-=frequency jet wentilation | HAV ] e puloees of g 2
high prescores 2 delfvered thacagh 2 small bere injacinr cannol in 2
triple lumen endotradheal wbe or via an adapior attached i the
proomal end of an endairacheal fube. Rades of 200500 bpm are wed
and the high-selooty pulses of s enmain humidified gas down the
endotmcheal tube. In 2 RCT, wihich induded tenm-born mGnis, there
weTe Sgnifi@nt improvements in ooygenation in those supported
with mome HFV. There wee no sgnificant diffsnn o= in longer
cartvmamies, that i, dumsion of werilation, aoyen ation or hocpitalza-

25 High-frequmcy anoilinngy wethntion

IDuring, high-frequen oy csallaory vendlatan {HAYY) small tidal
wolumesare delinered at rapid rates, waally in the range of 10=15 He.
Thes have bean many ROTs assacsing peopiyilactc HEDW, which com-
menced in the first 24 howrs after birsh. 'I'I'El'n:tl.m!jmnlh&
Cochraned 4= conche ed e o HFOW asig-
miifi cant, bt miedest redhuction inthe risicoof IBAD, bt a meta-anabysis of
paent beved data |45 did not show any adwantage of HIFDW over con-
wenin al wentilason mmtmmmmmm
BAD. There are pmblems in intepreging the da@ from the mea-
analyses in that the il wene of wery differen tdesign, diffierent vens.
Lamners wers ueed and some uaed 3 bow sndume siratery dusing HFOL In
addition, different comparainr ventilaion iedhniques wene weed, 5o i
5 mot dear whether preive: sl reflacied ghe supsnionty of HROW

| Hn!“:gimﬂnﬂ wentilation Sraeges and long-emn espiraay curmmes, Early Hum Dey {3014),
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o the inferioniy of the ather iechmique; none of the ik wesd VIV o
companson. In e Uniied Kingdom Osoillasion Sudy {LKOS), 797 in-
fani bomn pricr 10 29 weedcs of gestation from 5 centres, wene ran-
domized unsquely within an howr of Bisth © HFOV or covensonal
wentilation [50]; no signifiant diferences in shont-tenm outomes
were demonsiied Ther were alkoo no significant d filsnenes in lung
funition resuli 2 one yearaf age [51], bar ghe recul e only from
amtunndcmnuLmdmmuudmulamrhum

was anly i by of In mirospect, this
Wi N MmpOrEnt Lmesn, uii:lul' -.pmdﬂszmmumd
gt Hom, 25 at function al re-

ndl.ﬂapﬂﬂll"mnﬂtjnlzmil:mamd,mngi:m
Ietter i [BPD infants whio had been sup posted by HROW rather gan
OV Thiose mesulis | 53 wee niot fiom 2 mndam ized inial, bt syggested
Sat HFOW might preene smallaireay funcion. That bypothess was
prowen by anassessment of 319 children eniered into the UIKDS when
aged 11 1o 14 years, which demonsraed sgnificnt differences in
small airway funotion in Swor of HROW (2 soone for FEFTS, — 097 with
HRIV wersus — 1,19 with convention ai thara py). Thens wee significant
differanom in wor of saveral ather measums of nesp ooy funeton
o ding FEV1, forced wial cpaaty, peak sopiraiory flow, diffusng
capaaity and inpulee ceollametry. In addition, Se HFW goup had sz
mificandly higher rasings faom teachers inthree of edght schod subjecs
assenrd.

261 gt Hyph { prt o bomg iR casroaE

[BFD has been ued aa.n.l'mg.bi:ﬂmgtﬂ'm oD i nennatal
wentison ROTs, it has bacame mcreasingly apparent shat shis i inap-
jprepriate In 2 RCT of placsbe cr witmin A, asmall bt sign i cant reduc
Bon inBPD was demonesirated [35], bt no benefiis were demonsiraned
in Espianry quiomes at one year [36] Furthenmare, in 2 RCT of

Ehere was no Educsion in S com bined

carerme of dea®h or BPDat 36 weels A, bt 2 o Stocly dem-
aetrated significant raduction s in spisodes af recpiratory liness e
enaugh io equine e we of mxpin ey medicsons and radocinns in
Incespirtall achmi sores amd smengenc y room wis s n s highest niskin-
i 37]

Key guidedines

+ (OPAP should be used fndiowing extubation of prematune by born in-
fants, but how CPAP should be chopped needs further sdy.

= Viodum-targeted sentilation may raduce BPD, VT kv of & miilg
rather ghan bower leseds reduce the weork of breathing, bt whether
thits influences bong-tenm owioomes needs investigSon.

Feszaxhd rections

* Itis emmenitial i deteam ine whesher significant differen o in the ne
sulks of addlesomn i whohad been eneed 0o UKOS are mainsined
after pubsrty Siose results would miorm necnatal sendilaon

pocEe.
= Al new ventla tor stategies shoubd be aseessed in tials ghat are
appropa ety powened to 2 a5 bon §Em armmes.
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Review finds insufficient evidence to support the routine use of heated,
humidified high-flow nasal cannula use in neonates
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INTRODUCTION

During heated, humidified, high-flow nasal cannula
(HHFMC), heated and humidified gas is delivered at high-
flow rates between 1-8 Lé/min via nasal cannulae. it has
been suggested that HHFNC may be effective by eliminating
the dead space (1), reducing the work of breathing (2),
improving lung compliance at higher flow rates (2) and
delivering some degree of continuous positive airway
pressure (CPAF) (1,3). There are, however, concerns about
the unpredictability of the positive airway presures gener-
ated (4-6) and the possibility of increased risk of infection,
particularly due to Ralstorig spp. (7) and gram-negative
organisms (). Mevertheless the technique has become
popular, with 63% of units in Ausralia and New Zealand
reportedly usng HHFNC in 2010 (9). A survey of 214
neanatal units in the UK, with a 100% response rate,
highlighted that 55% of units used high-flow ceygen therapy

than nasal coninuous positve aimay presame, but simificanty betier nasal Tauma soores.
Infections with Ralsionia bactefa wes an Bsue

Conclision: Them is inaffident evidence to suppont fie mutine 182 of HHANC for
prematue infants and furber msearch & requisd.

57 level two or three neonatal units in the UK reported that
HHFNC was used in 77% of units (11). The survey
highlighted that HHFNC was used mainly as an altemative
to, or weaning from, CPAP and following extubation, but
many other uses were reported (1 1). HHFNMC was perceived
tobe easier to use and allow greater access to the baby. It

Key notes

» A literature review was camied out following concemns
about the use of heated, humidified, high-flow nasal
cannulae (HHRNG) in premature infants.

» Randomised trials following extubation showed that
HHFNC was assodated with similar or greater reintu-
bation rates than nasal continuous positive ainway
pressure, but significantly better nasal trauma scores.

»  There is insufficient eviden ce to support the routine use
of HHANC for premature infants and further research is
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was demonstrated, however, that 39% of units used HHFNC
without policies. The authars of the sumvey concluded that
the current use of HHFNC appeared to be without clear
criteria and mostly based on individual preference and that
there was an urgent need for research to evaluate its use in
newhoms. Our aim, therefore, was to critically review the
literature to determine whether there was sufficient evi-
dence to support the routine use of HHFNC in certain
circumstances for prematurely born infants

DELIVERY OF DETENDING PRESSURE

The distending pressure delivered by HHFNC is depen-
dent on prong size. There have been several attempts to
produce a formula to calculate the pressure generation
during HHFNC at different flow mtes on the basis of
infant weight, but inconsistent results have been produced
(1,12). Airway pressure increases with the nasal prong to
nares ratio (13). In an in vitro system (5), and in 18
infants (14), the pressure increased with ncressed flow
(5). In 15 patients with respiratory distress syndmme
(RDS), the presence of a leak as small as 30% reduced the
presure to <3 em HxO (50 Among infamts with a post-
menstrual age of between 29 and 44 weeks, and a birth
weight (BW) of 8353735 g, no presur was genemted
when the infants' mouths were open, mgardless of
whether flow mtes of up to 5 L/min were used (4). When
the infants' mouths were closed, the oml cavity pressure
was related to both flow rate and weight. For the subgrmoup
of nfants with birth weights <1500 g there was a linear
relationship between flow mte and oral cavity pressure (4).
In a model, small medium and lamge nares were simulated
by holes drilled in a plastic fixture, which was connected
to & lung simulator that simulated spontaneows breathing
(15). Masal cannulae were inserted in the nares of the
model, ersuring that the occlusion of the nares did
not exceed 50%. Flow was adjusted from 2 to & Lémin
in 1 L/min increments Not surprisingly, the greatest
effects on tidal volume (VT) and pressure change as flow
was increased, occumred with the smallest cannula Collins
etal (16) compared pharyngeal presures using two
commaonly wed HHFMC devices, the Fisher & Paykel
Hesdltheare HHFNC (Auckland, Mew Zesland) and the
Vapotherm 2000 (Vapotherm Inc, Stevensvile, MD,
USA), in nine nfants at flow rates of 28 L/min. There
was no difference in pharyngeal pressures recorded
between devices at flow rates of 2-6 L/min. At flow rates
of 7 L/min, the Vapotherm delivered a mean pharymgeal
pressure of 4.7, with a standard deviation (SD) of
22 em HzO, compared with a mean of 4.23 (8D 2.3)
cm HyO) by the Fisher & Paykel device (p = 004). At a
flow of & Lé/min, the mean pharyngeal pressure via the
Vapotherm was 49 (5D 22) cm H20, compared with 4.1
(SD 23} cm HyO with the Fisher & Paykel device
(p = 0.05). Whether such differences are clinically impaor-
tant remaing to be determined, and further studies are
required to asess the relationship between flow and
pressure in a variety of patient groups.

WORK OF BREATHING (WOB)

Ina cmsmover dudy (2), 18 infants with a hirth weight <2 kg
and a mean gesational age (GA) of 28 weeks were rando-
mised to 6 cm HyO nCPAP or HHFNC delivered at 3, 4 and
5 L/min. Mo significant diferences in the work of breathing
(WORB) on the two respiratory support modes were reparted
(2). In another study, (17) the WOB was compared in a
crssover study involving 20 infants (mean GA 28 weeks
and BW 1.5 kg) at two levels of nCPAP settings 5 and
6 em HyO and two levels of HFNC settings 5 and 5 L/min
(17). The WOB was asessed using respiratory inductive
plethysmography (RIP). Infants on nCPAP had significant
greater chest and abdomen mchmony on CPAP compared
with HHFMC, but there was ovedap of the confidence
intervals;, hence, the authors suggested the results were
unlikely to be of clinical significance. The we of different
devices to deliver CPAP complicates interpretation of the
comparions of the WOB of infants on HHFNC or nCPAP.

RESMRATORY DISTRESS SYNDROME

Mo evidence of barotrauma, CPAP belly, nosocomial
infection, nasal trauma, or nasal mucws plogging was found
among 109 prematurely bom neonates when the Vapo-
therm was wsed as the primary treatment for mild to
moderate RDS or pogextubation, mther than CPAP (18)
(Table 1). Shoemaker et al. () performed a metmospective
database review of 101 infints with RDS admitted to two
regional referml centres over two eras. HHFNC usage
increased in infants of all gestational ages and the use of
NCPAP decreased (p= 0.001). The increased use of
HHFNC was not associated with significant diferences in
death or broncho pulmonary dysplasia (BPD), but ventilator
days per patient were decressed (19.4-99; p= 0.03). In
addition, more nfants bom at <30 weeks of gestational age
were intubated for failing eady NCPAP, compared with
early HHFNC (40-18%; p = (L001), but there was no a
priori sample size calculation. Mair et al (19) reported the
outcomes of 67 infants with RDS rand omised in the first & h
after birth to HHFNC or bubble CPAP. The trial was
stopped prematurely because of the tempaorary recall of the
Vapotherm 20000 cxygen delivery device (Vapotherm Inc.)
related to meports of Ralstorda infections. ranpour et al.
(20) randomised 70 relatively mature, prematurely born
infants (gestational age 30-35 weeks) with RDS to receive
NCPAP of 6 em HyO from birth or NCPAP for the fist
24 h, then HHFNC. Flow rates during HHFNC were
determined from the formula of Sreenan et al. (12). There
were no significant diferences between the groups with
regard to short-term morbidities, but the nasal trauma score
was significantly lower in the HHFNC arm (20).

WEANING FROM NCPAP

Sixty infants who were 28 weeks of gestation or more, and
were stable an nCPAP at 5 cm H20 with aninspired cxygen
of = 5 forat least 24 h, were randomised to either continue
on nCPAP until they required no supplementary oxygen for
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Table 1 Sorie amemsing infants wih B804

Sample
Sonand Tem (18)  Obserefonal  Vapothern wsed as primany 1= Frermatunely bom neonates of BV Mo sasicdly sgnifiant eidence
HHRC resment for mild to between 500 and 1500 g of bamfauma, CPAP belly,
TR minderate RIS o rasommial irfedion, rasal
posedubatinn mther tan frama or nasd muces plagging
e
Shoemaker (5) Reyospedive  HHFNC (0 = 65) n(PAP 1 Er one: mean GA 281 wesks, o stadicdly sgnifican
b {n = 5&) mean B 1050 5 diffierenice in adverss auimmes
resion Er oo mesn GAL 276 weeks, following the mtmoducion of
mezn B 1017 g HHAC and lower days ven Saed
{95 verme 19.4) with HHERC
{p =003
Blair {15) RCT HHFNC (56 L/min) verss a7 HHFNC group; mesan GA Fremnature ciosue due o el of
“bubble” nCRAR 52 wedds BW 1675 g nCRWR HHRNC devices due io reports of
{56 an Ha0) group: mean GA 51 weske, BW Falonn nfedion Four mars n
1445 g each group (approadmately 125G
met predetermined failre giteria
and were rirfubated
rapour (A1) RCT nCPAR {n = & an Hy0) fram r HHFNC {rean GA 525 weeks These: wene no sgrifcant
birth or CPAP frthe it 24 b EW 18520 g) nCPAe: (mean GA diffierenices in the ooomene of
then HHRIC 525 wesks, BW 2210 8 niecroishn g eremcoits (MEC),
paiert ducus afeioaes (POA),
ineriruler hemarhage
{8, dvonic ung diseme
(LD}, preurnathora:, pulmonany
heemantuge, apnoss, sepss and
durstion of hospisdission

24 h or nasal cannula cxygenat 2 Lémin, described as high-
flow nasal cannula (21). During high-flow nasal cammula,
the flow rate was maintained until no supplemental oxygen
was required, then decressed by 0.5 L/min every 6 h to
0.5 L/min. The nCPAP group required less days in supple-
mentary oxygen (median 14 wersus 5 days; p = 0.001)
and less total duration of respimtory support (18 versus
105 days; p = (u03). Relatively low fow rates (2 L/min)
were wsed and higher flow rates wsually employed HHFNC
might have resulted in a different outcome. In a recently
reported, nonmndomised study, weaning from nCPAP by
either low flow nasal cannula (<03 L/min) or HHFNC
(initiglly & L/min) was compared. Use of HHFNC was
ssociated with an approximately 50% reduction in the
number of nCPAP days (median 13 versus 25 days), but no
sgnificant meduction in the totad days of noninvasive
respimtory suppaort (37 versus 34 days, p = 0.1) (22).

EXTUB ATION FAILURE
Comparison of prematurely born infants intubated for RDS
extubated onto HHFMNC to historical controls extubated on
nCPAP revealed no significant differences in extubation
Bilure rate, PDA, IVH, PVL and BPD (23) (Table Z).

In a multicentre trial infants mndomised to HHFNC
compared with those randomised to nCPAP did not differ
sgnificantly with regard to the primary outcome, which was

treatment failure within 7 days.  HHFNC failed, the
infants could then be transferred to nCPAP and if nCPAP
failed, infants were reintubated. Almost half of the infants
not successfully supported by HHFNC were subsequently
successfully treated with CPAP without reintubation. The
incidence of nasal trauma was lower in the HHFNC group
than in the CPAP gmoup (p = 0.01). There were no signif-
icant differences in the rates of deathbefore discharge, need
for cxygen supplementation at 36 weeks of postmenstrual
age (PMA), pneumathorax, patent duchs artericsus (PDA),
requiring treatment, necrotisng enterocolitis (NEC), reti-
nopathy of prematurity (ROFP) or IVH (24).

In a mndomised trial of 432 infants of 28-42 weeks of
gestational age, no significant difference was seen in eady
(=72 h) extubation failure between infants on HHFNC
{ 10.8%) compared with nCPAP [ 82%) (25). There was ako
no significant diference in the subsequent need for intuba-
tion ar in adverse owtcomes inchiding air leak between the
two groups. Infants remained on HHFNC longer than on
nCPAP (median 4 versus 2 days, p = 0u01). There were no
significant differences with regand to days on supplemental
oxygen (median: 10 versus § days) or the incidence of BPD
[20% versus 16%).

Collins et al (26) mndomly assgned 132 infnts
<32 weeks of gestational age to receive either HHFMNC or
nCPAP postextubation. The primary outcome of extubation
failure in the subsequent 7 dayswas defined as at least one of
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Table 3 Sudis e ming infants post adubnion

Referme Sudydsign  (ompizma Sample sre  Eighilty and patient doncersic  Gealt
Hallernar- Hisiorical HHENC (4-6 Lfmin) 114 GA25-29 werks Mo sgrificant difierences in edubation
Duray (25) companison {0 = 65) verss HHFMC group: faiure mie, PDA, IVH, PR, BPD
nCPAP (8 an Ha0) mezn GA 276 wesks,
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el B 10060 g
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B 1041 g 25 8% nCPAF)
P AP mean
CA 51 0 wessks
B 1044 g
Yoder (25} RCT HHFNC (n = 213 wemis 452 HHMC group: mean Mo sgnificant difievence in eady (<72 his)
nCPAP (n = 2200 G 555 weeks, escubatinn Sailre (HHFNC 105% and
B 201 g nPAP group: nCPAP A (p = .544)
mean GA 552 wisks
BN 208 g
Callirs {26) RCT HHFNC {8 Lfmin) 152 <152 wesks' GArequrng Exdubation faiue in the frsd seven days
{n = 67) verms mechanical vendsion and orumed n 25 (HHFNG and 58%
nCPA (7-8 om HaO) deermed rendy 0 e bate {nCPAF) p = 14] There was o
{n=#&8) HHFMC: mesn Gh 279 sgifiant diference in the number of
weeks, W 1125 g nlPAP: inias peintubated in e stwesk
mean GA 276 weeks, {17% HHRG 29% nCPAF) p = 048]
BN NS g
Campbell (37 BCT HHFNC {unhested) a0 HHRC goup: mesan More: HINC infarfs requined reintubation
mean fow rae Gh 37 4 wese, BIW {E0% verms 15%) {p = Q008 )
1.8 Lmin {n = 20) 1008 g. nCPW group: The HHANC group required mons
versis nPAP rmean GA 206 wesks supplernentary axygen and had mons
{56 cm M) BW S5 g episodes of apnoss and bradycarda
=) per dag

the following: apnoea (respiratory pawse »20 sec), more than
iix episodes in 6 h or one requiring intermittent positive
pressure ventilation, acidosis, pH«<725 and arterial carbon
dioxide levelk =66 mmHg and mom than a 15% sustained
increase in the inspired cxygen concentration. No significant
differences were found in the primary outcome or in the
number of infants reintubated in the first week. The mean
nasal trauma score, however, was lower in the HHFNC group
(3.1 vesus 7.4, p < 0.001). Among 40 infants with a mean
gestational age of 27 weeks who were randomised at
extubation to receive either HHFNC or variable flow CPAP,
12 of the 20 infants randomised to HHFNC were reintubated,
compared with only three of 20 on CPAP(p = 0U003) (271 In
addition, those supported by HHFNC required more sup-
plementary oxygen and had more episodes of apnoea and
bradycandia per day (6 4 & versus 2 4+ 3, p = 0.045). Digital
photograph was used toscore the nasal mucosa on days 1,7
and 30 following extubation, and no nasal damage wasnoted
in either group (27).

Four gudies, ncluding three postectubation studies, were
comsidered in 8 Cochrane review, which concluded that,
postedubation, HHFNC may be associated with & higher

rate of intubation than nCPAP. In addition, the review
highlighted that there was insufficient evidence to establish
the safety or efficacy of HHFNC as a form of respiratory
suppart for prematurely born infants (28).

COMPARISON OF METHODS OF DELIVERING HHFNC

A randomised comparison (29) was made of two methods
that deliver high-flow gas therapy by nasal cannula follow-
ing extubation. Group one (n=15) was supported on
Vapotherms for the first 24 h after extubation and then
received standand high-flow nasal canmula (=1 Lémin) for
the next 24 b Group two (n = 15) received standard high-
flow therapy for the first 24 h and then Vapotherm for the
next 24 h. At 24 and 48 h after extubation, a necnatologist
unaware of which modality the patient had been meceiving
examined the infant's nasal mucosa and a research nuse,
unaware of the modality, noted the respiratory mtes and
respiratory effort scores from the mndomised studys bed-
side mcord. After 24 b, infnts on Vapotherms had better
nasal mucosa (2.7 4+ 1.2 versus 7.8 + 1.7, p < 0.0005) and
lower mespimtory effort (12 + 06 versus 20 + 0.9,
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p = (U05) scores Mo patients failed extubation — required
reintubation or rescue by the other mode — while on a
Vapotherm, but seven failed while on high-low. OF these,
two were meintubated and five were transgemed to a
Vapotherm, p < 0.005 In another study, HHFNC was
compared using the Fisher and Paykel and Vapotherm to
prevent reintubation either within 72 h (primary outcome)
or 7 days (secondary outcome) after extubation of prema-
turely born infants. Forty infants with a gestational age of
between 26 and 29 weeks of gestational age were rando-
mised, and no significant differences were found in the
primary or secondary owtcome (30).

ADVERSE EVENTS

Masal trauma has been reported to be less problematic with
HHFMNC than CPAP (20,2629). In a recent study, a nasal
trauma score for prematurely bom infants receiving nonin-
vasive respirat ory support was devised and used to compare
the incidence of nasal trauma in & subset of infants, bom
before 32 weeks of gestation, who had been entered into a
randomised trisl comparing nCPAP and HHFMNC (26). Use
of HHFMC was associated with significantly lower nasal
trauma scores than nCPAP, and the difference was partic-
ularly marked in infants born <28 weeks of gestation (31).
A randomised, crossover comparison of 24 h of treatment
with nCPAF ar HHFNC, followed by 24 h of the altlemative
thermpy in infnts with mid respiratory illness, demon-
arated that parents preferred HHFMNC, but highlighted no
significant differences in a patient comfort score (32)

In 2005, six patients aged between 21 days and & years,
who were suppaorted by HHFNC in a healthcare Reility in
Permsylvania, were meported to hawe Ralstoria species
(gram-negative bacilli) (7). Surveillance then identified 10
hospitals where Ralstoria species were recovered from
clinical specimens and/or Vapotherm devices. Four of the
10 hospitals cultured the organisms from the Vapotherm
systems and reusable filter cartridges after they had been
disinfected according to the manufeturer's previously rec-
ommended reprocessing protocol A total of 18 paediatric
patients with positive Raktoniarespiratory orblood culiures
were reported from five hospitals in five states in the United
States, including 17 who had been supported by a Vapo-
therm system. In msponse, Vapotherm deweloped new
infection guidelines, including that the machines should be
meprocessed after each patient and that the delivery circuit
should be cleared using sterilisation mther than tap water.

The noise generated by two HHFMNC devices (Fisher &
Paykel NHF™; Vapotherm Precision Flow™) wing flows of
4-& L/min anda CPAP device (Driger Babylog™ S000 plus,
Drager Medical, Lubeck, Gemnany) at presaums of 4-
&cm HyO and a flow & L/min have been compared (33).
The noise was measured in the oral cavity of a newbom
manikin in an incubator in a quiet envirorment. The
Vapotherm HHFMC genemted the highest noise level
(81.2-01 4 dBAw). The Fisher & Paykel HHFNC noise
levels were between 788 and 812 dBA and the CPAP
device between 739 and 774 dBA In a mcently reported

randomised crossover trial, the noise genemted by HHFNC
and nCPAP were similar (mean 70 vesus 74 dBA, p = 0.18)
(52). All noise level were above the current recommenda-
tions of the American Academy of Pediatrics (34).

CONQUSION

There i insufficient evidence to suppaort the routine use of
HHFMNC for premature infants and further research is
required.
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