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Abstract

Aim

Late preterm infants have higher rates of intermittent hypoxaemia in the first weeks
after birth and worse long-term neurodevelopment than term-born babies. Caffeine
reduces hypoxaemia and improves outcomes in very preterm infants. We aimed to
establish the most effective dose of caffeine to reduce intermittent hypoxaemia in late
preterm infants and to evaluate and synthesise the evidence for the use of caffeine in

preterm infants.

Method

We undertook a double-blind, five-arm, parallel, dose-finding randomised controlled
trial to compare the effectiveness of oral caffeine citrate versus placebo in reducing
intermittent hypoxaemia. Following the development of an appropriate oral
formulation, we randomised 132 late preterm infants to 5, 10, 15 or 20mg.kg™.day™
caffeine citrate or placebo daily until term equivalent age, with a primary outcome of
intermittent hypoxaemia, two weeks post-randomisation. Finally, we formally
evaluated the evidence for the use of caffeine for apnoea and prevention of
neurodevelopmental impairment in preterm infants through a systematic review and

meta-analysis.

Findings

At two weeks post-randomisation, caffeine citrate at doses of 10 and 20 mg.kg.day™
reduced intermittent hypoxaemia compared to placebo, increased mean oxygen
saturation (SpQO.), and reduced time with SpO.<90%, with 20 mg.kg™.day” being most
effective. No adverse effects were observed on growth velocity or sleep at any dose, but
tachycardia increased at two weeks with all doses, and persisted at term in the 5, 10 and

20 mg.kg™.day™ groups.
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The systematic review included 15 studies (3,530 infants). Caffeine possibly reduced
apnoea (very low certainty evidence) and probably reduced bronchopulmonary
dysplasia (moderate certainty evidence), with higher doses probably more effective.
Only one trial reported neurodevelopmental outcomes beyond early childhood, with
moderate-certainty evidence indicating a probable lack of effect on neurocognitive

impairment in early childhood but possible benefit on motor function in middle

childhood.

Conclusion

Caffeine citrate 20 mg.kg™.day™ was most effective in reducing intermittent hypoxaemia
in late preterm infants and was well tolerated. Further research is needed to determine
if this dose improves neurodevelopmental outcomes; if it does, then use in this
population could be rapidly adopted to improve outcomes by means of a simple

intervention suitable for delivery outside the hospital setting.
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1. Introduction

1.1 Overview

The World Health Organization (WHO) defines preterm birth as that occurring at less

than 37 completed weeks of gestation. This is then further subdivided into:

e Extremely preterm (<28 completed weeks of gestation)
e Very preterm (28-<32 weeks)

e Moderate to late preterm (32-<37 weeks)(March of Dimes et al., 2012)

This final category is then commonly further broken down into moderate preterm (32-
<34 weeks) and late preterm (34 -<37 weeks) groups (Engle, Tomashek, & Wallman,

2007).

On a world-wide level, an estimated 11.1% of all live births in 2010 occurred preterm,
equating to 14,936,700 babies (Blencowe et al., 2012). This rate has not changed
significantly in the last decade, with an estimated 13.4 million preterm births in 2020
(Lawn et al., 2023). Preterm birth is more common in low and middle income
countries, with the highest rates in Southern Asia, where preterm births are estimated
to account for 13.3% of all live births, compared to 7.9% of births in higher income

countries (Lawn et al., 2023).

Preterm birth may occur as a result of spontaneous preterm labour or following
preterm premature rupture of membranes, or as a result of medically-induced delivery
for maternal or fetal reasons (commonly due to pre-eclampsia or eclampsia, or
intrauterine growth restriction)(Goldenberg et al., 2008). The reasons for spontaneous
preterm birth are often unclear, but may include infection, inflammation, vascular

disease or uterine overdistension or abnormalities. A large number of risk factors for
- 1 -



preterm birth have been identified, including previous preterm birth, multiple
pregnancy, ethnicity, extremes of age, periodontal disease and other infectious diseases,
exposure to air pollution, smoking and alcohol, physical workload or intimate partner
violence, short inter-pregnancy interval, gestational diabetes and poor nutritional

status (Goldenberg et al., 2008; Hunter et al., 2023).

Preterm birth is the leading cause of neonatal death, and the leading cause of death in
children under the age of five worldwide (L. Liu et al., 2015). Infants born preterm have
an increased risk of morbidity in the neonatal period and are more likely to suffer
infections, intercranial bleeding, necrotising enterocolitis (NEC) and respiratory
complications (Ashorn et al., 2023). In the longer term, they experience a wide array of
consequences ranging from growth impairment, delays in development and cognitive
impairment, to increased rates of disease in both childhood and adulthood, including
asthma, cerebral palsy, epilepsy, hypertension, cardiovascular disease, metabolic

syndromes, renal dysfunction and more (Ashorn et al., 2023).

A number of interventions - administered either to mothers antenatally when preterm
birth appears imminent, or to infants in the postnatal period - have been shown to
improve outcomes in the preterm population and have been incorporated into clinical
guidelines (World Health Organization, 2022). The most notable of these are antenatal
corticosteroids to improve neonatal outcomes, including mortality (McGoldrick et al.,
2020), and exogenous surfactant for respiratory distress syndrome (RDS)(Seger & Soll,
2009). Antenatal/intrapartum magnesium sulfate is administered to prevent
neurological complications in preterm infants (Doyle et al., 2009). Antibiotics are
recommended for women with preterm premature rupture of membranes, for their
effects in prolonging pregnancy and reducing maternal and neonatal infectious

morbidity (Kenyon et al., 2013).



1.2 Late preterm infants

1.2.1 Incidence of late preterm birth: The size of the problem

Late preterm infants (those born between 34 and 36*¢ weeks of gestation) form the
largest group within the preterm population, accounting for 68% of all preterm births
or 5.2% of all births in New Zealand (NZ) in 2017 (the most recent year for which this
data is available) and equating to approximately 3,200 babies annually (Ministry of
Health, 2019). This rate is similar to that seen in England and Wales (5.3% in
2020)(Bradford, 2022), while in the United States (USA), late preterm infants account

for approximately 7% of all births (Osterman et al., 2022).

Of the 11.1% of live births that occur preterm globally, moderate and late preterm births
(32-36 weeks) have been estimated to account for 84.3% (Blencowe et al., 2012). By
comparison, very preterm births (28-31 weeks gestation) account for 10.4%, and
extremely preterm births (<28 weeks gestation) 5.2%, of preterm births (Blencowe et
al., 2012). Therefore, although medical and research attention is often focused on those
infants born at the extremes of prematurity, late preterm infants account for the vast

majority of babies born before term.

1.2.2 Complications of late preterm birth

Late preterm infants are physiologically and metabolically immature (Engle et al.,
2007), and have a higher risk of morbidity and mortality in the neonatal period than
full-term infants (McIntire & Leveno, 2008). They are more likely than full-term infants
to have delayed establishment of oral feeding, temperature instability, hypoglycaemia,
jaundice and respiratory distress, and undergo investigation for sepsis (Wang, Dorer,
Fleming, & Catlin, 2004). Despite these risks, their size and weight mean they are often
managed in a similar manner as full-term infants and cared for on postnatal wards

rather than in neonatal units (Boyle et al., 2015).



In the longer term, late preterm infants are more likely to be diagnosed with cerebral
palsy (Moster et al., 2008; Odd et al., 2013), developmental delay (Darlow et al., 2009;
Woythaler et al., 2011), cognitive impairment (Heinonen et al., 2015; Quigley et al., 2012;
Talge et al., 2010) and behavioural disorders (Huddy et al., 2001) compared to term

infants.

While the individual morbidity is generally lower in late preterm infants than those
born more prematurely, the much larger size of the late preterm population
nevertheless means that they account for a significant portion of all neonatal
morbidity. Late preterm birth thus has significant implications in terms of resource use
both in the immediate care needed in the neonatal period, as well as in the longer term

in both the health and education systems (Premji, 2019).

1.2.3 Respiratory effects of late preterm birth

Several factors place late preterm infants at higher risk of respiratory morbidity. Lung
development is not yet complete, as alveolar development occurs during this period,
with maturation of the gas exchange surfaces occurring along with capillary growth in
the terminal sacs and an increase in surfactant (Engle et al., 2007). Correspondingly,
rates of RDS are higher in late preterm infants than those born at term, with an
incidence of 10.6% at 34 weeks to 2.7% at 36 weeks gestation, compared to 0.36% at
term (Teune et al., 2011), and transient tachypnoea of the newborn affects
approximately 10% of late preterm infants (Gyamfi-Bannerman et al., 2016).
Developmental immaturity of the central nervous system (CNS) may also increase the
risk of centrally mediated apnoea (Kinney, 2006), and while the rate of apnoea is lower
than in more preterm infants and varies between studies (within a range of
approximately 2-7%) it remains significantly above that of term infants (Gyamfi-
Bannerman et al., 2016; Henderson-Smart, 1981; Ramanathan et al., 2001; Teune et al.,
20m). Likewise, the need for continuous positive airway pressure therapy (CPAP),
mechanical ventilation or surfactant treatment follows a similar pattern, with rates
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decreasing across the late preterm gestational age window, but being significantly

higher for all late preterm infants than for those born at term (Teune et al., 2011).

However, the greater maturity of the respiratory system in these infants compared to
those born at earlier gestations means that significant and long-term respiratory
conditions are rare, with rates of bronchopulmonary dysplasia (BPD) of 0.6% reported

(Gyamfi-Bannerman et al., 2016).

1.2.4 Long term neurodevelopmental outcomes

Late preterm infants are at higher risk of adverse neurodevelopmental outcomes than
their full-term peers. (Cheong et al., 2017; Kerstjens et al., 2012; Petrini et al., 2009;
Teune et al., 2011; Woythaler, 2018). They have a 3-6-fold higher risk of being diagnosed
with cerebral palsy (Hirvonen et al., 2014; Petrini et al., 2009), and higher rates of
seizures and intraventricular haemorrhage (IVH)(Teune et al., 2011). A recent national
data-linkage study from Sweden has demonstrated an increase in intellectual disability
with decreasing gestational age, with the trend continuing throughout the late preterm
window, and up until 40 weeks post-menstrual age (PMA)(Yin et al., 2022). Similar
results have been reported in NZ, with those born at lower gestational ages having
higher scores for hyperactivity and lower ones for prosocial behaviours in the Strengths
and Difficulties parental and teacher questionnaires prior to school entry, and being
more likely to need input from the Resource Teachers: Learning and Behaviour service,

again with the trend continuing through the late preterm window (Berry et al., 2018).

In infancy and early childhood developmental delay is more common in late preterm
infants, with odds ratios of 1.36 -1.52 reported (Petrini et al., 2009; Woythaler et al.,
2011). Multiple studies have assessed measures of school readiness and academic
achievement and have also found poorer outcomes at primary school age for children

who had been born late preterm than those born at term. At 5-6 years of age,
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significantly poorer results were found in assessments of reading, maths, expressive
language and school readiness in late preterm infants in a cohort born in the USA in
2001 (Woythaler et al., 2015), while in a contemporary cohort in the United Kingdom
(UK) the risk of not achieving a good level of overall achievement at the end of the first
school year was 12% higher in late preterm children (Quigley et al., 2012). In a national
cohort of school-aged children in Scotland in 2005, the odds of having special
educational needs were 1.53 (95%CI 1.27-1.45) for infants born between 33 and 36 weeks
gestation (Mackay et al., 2010). However, in New Zealand and at a later timepoint,
children born between 33 and 36 weeks gestational age (GA) were no less likely to
achieve Level 1 of the National Certificate in Educational Achievement than those born
at 39-40 weeks GA (Level 1 achieved by 73% of those born late preterm vs 74% of those

born at term; difference not statistically significant)(Berry et al., 2018).

This increased risk of neurodevelopmental impairment is likely multifactorial, and may
be due to changes in development associated with maturation occurring outside the
uterus, the effects of maternal or fetal causes of preterm delivery, and morbidity

associated with prematurity (Kugelman & Colin, 2013).

The brain undergoes significant development in the last few weeks of pregnancy, and
preterm birth during this critical period may alter the trajectory of this development
(Walsh et al., 2014). Magnetic resonance imaging for newborns born prematurely and
at term has established that at 34 weeks gestation brain volume is only 65% of that of
the full-term brain, and gyri and sulci formation is far from complete (Hiippi et al.,
1998). The cortex gains approximately half its volume in the last 6 weeks before term,
and there is a five-fold increase in white matter between 35 and 41 weeks gestation
(Hiippi et al., 1998). Moderate and late preterm infants (32 - 36*° weeks gestation) have
been shown to have smaller brains with larger extra-axial spaces when imaged at term-
equivalent age, compared with babies born at full-term, and are more likely to show

features consistent with brain immaturity, including delayed gyral maturation and
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incomplete myelination of the posterior limb of the internal capsule (Walsh et al.,
2014). Similar features in very premature infants have been linked to cognitive delay,
motor delay, cerebral palsy and neurosensory impairment at two years of corrected age

(Woodward et al., 2006).

Antenatal complications that contribute to or result in preterm birth, including
congenital malformation, intra-uterine growth retardation and chorioamnionitis, and
maternal conditions such preeclampsia, hypertension, diabetes and maternal smoking
may also potentially be associated with poor neurodevelopmental outcomes or

behavioural problems (Kugelman & Colin, 2013).

Physiological consequences of prematurity may also result in conditions that increase
the risk of neurodevelopmental impairment. Hypoglycaemia is more common in late
preterm babies than term-born infants, as a result of low body fuel stores, inadequate
nutritional intake and an increased rate of conditions such as sepsis and hypothermia.
The risk of hypoglycaemia is exacerbated by feeding difficulties and a lack of effective
suck and swallow common in premature infants (Wang et al., 2004). Neonatal
hypoglycaemia increases the risk of poor executive function and visual motor function
(McKinlay et al., 2017) and developmental delay (Kerstjens et al., 2012) at preschool age.
However, this effect appears to have diminished by the end of primary schooling, with
children who experienced neonatal hypoglycaemia having similar rate of low
educational achievements to those who did not experience hypoglycaemia at 9-10 years
of age, although overall this group of children (who were all born with risk factors for

hypoglycaemia) had high rates of low academic achievement (Shah et al., 2022).

Hyperbilirubinaemia results from production of bilirubin in excess of that which is able
to be metabolised and hence excreted, and may result in acute bilirubin

encephalopathy and kernicterus if untreated (Olusanya et al., 2018). Late preterm
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infants have an increased risk of developing significant hyperbilirubinaemia compared
to full-term infants (Newman et al., 2000; Sarici et al., 2004), due to physiological
immaturity that includes a lower concentration of uridine diphosphoglucuronate
glucronosyltransferase (the rate-limiting enzyme in the excretion pathway for
bilirubin)(Kawade & Onishi, 1981), immature gastrointestinal function and feeding
difficulties that can lead to increased enterohepatic recirculation, decreased stool
frequency and dehydration, all of which predispose to hyperbilirubinaemia (Engle et
al., 2007). In addition, late preterm infants have an higher risk of developing neurologic
sequalae and neurotoxicity than their term-born peers with similar plasma bilirubin
concentrations, especially during the early postnatal period (Bhutani & Johnson, 2006),
as a result of developing neurons and astrocytes being more sensitive to neurotoxic

insult in the late preterm brain (Adams-Chapman, 2006).

Finally, conditions such as IVH, which cause injury to the structure of the brain and are
associated with cerebral palsy, cognitive and behavioural abnormalities, are inversely
related to gestation at birth. While much less common in late preterm infants than in
those born more prematurely, the rates of IVH are nonetheless higher in the late

preterm group than in those born at full-term (Marrocchella et al., 2014).

1.2.5 Interventions to improve outcomes

Infants born prematurely may receive several interventions with the intention of
improving outcomes in the neonatal period and beyond (World Health Organization,
2015). These interventions may be administered to mothers antenatally or the infant
either at birth or in the post-natal period, and include antenatal corticosteroids to
accelerate lung maturity (McGoldrick et al., 2020), antenatal/intrapartum magnesium
sulfate to prevent neurological complications in preterm infants (Doyle et al., 2009),
delayed cord clamping to allow for the transfusion of blood from the placenta to the
newborn (Mcdonald et al., 2013), dextrose gel for the prevention or treatment of

neonatal hypoglycaemia (Edwards et al., 2021; Edwards, Liu, et al., 2022) and iron
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supplements for infants with or at risk of iron deficiency (Mills & Davies, 2012). These
interventions all aim to improve outcomes for the infant in the short or long term or
both, and many are offered prophylactically to all infants identified as being at risk of a
specific condition, either because of their gestational age at birth, or the presence of

other identified risk factors.

Antenatal corticosteroids have been used since the 1970s to prevent respiratory distress
in the newborn following preterm birth. An early study by Liggins and Howie reported
a reduction in early neonatal mortality from 15% to 3.2% with betamethasone
treatment, and a reduction in the incidence of RDS from 25.8% to 9% in preterm
infants of less than 32 weeks gestation whose mothers received corticosteroids at least
24 hours prior to delivery (Liggins & Howie, 1972), or from 14.4 % to 8.8% across all
participants (Walters, Lin, et al., 2023). The most recent Cochrane review on the topic
found that antenatal corticosteroids reduced the risk of perinatal death (Relative risk
(RR) (95% Confidence interval (CI)) 0.85, 0.77 - 0.93), neonatal death (RR (95% CI)
0.78, 0.70-0.87), and RDS (RR (95% CI) 0.71, 0.65-0.78)(McGoldrick et al., 2020),
without long term effects on cardiometabolic or respiratory disease in the infants
(Walters, Crowther, et al., 2023). Though some questions remain about the optimum
steroid, dose and regimens, use for caesarean sections near term, and in women with
coexisting medical conditions (Shanks et al., 2019), the WHO recommend
administration of antenatal corticosteroids to women at risk of preterm birth from 24-
34 weeks gestation when preterm birth is considered imminent and there is no clinical
evidence of maternal infection(World Health Organization, 2015). In late preterm
infants, the ALPS trial found infants whose mothers were randomised to antenatal
corticosteroids had a lower risk of requiring respiratory support in the 72 hours
following birth (RR (95%CI) 0.8, 0.66-0.97; p=0.02), and of severe respiratory
complications (RR (95%CI) 0.66 (0.52-0.82); p<o.001), with no difference in major
neonatal morbidity (NEC, sepsis or IVH), but with an increase in neonatal

hypoglycaemia (RR (95%CI) 1.60, 1.37-1.87; p<o0.001), and increased likelihood of a
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prolonged stay in a special care nursery (RR (95%CI) 0.89, 0.80-0.98; p=0.03) (Gyamfi-
Bannerman et al., 2016). A more recent trial of antenatal corticosteroids for late
preterm birth in a lower-resource country did not find a reduction in neonatal death or
severe respiratory distress, but was closed early due to lower than expected prevalence
of primary outcomes and slow recruitment after recruiting only 782 of the 22,589
women required to adequately power the trial (WHO ACTION Trials Collaborators,

2022).

Magnesium sulfate was initially used for the prevention of eclamptic seizures and as a
tocolytic, before use was associated with a reduction in IVH and cerebral palsy (Kuban
et al., 1992; Nelson & Grether, 1995). Maternally administered magnesium sulfate
rapidly crosses the placenta to the fetus, where it crosses the blood brain barrier and is
thought to act to prevent post-hypoxic brain injury by inhibiting the release of
glutamine, reducing calcium influx (Elsayed et al., 2021; Hallak & Cotton, 1993).
Systematic review has established that antenatal administration of magnesium sulfate
to women at risk of preterm birth significantly reduces the risk of cerebral palsy (RR
(95% CI) 0.68, 0.54-0.87), and motor dysfunction (RR (95% CI) 0.61, 0.44-0.85), without
affecting paediatric mortality or other disabilities in early life (Doyle et al., 2009).
However, though the Cochrane review considered all preterm births, the majority of
participants in included trials were at gestations of less than 30-34 weeks, and clinical
guidelines currently variously recommend use for women at risk of delivery at less than
30 (The Antenatal Magnesium Sulphate For Neuroprotection Guideline Development
Panel, 2010), 32 weeks (World Health Organization, 2015) or 34 weeks (Magee et al.,
2019) gestation. The recently-published MAGENTA trial investigated the benefit of
magnesium sulfate in infants born 30-34 weeks gestation, and found no difference in
death or cerebral palsy at 2 years corrected age, though a reduction in the rate of RDS
(RR (95% CI) 0.85, 0.76-0.95) and BPD was observed (RR (95% CI) 0.69, 0.48-0.99)

(Crowther et al., 2023).
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At birth, the umbilical cord connecting the infants circulation to the placenta is cut,
either immediately following birth, or after a short ‘delay’ (a minute or more after
delivery, or after the cord has ceased pulsation)(Mcdonald et al., 2013). A delay in the
cutting of the cord allows for the transfer of blood in the placenta to the newborn
circulation, increasing the red blood cell volume by approximately 40% in full-term
infants (Yao et al., 1969). Though concerns have been raised of potential harms,
including polycythaemia, hyperviscosity, hyperbilirubinaemia and transient
tachyphnea of the newborn, these have not been borne out in clinical trials or resulted
in significant adverse effects (Mercer, 2001). Instead, systematic review has found
increased birthweight and haemoglobin levels (Mean Difference (95% CI) -1.49 g/dL,
-1.78 - -1.21) at 24-48 hours of age in term infants with delayed cord clamping and a
reduction in jaundice requiring phototherapy (RR (95% CI) 0.62, 0.41-0.96).
Furthermore, iron deficiency at three to six months of age is reduced, with infants
whose cords were clamped early being over twice as likely to be iron deficient as those
for whom clamping was delayed (RR (95% CI) 2.65, 1.04 - 6.73)(Mcdonald et al., 2013).
This reduction in anaemia may be particularly important for infants in low-resource
settings where poor dietary intake or iron can lead to anaemia, which negative effects
on psychomotor development (World Health Organization, 2014). Benefits are even
greater for preterm infants, with a reduction in hospital mortality in preterm infants
who had delayed cord clamping (Fogarty et al., 2018; Rabe et al., 2019). In late preterm
infants, a retrospective cohort study of placental transfusion (delayed cord clamping or
umbilical cord milking) reported significantly higher haematocrit (47.6 + 6.2% for
immediate cord clamping vs 53.5 + 6.6% for placental transfusion; p<o.o1) and a lower
incidence of neonatal intensive care unit (NICU) admission for respiratory distress
(16.9% vs 4.5%; p=0.03) for infants who received placental transfusion, compared to
those who received immediate cord clamping, with no effects on requirement for
phototherapy, symptomatic polycythemia, length of hospital stay or NICU admissions
(Chiruvolu et al., 2022). Furthermore, delayed cord clamping may reduce the incidence
of neonatal hypoglycaemia in the first hour of life in late preterm infants exposed to

antenatal corticosteroids (Hitchings et al., 2022).
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Iron is required for normal growth and organ development, and deficiency in early life
can result in long term alterations in brain structure and function (Georgieff, 2011).
Infants born preterm have reduced iron stores as accretion of iron occurs across the
third trimester of pregnancy (Lackmann et al., 1998), and supplementation with enteral
iron in these infants improves haemoglobin levels, reducing the incidence of iron
deficiency anaemia (Mills & Davies, 2012). Meta-analysis has found an improvement in
linear growth with iron supplementation, and though beneficial effects on
neurodevelopmental outcomes have not been observed, there is a lack of adverse
effects at standard doses (Manapurath et al., 2022). However, the evidence was of low
quality and significant heterogeneity has limited meta-analysis (Manapurath et al.,
2022). Given the evidence for poorer outcomes in infants and children with iron
deficiency anaemia, and a reduction in the incidence of anaemia with supplementation,
guidelines recommend that preterm and low birthweight infants receive prophylactic
enteral iron at a dose of 2-3 mg.kg'day™, starting from two weeks after birth (Agostoni

et al., 2010; Domellof et al., 2014; World Health Organization, 2022).

Finally, neonatal hypoglycaemia is associated with brain injury (Burns et al., 2008),
neurodevelopmental problems (Kerstjens et al., 2012; McKinlay et al., 2017) and poor
school performance (Kaiser et al., 2015), though how far-reaching these effects are is
unclear (Shah et al., 2022; Tin et al., 2012). Oral dextrose gel, administered to the
mucosal surfaces of the mouth, has been used for both the treatment of identified
hypoglycaemia and the prevention of hypoglycaemic episodes in high-risk infants, such
as those born to diabetic mothers, preterm, or small or large for gestational age
(Edwards et al., 2021; Edwards, Liu, et al., 2022). When used prophylactically, oral
dextrose gel reduces the risk of hypoglycaemia (RR (95% CI) 0.87, 0.79-0.95) without
increasing adverse effects (Edwards et al., 2021), and results from an initial dose-finding
study indicated dextrose probably reduced the risk of major neurological disability at

two years corrected age (RR (95% CI) o0.21, 0.05-0.78)(Edwards et al., 2021; Griffith et
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al., 2021). However, assessment of infants at two years corrected age in the largest trial
to date found no difference in neurosensory impairment between those randomised to
caffeine or placebo, but the dextrose group had a significantly higher risk of motor
delay (RR (95%CI) 3.79, 1.27-11.32) and significantly lower scores for cognitive, language
and motor performance (Edwards, Alsweiler, et al., 2022). Prophylactic use of dextrose
gel has been found to be cost effective, reducing direct health-system costs and
improving quality of life, as well as increasing exclusive breastfeeding rates (Glasgow et

al., 2020; Makker et al., 2018).

It is thus clear that prophylactic interventions provided ante- or perinatally, or in the
neonatal period can have significant effects on improving both short and long term
outcomes for infants born preterm. Given that late preterm infants account for the
large majority of preterm births, interventions that improve outcomes in this group
may be expected to have the largest impact on public health in the long term (March of

Dimes et al., 2012).

1.2.6 Pharmacokinetic changes

Numerous small studies investigating the pharmacokinetics of specific drugs in the
preterm population have been published. Despite this, limited information on drug
pharmacokinetics is available to support safe and effective prescribing in this
population. This is due to the diversity of the preterm population in terms of
gestational and postnatal age, comorbidities, diet, antenatal and postnatal environment
and exposures, and genetic polymorphisms, combined with the challenges of
conducting detailed pharmacokinetic research in this population (Allegaert et al., 2014;
Ward, 2006). In recent years, attempts have been made to address the lack of
information, and the limitations inherent in conducting individual studies for every
drug, through the development of age-defined physiologically based pharmacokinetic
models. Currently, these models have substantial assumption-based limitations and
can only give an rough indication of likely concentrations in preterm infants, however
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with refinement and further data input these models are likely to offer benefit in the

future (van den Anker & Allegaert, 2021).

While some generalisations (such as decreased clearance resulting in prolonged half-
lives in preterm infants) can be made, developmental changes can be unpredictable,
non-linear, and occur at different rates for different processes. Consequently few
developmental changes have been studied in sufficient detail in a large enough group
to allow for a detailed description of the changes occurring at each week of gestation to
be made (Ward, 2006). Further complicating pharmacokinetic analysis is the fact that
developmental maturation is a function of both gestational and postnatal age, so that
the level of functioning of organ systems, and subsequent effects on drug disposition, in
a newborn infant of 32 weeks gestation may be significantly different to that in another
infant with a corrected gestational age (CGA) also of 32 weeks, but who is 6-weeks old
and was born at 26 weeks gestation (Salem et al., 2021; Voéller et al., 2021; Y. Wu et al.,

2022).

Pharmacokinetics are usually described in terms of the four constituent processes of
absorption, distribution, metabolism and excretion. Absorption and distribution are
relatively poorly studied in preterm infants, though differences from older children and
adults may be expected based on known physiological changes and the physiochemical
properties of drugs. Absorption of drugs administered orally (and hence onset of
action) in the late preterm infant may be slower due to reduced gastrointestinal
motility (Broussard, 1995)and decreased bile secretion (Strandvik et al., 1994). An
increased gastric pH resulting from lower levels of gastric acid secretion (Hyman et al.,
1985) may affect drugs differently depending on their nature as acids or bases. The
near-constant presence of milk in the gastrointestinal tract may result in drug binding,
preventing absorption, and the effects of this may differ depending on whether the
infant is breastmilk or formula-fed (Ward, 2006). Thinner skin in preterm infants
allows greater absorption of topical products (Oranges et al., 2015), while a lack of
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muscle mass and higher muscle capillary density affects intramuscular drug

administration (Tayman et al., 2011).

Distribution is affected by differences in body composition, with a higher water : fat
ratio in preterm infants than older children and adults affecting drugs differently
depending on their degree of water or lipid solubility (van den Anker & Allegaert, 2021).
Distribution is also affected by differences in plasma protein concentrations in infants,
as only free drug is available for both pharmacological effect and metabolism and
excretion. Lower concentrations of plasma proteins (such as albumin) in late preterm
infants result in a reduction in the proportion of drug bound to these carrier proteins,
and hence an increase in the proportion of free drug at equivalent plasma
concentrations, potentially leading to therapeutic or toxic effects at lower total drug

levels than those seen in adults, as was demonstrated with theophylline (Aranda et al.,

1976).

Compared to absorption and distribution, relatively more research has been devoted to
metabolism and excretion, which together influence the clearance of the drug from the
body. These functions are generally performed by the hepatic (metabolism) and renal
(excretion) systems, in which different aspects mature at different rates, making
generalisations difficult (Allegaert et al., 2014). Hepatic drug metabolising enzymes may
be grouped into three classes based on developmental trajectory. Class 1 enzymes are
most active in the fetus in the first trimester, Class 2 are expressed relatively
consistently from fetal life to adulthood, and Class 3, represents the majority of
enzymes, covering those that are expressed at negligible-to-low levels in-utero and
increase over time (Hines, 2013). Within this final group, the onset and time to
maximum expression varies considerably, with significant increases occurring within
weeks to years after birth, but beginning before birth for some enzymes, and not
reaching adult levels of functioning until after puberty for others (Hines, 2013). Dose
adjustments for prematurity will thus depend on the metabolic pathway for a specific
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drug, but are also affected by concomitant disease characteristics, treatment
modalities, pharmacogenetics, environmental factors and drug interactions (van den
Anker & Allegaert, 2021). Excretion, or elimination of the drug from the body, occurs
primarily through the kidneys as a result of glomerular filtration, tubular excretion and
tubular reabsorption. Glomerular filtration is low at birth, and increases rapidly in the
postnatal period as cardiac output, renal blood flow and arterial blood pressure
increase and renal vascular resistance decreases. As a result, renal clearance is typically
higher in infants with a greater postnatal age, compared to infants with the same
gestational age but born more recently (Salem et al., 2021), though the magnitude and
clinical importance of this difference is disputed (Anderson & Holford, 2018; lacobelli &

Guignard, 2021).

1.3 Respiratory function

1.3.1 Fetal respiratory development

Development of the respiratory tract begins at approximately 4 weeks post-fertilisation
(6 weeks GA), and continues throughout pregnancy, the peripartum period and
childhood and into early adulthood. Lung growth is divided into five stages of
development, starting with the formation of the trachea and bronchi during the
embryonic stage (5-9 weeks GA) and progressing through pseudoglandular and
canalicular stages, with progressive branching of the respiratory tract and cell
differentiation at each stage (Schittny, 2017). Primitive alveoli begin to form during the
canalicular stage (19-29 weeks GA), and pulmonary surfactant is excreted from
approximately 26 weeks (Schittny, 2017). Further dilation of the of the saccules and
thinning of the airway walls during the saccular stage (30-38 weeks GA) results in an
increase surface area for gas exchange and, combined with increases in pulmonary
surfactant, resulting in a lower incidence of respiratory distress with increasing
gestation at birth (Joshi & Kotecha, 2007). The final stage of fetal lung development

occurs from approximately 38 weeks GA, and continues throughout childhood and
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adolescence, with the saccules subdividing though the formation of septa into a rapidly

increasing number of alveoli (Narayanan et al., 2012).

Although the human fetus develops within a fluid-filled sac, relying on placental
transfer rather than respiration for gas exchange, breathing movements have been
observed from early in pregnancy. Along with fetal hiccups, fetal breathing movements
closely follow the development of the diaphragm at 8-10 weeks, with fetal breathing
being observed from 9 weeks onwards, and all fetuses in an early ultrasound study

demonstrating fetal breathing by 12 weeks gestation (de Vries et al., 1982).

Pulmonary distension from both static stretch (due to the production and retention of
lung fluid) and episodic stretch (cycles of fetal breathing) are important for lung
development in utero (Kitterman, 1996). Animal studies involving the occlusion of the
trachea or bronchi have demonstrated this results in hyperplasia of the lungs (Alcorn et
al., 1977), and similar effects have been reported in infants born with congenital
abnormalities that result in a laryngeal or tracheal obstruction (Scurry et al., 1989) or

following pregnancy complicated by ogliohydramnios (C. S. Wu et al., 2017).

Fetal breathing movements provide mechanical stimulus to the developing lungs,
stretching the developing tissue in an episodic manner as fluid moves in and out of the
lungs. These breathing movements are thought to prime the infant for postnatal
respiration by conditioning the respiratory muscles and enabling development of
neural control of respiration, as well as contributing to differentiation and growth of
the lung tissue (Kitterman, 1996; Koos & Rajaee, 2014). As with static stretch, animal
research has demonstrated the importance of fetal breathing in normal pulmonary
development, in that abolition of fetal breathing results in decreased lung growth

(Wigglesworth & Desai, 1979), and in infants with congenital conditions resulting in
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abnormal or absent fetal breathing movements, lung hypoplasia is common

(Kitterman, 1988).

Fetal breathing follows an episodic pattern with periods of rapid breathing interspersed
with periods of apnoea. The proportion of the time the fetus spends breathing increases
over the course of the pregnancy, from approximately 2% at 10 weeks (de Vries et al.,
1985) to approximately 35% at 30-34 weeks gestation, and approximately 50% at 35-39
weeks GA (Fox et al., 1979). This increase is most marked between 26 and 30 weeks GA,
with the increase continuing at a lesser rate to 36 weeks gestation, though there is
considerable inter-individual variation in both the incidence and duration of breathing

episodes (Pillai & James, 1990).

Although fetal breathing is not due to a requirement for respiration, many of the
conditions and triggers that affect postnatal respiration, such as hypo- or hypercapnia
or the presence of CNS depressants, also exert similar effects on fetal breathing
patterns. Initially, breathing movements appear random, but as pregnancy progresses
the links between triggers and fetal breathing movements become more apparent,
along with diurnal variation (Koos & Rajaee, 2014). Movements peak in the evening,
and are at their least frequent and shallowest in the early hours of the morning (de
Vries et al., 1987). Fetal breathing movements are responsive to changes in glycaemia,
with movements occurring more frequently after maternal meals, and for longer
periods in fetuses where the mother has gestational diabetes (Yeoshoua et al., 2012).
Fetal breathing movements also respond to changes in maternal blood concentrations
of respiratory gases, with hypercapnia increasing the incidence of fetal breathing
movements and hypocapnia reducing them (J. Ritchie & Lakhani, 1980). These changes
in PaCO,; affect the incidence of fetal breathing movements without affecting more
general fetal movements (K. Ritchie, 1980). Fetal hypoxia is associated with a biphasic
response, with a brief initial increase in ventilation, followed by a profound decrease,

often to apnoea (Walker et al., 2000). Mirroring post-natal reflexes, severe oxygen
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deprivation results in deep gasping respiratory movements in utereo, and this may
account for meconium aspiration and the presence of other amniotic fluid-debris in the

lungs of stillborn and asphyxiated fetuses (Hooper & Harding, 1990).

Reduced fetal breathing movements may be observed following exposure to CNS
depressants such as ethanol (McLeod et al., 1983), while respiratory stimulants such as
doxapram and the methylxanthines are associated with increased fetal breathing
movements (Hogg et al., 1977; Moss & Scarpelli, 1981). Nicotine from cigarette smoking
has been shown to change the pattern of fetal breathing movements, increasing the
rate of breathing, but also increasing the interval between episodes of breathing
(Eriksen et al., 1983). With the onset of labour, fetal breathing movements are inhibited
(P. Boylan & Lewis, 1980), likely due to the increase in circulating prostaglandins

(Stojanovska et al., 2022).

1.3.2 Transition

The transition from fetal to neonatal life requires that the infant establishes continuous
respiration to replace the placental oxygenation that has occurred during intrauterine
life, as well as independent metabolic and nutritional capabilities and changes in
cardiovascular circulation. This transition involves multiple, rapid and profound
adaptations that must occur around the time of delivery, the most pressing of which
are the changes to the pulmonary and cardiovascular systems (P. Reynolds, 2013). In
particular, in relation to respiration, fluid which has filled the lungs must be absorbed
or expelled and the lungs, and especially the alveoli, must expand and establish

functional residual capacity (Jain & Eaton, 2006).

The mechanisms by which these changes occur are complex and multifactorial, with
the onset of changes beginning prior to established labour (Swanson & Sinkin, 2015).

Fetal lung fluid is secreted in increasing amounts throughout pregnancy, but this
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secretion drops significantly prior to the onset of labour (Brown et al., 1983; Dickson et
al., 1986; Kitterman, Ballard, et al., 1979). In addition, in late pregnancy the maturing
fetal adrenal gland produces increasing amounts of cortisol which results in an increase
in the number of epithelial sodium channels, leading to sodium resorption and the
consequent movement of fetal lung fluid from the alveolar air spaces to the interstitial
and intravascular spaces (Andersson et al., 2010; Jain et al., 2001). Animal studies have
demonstrated that this process begins prior to labour, but increases significantly during
labour, and it is likely that this mechanism is responsible for a significant portion of the
lung fluid clearance which was previously attributed to the physical compression of the
thorax as the fetus passes through the birth canal (Jain & Eaton, 2006). Cortisol also
stimulates the production of surfactant, which reduces the surface tension at the gas-
fluid interface within the alveoli and maintains alveolar expansion (Swanson & Sinkin,

2015).

The first extrauterine breaths result in an increase in the partial pressure of oxygen
(PO.) in the circulation over that seen in utero. This causes dilation of the pulmonary
arteries, and hence a rapid reduction in pulmonary vascular resistance which results in
increased pulmonary blood flow, further increasing gas exchange (P. Reynolds, 2013;
Swanson & Sinkin, 2015). At the same time, the resistance of the systemic circulation
rises as the low-resistance placental circulation is removed by the vasoconstriction of
the umbilical artery as a result of the increase in oxygenation and/or clamping of the
umbilical cord. The increase in systemic vascular resistance and decrease in pulmonary
vascular resistance, combined with the increase in oxygen saturation triggers the
closure of the ducts that have supported fetal circulation, resulting in transition to

postnatal circulation (Hooper et al., 2015).

1.3.3 Initiation and maintenance of respiration
In addition to the physical changes to the respiratory and cardiovascular systems

described above, at birth the breathing pattern must change from the intermittent
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breathing movements that occur in utero to a continuous post-natal pattern to support
gas exchange (Dekker et al., 2019). The relative contribution of various triggers for this
change remains unclear, but may include activation of chemoreceptors responding to
increased partial pressure of carbon dioxide (PCQO,), loss of inhibition of the respiratory
centre due to a changes in prostaglandins, progesterone metabolites or adenosine

and/or physical stimuli including cold, light and handling (Dekker et al., 2019).

Animal studies have found an increased breathing rate at birth in preterm rats when
tactile stimulation is provided by the mother (Ronca & Alberts, 1995) and reported
death from respiratory distress when this is not provided (Faridy, 1983), while in
preterm infants, proprioceptive stimulation of the limbs reduced breathing pauses and
bradycardia (Kesavan et al., 2016). It is thus assumed that physical stimulation increases
respiratory effort, and as a result resuscitation guidelines advise drying and rubbing the
back or soles of the feet at birth to stimulate the onset of respiration (Wyllie et al.,
2015). In addition to stimulation provided by handling, cold stimulation of cutaneous
thermoreceptors induces deep, regular respiratory movements in fetal lambs, and the
change in temperature at birth thus probably also contributes to the onset of

respiration (Gluckman et al., 1983).

During labour, contractions cause constriction of the umbilical vessels, reducing
placental blood flow, increasing carbon dioxide levels and hence acidosis. This causes
stimulation of the central chemoreceptors of the respiratory system, increasing
breathing movements in both fetuses and adults (Adamson, 1991; Hohimer et al., 1983).
Hypercapnic sensitivity increases with gestational age at birth, with a maturational

effect unrelated to body or lung size (Krauss et al., 1975).

It has long been proposed that one or more placentally-produced mediators inhibits

respiratory function in utero, and that the loss of placenta at birth results in the loss of
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this inhibition, with corresponding onset of respiration (Kitterman, Liggins, et al.,
1979). Prostaglandin E, (PGE.) levels rise during labour, with increasing levels
correlated with decreased fetal breathing activity, before falling over the following 24-
48 hours, suggesting that PGE, may be important in maintaining continuous breathing
(Adamson, 1991; Challis et al., 1976; Kitterman et al., 1983). Adenosine has similar
neuromodulatory actions which inhibit respiration, with varying levels around the time
of delivery, and a decrease in the levels of adenosine may likewise contribute to
establishing post-natal breathing patterns (Irestedt et al., 1989; Sippell et al., 1978).
More recently, lack of pituitary adenylate cyclase-activating polypeptide has been
found to result in increased apnoea and respiratory dysfunction, and a surge in this
peptide has been observed at birth, suggesting a role in establishing respiration (Shi et

al.,, 2021).

While in utero, hypoxia (partial pressure of oxygen in arterial blood (Pa0.) < 25-30
mmHg) results in inhibition of fetal breathing movements, while hyperoxia stimulates
breathing movements in the fetus. After birth, this pattern persists initially,
transitioning gradually over a period of days to weeks to the standard situation of child
and adulthood, where hypoxia stimulates the respiratory drive (Dekker et al., 2019).
However, the immature pattern at birth means that if respiration is not established
promptly, profound hypoxia inhibits respiration, making the establishment of

breathing more difficult (Adamson, 1991).

Maintenance of respiration throughout the lifespan requires modulation of breathing
patterns to match respiratory gas exchange with metabolic requirements, maintaining
stable partial pressures of oxygen and carbon dioxide and hydrogen ion concentrations
in the bloodstream (Jaryal & Singh, 2020). Changes in these parameters are detected by
the peripheral chemoreceptors (which primarily detect hypoxaemia) and central
chemoreceptors (which primarily detect alterations in CNS pH as a result of changes in

carbon dioxide concentrations)(Edelman et al., 1973). The respiratory centres within
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the pons and medulla integrate input from the central and peripheral chemoreceptors
with that from peripheral mechanoreceptors (which provide information on lung
volume, airway stretch and vascular congestion) to modulate the respiratory rhythm by

means of neural messaging to the respiratory muscles (Adler & Janssens, 2019).

Hypoxia in adults triggers an increase in ventilation, primarily by means of an increase
in tidal volume, over 1-2 minutes before decreasing over the following 5-20 minutes to a
new, higher baseline (W. J. Reynolds & Milhorn, 1973). In neonates, a transient rise in
ventilation is followed by a decline and a corresponding marked decrease in
metabolism (Cross & Oppé, 1952). Hypercapnia triggers an even faster increase in

ventilation, with rapid increase in both rate and depth of breathing (Edelman et al.,

1973).

1.3.4 Assessment and monitoring of respiratory function

Two main tools are available to assess and monitor respiratory function in neonates.
Polysomnography is considered the gold standard in the investigation and diagnosis of
sleep-disordered breathing, and enables central and obstructive apnoea to be
differentiated (Oliveira & Teng, 2016). A full polysomnography study includes
measurement of oral and nasal airflow, continuous electroencephalogram,
electrocardiogram and electro-oculogram and chin electromyography, monitoring of
oxygen saturations and end-tidal carbon dioxide, plethysmography bands monitoring
chest and abdominal movement and electromyography of genioglossus, diaphragm and
abdominal muscles, accompanied by audio-visual monitoring of airway noises and
sleep state, however modified versions which exclude elements of the full study are also
used (T. Di Fiore, 2005; Oliveira & Teng, 2016; Roberts et al., 2017). Polysomnography is
typically conducted overnight in a sleep laboratory in older infants, children and adults,
but this is time consuming, disruptive to children and families and expensive, and little
data is available on normative values for preterm infants and newborns (Kanack et al.,
2022). Furthermore, in very small preterm infants, polysomnography is technically
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challenging, given the impact the large quantity of equipment has on the ability to
undertake normal cares in the preterm infant, and the fragility of preterm skin (Joosten
et al., 2017). Due to the differences in sleep-wake cycles in young infants, nap
polysomnography has also been used as an alternative to overnight studies (Kanack et

al., 2022; Roberts et al., 2017).

Pulse oximetry uses two diodes, one light emitting and the other light receiving,
opposite each other on either side of the palm, wrist or foot to measure pulsatile
variations in optical density of tissues in red and infrared wavelengths, correlating
these to determine the proportions of oxygenated and deoxygenated haemoglobin, and
hence the oxygen saturation (S. Ali et al., 2021). Pulse oximetry is widely used in
neonatal units as it allows for continuous, non-invasive determination of oxygen
saturations, allowing for real-time monitoring and adjustment of care and treatments
(Flint & Davies, 2018). In addition, oximetry recordings over longer periods allow for
the assessment of trends in oxygen saturations, and is often used to asses babies with
chronic cardiorespiratory conditions (Flint & Davies, 2018). Analysis of the recording
allows assessment of mean oxygen saturation, desaturation events, and the amount of
time spent with oxygen saturation above or below specific levels (Flint & Davies, 2018).
However, results are distorted by motion artefact (though this is less of a problem with
newer machines than with older technology), and may not be reliable in patients with
hypotension, hypoperfusion, severe anaemia and haemoglobinopathy (S. Ali et al.,
2021). Compared to polysomnography, pulse oximetry does not distinguish between
central and obstructive apnoea, but as few apnoeic events in preterm infants are of
solely obstructive nature (Eichenwald & Committee on Fetus and Newborn, 2016;
Falconer et al., 2023) this may be of less importance than in older patients. Studies
comparing the two methods of assessing cardiorespiratory status in preterm infants
prior to discharge have found correlation between the rates of intermittent hypoxia on
oximetry and apnoea on concomitant nap polysomnography (Roberts et al., 2017), and

the widespread availability of pulse oximetry in neonatal units combined with the ease
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of use and non-invasive nature of the devices make them a much more practical and

acceptable way of assessing respiratory function in the preterm population.

1.3.5 Respiratory disorders in the neonate

1.3.5.1 Bronchopulmonary dysplasia

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of prematurity which can
cause lifelong impairment in respiratory function (Rite et al., 2022). Infants with BPD
have increased rates of respiratory morbidity in the long term (Davidson &
Berkelhamer, 2017), along with longer hospital stays (Klinger et al., 2006)and increased

healthcare costs (Alvarez-Fuente et al., 2017).

1.3.5.1.1 Pathophysiology

Originally described in 1967, BPD was initially primarily reported in moderately
preterm infants treated for respiratory distress who had received mechanical
ventilation with high concentrations (80-100%) of heated, humidified oxygen for
periods of at least 150 hours (Northway et al., 1967). The disorder was initially
considered a ‘prolonged healing phase’ of respiratory distress, with pulmonary oxygen
toxicity suggested as the primary cause (Northway et al., 1967). Subsequently, the
association specifically with positive pressure ventilation via an endotracheal tube was
identified and the disorder was considered a form of ventilator-induced lung injury,
with the degree of pulmonary impairment being considered a function of the duration

and pressure of ventilation used and the concentration of oxygen (Philip, 1975).

The characteristics of BPD have changed considerably over the years. When it was first
described, BPD was seen predominantly in moderately to late preterm infants (those
born around 34 weeks gestation), with those born more prematurely unlikely to survive
(Northway et al., 1967). Improvements in neonatal care, and especially the use of

antenatal corticosteroids, surfactant treatment, and changes in respiratory support,

_25_



have resulted in a decline in the BPD in more mature preterm infants, and improved
survival of infants born very and extremely preterm, who often exhibit a milder form of
the respiratory disorder (Bancalari & Jain, 2019). This milder form is characterised by a
lack of alveolar development and a decreased number of capillaries, more of which are
dysmorphic, in contrast to the originally described disorder in which inflammation,
fibrosis and hypertrophy of the smooth muscle in the airways predominated. This
more recent form of BPD is commonly termed “New BPD”, and is thought to result
primarily from an arrest in lung development in infants born during the late canalicular

or early saccular stages of lung development (Jobe, 1999).

Though, in the past, infants who would go on to be diagnosed with BPD often
presented early with significant respiratory failure, in the current era many infants
initially exhibit mild or no respiratory disease and are managed with non-invasive
respiratory support, or low ventilatory pressures and oxygen levels before a gradual
deterioration over a period of days to weeks requires an escalation in respiratory
support. A slow period of steady improvement in respiratory status usually follows,
allowing weaning of respiratory support, though more serious cases may develop
respiratory failure, pulmonary hypertension and right heart failure (Laughon et al.,

2009).

As the understanding, characteristics and presentation of BPD have changed, so too has
the definition. Early definitions combined clinical signs of respiratory disease, a history
of positive pressure ventilation, prolonged requirement for oxygen and radiographic
changes on chest x-rays indicating chronic lung pathology (Bancalari et al., 1979). With
the increasing survival of more premature infants with milder disease and the
associated inconsistency in radiographic evidence of disease, a simpler definition
involving only ongoing oxygen requirement at 36 weeks PMA was adopted, based on its
predictive value for abnormal pulmonary findings in the longer term (Shennan et al.,

1988). A consensus definition for BPD adopted in 2001 built on the previous definition,
- 26 -



expanding it to include requiring supplementary oxygen for at least 28 days, and
dividing the diagnosis into mild, moderate and severe classifications (Jobe & Bancalari,
2001). This was further refined in 2018 to “preterm infants born at < 32 weeks gestation
with persistent parenchymal lung disease, radiographic confirmation of parenchymal
lung disease, who at 36 weeks PMA requires respiratory support for = 3 days to
maintain arterial oxygen saturation in the 90-95% range”. This definition again includes
grading of the disease (Grades I - III based on the level of respiratory support required),
and also includes those infants who have died of lung disease before 36 weeks PMA (R.

Higgins et al., 2018).

An ongoing need for supplementary oxygen at 36 weeks PMA remains the most
commonly used definition in clinical trials, though as a clinical judgement, the use of
oxygen at this timepoint may be subject to variation between clinicians, institutions

and countries, potentially impacting the rates of diagnosis (Siffel et al., 2021).

1.3.5.1.2 Incidence

The incidence of BPD is inversely related to gestational age (Jensen & Schmidt, 2014;
Lee et al., 2022). In extremely preterm infants, the rates of between 10 and 89 % have
been reported, with variation depending on the definition used, infant birthweight,
country and institution and survival rates (Siffel et al., 2021). Despite this variation, the
rates of BPD appear to have remained stable over time (when the same population is
examined and the same definition used)(Costeloe et al., 2012; Lee et al., 2022). This is
thought to be as a result of increases in survival in the most premature infants, who are

also those most at risk for BPD (Parker et al., 1992).
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1.3.5.1.3 Treatment and pharmacotherapy
With any disease, prevention is better than treatment, and the use of antenatal
corticosteroids, surfactant and non-invasive ventilation all substantially decrease the

likelihood of a preterm infant developing BPD.

Caffeine was reported to reduce the incidence of BPD in the large CAP trial (Schmidt et
al., 2006)(see section 1.4.8). The effects of caffeine in preventing BPD appear to be
greatest when it is started soon after delivery, although questions remain about the
optimal dose and timing of treatment (Alhersh et al., 2020; Pakvasa et al., 2018).
Caffeine is thought to act primarily by decreasing the duration of mechanical
ventilation, thereby reducing one of the major risk factors for BPD, though other
mechanisms may also be involved, including antioxidant effects, the promotion of
angiogenesis and improvements in tissue remodelling, and a reduction in treatment for

PDA (Jensen, 2020; Tian et al., 2022).

Vitamin A is an essential fat-soluble nutrient integral to the development and function
of many organ systems. Stores of vitamin A are laid down in the third trimester of
pregnancy, so deficiency is common in preterm infants and has been associated with a
high incidence of BPD (Verma et al., 1996). A small but statistically significant
reduction in the incidence of BPD has been reported in extremely preterm infants
treated with intramuscular Vitamin A (Darlow et al., 2016), but the inappropriateness of
intramuscular administration in preterm infants with extremely limited muscle mass
and the cost of the product limited clinical use (Jensen et al., 2015). More recently trials
that have used oral vitamin A and systematic reviews of all routes of administration
have not found an benefit of vitamin A on BPD incidence (Rakshasbhuvankar et al.,

2021; Ye et al., 2022).
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Azithromycin, a macrolide antibiotic, has both antibiotic and anti-inflammatory
properties, and has been suggested as a preventative therapy for BPD following its use
in inflammatory lung diseases in older patients. Meta-analysis of the available trials
found a reduction in the incidence of BPD in extremely preterm infants treated with
azithromycin (Nair et al., 2014), but data on safety and quality are lacking, and along
with antimicrobial stewardship concerns, this precludes widespread use (Jensen et al.,

2015).

Postnatal corticosteroids, with their potent anti-inflammatory action, have been widely
used in different regimens for both the prevention and treatment of BPD.
Dexamethasone and hydrocortisone are most commonly prescribed, but the optimal
dose and timing of treatment remains unknown (Hay et al., 2023). Early treatment
(within the first week after birth), especially with dexamethasone, has been found to
reduce the incidence of BPD, but is associated with significant risks of negative effects
(including cerebral palsy, gastrointestinal perforation, and growth failure) in both the
short and long term (Doyle, Cheong, Hay, Manley, Halliday, et al., 2021). Later
treatment is reported to decrease the risk of BPD without evidence of increased
cerebral palsy, though the data on long term outcomes is limited (Doyle, Cheong, Hay,
Manley, & Halliday, 2021). Given the significant potential side effects of treatment, use
of corticosteroids is generally restricted to infants who cannot be weaned from
mechanical ventilation without their use (Doyle, Cheong, Hay, Manley, & Halliday,

2021).

1.3.5.2 Apnoea

The term ‘apnoea’ describes an absence of respiratory airflow, which may be due to
either a failure of the central respiratory drive (central apnoea), obstruction of the
upper airway (obstructive apnoea), or a combination of the two (mixed apnoea)(Atik et

al., 2017; R. Martin, 2017; Morton & Smith, 2016). In premature infants, the majority of
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apnoeic events are mixed apnoea, where obstruction leads to central apnoea or vice

versa (Eichenwald & Committee on Fetus and Newborn, 2016).

The American Academy of Paediatrics defines apnoea of prematurity as “a pause in
breathing of greater than 20 seconds, or one of less than 20 seconds and associated with
bradycardia or oxygen saturation (cyanosis)” where the onset of these events occurs
prior to 37 weeks GA (American Academy of Paediatrics, 2003). However, the definition
of apnoea and the method of diagnosing it has differed significantly between studies,
with the duration being variously defined as a minimum of 10 (Jones, 1982), 15
(Barrington & Finer, 1990), 20 (American Academy of Paediatrics, 2003; Henderson-
Smart, 1981) or 30 (Lagercrantz et al., 1980) seconds, with (Barrington & Finer, 1990;
Jones, 1982) or without (Henderson-Smart, 1981) the presence of physiologic changes
such as bradycardia or hypoxaemia, or repeated events within a defined timeframe
(Jones, 1982). Differing methods of monitoring and identification of apnoea between
studies further limits the ability to compare data from different trials, and a lack of
consensus about the clinical significance of apnoea of prematurity leads to significant

variation in clinical practice (Eichenwald & Committee on Fetus and Newborn, 2016).

1.3.5.2.1 Pathophysiology

Obstructive apnoea is caused by closure of the upper airway, often due to insufficient
airway tone, inhibiting airflow into the lungs. Most commonly this occurs within the
pharynx, though obstruction of the airway within the larynx is also possible. Neck
flexion can cause obstructive apnoea in premature infants, though apnoea can occur
without such flexion (R. Martin, 2017; Morton & Smith, 2016). Obstructive apnoea is
characterised by respiratory effort with movement of the chest wall but with no
resulting nasal airflow, and thus may not be detected by routine cardiorespiratory

monitoring (Morton & Smith, 2016).
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Central apnoea results from a cessation of respiratory effort, due to the immaturity of
the respiratory control system in the CNS of the preterm infant, with decreased
synaptic connections and dendritic arborization and poor myelination compared to the
mature brain (Mathew, 2011). The ventilatory response to hypercapnia, which in term
neonates (as in adults) results in increased tidal volume and breathing frequency is
reduced in preterm neonates, and increases with increasing gestational age (Mathew,

2011).

Though distinction is often made between these two forms of apnoea, either form may
lead to the other, and mixed apnoea is the most common form of apnoea in premature
infants, accounting for 50-75 % off all apnoeic episodes (Poets, 2010)(M. Miller et al.,

1985; Poets, 2010).

1.3.5.2.2 Incidence

Apnoea is common in premature neonates, with the incidence and severity of apnoea
being inversely correlated with gestational age (Atik et al., 2017; Henderson-Smart, 1981;
Morton & Smith, 2016). A large observational study published in 1981 reported that the
incidence of apnoea was highest in infants born at 30-31 weeks’ gestation at 54% and
lowest in those born at 34-35 weeks’ gestation at 7% (Henderson-Smart, 1981).
However, as this study covered the period 1974-1979 survival at gestations less than 30
weeks was rare, especially in the early part of the study period. When the latter years of
the study (1978-1979) are considered alone, the incidence of apnoea in infants born at
26-27 weeks was reported as 78%, and at 28-29 weeks was 75%, supporting the authors
conclusions that “the incidence of recurrent apnoea increased with decreasing
gestational age at delivery”. It should be noted that incidences of apnoea of prematurity
reported in this study are likely an underestimate due to the low rates of survival at low
gestations in the early years of the study (Henderson-Smart, 1981), and the use of
impedance apnoea monitoring for identifying apnoea which may not identify all cases
of obstructive apnoea (Brouillette et al., 1987). In another smaller observational study,
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all 20 otherwise-well infants born at less than 34 weeks gestation experienced episodes
of apnoea within the first 24 hours of life (Barrington & Finer, 1991). More recent data
on the incidence of apnoea at different gestational ages is lacking, but it is widely
accepted that the lower the gestational age and the smaller a baby is at birth, the higher
the risk of apnoea (Atik et al., 2017), with almost all babies born at less than 28 weeks
gestation or weighing less than 1000g having apnoea (Morton & Smith, 2016). Apnoea is
rare in full-term babies without other causes such as intracranial haemorrhage,

asphyxia or seizures (Henderson-Smart, 1981; Morton & Smith, 2016).

1.3.5.2.3 Treatment and pharmacotherapy

Methylxanthines have been used since the 1970’s for the treatment of apnoea of
prematurity (Henderson-Smart & Steer, 2010), with aminophylline and theophylline
initially being used, followed by caffeine use becoming more widespread. However, the
choice of treatments has remained limited by the availability of suitable formulations in
different regions (Nabwera et al., 2021). Methylxanthines are considered a mainstay in
both the treatment and prevention of apnoea of prematurity and are used to reduce the
frequency of apnoea, and hence hypoxaemia and bradycardia, in preterm neonates
(Schoen et al., 2014). They act as antagonists at adenosine A; and A4 receptors to
activate the medullary respiratory centre, increase oxygen sensitivity and

bronchodilation and improve the functioning of the diaphragm (Dobson & Hunt, 2018).

Structural similarities between aminophylline, theophylline and caffeine (Figure 1.1)
mean they act in a very similar manner, but there are slight variations in both
therapeutic activity and incidence of adverse events that affect the choice of treatment
(Schoen et al., 2014). Caffeine has been shown in multiple studies and meta-analyses to
have a wider therapeutic window (reducing the incidence of toxicity and hence the
need for therapeutic drug monitoring) and a longer half-life than theophylline
(resulting in a less frequent dosing regimen), and so is widely regarded as the first-line
treatment (Schoen et al., 2014)(Eichenwald & Committee on Fetus and Newborn, 2016).
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Figure 1.1: Structural diagram of the methylxanthines caffeine (A), theophylline
(B) and aminophylline (C)

1.3.5.2.3.1 Aminophylline and Theophylline

Structurally, aminophylline is a complex of theophylline and ethylenediamine in a 2:1
ratio (Figure 1.1). The addition of the ethylenediamine moiety increases the water
solubility of aminophylline 20-fold over that of theophylline, and thus formulations for
intravenous (IV) injection tend to contain aminophylline, while oral preparations
contain theophylline (Aslaksen et al., 1981). In biological fluids aminophylline
dissociates rapidly, releasing theophylline, which is responsible for the pharmacological
effect and subsequent pharmacokinetics are thus as for theophylline. Cross-over studies
of both IV and oral theophylline and aminophylline have found near-identical time-
concentration curves for both drugs with no differences between the two in terms of

pharmacokinetics or protein binding (Aslaksen et al., 1981).

A 2010 meta-analysis of five trials involving a total of 108 infants found that there was
no difference in the mean apnoea rate between groups treated with caffeine and those
treated with theophylline, however, the rate of adverse events (tachycardia or feed
intolerance that lead to a change in dosing) was lower in those treated with caffeine

compared to those treated with theophylline (Henderson-Smart & Steer, 2010).
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1.3.5.2.3.2 Caffeine

Aranda and colleagues published the first reports on the use of caffeine for the
treatment of apnoea in newborn infants in 1977, treating 18 preterm infants with
caffeine citrate and reporting a significant reduction in the incidence and frequency of
apnoea following treatment, as well as spontaneous recovery from those apnoeas that
did occur. They also reported an increased response to tactile stimulation akin to the
effect observed after administering theophylline to similar infants (Aranda et al., 1977).
Initially, infants enrolled in the trial were treated with doses of caffeine citrate of 10-
20mg/kg one to three times per day. However, monitoring of caffeine plasma
concentrations lead to the realisation that the half-life was significantly prolonged in
premature infants, and the dosing schedule was amended to a loading dose of 20mg/kg
caffeine citrate, followed within 2-3 days by 5-10mg/kg caffeine citrate once or twice a
day (Aranda et al., 1977); a regimen that bears remarkable similarity to those widely

used today (Lista et al., 2016).

Following this initial use report by Aranda et al, caffeine use for apnoea of prematurity
became more widespread. A number of small-scale trials were published, which
indicated that caffeine had similar short-term effects to theophylline
(Henderson-Smart & Steer, 2010), though concern remained, based on animal studies,
that caffeine and methylxanthine treatment may have unintended long-term adverse
effects, or be of little value (Schmidt, 1999). In response to these unanswered questions
the Caffeine for Apnea of Prematurity (CAP) trial was developed, and this landmark
study is summarised separately later in this chapter. Many small-scale studies have
been undertaken since in an attempt to answer questions relating to the optimal dose,
time of initiation, and duration of treatment with caffeine. The use of caffeine in
neonatal medicine is considered in more detail in section 1.4 below and is

systematically reviewed in Chapter 6.
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1.3.5.2.3.3 Doxapram

Like the methylxanthines, doxapram is a respiratory stimulant. Its mechanism of action
is dose-dependent, acting via peripheral carotid chemoreceptors at lower doses, with
additional stimulation of central respiratory centres as doses increase (Barrington et al.,
1986; Scott et al., 1977). Stimulation of these receptors results in an increased tidal
volume, accompanied by an increase in respiratory rate. Doxapram also causes

catecholamine release resulting in increased cardiac output (Yost, 2006).

Doxapram has been used to treat apnoea of prematurity and a number of randomised
controlled trials have reported comparable efficacy for doxapram when compared with
aminophylline or theophylline (Eyal et al., 1985; Moller et al., 1999; Peliowski & Finer,
1990; Romeo et al., 1991), though they have involved only a very small number of
patients, and are thus underpowered to detect a significant difference between the two
treatments (Henderson-Smart & Steer, 2000). In addition, there have been reports of
serious adverse effects with the use of doxapram, including developmental delay
(Lando et al., 2005; Sreenan et al., 2001) seizures (Barrington et al., 1986; Czaba-Hnizdo
et al., 2014), prolongation of the QT interval (Maillard et al., 2001), hypokalaemia
(Fischer et al., 2013), gastrointestinal effects including NEC (Lando et al., 2005), and
hypertension at doses greater than 1.5mg/kg/hr (Barrington et al., 1987), though these
are generally from case reports or series, and it is thus not known if the rate of these
effects is significantly higher than the background rate in this population (Vliegenthart
et al., 2017). In some countries, doxapram for injection is formulated using benzyl
alcohol, a preservative known to accumulate in neonates and to cause neurologic
damage at high concentrations, and it is thus possible that some of the adverse effects
may be due to this excipient rather than doxapram itself (G. D. Jordan et al., 1986; Yost,

2006).

Given the evidence now available for positive long-term outcomes for caffeine
treatment of apnoea of prematurity, doxapram is now generally only used as an
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alternative or adjunctive treatment in cases where caffeine alone is proving ineffective.
Evidence is very limited, and a large, well designed randomised controlled trial with
long term follow-up is required to categorically define the place of doxapram in the

treatment of apnoea of prematurity (Vliegenthart et al., 2017).

1.3.5.2.3.4 Positive-pressure ventilation

Continuous positive airway pressure ventilation (CPAP) at pressures of four to six
centimetres of water reduces both the incidence and severity of apnoea (Eichenwald &
Committee on Fetus and Newborn, 2016). The positive pressure splints the airway open,
distending the pharynx and larynx and preventing upper airway obstruction and thus
reducing the incidence of obstructive apnoea (Balain & Oddie, 2014), while the increase
in end expiratory volume may reduce the depth and duration of hypoxaemia in central

apnoea (Eichenwald & Committee on Fetus and Newborn, 2016).

1.3.5.2.3.5 Blood transfusion

Blood transfusions have been suggested as a possible treatment for apnoea of
prematurity though the studies of the effect of transfusion on incidence and severity of
apnoea are somewhat conflicting (Eichenwald & Committee on Fetus and Newborn,
2016). A systematic review comparing restrictive and permissive transfusion thresholds
in preterm babies found no effect of changes to the transfusion threshold within the
studied range on the incidence of infants requiring intervention for apnoea (RR 1.01;
95% CI 0.95 - 1.08)(Whyte & Kirpalani, 2011), though the definition of apnoea varied
significantly between studies from requiring bag and mask ventilation or intubation
(Kirpalani et al., 2006) to treatment with methylxanthines (Bell et al., 2005) and any

presence of apnoea (Y. C. Wang et al., 2017).
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1.3.5.3 Intermittent Hypoxaemia

Intermittent hypoxaemia refers to a brief, transient decrease in oxygen saturation from
baseline. These events are often clinically inapparent, as the duration and magnitude of
the drop in saturation is generally insufficient to cause cyanosis (Wellington et al.,
2018). Unlike apnoea, there is currently no widely accepted definition for intermittent
hypoxaemia, which may be defined either based on a decrease in oxygen saturation
below a specific level (often 8o or 85%), or as a drop of a specified percentage below

baseline (typically 3, 4 or 10%)(]. Di Fiore et al., 2019; Wellington et al., 2019).

Early pulse oximeters used a longer averaging time and were prone to motion artefact.
Changes to oximeters over the last two decades have meant newer devices employ
shorter averaging times (typically 2 seconds), which has increased the detection of brief
desaturations. Newer devices also include artefact rejection algorithms, which remove
much of the motion artefact that was previously automatically included, resulting in
higher mean oxygen saturations. These changes mean historical data may not be

directly comparable to that obtained more recently (Falconer et al., 2023).

1.3.5.3.1 Pathophysiology

The mechanism behind intermittent hypoxaemic events is not well understood. Central
apnoea have been reported to rise and fall over the same timeframes as desaturation in
early life, and it has thus been suggested that immature respiratory control causing
apnoea and periodic breathing may have a role in causing desaturations, though the
higher incidence of intermittent hypoxaemia than apnoea indicates other mechanisms
are also involved (J. Di Fiore et al., 2019; Falconer et al., 2023). Metabolic demand
increases in the post-natal period and haemoglobin concentration decreases, and it is
possible that these factors may contribute to the increased rate of desaturations over

the first few weeks after birth (Falconer et al., 2023).
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As a result of their small size and immature lung structure and function, preterm
infants are susceptible to ventilation-perfusion mismatch and intrapulmonary shunting
of deoxygenated blood (Poets et al., 1992), which may explain the existence of
desaturations despite continued breathing. This may be due to end-expiratory volumes
lower than closing volumes causing collapse of the distal airways and constriction of
the distal airway and pulmonary vascular bed as a result of airway hypoxia resulting in
accelerated blood flow through the lungs and a reduction in diffusion of oxygen from

the intrapulmonary space into the blood (J. Di Fiore et al., 2019; Poets et al., 1992)

Episodes of hypoxaemia are followed by reoxygenation, causing ATP depletion,
xanthine oxidase activation and the generation of free radicals without a compensatory
increase in antioxidant activity (R. J. Martin et al., 2011). Repeated cycles of
hypoxia/reoxygenation may result in activation of a pro-inflammatory cascade in which
periods of hypoxia are thought to result in activation of pro-inflammatory transcription
factors, (particularly nuclear factor-xB) which in turn activate inflammatory cells
(lymphocytes and monocytes), resulting in the expression of proinflammatory

mediators causing inflammation and cell apoptosis (He et al., 2014).

1.3.5.3.2 Incidence

Observational studies using pulse oximetry in preterm infants have demonstrated a
non-linear correlation with post-natal age (rather than CGA), with marked increase in
intermittent hypoxaemia over the first 2-3 weeks after birth, peaking at 2-4 weeks
postnatally, before gradually declining again (J. Di Fiore et al., 2010; Falconer et al.,
2023; Williams et al., 2018). While the same pattern of a rapid rise, followed by a slower
decrease in event has been observed across multiple studies, the number of events
reported has varied depending on the definition of a desaturation, but is considerably
higher than the rate of apnoea (Falconer et al., 2023). The age at which desaturations
peak appears to be related to gestational age at birth, with studies in the most

immature infants reporting a later peak than those in infants born at later gestational
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ages (4 weeks postnatally in a cohort of infants born at 24-28 weeks GA, 3 weeks in a
cohort of 32-35 week infants and 2 weeks in a cohort of 34-37 week infants)(J. Di Fiore
et al., 2010; Falconer et al., 2023; Williams et al., 2018). Mean oxygen saturations mirror
these timeframes, with a nadir corresponding with the peak of desaturations (Falconer

et al., 2023).

1.3.5.3.3 Treatment and pharmacotherapy

Intermittent hypoxaemia exists on a spectrum with apnoea as its more severe form.
Currently, intermittent hypoxaemia is lacking a single widely-accepted definition, and
normative ranges for different gestational and post-natal ages are not well defined.
While intermittent hypoxaemia is associated with adverse outcomes (Bass et al., 2004;
Poets et al., 2015), there is currently no consensus on a threshold for treatment, or its
modality, in the absence of apnoea, though clinical trials have reported that treatments
used for apnoea are also successful at reducing episodes of clinically inapparent
intermittent hypoxaemia (Dobson et al., 2017; Rhein et al., 2014; Seppa-Moilanen et al.,

2022).

Supplemental oxygen has been shown to reduce periodic breathing and oxygen
desaturations in late preterm infants, with 25% oxygen reducing the number of
desaturations of at least 3% from baseline from 38 to 10 events per hour (Seppa-

Moilanen et al., 2022).

Caffeine is widely used for apnoea of prematurity, and the frequency of intermittent
hypoxaemia after ceasing caffeine treatment for apnoea, and the effects of extending
caffeine treatment beyond when it was usually discontinued was assessed in a study in
2010-2011. Infants born between 25 and 32 weeks gestation who were at least 33 weeks
PMA when caffeine was discontinued by the clinical team were randomised to restart

caffeine citrate (20 mg.kg™ load followed by 6mg.kg™.day) 5 days after its
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discontinuation, or to receive no further treatment. Continuous oximetry recording was
conducted (for as much of the time as was clinically feasible or reasonably practical for
parents) until the infant was at least 40 weeks PMA and had been home for at least one
week. Intermittent hypoxaemia (defined as a decrease in SaOz2 by at least 5% from
baseline to less than 9o% that lasted at least 5 seconds) was significantly lower in the
caffeine group than the control group at 35 weeks (-52%; 95%CI -70 to -22%) and 36
weeks (-46%; 95%CI -65 to -1%), and time with oxygen saturation <90%, 85% and 80%
was likewise reduced in the caffeine group at these timepoints. However, there was no
significant difference between the two groups at 37, 38 or 39 weeks, which the authors
attribute to the increasing metabolism of caffeine as infants mature rendering the dose
subtherapeutic (Rhein et al., 2014). A subsequent study using increased doses of 14 or
20 mg.kg'.day” from 36 weeks PMA found these doses were sufficient to maintain a
therapeutic level of caffeine and reduced intermittent hypoxaemia (SaOz2 decrease of
>10% from baseline and lasting for >5 seconds) at 37 (-68%; 95%CI -77 to -54%) and 38
(-63%; 95%CI -79 to -38%) weeks gestation (Dobson et al., 2017).

1.4 Caffeine

1.4.1 Background

Caffeine is a methylxanthine known chemically as 1,3,7 trimethylxanthine (Faudone et
al., 2021). It occurs naturally in several plant species, including Camellia, Coffea and
Cola species, and is present in many common beverages and foods including tea, coffee,
cola drinks and chocolate, giving the substance its reputation as the world’s most
widely consumed drug (El-Yazigi et al., 1999; Newton et al., 1981). Caffeine has been
extensively used for hundreds of years for its CNS stimulant properties in increasing
wakefulness (Kreutzer & Bassler, 2014). It is also commonly used in combination with
other mild analgesics such as paracetamol, on the basis that adjuvant use increases the
analgesic effectiveness. Numerous studies have reported widely differing results on the

effectiveness of this approach, with a meta-analysis of 20 studies covering various pain
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conditions calculating that the addition of caffeine increased the number of

participants obtaining effective relief by 5-10% over analgesics alone (Derry et al., 2014).

Caffeine is used less commonly or in experimental settings for a wide range of other
ailments including oral use for orthostatic hypertension (Onrot et al., 1985) and
preventing neurological decline in the elderly (K. Ritchie et al., 2007). In high
intravenous doses caffeine has been used as an adjunct to lengthen seizure duration in
electroconvulsive therapy (Coffey et al., 1990). Caffeine is also used topically for
psoriasis (Vali et al., 2005). Small studies have shown that caffeine significantly
decreases the number of participants with ongoing post dural puncture headache, and
correspondingly decreases the rate of other supplementary procedures required

(Basurto Ona et al., 2015).

Caffeine has been used in the treatment of asthma, though other methylxanthines are
more effective at bronchodilation and so are generally preferred (Tilley, 2011; Welsh et
al., 2010). Tolerance to the stimulant effects of caffeine occurs rapidly and abrupt
cessation can precipitate physical withdrawal symptoms including headache,

irritability, restlessness and lethargy (Evans & Griffiths, 1992).

In addition to therapeutic use, caffeine has also been used as a probe by those
investigating liver function in both adult and paediatric patients (El-Yazigi et al., 1999).
Caffeine undergoes oxidative demethylation and hydroxylation in the liver to form a
wide range of metabolites. The relative formation of these metabolites following
administration of a caffeine dose has been used to quantify the activity of cytochrome
P450-containing mixed-function mono-oxygenases (particularly CYP 1A2), polymorphic
N-acetyltransferase (NAT) and xanthine oxidase (XO) during hepatic function
assessment. Caffeine appears well-suited to this application as single oral doses are

non-toxic in humans, absorption is rapid and complete, and saliva and urine
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concentrations correlate directly with plasma concentrations, allowing non-invasive

collection of samples for quantification (El-Yazigi et al., 1999).

1.4.2 Comparison to other methylxanthines

Theophylline is a methylxanthine with structural similarities to caffeine, and a very
similar pharmacokinetic profiles in adult patients (Ginsberg et al., 2004). However, in
neonates theophylline is metabolised and eliminated significantly faster than caffeine
(Aranda et al., 1976; Aranda, Cook, et al., 1979). Following the initial use of theophylline
for the treatment of apnoea of prematurity in the 1970’s (Henderson-Smart & Steer,
2010), caffeine has become widely used as an alternative due to its significantly longer
half-life in neonates (which allows for longer dosing intervals) and the wider
therapeutic index with its corresponding lower risk of toxic effects (Aranda, Cook, et
al., 1979; Atik et al., 2017; Morton & Smith, 2016). In addition, caffeine is more reliably
absorbed from the gastrointestinal tract than theophylline and aminophylline (Miao et

al.,, 2022).

A Cochrane review in 2010 reported no difference in the short-term effectiveness of
caffeine and theophylline when used for the treatment of apnoea of prematurity
(Henderson-Smart & Steer, 2010). In more recent years, the publication of trials
reporting long term outcomes after caffeine therapy for apnoea of prematurity has
further strengthened the evidence for caffeine as the methylxanthine of first choice for

apnoea of prematurity (Schmidt et al., 2017).

1.4.3 Caffeine base vs citrate

Caffeine is available primarily as two different forms: an unionised or ‘base’ form
(CsHoN,4O.), and a citrate salt (CsH,oN,O,,CsHgO;), both of which have been used
therapeutically (Buckingham, 2018). The addition of the citrate moiety increases the

molecular weight of the compound approximately two-fold from 194.2 g/mol for
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caffeine base to 386.3 g/mol for caffeine citrate. Correspondingly, the therapeutic dose
of caffeine when expressed in mg/kg depends on the salt being used, with a dose of
smg/kg of caffeine base being equivalent to 9.95 mg/kg of caffeine citrate; more
commonly quoted as 5mg caffeine base being considered equivalent to 10mg caffeine
citrate (Ainsworth, 2014; Buckingham, 2018). This difference in dosing has given rise to
confusion and drug dosing errors, especially in paediatrics where liquid formulations
are often used and a wide range of doses are easily obtained from the one formulation

(Health Quality and Safety Commission New Zealand, 20m).

The landmark Caffeine for Apnoea of Prematurity (CAP) trial used caffeine citrate
(Schmidt et al., 2006), as did other trials subsequently, and it has become common
practice to prescribe and document the dose of caffeine as ‘caffeine citrate’ when used
for apnoea of prematurity and other paediatric indications (Ainsworth, 2014; New
Zealand Medicines Formulary Limited Partnership, 2018). This is in contrast to the
studies of the late 1970’s and early 1980’s, which tended to report doses in terms of
caffeine base equivalents, even if caffeine citrate was used in the research (Aranda,

Cook, et al., 1979).

Throughout this thesis, doses for caffeine are given in terms of caffeine citrate.

1.4.4 Pharmacokinetics

1.4.4.1 Absorption

Caffeine is rapidly and completely absorbed from the gastrointestinal tract in healthy
adults at doses between 50 and 750 mg. This was demonstrated in a study conducted
that compared the area under the curve of a time / plasma concentration plot following

identical doses of caffeine given orally or by intravenous injection (Newton et al., 1981).
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Aranda et al. measured the absorption of caffeine citrate following administration of a
single oral dose of 20mg/kg in three premature infants (GA 26-32 weeks; postnatal age
1-44 days). In keeping with studies conducted in adults, they found rapid and complete
absorption of oral caffeine, with peak plasma caffeine concentrations of 6-10 mg/L
occurring 30 minutes to two hours after drug administration. The concentrations
obtained were comparable to those following intravenous caffeine administration,

indicating near-complete bioavailability (Aranda, Cook, et al., 1979).

In their population-based pharmacokinetic modelling study of 110 premature infants of
less than 30 weeks GA, Charles et al. reported complete absorption of orally
administered caffeine citrate, though with an absorption half-life of approximately
twice that observed in adults. This was attributed to slower gastric emptying and

reduced intestinal motility in these infants (Charles et al., 2008).

1.4.4.2 Distribution

Caffeine rapidly enters the intracellular fluid space and is distributed throughout all
body fluids (including plasma, saliva, cerebrospinal fluid, bile and breastmilk) and
organs (Arnaud, 20m1). In pregnancy, caffeine crosses the placenta by passive diffusion
(Mose et al., 2008). Plasma protein binding levels are low, and the volume of
distribution for caffeine has thus been assumed to be equivalent to total body water
when developing pharmacokinetic models of caffeine for apnoea of prematurity in

newborn infants (Micallef et al., 2007).

1.4.4.3 Metabolism

In adults, children and infants over the age of four months, caffeine is almost
completely metabolised prior to excretion, primarily by cytochrome P450 1A2 (CYP1A2)
in the liver. However, in young infants, including those born preterm, CYP 1A2 activity

is almost entirely absent, and as a result almost all administered caffeine is excreted
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unchanged in the urine (Pons et al., 1988). Given the central role of CYP1A2 in the
metabolism of caffeine, caffeine is widely used as a probe in establishing the
functioning of CYP1A2 where this information is necessary to inform dosing decisions

for other drugs metabolised by the same enzyme (Perera et al., 2010).

There is significant genetic variation in the expression of CYP1A2, with urinary caffeine
metabolite ratios indicating a difference in CYP1A2 activity of up to 70-fold within
populations (Butler et al., 1992). The distribution of CYP1A2 phenotypes in non-
smokers is trimodal, allowing categorisation of individuals as slow, intermediate and
rapid metabolisers, but with the relative distribution of the general population between
these three groups varying in different geographical locations (Butler et al., 1992).
However, the trimodal distribution is lost when smokers are considered, presumably

due to enzymatic induction by components of cigarette smoke (Butler et al., 1992).

A number of other factors are known affect the metabolism of caffeine, primarily due to
their influence on CYP 1A2. Pregnancy is associated with a significant decrease in CYP
1A2 activity across the course of the pregnancy (Tracy et al., 2005) decreasing the
metabolism and subsequent elimination of caffeine, while smoking induces CYP1A2
resulting in increased metabolism of caffeine and hence a shorter half-life (Bock et al.,
1994; Butler et al., 1992; Parsons & Neims, 1978). Liver disease results in impaired
functioning of CYP 1A2 (Wahllander et al., 1990), and use of oral contraceptives inhibits

CYP 1A2, both of which decrease the metabolism of caffeine (Arnaud, 201).

There is no diurnal variation in the metabolism of caffeine (Brice & Smith, 2001;
Hashiguchi et al., 1992), but dietary choices may affect caffeine levels, including
reduction in caffeine clearance and prolongation of half-life with the consumption of
grapefruit juice (half-life prolonged by 31%)(Fuhr et al., 1993) or alcohol (half-life

prolonged by 72%)(George et al., 1986). In infants, caffeine elimination has been found
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to be increased in those fed using cow-milk-based formula compared to breast-fed
infants, due to the induction of CYP1A1 and CYP1A2 enzymes in formula-fed infants (Xu

et al., 2005).

1.4.4.4 Excretion

The vast majority of caffeine consumed is metabolised prior to excretion, with one
pharmacokinetic study conducted in healthy adults reporting a mean of 1.83% caffeine
excreted unchanged in urine over a 48-hour period, though interindividual variation
was significant (range 0.26% - 13.12%)(Newton et al., 1981). Accumulation of caffeine or
its metabolites during long-term use has not been observed in adult studies (Arnaud,

2011).

1.4.4.5 Effects of prematurity

As with many drugs, the half-life of caffeine is significantly prolonged in the newborn
infant relative to adults. This is probably due to the reduced hepatic metabolism
(particularly CYP P450-mediated metabolism) in neonates (Aranda, Collinge, et al.,
1979). However, the decrease in clearance and resulting increase in half-life is more
pronounced than might be expected based on comparable drugs such as theophylline,
phenytoin and phenobarbitone. While phenytoin and phenobarbitone exhibit a 2- to 6-
fold increase in half-life which decreases to adult values by approximately 1 month of
age, for caffeine the half-life at birth has been reported as 17-times that of an adult, and
the elimination rates only approaches adult values at 3-4 % months of age (Aranda,
Cook, et al., 1979; Aranda, Collinge, et al., 1979). The early pharmacokinetic study in
premature newborns by Aranda et al. found that, in contrast to other drugs, there did
not appear to be a change in caffeine elimination during the neonatal period (the first
month after birth). The authors reported no correlation between half-life and indices of
maturity such as birth-weight, gestational age and post-natal age within this period
(Aranda, Cook, et al., 1979), though this study included only 32 infants across both

single- and multiple-dose groups, and later larger studies have reported different
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findings (Falcdo et al., 1997; Thomson et al., 1996). This first pharmacokinetic study of
caffeine in premature neonates found a mean half-life of 102.9 hours, with no infant
demonstrating a half-life of caffeine of less than 40 hours. This supports a once-daily

dosing schedule for caffeine in this age group (Aranda, Cook, et al., 1979).

The available information on pharmacokinetics is more limited in preterm neonates
than for the population as a whole as traditional pharmacokinetic studies involve
intensive blood sampling following dosing with the medication of interest, so are
ethically and logistically more challenging in this population (Falcdo et al., 1997;
Thomson et al., 1996). As a result, with the exception of the early studies by Arana et al
(Aranda, Cook, et al., 1979; Aranda, Collinge, et al., 1979), much of the available
pharmacokinetic information is based on studies that have used statistical modelling to
pool data obtained during clinical care from a large number of individuals and thus

investigate variables of significance (Falcdo et al., 1997; Thomson et al., 1996).

Thomson et al used 77 serum caffeine concentrations obtained during clinical care for
60 infants to establish a model for the calculation of caffeine clearance. This model was
then tested against the results of a further 20 infants for validation. The factors found
to be of most significance and included in the initial clearance model included weight,
postnatal age, and the presence of either dexamethasone or BPD. Validation testing
found the parameters for dexamethasone and/or BPD failed to reach statistical
significance, leading to it being discarded, and the final formula thus included

consideration of weight and postnatal age only (Thomson et al., 1996).

Falcdo et al. also utilised mixed effects modelling to develop a pharmacostatistical
model for caffeine clearance in preterm neonates. In their study, the most important
factor was found to be current weight, followed by postnatal age, which essentially acts

as a proxy for renal clearance given the inherent difficulties in estimating renal function
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in preterm neonates (Abitbol et al., 2014; Bhongsatiern et al., 2016; Falcdo et al., 1997).
Likewise, low gestational age was found to correlate better with caffeine clearance than
low birth weight (Falcdo et al., 1997). In addition, concurrent treatment with parenteral
nutrition appeared to decrease caffeine clearance by 16.5% (Falcdo et al., 1997). In a
third study, Charles et al measured caffeine serum concentrations in 100 premature
infants born at less than 30 weeks gestation who were prescribed caffeine in the
periextubation period. Their pharmacostatistical modelling discounted various other
covariates, and used only postnatal age and weight in the final calculations (Charles et

al., 2008).

A clinical trial of extended use of caffeine citrate at 6 mg.kg™.day™ to 40 weeks PMA in
infants born at <32 weeks GA and prescribed caffeine clinically found the rate of
intermittent hypoxaemia was decreased at PMAs of 35 and 36 weeks, but not from 37
weeks onwards. This is likely due to increasing metabolic clearance with increasing

gestation (Rhein et al., 2014).

1.4.5 Transfer to breastmilk

Caffeine, along with various metabolites including theophylline, paraxanthine and
theobroma, is known to pass from maternal plasma into breastmilk. Pharmacokinetic
studies are small, but have found peak concentrations in breastmilk approximately one
hour after oral intake, with concentrations in breastmilk lower than in maternal serum
(Stavchansky et al., 1988; Tyrala & Dodson, 1979). Infant intake via breastmilk has been
estimated at 7-10% of the maternal weight-adjusted dose (Calvaresi et al., 2016; Oo et
al., 1995; Stavchansky et al., 1988), with studies reporting infant caffeine concentrations
levels ranging from undetectable to 1 mg.L" following maternal caffeine ingestion
(Berlin et al., 1984; Hildebrandt & Gundert-Remy, 1983; Vohra & Marraffa, 2019).
Adverse effects including jitteriness, poor sleep, restlessness and irritability resulting
from maternal use of caffeine have been reported in breastfed infants, but these have

been in case reports where maternal consumption has included 10-20 cups of tea
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and/or coffee or bottles of cola per day (Clement, 1989; Martin et al., 2007; Rustin,

1989).

1.4.6 Therapeutic drug monitoring

Therapeutic drug monitoring was initially widely used to monitor caffeine therapy with
a target therapeutic range of 5-20 mg™. This was based on early work that assumed
equivalence of activity between caffeine and theophylline (Aranda et al., 1977).
However, multiple studies have demonstrated that the use of standard doses (20 mg.kg"
!'loading dose and 5-10mg.kg*.day") result in levels within the accepted range for the
vast majority of preterm infants, and that even in infants with levels above this range,
adverse events were rare (Bosma et al., 2012; Leon et al., 2007). Furthermore, studies
have found poor correlation between episodes of apnoea and caffeine serum
concentrations (Yu et al., 2016). It is thus now generally accepted that therapeutic drug
monitoring for caffeine is of little clinical value, except in cases where there are
concerns of toxicity or ineffectiveness of therapy, or where the infant has co-existing
conditions that may result in alternations to pharmacokinetics likely to lead to

accumulation (Schoen et al., 2014).

1.4.7 Pharmacodynamics

Methylxanthines act as respiratory stimulants, improving minute ventilation through
increasing chemoreceptor responsiveness to carbon dioxide as well as improving
respiratory muscle functioning, though the precise mechanism through which it exerts
these effects has not been conclusively demonstrated (Atik et al., 2017;

Henderson-Smart & Steer, 2010).

The most widely accepted mechanism is that methylxanthines competitively
antagonise the adenosine receptors A, and A.a (Atik et al., 2017). Adenosine, a

neurotransmitter which controls arousal, sleep and cerebrovascular homeostasis, acts
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by binding to receptors, causing inhibition of inspiratory neurons and resulting in
respiratory depression (Tian et al., 2022). Through competitive antagonism of the A,
and A.a receptors, caffeine indirectly stimulates the respiratory centre, increasing
sensitivity to carbon dioxide, enhancing diaphragmatic contractility and improving
respiratory rate and tidal volume (Tian et al., 2022). It has also been proposed that the
respiratory stimulant effects of caffeine may be medicated by their effects on gamma-
aminobutyric acid (GABA) receptors, inhibition of phosphodiesterase (PDE) or calcium
release, though these are considered less likely pathways, as the levels of
methylxanthines required to exert these effects is likely to cause toxicity in vivo (Atik et

al,, 2017).

Furthermore, caffeine is an antioxidant, and beneficial actions in reducing BPD may
also result in part from its ability to reduce levels of reactive oxygen species (which are
elevated in mechanically ventilated infants and are associated with lung damage),
alleviating hyperoxic pulmonary injury and promoting pulmonary vascular
development (Tian et al., 2022). Caffeine also inhibits secretion of pro-inflammatory
cytokines, reducing inflammation in the lungs and so providing another potential route

for benefit in preventing BPD (KoroMu et al., 2014).

1.4.8 Caffeine for Apnoea of Prematurity trial summary

1.4.8.1.1 Background

The CAP trial began recruitment in 1999, with the aim of establishing the short and
long-term efficacy and safety of methylxanthine therapy in infants with very low birth
weight (Schmidt et al., 2006). It is considered the landmark study in the field
(Stevenson, 2007), and demonstrated the safety of caffeine use in the treatment and
prevention of apnoea in very low birth weight infants, and its effectiveness in reducing
BPD, more than 30 years after methylxanthines were first used for apnoea in preterm

infants (Kuzemko & Paala, 1973).
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Over a five-year period between 1999 and 2004, 2006 infants with birthweights between
500 and 1250g, whose clinicians considered them eligible for methylxanthine treatment
in the first 10 days of life, were recruited in neonatal units in Canada, the United States
of America, Australia, Europe and Israel. Infants whose clinicians considered
methylxanthine therapy was indicated for the prevention or treatment of apnoea, or to
facilitate endotracheal tube removal were randomised to treatment with caffeine citrate
(loading dose of 20mg/kg followed by a daily dose of 5 mg/kg/day, increased to
1omg/kg/day if deemed necessary by the treating clinician) or placebo (Schmidt et al.,

2006).

1.4.8.1.2 Results

The primary outcome of the trial was a composite of death, cerebral palsy, cognitive
delay, hearing loss requiring amplification or bilateral blindness at 18-21 months
corrected age (Schmidt et al., 2007). Treatment with caffeine resulted in a significant
increase in the rate of survival without neurodevelopmental disability at a corrected age
of 18-21 months (OR (95% CI); 0.77, 0.64-0.93; P=0.008) with a number needed to treat
of 16 (95% CI; 9-56) (Schmidt et al., 2007). The incidence of both cerebral palsy (OR
(95% CI); 0.58, 0.39-0.87; P=0.009) and cognitive delay (OR (95% CI) 0.81, 0.66-0.99;
P=0.04) were significantly lower in the caffeine treatment group. (Schmidt et al., 2007).
The rates of death, deafness and blindness were low and did not show a significant
difference between the treatment and placebo groups, as shown in Table 1.1 below. A
post-hoc stepwise logistic-regression analysis which included six variables (positive
airway pressure through an endotracheal tube, any positive airway pressure, oxygen
therapy, postnatal corticosteroids, surgery to close patent ductus arteriosus and BPD),
showed all the variables were reduced by caffeine therapy, and all six variables together
explained 55% of the observed benefit of caffeine on the primary outcome at age 18-21

months (Schmidt et al., 2007).
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There was a significant reduction in rates of BPD with caffeine treatment, (control
group 46.9% v caffeine 36.3%, adjusted OR ( 95% CI); 0.63 (0.52-0.76), P<0.001)
(Schmidt et al., 2006). Other secondary outcomes, including death prior to initial
discharge home, brain injury (identified on ultrasound) and NEC showed no significant
difference between the intervention group and controls (Schmidt et al., 2006). The
weight and head circumference of infants participating in the study was recorded
weekly. Infants in the caffeine treatment group gained significantly less weight than
those in the placebo group for the first three weeks following randomisation but no
significant differences in weight gain were observed between weeks four and six, nor
was there any difference in head circumference throughout the course of treatment
(Schmidt et al., 2006). Follow-up at 18-21 months of age did not find any significant
difference in height, weight or head circumference between the two groups (Schmidt et

al., 2007).

While not initially examined for, on post-hoc analysis babies treated with caffeine had
lower rates of intervention (drug or surgical treatment) for patent ductus arteriosus
(Schmidt et al., 2006) and lower rates of severe retinopathy of prematurity (but not any

retinopathy of prematurity) (Schmidt et al., 2007).

1.4.8.1.3 Subgroup analysis

In addition to the primary and secondary outcomes reported above, post-hoc analysis
was conducted of several subgroups within the CAP trial. These analyses considered the
impact of the indication for use, the level of respiratory support at study entry and the
timing of study commencement (P. Davis et al., 2010). For each subgroup a logistic
regression model determined the heterogeneity, defined as the treatment x subgroup
interaction, and each analysis was then adjusted for significant variables: gestational
age; sex; level of maternal education; antenatal steroid treatment, and multiple births.
However, it is important to note that the post-hoc nature of this analysis meant the trial
may not have been adequately powered to detect differences between the groups.
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1.4.8.1.3.1 Indication

Analysis was conducted on the basis of the clinician-reported indication for treatment
with caffeine, with the groups being defined as treatment of apnoea, prevention of
apnoea or facilitation of removal of endotracheal tube as mutually exclusive
indications. There was no evidence that any of the outcomes assessed varied by

indication for initiation of caffeine (P. Davis et al., 2010).

1.4.8.1.3.2 Positive pressure ventilation

When analysis considered the level of respiratory support at study entry (none, non-
invasive respiratory support, or ventilation via endotracheal tube) there was significant
heterogeneity observed between groups two outcomes - death or major disability
(P=0.03) and cognitive delay (P = 0.02), with the benefits of caffeine being greater in
those infants receiving respiratory support at the time of study entry. There was no
statistically significant difference in heterogeneity between groups for other outcomes

(P. Davis et al., 2010).

1.4.8.1.3.3 Timing of Commencement

The effect of caffeine on death or major disability was not affected by the timing of the
commencement of the drug (<3 days v = 3 days). Babies who received caffeine before 3
days of age had a greater reduction in BPD (p=0.02) but this was no longer significant
after adjustment for baseline variables), the only outcomes demonstrating a statistically
significant improvement with the early use of caffeine (<3 days of age) were PMA at last
endotracheal intubation (P = 0.04) and PMA at last positive pressure ventilation (P =

0.03) (P. Davis et al., 2010)
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1.4.8.1.4 5-year follow-up

The CAP Trial group followed up of 82% of the original cohort at 5 years of age and
assessed them for a primary outcome of death or survival with 1 or more of: motor
impairment, cognitive impairment, behaviour problems, poor general health, severe
hearing loss or bilateral blindness. There was not a statistically significantly difference
in the primary outcome, or the individual components of the composite, between
groups, though there was a non-significant trend of improvement in the primary
outcome with caffeine citrate treatment (Schmidt et al., 2012). The rate of cognitive
impairment reported was significantly lower at 5 years of age than at 18-21 months,
which may reflect the reported cognitive delay at 18-21 months being due to
developmental delay, rather than lasting cognitive impairment (Schmidt et al., 2012).
The rate of dyspraxia (developmental coordination disorder) as assessed by the
Movement Assessment Battery for Children at 5 years of age was lower in the caffeine-
treated group than in the control group (odds ratio (95% CI) 0.71 (0.52-0.97);

P=0.032)(Doyle et al., 2014).

1.4.8.1.5 Sleep assessment

A subgroup of 201 children who participated in the CAP study underwent assessment of
sleep at 5-12 years of age. The dual primary outcomes of total sleep time (measured
using actigraphy) (control group 493.3 minutes v caffeine 488.3 minutes, mean
difference adjusted for covariates (95% CI); -6.7 minutes (15.3, 2.0), P = 0.13) and
obstructive apnoea-hypopnoea (based on polysomnography) (control group 0.3
events-hr v caffeine 0.3 events-hr; rate ratio caffeine:placebo (95% CI); 0.89 (0.55,
1.43), P = 0.63) did not differ significantly between those that had received caffeine as a
neonate and those who had received placebo, indicating no long-term effects on sleep
quality attributable to treatment with caffeine during the neonatal period (Marcus et

al, 2014).
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1.4.8.1.6 11-year follow-up

A further follow-up study was conducted when the original trial participants were 11
years of age to assess academic performance, motor skills and behaviour. A subset
comprising approximately half of the original participants were assessed. There was not
a statistically significantly difference in the primary outcome (a composite of poor
academic performance, motor impairment and behavioural problems) between the
caffeine and placebo groups (Schmidt et al., 2017). The incidence of motor impairment
(mainly due to dyspraxia) was significantly reduced in the caffeine group (adjusted
odds ratio (95% CI); 0.66 (0.48-0.90), p=0.009), with 13 infants requiring caffeine
treatment to prevent one case of motor impairment at 1 years of age (Schmidt et al.,
2017). There was no difference in academic performance or behaviour problems
between the two groups. Analysis of secondary outcomes, including general
intelligence, attention, executive function, visuomotor integration and perception,
found no significant difference between groups on tests of general intelligence,
attention, executive function and behaviour, but identified beneficial effects of
neonatal caffeine treatment on visuomotor integration (OR = 0.74; 95% CI 0.55-0.99;
P=0.04), visual perception (OR=0.63; 95% CI 0.43-0.92; P=0.02) and fine motor skills
(OR=0.69; 95% CI 0.52-0.92; P=0.01), in keeping with the beneficial effect on motor
impairment (Mirner-Lavanchy et al., 2018). The authors concluded that the beneficial
effects of caffeine on cognitive function seen at 18 months of age were outweighed by
social and environmental influences on the child as they grow up (Schmidt et al., 2017).
Caffeine was not associated with significant differences in self-reported quality of life
across most domains assessed, with the sole exception of perceptions of peer support,
where the effect was small (mean difference in T-score on Kidscreen-52 questionnaire,

adjusted for centre = -1.9; 95% CI -3.3 to —0.4; P=0.01)(Schmidt et al., 2019).

1.4.8.1.6.1 Lung function testing
In addition to the assessments above, at 11 years of age, children who were assessed by

the team at the Royal Women’s Hospital in Melbourne underwent lung function
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testing. Expiratory flow rates were better in participants who had been treated with
caffeine in the neonatal period than those treated with placebo, with z-scores for
FEV,being lower in the caffeine-treated group (mean difference = 0.49; 95% CI, 0.07 to
0.91; P=0.023). However, when BPD was taken into account as a covariate in regression
modelling this effect was reduced and became statistically insignificant (mean
difference in FEV, z-score = 0.24; 95% CI, -0.15 to 0.62; P=0.24)(Doyle et al., 2017). This
indicates the improvements in respiratory function is due to the effect of caffeine in
reducing ventilator and oxygen dependency and hence reducing lung injury (Doyle et

al., 2017).



Table 1.1: Summary of key outcomes from the CAP trial

Outcome Caffeine  Placebo Odds 95% P-value
group group Ratio*  confidence
n/N (%) n/N (%) interval
Bronchopulmonary dysplasia 350/963 447/954 0.63 0.52-0.76 <0.001
N= 2006 (Schmidt et al., 2006) (36.3) (46.9)
Composite death / neurodevelopmental 377/937 431/932 0.77 0.64-0.93 0.008
disability at 18-21 months N=1869 (40.2) (46.2)
(Schmidt et al., 2007)
Death before 18 months 62/974 63/970 0.97 0.67-1.40 0.87
(6.4) (6.5)
Cerebral palsy 40/909 63/970 0.58 0.39-0.87 0.009
(4.4) (7:3)
Cognitive delay 203/867 329/858 0.81 0.66-0.99 0.04
(338) (383)
Severe hearing loss 17/909 22/905 0.77 0.4-1.45 0.41
(19) (2.4)
Bilateral blindness 6/911 8/905 0.74 0.26-2.15 0.58
(0.7) (0.9)
Composite death / neurodevelopmental 176/833 200/807 0.82 0.65-1.03 0.09
disability at 5 year N=1640 (Schmidt et al,, 2012)  (21.1) (24.8)
Death before 5 years 59/867 58/837 0.98 0.70-1.43 0.92
(6.8) (6.9)
Motor impairment 13/803 21/773 0.59 0.29-1.18 0.20
(1.6) (27)
Cognitive impairment 38/768 38/750 0.97 0.61-1.55 0.89
(4.9) (5.1)
Behaviour problem 42/773 53/748 0.75 0.49-1.15 0.8
(5.4) (71)
Poor general health 32/805 33/775 0.92 0.56-1.52 0.75
(4.0) (4.3)
Severe hearing loss 22/798 25/773 0.85 0.47-1.52 0.58
(2.8) (G-2)
Bilateral blindness 71792 7/763 0.96 0.34-2.75 0.94
(0.9) (0.9)
Composite functional impairment at 11 145/457 174/463 0.78 0.59-1.02 0.07
years N= 920 (Schmidt et al., 2017) 31.7) (37.6)
Poor academic performance 66/458 61/462 1.11 0.77-1.61 0.58
(14.4) (13.2)
Motor impairment 90/457 130/473 0.66 0.48-0.9 0.009
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(19.7) (27.5)
Behaviour problems 52/476 40/481 1.32 0.85-2.07 0.22
(10.9) (83)

*Adjusted for centre

1.4.8.1.7 Economic Analysis

A retrospective economic evaluation of the cost effectiveness of treatment with caffeine
for apnoea of prematurity was undertaken using data from the CAP trial. Direct
medical costs per survivor without neurodevelopmental impairment were calculated
based on Canadian costs for all trial participants (regardless of country of
birth)(Dukhovny et al., 2011). The mean cost per infant was (in 2008 Canadian dollars)
$124,466 for those in the caffeine group versus $133,505 for those in the placebo group,
giving a cost saving of $9039 (95% CI -14,749—3375; adjusted P = 0.014) for treatment
with caffeine (Dukhovny et al., 2011). Although the main cost analysis was based on
Canadian prices, calculations showed that even allowing for caffeine prices varying
through a 100-fold range and other medical costs varying from 50-1000% of the values
used in the main calculations, caffeine remained a cost-effective treatment. This
indicates a strong economic benefit from caffeine use in this population, with caffeine
being found to be one of the most economically beneficial treatments in neonatal

intensive care (Dukhovny et al., 20n).

1.4.8.1.8 Summary

Overall, the CAP Trial has found no evidence of long-term harm from caffeine use in
premature infants weighing 500 -1250g at delivery. Infants treated with caffeine had
significantly reduced rates of BPD, and a lower risk of death or neurodevelopmental
disability at 18-21 months of age (Schmidt et al., 2007). At 18-21 months of age, children
treated with caffeine as neonates had less developmental delay (Schmidt et al., 2007),
but there was no effect on cognitive impairment by the age of 5 years (Schmidt et al.,
2012). The beneficial effects of caffeine on motor function are maintained to at least the

age of 11 years (Schmidt et al., 2017), with beneficial effects on lung function and no
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long-term adverse effects on sleep (Marcus et al., 2014). The use of caffeine in this

population is highly cost-effective (Dukhovny et al., 2011).

1.4.9 Current usage in neonatology

The use of caffeine for the prevention and treatment of apnoea, and to facilitate
extubation is well established, with caffeine citrate consistently being reported among
the most frequently used medications in neonatal units (Al-Turkait et al., 2022; Clark et
al., 2006; Hsieh et al., 2014; Stark et al., 2022) and almost all infants born at less than 28
weeks GA receiving the drug (Puia-Dumitrescu et al., 2019). Generally, clinical practice
guidelines recommend a loading dose of 20 mg.kg™ and an initial maintenance dose of
5 mg.kg.day”, increased if necessary to 10 mg.kg™.day, in keeping with the doses used
in the CAP trial (Schmidt, 2023). However, in recent years there has been upwards
creep in the doses used, with some guidelines recommending doses of up to 8o mg.kg™
as a loading dose, and up to 20 mg.kg™.day or higher as maintenance therapy
(Schmidt, 2023). There is also considerable variation in practice between neonatal units

and neonatal clinicians (Siddhi & Foster, 2023a).

Recent surveys of neonatal units and staff in the United Kingdom, Australia and New
Zealand have found near-universal use of caffeine for the most premature infants, but
considerable variation in practice for parameters including how soon after birth
caffeine is started, gestational ages at which caffeine use is routine, whether caffeine is
continued during periods of mechanical ventilation, and the timing of discontinuation,
in addition to variations in the dose used for both loading and maintenance doses

(Grainge et al., 2022; Gray & Chauhan, 2016; Siddhi & Foster, 2023b).

In 2016, a survey of neonatologists within the Australia and New Zealand Neonatal
Network (ANZNN) found that almost all (98.9%) used caffeine to treat apnoea of

prematurity, with fewer using caffeine to prevent apnoea or facilitate extubation (77.0
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and 70.1% respectively)(Gray & Chauhan, 2016). While the 20 mg.kg™ load / 5 mg.kg"
.day” regimen was most common, doses reported in Australia ranged between 10-8o
mg.kg™ for the loading dose and 4-20 mg.kg™.day” maintenance (Gray & Chauhan,
2016); variation which is broadly similar to that reported in overseas surveys (Grainge et

al., 2022; Siddhi & Foster, 2023b).

Use of caffeine and its early initiation has increased over the last decade, with 82.6% of
infants in the UK receiving caffeine within the first two days of life in 2020 (Szatkowski
et al., 2023), and approximately 50% of NICUs reporting initiation within the first hour
of life (Grainge et al., 2022). The majority of units continue caffeine during periods of

ventilation (Grainge et al., 2022).

Parameters around the discontinuation of caffeine are similarly variable. In the ANZNN
survey, neonatologists reported discontinuing caffeine at PMAs of between 32 and 36
weeks gestation, and monitoring infants post-cessation for periods of between 24 hours
and 2 weeks, with 5-7 days being most common (Gray & Chauhan, 2016). In a similar
survey of British neonatal units in 2021 timing of discontinuation was similarly varied,
with the majority of units indicating discontinuation was a patient-specific decision,
but a significant number discontinuing treatment at 34 weeks PMA irrespective of
respiratory support (Grainge et al., 2022). Retrospective cohort data from the USA
reports PMA at caffeine discontinuation of between 32 and 37 weeks gestation, and
again, considerable variation in the period of observation between discontinuation and

discharge (Ji et al., 2020).

1.5 Summary

Late preterm infants are physiologically immature and have poorer
neurodevelopmental outcomes than infants born at full-term. They also experience

higher rates of intermittent hypoxaemia, and the potential for organ hypoxia as a result
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of these episodes provides a possible mechanism by which intermittent hypoxaemia

may cause neurodevelopmental impairment.

Caffeine is used for the prevention and treatment of apnoea in very and extremely low
birthweight infants, and one large, randomised trial has shown it may reduce the rates
of BPD and improve long term neurodevelopmental outcomes for these infants. Use of
caffeine in late preterm infants may be expected to reduce intermittent hypoxaemia,
and hence improve neurodevelopmental outcomes in these infants. However,
maturation of the renal and hepatic systems in late preterm neonates means these
infants may require higher doses for therapeutic effect than infants born more

prematurely.
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2. Overview, rationale and aims

2.1 Summary of chapter contents

This thesis reports as its central theme the conduct and results of the Latte Dosage
Trial. It includes the results of laboratory-based testing necessary to support the
performance of this trial, and a systematic review of the wider use of caffeine in
preterm infants. This chapter explains the rationale for the research undertaken, an
explanation of how the research described in the subsequent chapters fits together and

the aims of the projects.

This thesis is written and formatted in accordance with the University of Auckland
2020 PhD statute guideline. Chapters 3 - 6 of this thesis have been published in peer-
reviewed journals. Chapters that are already published papers have been included
without any changes to content. Formatting, including table and figure numbers and
citations have been adjusted to maintain consistency throughout the thesis. The
published papers have been edited and included with necessary permission from the

publishers (see page 62).

2.2 Project significance

Approximately 8% of all live births in New Zealand occur at gestations of less than 37
weeks (Ministry of Health, 2021), and late preterm infants account for approximately
70% of these preterm births, equating to 5.2% of all births, or approximately 3,300
babies per year (Ministry of Health, 2019). These figures are similar to those in other
comparable countries, such as England and Wales (where late preterm babies account
for 5.3% of all births)(Bradford, 2022) and the USA (7% of all births)(Osterman et al.,
2022). These late-preterm infants are at higher risk of experiencing morbidity and
mortality in the neonatal period than full-term infants (McIntire & Leveno, 2008), and

in later childhood are more likely to receive a neurodevelopmental diagnosis, including
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cerebral palsy (Moster et al., 2008; Odd et al., 2013), developmental delay (Darlow et al.,
2009; Woythaler et al., 2011), cognitive impairment (Heinonen et al., 2015; Quigley et
al., 2012; Talge et al., 2010) and behavioural disorders (Huddy et al., 2001), compared to

term infants.

The significant size of the late preterm population and the long-term nature of many of
the issues they face mean that overall, these infants account for significant resource use
in both the health and education systems (Premji, 2019). Thus, any intervention that
reduces neurodevelopmental impairments in late preterm infants - especially if
inexpensive, easily administered and well-tolerated - may be expected to significantly
reduce the overall cost burden of preterm birth, as well as improving quality of life for
those affected. Caffeine has the potential to meet these requirements, given its effect in
reducing intermittent hypoxaemia (Doyle et al., 2010) and improving long term
outcomes (Schmidt et al., 2017), and its cost-effectiveness (Dukhovny et al., 2011) in

more preterm infants.

2.3 Rationale for studies

2.3.1 Analytical methods and caffeine oral liquid formulation stability

2.3.1.1 Caffeine citrate oral liquid formulation design and stability study

The design of the Latte Dosage Trial as a double-blind, placebo-controlled dose-finding
randomised controlled trial required both a means of administering the different doses
of caffeine citrate to late preterm infants in a manner that maintained blinding, and a
matching placebo. This necessitated the trial medication being available at a range of
different concentrations to allow the administration of a standard volume of trial
medication to every baby in the trial, regardless of the dose group they were assigned
to. As caffeine citrate is only available commercially in NZ in a single strength, the
required range of concentrations had to be prepared extemporaneously. Many

commonly used excipients are known to be potentially harmful to neonates and
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infants, where physiological immaturity of organ systems and metabolic pathways may
result in accumulation and an increased incidence of adverse reactions compared to
older patients (Cuzzolin, 2017). As a result, and in accordance with recommendations
(Nahata, 2009), a conscious decision was made to reduce the excipients used in the
formulation as far as possible, and consequently a simple solution of caffeine citrate
(with water as a placebo) was investigated as a preferred option. Four different
concentrations were prepared, the most concentrated of which, at 2omg.mL", had

similar properties to the product currently used in clinical practice in New Zealand.

In order to comply with legislative requirements surrounding pharmaceutical
manufacture and wholesaling in NZ (Medicines Act, 1981), it was necessary for each site
to independently compound medication for the infants enrolled at that site, rather than
supplying all medication from one hospital. This required a formulation that was quick

and simple to manufacture using standard extemporaneous compounding techniques.

Clinical use of the formulations required confirmation the products would remain
chemically and physically stable throughout the intended duration of use. As there was
no published data available on suitable formulations at the requisite range of
concentrations, laboratory work to develop formulations and confirm their stability
during storage was required prior to the trial commencing. This work is reported in
Chapter 3, alongside other laboratory-based methods. The developed formulations
were then prepared by the pharmacies at the two hospitals from which patients were
recruited, in accordance with legal requirements and standard extemporaneous

compounding practices in New Zealand.

2.3.1.2 Salivary caffeine analysis
The Latte Dosage Trial required infants to be given differing doses of caffeine to

identify which dose was most effective in reducing intermittent hypoxaemia without
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significant side effects. Caffeine ingested by breastfeeding mothers is transferred to the
breastmilk (Berlin et al., 1984; Ryu, 1985), and may be consumed by breastfeed infants,
potentially adding to their daily intake of caffeine. To assess if this incidental exposure
was likely to have any impact on infant caffeine exposure across the dose groups we
were using, a survey of maternal caffeine intake was included at each of the three
timepoints (baseline, two weeks and term). However, assessment of maternal intake
using surveys relies on accurate recall, and there is considerable variation in caffeine
content of foods and drink by brand and method of preparation (S. Boylan et al., 2008).
Infant caffeine intake via breastmilk is then subject to further variation due to
interindividual variation in maternal pharmacokinetics and the timing of feeds (Berlin
et al., 1984). We thus included analysis of caffeine concentrations in both mother and

infant as part of the trial.

Salivary samples were used in preference to plasma as salivary sampling is simple and
non-invasive, avoiding both a painful procedure for participants and the need for staff
trained in phlebotomy. Salivary caffeine concentrations have been shown to be highly
correlated with plasma concentrations in preterm infants at 33-36*® PMA (Dobson et
al., 2016) and in lactating mothers (Berlin et al., 1984). However, analysis of the
samples collected during the trial required the development and validation of a method
for analysing the caffeine concentration of saliva, using reagents and equipment

available in a standard laboratory setting.

Maternal salivary caffeine concentrations were measured to allow us to assess if
maternal caffeine and hence neonatal exposure, differed between groups within the
trial. Neonatal salivary concentrations were ascertained to also allow us to confirm that

babies in the higher dose groups did in fact receive higher doses of caffeine.

As the half-life of caffeine is significantly shorter in adults, at approximately 3-6 hours,

than it is in neonates (Axelrod & Reichenthal, 1953; Gorodischer & Karplus, 1982;
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Newton et al., 1981), mothers participating in the trial were asked to collect three saliva
samples over a 24-hour period (at 10am, 2pm and 6pm) to allow concentrations to be
averaged, giving a picture of total daily intake. The researcher conducting the visit then
collected a saliva sample from the infant during the two-week visit, and transported
that, along with the maternal samples, to the laboratory where they were stored at -
20°C until analysis. The practicalities of this aspect of the trial made it necessary to
undertake stability studies to confirm that caffeine was stable in saliva, and
concentrations would not be affected by the planned collection timeframes, and in

particular by any delay in getting samples into the laboratory freezer.

Consideration was also given to collecting expressed breast milk and assessing the
caffeine content of this, to give a more direct assessment of infant caffeine intake via
maternal sources. However, collection of expressed breast milk for analysis requires
consideration of ethical and practical issues. Collection of milk for research has been
described as “taking a primary foodstuff from an infant” (E. Miller et al., 2013) and so is
not a preferable option where the relevant information can be obtained by other
means, especially for preterm infants where the establishment of feeding is already
challenging (Maastrup et al., 2014). On a practical level, analysis of breastmilk requires
expressing milk, either by hand or by pump, which mothers in our study were not
necessarily doing routinely. This potentially requires extra equipment and a more
complex collection process than saliva samples collected by direct expectoration into a
tube. In light of these considerations, and the fact that full pharmacokinetic evaluation
was not the primary aim of this trial, assessment of salivary caffeine concentrations in

both infant and mother was felt to be sufficient.

The methods and results of both the stability testing of the caffeine citrate oral liquid
formulations (physical, chemical and microbiological) and the validation of the

methods of analysis of caffeine in saliva are presented together in Chapter 3.
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2.3.2 The Latte Dosage Trial

Late preterm infants are known to have higher rates of neurodevelopmental
impairment than babies born at term, including a higher risk of being diagnosed with
cerebral palsy (Moster et al., 2008; Odd et al., 2013), developmental delay (Darlow et al.,
2009; Woythaler et al., 2011), cognitive impairment (Heinonen et al., 2015; Quigley et

al., 2012; Talge et al., 2010) and behavioural disorders (Huddy et al., 2001).

Recent research has demonstrated that infants born late preterm experience more
frequent episodes of intermittent hypoxaemia than infants born at term (Williams et
al., 2018). These episodes peak in frequency at two weeks of age, returning to baseline

levels at around term corrected age (Williams et al., 2018).

Exposure to hypoxic environments may have negative long-term cognitive effects in
adults (Bahrke & Shukitt-Hale, 1993; Weaver et al., 2002), and even small decreases in
neonatal oxygen saturations have been shown to negatively affect survival and
neurodevelopment of very preterm infants (Carlo et al., 2010; Saugstad & Aune, 2013;
Stenson et al., 2011). Transient intermittent hypoxaemic events are associated with poor
neurodevelopmental outcomes in extremely preterm infants (Poets et al., 2015) and in
children with sleep disordered breathing (N. Ali et al., 1996) and congenital heart
disease (Bass et al., 2004). We thus postulated that the increased incidence of
neurodevelopmental impairment in late preterm infants may be due, at least in part, to

the higher rates of intermittent hypoxaemia observed in this population.

Caffeine is already widely used in neonatal medicine as a respiratory stimulant in very
preterm infants to prevent and treat apnoea of prematurity and intermittent
hypoxaemia. It reduces the incidence of BPD, cerebral palsy, and cognitive delay in

these infants, and is well tolerated (McNamara et al., 2004; Schmidt et al., 2006, 2007).
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As late preterm infants have an increase in hypoxaemic events compared to term
infants, and hypoxaemic events are associated with poor neurodevelopmental
outcomes, it is possible that caffeine - an intervention that reduces hypoxaemic events
and has already been shown to improve long-term outcomes in extremely and very
preterm infants - may be effective at improving outcomes in late preterm infants. This
possible benefit of caffeine on long-term neurodevelopmental outcomes is the ultimate

hypothesis of the Latte trials.

The pharmacokinetics of caffeine are known to vary considerably with age. The usual
hepatic route for metabolism of caffeine in adults (via cytochrome P450 1A2)(Anderson
et al., 1999) is almost entirely absent in newborn preterm infants, and instead the
majority of caffeine administered is eliminated via the kidneys, which are also
functionally immature. Caffeine elimination is thus slow in extremely preterm infants,
prolonging the half-life. With increasing postconceptial age the elimination of caffeine
increases (Falcdo et al., 1997; Le Guennec et al., 1985), and larger doses may be needed
to maintain a therapeutic effect. In one trial in very preterm infants, 6 mg.kg™ of
caffeine citrate reduced intermittent hypoxaemia at 35 and 36 weeks’ PMA, but not
after 36 weeks’ PMA. The authors hypothesised that this may be due to increasing drug

clearance resulting in an insufficient dose as infants matured (Rhein et al., 2014).

Although caffeine is usually well tolerated by very preterm infants, there have been
reports of tachycardia, feed intolerance, and a reduction in weight gain (Schmidt et al.,
2006; Steer et al., 2004). There are concerns that side effects of caffeine reported by
adults, such as irritability, sleeplessness and gastrointestinal disturbance may also
occur in infants. For caffeine to be used as a prophylactic medication in a large number
of late preterm infants, it would need to be prescribed at a dose that has a low risk of

significant side effects.
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Thus, before a Phase III trial investigating the effect of caffeine on neurodevelopmental
outcomes could occur, further work was needed to determine an appropriate dose for
the reduction of intermittent hypoxaemia in the late preterm population. As a result,
the Latte Dosage Trial was developed as a randomised, placebo-controlled dose-finding
and feasibility study. The aim was to determine the most effective and best tolerated
dose of oral caffeine citrate to reduce intermittent hypoxaemia in late preterm infants,
with the intent that this would in turn inform the development of a larger and longer-
term trial of caffeine with neurodevelopment as the primary outcome (The Latte Trial).
The protocol for the Latte Dosage Trial is described in Chapter 4, and the results in

Chapter 5.

2.3.3 Systematic Review: Caffeine for apnoea and the prevention of neurodevelopmental
impairment in preterm infants
At the time of writing the protocol for this review, systematic reviews on caffeine use in
preterm infants were outdated, with available Cochrane reviews being published
approximately 10 years prior, and not updated, and in many cases including other
methylxanthines, such as theophylline, no longer routinely used in clinical practice
(Henderson-Smart & Davis, 2010; Henderson-Smart & De Paoli, 2010a, 2010b;
Henderson-Smart & Steer, 2010). Since publication of these Cochrane reviews, follow-
up data (at 5 and 1 years of age) from the CAP trial (Schmidt et al., 2012, 2017), and
outcomes of a dosage trial in Queensland had been published (Gray et al., 2011),
providing much-needed data on the long-term effects of caffeine in this vulnerable
population, along with several other more recent randomised trials of caffeine use in
preterm infants that needed to be incorporated into this body of evidence (Katheria et

al., 2015; McPherson et al., 2015; Mohammed et al., 2015; Rhein et al., 2014).

A systematic review was thus designed to identify and analyse the relevant data on the
effectiveness and optimal dose of caffeine in preterm infants, encompassing both short

and long-term outcomes. This review was designed to include two comparisons:
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1. Caffeine vs placebo
2. High vs low dose caffeine

with the following subgroup analyses performed by study type or individual trial

subgroup data, as available:

1. Primary indication:

a. early/prophylaxis

b. apnoea or peri-extubation

c. late hypoxaemia/established lung disease
2. Gestation:

a. <28 weeks

b. 28 <32 weeks

c. 33 <36 weeks

The review was carried out with a final search performed on 1 July 2022, and is
reported in Chapter 6. However, insufficient information on the indication for
treatment and the gestation of the participants was reported in included trials to allow

the planned subgroup analyses to be undertaken.

2.4 Aims

The aims of the research projects described above are as follows:

2.4.1 Analytical methods and caffeine oral liquid formulation stability
To develop and validate an extraction protocol and liquid chromatography assay for the

extraction and quantification of caffeine from human saliva.
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Elizabeth Oliphant
Examiner 2 recommends deleting


To evaluate the chemical, physical and microbial stability of caffeine solutions at 5, 10,

15 and 20 mg.mL™.

2.4.2 The Latte Dosage Trial
To determine the most effective and best tolerated dose of caffeine citrate to reduce

transient intermittent hypoxaemia events in late preterm infants.

2.4.3 Systematic Review: Caffeine for apnoea and the prevention of neurodevelopmental
impairment in preterm infants

To identify, evaluate, and summarize the evidence for the effectiveness of caffeine in

reducing the rate or occurrence of apnoea and reducing long-term neurodevelopmental

impairment in preterm infants (<37 weeks’ PMA).

To assess if there is any difference in these outcomes between caffeine given at
standard doses (<10 mg.kg™ caffeine citrate equivalent) and high doses (>10 mg.kg™

caffeine citrate equivalent).
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3. Analytical methods for caffeine in solution and saliva and caffeine

oral liquid formulation stability

3.1 Abstract

A clinical trial is currently underway to examine the efficacy of using caffeine citrate to
prevent intermittent hypoxemia in late preterm neonates. Determining caffeine
concentration using saliva in this population would be preferable as it is less invasive
than plasma sampling, but a suitable method of analysis is required. This paper
presents the development and validation of a rapid, efficient and reproducible stability-
indicating high-performance liquid chromatography (HPLC) method and extraction
protocol for the quantification of caffeine present in saliva. The stability of
extemporaneously prepared caffeine citrate solutions (at 20-25 °C) was determined,
along with the stability of caffeine spiked saliva samples (at 20-25 and 2-8 °C), to
ensure the suitability of the developed method in the analysis of clinical trial samples.
Protein precipitation using acetonitrile ensured the complete removal of salivary
proteins and resulted in extraction recovery of =95% for all samples. The HPLC assay
following extraction was linear (R2>0.99) over the range 0.3-50 pg/mL (lower limit of
quantification 0.3 pg/mL). The accuracy of the quality control samples was 94-100%
and the relative standard deviation (RSD) was <7% for all samples. Caffeine-spiked
saliva samples were stable for three freeze-and-thaw cycles pre-extraction and up to

72 hr post-extraction. The extraction and HPLC methods described were thus suitable
for the analysis of clinical trial samples from the Latte Dosage Trial. All caffeine
solutions were physically and chemically stable, with concentrations at the end of the
three-month test period being within 4% of the baseline concentrations, indicating

appropriateness for use as clinical trial medications.
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3.2 Introduction

Caffeine is a methylxanthine drug widely used in neonatal intensive care units for the
prevention and treatment of apnoea of prematurity, and is one of the most cost-
effective interventions in this population(Dukhovny et al., 2011; Eichenwald &
Committee on Fetus and Newborn, 2016). It has been used in neonatal units in both IV
and oral formulations since the 1970s, and various commercial formulations are
available in different countries. The Latte Dosage Trial, which is currently being
conducted to examine the efficacy of using caffeine citrate to prevent intermittent
hypoxemia in late preterm neonates, requires the use of caffeine citrate oral liquid at
four different strengths to allow for trial blinding alongside a placebo(Oliphant et al.,
2020). In New Zealand (NZ), caffeine citrate is available commercially in a single 20
mg/mL strength, so extemporaneous compounding by pharmacists at participating
sites is required to obtain the appropriate strengths (5, 10, 15 and 20 mg/mL) for the
trial to maintain blinding. The formulation of caffeine produced for the Latte Dosage
Trial consists solely of caffeine citrate dissolved in water to avoid exposing preterm
infants to unnecessary excipients. Before being used in a clinical setting, the storage

stability of preservative-free caffeine solutions needs to be determined.

While plasma samples are most commonly used for analysis of drug concentrations in
pharmacokinetic studies, saliva has many advantages over plasma. Saliva is easily
obtained by non-invasive techniques, increasing patient acceptability (especially where
a large number of samples or children are involved) and decreasing the technical skills
required for collection (Gorodischer et al., 1994). These factors make it more suitable
than plasma for use in neonatal clinical trial participants. Furthermore, the
concentration in saliva reflects free or unbound drug concentrations in plasma, and as
this represents the pharmacologically active drug concentration it may be more
meaningful for some drugs than plasma concentrations, which often reflect both bound

and unbound drug (Horning et al., 1977). In both preterm neonates and adults, salivary
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caffeine concentrations have been shown to be comparable to plasma concentrations

(Alkaysi et al., 1988; Carrillo et al., 2000; Dobson et al., 2016).

Previously reported methods for the quantification of caffeine from biological samples
have used phase separation techniques for the extraction of caffeine (Jordan et al., 2015;
Newton et al., 1981; Perera et al., 2010). This technique is difficult with saliva, as the
clear and colorless nature of both phases makes it difficult to find the phase boundary
during the extraction process. Saliva also contains a variety of endogenous substances
such as proteins, which need to be removed before chromatographic drug analysis
(McDowall et al., 1989). Incomplete removal of proteins from samples for high
performance liquid chromatography (HPLC) analysis impacts negatively on both

column performance and the sensitivity of the analytical method (McDowall et al.,

1989).

The aim of this paper was to develop and validate a liquid chromatography assay for in
vitro and in vivo quantification of caffeine and use this to determine the stability of
caffeine citrate solution. The primary objectives were to a) develop and validate an
extraction protocol and liquid chromatography assay for the extraction and
quantification of caffeine from human saliva, and b) evaluate the chemical, physical

and microbial stability of caffeine solutions..

3.3 Experimental methods

3.3.1 Materials

Caffeine citrate used in the formulation of the oral liquid preparations and standards
for analysis was purchased from ACROS Organics, Fisher Scientific (Belgium). Water
for irrigation was used in the extemporaneous formulation of the oral liquids, in
keeping with usual compounding practice at the local hospital, and was purchased

from Baxter Healthcare (Australia). Acetonitrile (Merck, Germany) was analytical grade
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and Milli-Q water for HPLC was obtained from Millipak (Millipore, 0.22 pm). Blank
saliva samples for method validation and stability evaluation were obtained by direct
expectoration from six healthy adult volunteers who had abstained from caffeine-
containing food and beverages for a period of at least 24 hr before morning collection.
Each volunteer provided a single sample of at least 4 mL for use in this research, and all
samples were combined to give a standardized saliva mix for validation experiments
[Health and Disability Ethics Committee (Northern A), New Zealand; reference number

18/NTA129].

3.3.2 Chromatographic conditions

An Agilent 1260 HPLC machine (Agilent Corporation, Germany) was used for sample
analysis. A Kinetex C18 column (5 pm, 4.6 x 150 mm) was used with a mobile phase
comprising acetonitrile-water (1:9 v/v) and the flow rate set at 0.9 mL/min. An injection
volume of 20 pL was used, and the UV absorbance was measured at 273 nm using a
photodiode array (PDA) detector. This chromatographic method was validated for both
caffeine solutions (see Supplementary Data) and human saliva samples and was applied
to determine the stability of caffeine in solution for use as a trial medication, as well as

to analyze saliva samples from trial participants.

3.3.3 Preparation of calibration and quality control (QC) standards in saliva

Ten-fold concentrated caffeine citrate solutions ranging from 3 to 500 pg/mL were
prepared from a 1 mg/mL stock solution of caffeine citrate in water. Blank saliva was
spiked with the appropriate volume of respective spiking solution to prepare triplicates
of seven calibration standards at 0.3, 0.6, 2, 5, 10, 25, and 50 pg/mL. Similarly, three
different QC standards: 1, 15, and 30 pg/mL, were spiked in triplicate as standards to

determine the accuracy and precision of the method.
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3.3.4 Extraction of caffeine from saliva

Samples were prepared as follows: 50 pL of saliva was mixed with 50 pL of Milli-Q water
and 9oo pL acetonitrile. The mixture was vortex mixed at 2000 rpm for 3 min at room
temperature (22 °C) then centrifuged at 19,100 rcf at 4 °C for 10 min. The supernatant
(975 pL) was transferred to a new Eppendorf tube and evaporated under a gentle
stream of nitrogen at 42 °C. The residue was then reconstituted using 50 pL water
followed by vortex mixing at 2000 rpm for 3 min at room temperature (22 °C), then
centrifuged at 19,100 rcf at 4 °C for 10 min. A 20 pL aliquot of the supernatant was

injected for HPLC analysis.

The extraction recoveries of spiked quality control (QC) saliva samples prepared at
three different concentration levels (3, 15, and 30 pg/mL) were evaluated by injecting
nine samples of each concentration. The extraction recoveries were calculated using

Equation (1) below (US Food and Drug Administration et al., 2018).

Recovery (%) = Peak area of caffeine extracted from saliva x100 Eq.1
Peak area of caffeine in standard solution

3.3.5 Method validation

Following extraction, the method for saliva sample analysis was validated according to
the Food and Drug Administration (FDA) guidelines for validation of bioanalytical
methods (US Food and Drug Administration et al., 2018). The following tests were

repeated daily for three consecutive days.

3.3.5.1 Sensitivity
The sensitivity of the method was determined by calculating the limit of quantitation

(LOQ) based on the standard deviation (SD) of the lowest non-zero calibrator and
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slope of the linearity curve as described in Eq 2. The signal to noise ratio of the lowest

concentration (0.3 pg/mL) was also determined.

LOQ = 10 x standard deviation of the lowest concentration Eq. 2
Slope of the calibration curve

3.3.5.2 lLinearity

Linearity demonstrates that the sample solutions are within a concentration range
where analyte response is directly proportional to concentration. This was assessed by
analyzing freshly prepared spiked saliva samples (n =7) ranging from 0.3-50 pg/mL
daily for three consecutive days. A linearity standard curve was obtained by plotting the

peak area against concentration.

3.3.5.3 Selectivity and specificity

Blank saliva samples (n = 3) were compared and evaluated for interference of
endogenous compounds during analysis to establish the selectivity of the method.
Specificity was evaluated based on the selectivity of the method and ability to detect
caffeine citrate (+ 20% LLOQ) from the sample matrix. The chromatograms of blank
samples and spiked samples (0.3 pg/mL; n = 3) were analyzed and compared to

determine specificity of the method.

3.3.5.4 Accuracy and precision

The accuracy (% A) of the method is the degree of closeness of the measured
concentration of the analyte to the true concentration of the analyte in QC samples (US
Food and Drug Administration et al., 2018). Accuracy was determined by analyzing nine
QC samples at three different concentration levels (3, 15 and 30 pg/mL), then calculated

using Eq. 3 below.
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% A = [Measured concentration/Nominal concentration] x100 Eq.3

Precision is the degree of closeness between the results. Intra-day and inter-day
precision were determined by analysis of three separate QC samples at each of the
three different concentrations (1, 15 and 30 pg/mL), both over a single day and for three
consecutive days, respectively, and calculating the relative standard deviations (RSD).
According to the FDA guidelines accuracy and precision of a method are considered
acceptable provided the RSD values remain below 15% (US Food and Drug

Administration et al., 2018).

3.3.5.5 Sample storage and post-extraction stability

The stability of caffeine stored in an auto sampler (without temperature control) was
determined by reinjecting the QC caffeine samples (n =3 for each concentration) over a
period of 72 h. Freeze-and-thaw stability of spiked saliva samples was also determined
at three QC concentrations in triplicate to determine the stability of caffeine over three
freeze-and-thaw cycles (-20 °C to ambient temperature). Stability was considered
adequate provided the accuracy at each concentration level remained within + 15% (US

Food and Drug Administration et al., 2018).

Longer-term storage of spiked saliva samples was assessed at two concentrations (0.5
pg/mL and 3 pg/mL; n =3 each) using blank saliva samples as negative controls.
Samples were stored at room temperature (20-25 °C) and under refrigeration (2-8 °C). A
portion of each sample was withdrawn immediately following preparation (time o), day
1, 2 and 7 and analyzed with the developed method to determine the quantity of

caffeine remaining following storage at each of the conditions.



3.3.6 Stability analysis of extemporaneously prepared caffeine citrate formulation

3.3.6.1 Sample preparation

Samples were prepared using standard hospital extemporaneous compounding
protocols. First, a stock solution of caffeine citrate 20 mg/mL was prepared using water
for irrigation. The stock solution was further diluted with water for irrigation as
required to give 5, 10, 15 and 20 mg/mL solutions. Six separate samples were prepared at
each strength and stored individually in amber polypropylene medicine bottles. From
these, three samples at each strength were labelled and used for HPLC stability testing,
and the remaining three samples were labelled and used for pH and organoleptic
analysis. An additional five samples of the 20 mg/mL formulation were prepared for
microbial analysis. All samples were stored at room temperature (20-25 °C) under

florescent lighting in the local hospital pharmacy to mimic in-use conditions.

3.3.6.2 HPLC assessment

Evaluation of chemical stability was performed at pre-determined intervals (weekly for
one month, then fortnightly for one month, then at three months from the date of
preparation). At each timepoint, samples were withdrawn from the three storage
bottles, and analyzed directly using the HPLC parameters and methods described in
section 2.2 above. Details of the validation of this method are provided as a supplement

to this paper.

3.3.6.3 Organoleptic and pH assessment

At each time point, 2-3 mL of sample was decanted into a test tube for analysis.

Samples were visually examined and photographed against both light and dark
backgrounds for clarity, color, precipitation or other visual change, and assessed for any
olfactory change. In addition, the pH of each sample was measured using a pH meter
(SevenEasy pH meter, Mettler-Toledo Inc., Columbus, OH). To ensure accuracy of the
measurement, the pH meter was calibrated using standard buffer solutions at pH 4, 7

and 10 on the day of stability assessment.
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3.3.6.4 Microbial analysis

To allow for comparison with the commercially available formulation, a sample of the
20 mg/mL caffeine citrate formulation was submitted to an accredited contracting
laboratory at each of o, 7, 14, 21 and 28 days after compounding. These samples were
tested for the presence of Cronobacter spp., Listeria spp., Salmonella spp., Bacillus
cereus, Coagulase-positive Staphylococci, Coliforms, Escherichia coli and yeasts and
moulds . This includes pathogens specified by the European Pharmacopoeia in the
section on microbiological quality of aqueous preparations for oral use, plus others to
known to be pathogenic in neonates, and/or to have been identified as contaminants in
medications or neonatal food products (Council of Europe, 2019; Dong & Speer, 2015;

New Zealand Ministry of Health, 2012).

3.4 Results and discussion

3.4.1 Development and selection of extraction protocol

Biological matrices, such as saliva, contain many proteins which, unless removed in a
pre-treatment step, may precipitate on contact with the mobile phase within a HPLC
system, degrading the performance of the HPLC column (Li et al., 2019). The extraction
method for caffeine in saliva was adapted from that used by Perera et al (2010). Ethyl
acetate has been used widely for extraction of polar analytes from biological samples by
liquid-liquid extraction technique as it is effective in extracting compounds with a
broad range of polarity (Bogialli et al., 2007). However, preliminary trials for extraction
of caffeine from saliva using ethyl acetate as described by Perera et al. (2010) were
complicated by difficulties establishing solvent boundaries between the saliva solution
and ethyl acetate, and correspondingly challenges in removing only the organic phase
for further processing, due to the colorless nature of both phases. Therefore, an
alternative method was developed for the extraction of caffeine by protein precipitation
using acetonitrile. Acetonitrile has the highest efficiency in protein removal (Polson et
al., 2003) and is, hence, the most commonly used organic solvent for protein
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precipitation in bioanalysis (Li et al., 2019). Acetonitrile is water-miscible, allowing it to
mix freely with saliva, where it displaces water from the solvation layer of the proteins
causing aggregation and precipitation. At a ratio of 2:1 acetonitrile: aqueous phase, the
resulting supernatant is essentially protein-free (Li et al., 2019). Precipitation of salivary
proteins using acetonitrile was found to be simple, uniform and repeatable. A small
amount of water (50 pL) was added to increase the solubility of caffeine during the
extraction process, with the organic to inorganic solvent ratio being maintained at 1:9

to ensure maximum removal of proteins (Li et al., 2019).

3.4.1.1 Extraction recovery
The extraction recovery of QC samples was found to be 95-1% at 1, 15 and 30 pg/mL

(Table 3.1).

Table 3.1 Accuracy, precision and extraction recovery data for caffeine citrate at
concentrations of 1, 15 and 30 pg/mL.

Intra-day (n=3) Inter-day (n=9) ref:‘fzaa(lsr_l )
Concentration Accurac Accurac S
(png/mL) % Y Precision (% Y Precision Mean RSD
0 0 0, 0,

Nominal) (% RSD) Nominal) (% RSD) (%) (%)

1 97.8 3.1 94.7 4.0 110.6 3.5

15 98.8 0.9 96.9 6.9 95.0 6.8

30 97.7 1.4 99.7 5-2 951 5-2

All values are expressed as a mean percent (%). RSD - Relative standard deviation.

The final extraction method described above was simple, rapid and accurate while not
requiring particularly specialized equipment, thus making it suitable for the analysis of

a large number of samples from a clinical trial in a standard laboratory.
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3.4.2 Method validation
The developed method was found to be simple, rapid, sensitive and reproducible with
caffeine eluting at 6.5 + 0.2 minutes. The results of various validation parameters are

discussed below.

3.4.2.1 Sensitivity

Using Eq. 2 described above, the developed method was found to be sensitive in
quantifying caffeine concentration to 0.3 pug/mL This was further confirmed by
calculating the signal to noise ratio at this concentration, which was found to be above
10, indicating adequate sensitivity at this concentration. The LOQ of the developed

method was thus considered to be 0.3 pg/mL.

3.4.2.2 lLinearity
The plasma concentration vs. peak area plot was found to be linear for caffeine (n = 3)
within the concentration range of 0.3 to 50 pg/mL in saliva with an R>value of

0.9975. The regression equation is shown below (Eq. 4).

y =28.516 x + 4.073 Eq. 4

This concentration range is expected to cover the range of observed concentrations of
caffeine in the saliva of mothers and babies participating in a clinical trial of caffeine
citrate in late preterm babies, based on previous reports of salivary caffeine levels
equivalent to 2.48-18.44 pg/mL in the saliva of lactating women, following ingestion of
a variety of caffeine-containing beverages (Berlin et al., 1984), and neonatal salivary
concentrations of 0.4-36.8. pg/mL in a previously reported clinical trial (Chaabanea et

al., 2017).
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3.4.2.3 Selectivity and specificity
The developed method was found selective for caffeine in the presence of other
endogenous compounds. Analysis of multiple blank samples showed that there was no

interference from the endogenous compounds in saliva (Figure 3.1).
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Figure 3.1 Stacked chromatograms of blank and spiked saliva samples (15 ug/mL)

and calibration standard (15 pug/mL) at 273 nm, with caffeine peak eluting at 6.35

minutes. Graphs in the dotted box show caffeine spectra and representative peak
purity of the samples.

3.4.2.4 Accuracy and precision

The method was accurate and precise at three different concentrations (Table 3.1). The
accuracy was between 94-100%. The precision (percentage bias) was below 7, less than
the + 15% provided for in the FDA guidelines (US Food and Drug Administration et al.,
2018) for both inter- and intra-day samples, indicating that the method is repeatable

and reproducible.
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3.4.2.5 Sample storage and post-extraction stability

Stability of caffeine-spiked saliva samples were determined both before and after
extraction to mimic conditions during collection and transportation periods as well as
sample analysis. The concentration of caffeine in saliva samples was found to remain
stable with storage at both room temperature and under refrigeration for a period of

seven days (Table 3.2).

Table 3.2 Stability of caffeine in saliva under refrigeration (2-8 °C), at room
temperature (20-25 °C) and frozen (-20°C).

Percentage of caffeine remaining

Concentration 24 hours 48 hours 7 days
(hg/mL) 20-25 2-8 -20 20-25 2-8 -20  20-25 2-8 -20
°C °C °C °C °C °C °C °C °C
0.5 96.8 98.0 76.3  100.5 1067 801  107.1 97.1 72.5
(133) (2.0) (200) (87) (322) (750 (9.9) (Go7) (12)
3 97.0 104.7 921 101.1 100.3 953 Q7.2 101.2  106.9

(29) (42) (9) Gy (7)) (6.6) (74) (24) (7.8

Data presented as mean (SD); n = 3.

Caffeine in saliva was stable for three freeze-and-thaw cycles (-20 °C to ambient
temperature), indicating that freezing and thawing of clinical trial samples for
analysis will not affect the results. In addition, caffeine was stable at all three
concentrations (1, 15 and 30 pg/mlL) for at least two days post-extraction when
kept in the auto sampler (

Table 3.3). This indicates post-extraction stability of caffeine in all the samples until
analysis of the final sample in the sequence, despite the temperature not being
controlled in the auto sampler.
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Table 3.3 Stability evaluation of extracted caffeine samples from saliva kept in
auto sampler for 72 hours and for three freeze-and-thaw cycles (from -20 °C to
room temperature)

. Auto sampler, 48 h Three cycles, freeze-and-thaw
Concentration

(ug/mL) Drug remaining (%) RSD Drug remaining (%) RSD

(%) (%)

1 106.7 1.2 102.0 5.4

15 103.5 2.7 92.6 7.8

30 103.7 2.9 102.0 8.5

Data are mean values (n=3). RSD - relative standard deviation.

3.4.2.6 Summary of method validation for determination of caffeine in saliva

The validation testing described above provides data to support the developed method
for the quantification of caffeine in human saliva. This method will be used to quantify
salivary caffeine levels in infants participating in a randomized controlled trial of
caffeine for the prevention of intermittent hypoxemia, and their mothers (Oliphant et
al., 2020). While it would have been preferable to perform this validation using
neonatal saliva as well as adult saliva, ethical and practical issues preclude this, and any

differences between the two matrices are likely to be minor.

The stability testing of saliva samples spiked with caffeine citrate confirms that the

caffeine concentration in saliva is not significantly affected by storage at room
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temperature or under refrigeration, so delays in the transport of clinical trial samples to
the laboratory for analysis will not significantly alter the results obtained from analysis.
Stability through freeze-thaw cycles indicates that freezing of samples until the end of
the trial before analyzing them (as is required to avoid breaking the trial blinding) will

not alter the results obtained.

3.4.3 Stability analysis of extemporaneously prepared caffeine citrate formulation
3.4.3.1 Organoleptic assessment

Throughout the three months of storage, all solutions remained clear and colorless
with no visible precipitation. There was no noticeable odor from any of the tested
solutions at any point during the study. This is in keeping with reported results from

stability studies on preserved caffeine citrate solution (Barnes et al., 1994).

3.4.3.2 pH assessment
During the three-month period of stability testing, no significant changes in pH were

observed in any of the four concentrations of caffeine citrate solution (

Table 3.4). Our results are similar to those reported by Barnes et al. in their stability

testing of a 10 mg/mL preserved caffeine citrate solution (Barnes et al., 1994).

Table 3.4 pH of caffeine citrate samples (stored at room temperature for up to 3
months.

pH of solution

Timepoint Concentration (mg/mL)

5 10 15 20
Baseline 2.43 (0.16) 2.15 (0.01) 2.06 (0.03) 1.90 (0.06)
7 days 2.53 (0.02) 2.29 (0.03) 2.20 (0.02) 2.16 (0.02)
14 days 2.44 (0.05) 2.22 (0.08) 2.13 (0.03) 2.03 (0.02)
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21 days 2.46 (0.03) 2.25(0.00) 2.15 (0.01) 2.07 (0.05)
28 days 2.49 (0.05) 2.33 (0.02) 2.23 (0.02) 2.09 (0.02)
6 weeks 2.44 (0.02) 2.21 (0.04) 2.09 (0.01) 1.95 (0.05)
2 months 2.52 (0.04) 2.35 (0.01) 2.20 (0.03) 2.16 (0.01)
3 months 2.31 (0.03) 2.09 (0.01) 1.91 (0.02) 1.85 (0.04)

Data presented are mean (SD); n =3

3.4.3.3 HPLC analysis

Calibration curve construction demonstrated that detection of caffeine citrate in
solution was linear across the range tested, from 1 - 25 pg/mL. Throughout the trial
period, all strengths of the caffeine citrate solution retained adequate potency (Figure
3.2), defined as deviating by not more than 10% of the initial concentration(Mehta,
1993) with no new peaks observed on the chromatogram. After three months, the s, 10,
15 and 20 mg/mL solutions were found to have mean (SD) caffeine concentrations of
5.0 (0.1), 9.9 (0.2), 15.0 (0.1) and 20.3 (0.5) mg/mL remaining, respectively, which was

within 4% of corresponding baseline concentrations.

25+
)
o E zo-M v
-la o
£ 15 x
S E 15444 &4 —=
@ 3
— ©
51088 g5 8 —§ u
£ 2
OPf 58 06060 0o o o o
o
o
0 1 1 1 1 1
0 20 40 60 80 100
Time (Days)



Figure 3.2 Concentration of 5 (@), 10 (M), 15 (4) and 20 ( V) mg/mL caffeine
citrate solutions over a three-month period. Data presented as mean + SD; n = 3.

3.4.3.4 Microbial analysis

None of the 20 mg/mL samples, prepared under standard extemporaneous
compounding conditions at the local hospital pharmacy, showed any growth for
Cronobacter spp., Listeria spp., Salmonella spp., Bacillus cereus, Coagulase-positive
Staphylococci, Coliforms, Escherichia coli or yeasts and moulds when stored in amber
polypropylene medicine bottles under florescent lighting at room temperature for time
periods of up to 28-days post-manufacture. As solutions were extemporaneously
compounded and did not contain any preservative, use beyond 28 days post-

manufacture would not be considered in clinical practice.

3.4.3.5 Summary of stability analysis of extemporaneously prepared caffeine citrate
formulation
As blinding requirements for the Latte Dosage Trial require the use of caffeine citrate
oral liquid at four different strengths alongside a water placebo, and such products are
not available commercially, we required a stable formulation of caffeine citrate that
could be easily extemporaneously compounded by pharmacists at participating sites. As
caffeine is both highly water soluble and known to be stable (Barnes et al., 1994; Sigma-
Aldrich., 2014), we formulated caffeine citrate as a simple aqueous solution in order to
minimize the exposure of neonates to unnecessary pharmaceutical excipients. At 20
mg/mL this gave a formulation with comparable appearance and pH as that available

commercially in NZ.

In keeping with the commercially available formulation, the prepared solutions were
stored at room temperature. Refrigerated testing was considered unnecessary, as the
commercial product was known to be stable at room temperature, and storage is easier

both within the hospital and for patients at home if refrigeration is not required. The
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findings of the stability testing reported above provide reassurance that caffeine citrate,
when compounded extemporaneously as an aqueous solution, is stable at the

concentrations tested and is suitable for use in the Latte Dosage Trial.

3.5 Conclusion

The method presented above for the extraction and quantification of caffeine in human
saliva was found to be simple, rapid, accurate and reproducible, and hence suitable for
the analysis of clinical trial samples. Salivary caffeine is stable for at least three freeze-
and-thaw cycles and for at least seven days at both room temperature and under
refrigeration, meaning delays in transport of samples from the point of collection to the
laboratory, and freezing before analysis at the end of the trial will not affect salivary
caffeine concentrations. Extemporaneously compounded caffeine citrate aqueous
solutions are chemically and physically stable at room temperature for at least three
months, with no growth of organisms of interest on microbial testing for at least one

month after manufacture.
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4. The Latte Dosage Trial Protocol

4.1 Abstract

Introduction

Infants born late preterm (34+° - 36*¢ weeks’ gestational age) have frequent episodes of
intermittent hypoxaemia compared to term infants. Caffeine citrate reduces apnoea
and intermittent hypoxaemia and improves long-term neurodevelopmental outcomes
in infants born very preterm and may have similar effects in late preterm infants.
Clearance of caffeine citrate increases with gestational age and late preterm infants are
likely to need a higher dose than very preterm infants. Our aim is to determine the
most effective and best tolerated dose of caffeine citrate to reduce transient

intermittent hypoxaemia events in late preterm infants.

Methods and analysis

A phase 1IB, double-blind, five-arm, parallel, randomised controlled trial to compare
the effect of four doses of oral caffeine citrate versus placebo on the frequency of
intermittent hypoxaemia. Late preterm infants will be enrolled within 72 hours of birth
and randomised to receive 5, 10, 15 or 20 mg/kg/day caffeine citrate or matching
placebo daily until term corrected age. The frequency of intermittent hypoxaemia
(events/hour where oxygen saturation concentration is 210% below baseline for <two
minutes), will be assessed with overnight oximetry at baseline, two weeks after
randomisation (primary outcome) and at term corrected age. Growth will be measured
at these timepoints, and effects on feeding and sleeping will be assessed by parental

report. Data will be analysed using generalised linear mixed models.

Ethics and dissemination
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This trial has been approved by the Health and Disability Ethics Committees of New
Zealand (reference 18/NTA/129) and the local institutional research review committees.
Findings will be disseminated to peer-reviewed journals, to clinicians and researchers
at local and international conferences and to the public. The findings of the trial will
inform the design of a large multi-centre trial of prophylactic caffeine in late preterm
infants, by indicating the most appropriate dose to use and providing information on

feasibility. Trial Registration: ACTRN12618001745235.

4.2 Strengths and limitations of this study

e This study seeks to address the rates of neurodevelopmental impairment among
late preterm infants by investigating the optimal dose of caffeine, as a potential
primary neuroprotective strategy.

e This is the first randomised placebo-controlled trial of four different doses of
caffeine for the prevention of intermittent hypoxaemia in late preterm infants.

o A strength of the trial is that both clinicians and parents will be blinded to
treatment allocation with all groups receiving the same volume of an identical-
appearing masked suspension.

e The success of the trial depends on high compliance of administration of study
medication by caregivers, which will be monitored by intermittent measurement
of study bottle contents and infant salivary caffeine concentrations.

e Future studies will be required to determine if caffeine reduces
neurodevelopmental impairment in late preterm infants, based on the optimal

dose determined by this trial.

4.3 Introduction

Late preterm infants are those born between 34 weeks and 36 weeks and 6 days’
gestation (Engle et al., 2007). They form the largest group within the preterm
population, accounting for 68% of all preterm births or 5% of all births in New Zealand
(Ministry of Health, 2019) and 7% of all births in the United States of America (J.

Martin et al., 2017). Late preterm infants are physiologically and metabolically
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immature (Engle et al., 2007) and have a higher risk of morbidity and mortality in the
neonatal period than full-term infants(MclIntire & Leveno, 2008). They are more likely
than full-term infants to have delayed establishment of oral feeding, temperature
instability, hypoglycaemia, jaundice and respiratory distress, and to undergo
investigation for sepsis (M. Wang et al., 2004). Despite these risks, their size and weight
mean they are often managed in a similar manner to full-term infants and cared for on
postnatal wards rather than in neonatal units (Boyle et al., 2015), and are not treated
with the routine prophylactic interventions such as caffeine, nutritional supplements

and probiotics that are common practice in very and extremely preterm infants.

Apnoea of prematurity are prolonged pauses in breathing, of 20 seconds or more, which
may cause a reduction in the oxygen saturation and bradycardia, and are associated
with an increased incidence of brain injury (Butcher-Puech et al., 1985) and
neurodevelopmental impairment(Janvier et al., 2004). Late preterm infants experience
apnoea of prematurity, although less frequently than in very preterm
infants(Henderson-Smart, 1981). Recently, we have demonstrated that late preterm
infants have frequent episodes of intermittent hypoxaemia,(Williams et al., 2018)
transient repetitive decreases in oxygen saturation not associated with apnoea, but
potentially causing similar organ hypoxia. In late preterm infants, the frequency of
intermittent hypoxaemia peaks at two weeks’ postnatal age, before reducing to baseline

levels at term corrected age (Figure 4.1)(Williams et al., 2018).
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Figure 4.1: Rate of Intermittent Hypoxaemia in Late Preterm Infants in the 9-11
Weeks Following Birth (adapted from Williams et al, 2018)

Studies in adults have consistently shown that even brief exposure to hypoxia, whether
from high altitude (Bahrke & Shukitt-Hale, 1993) or carbon monoxide poisoning
(Weaver et al., 2002), can have long-term adverse effects on cognition. Even small
changes in oxygen saturations in the neonatal period have been shown to significantly
affect survival and neurodevelopment of very preterm infants (Carlo et al., 2010;
Saugstad & Aune, 2013; Stenson et al., 2011). Intermittent hypoxaemia is associated with
altered brain development in neonatal mice (Kanaan et al., 2006) and reduced
cognition and behavioural deficits in neonatal rats (Row et al., 2002). In humans,
transient intermittent hypoxaemic events are associated with poor
neurodevelopmental outcomes in extremely preterm infants(Poets et al., 2015) and in
children with sleep disordered breathing (N. Ali et al., 1996) and congenital heart

disease (Bass et al., 2004).

Caffeine is a respiratory stimulant which is effective in the prevention and treatment of
apnoea of prematurity and intermittent hypoxaemia, and also reduces the incidence of
chronic lung disease, cerebral palsy, and cognitive delay in very preterm infants

(McNamara et al., 2004; Schmidt et al., 2006, 2007). Follow-up to 11 years of age has
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recently shown that caffeine treatment reduces the risk of motor dysfunction by a third
in infants born very preterm(Doyle et al., 2017; Schmidt et al., 2017). While some of the
long term beneficial effects of caffeine may be due to its effect in reducing the
incidence of bronchopulmonary dysplasia (P. Davis et al., 2010), there is also benefit
from reducing the amount of time that infants are hypoxic, independent of the effect
on bronchopulmonary dysplasia (Doyle et al., 2010). Thus, caffeine has become the
standard of care for very preterm infants and is in widespread use in neonatal units
around the world as one of the few neonatal treatments that has been proven to have

long term neurodevelopmental benefit, and to also be very well tolerated.

In the longer term, late preterm infants are more likely to be diagnosed with cerebral
palsy (Moster et al., 2008; Odd et al., 2013), developmental delay (Darlow et al., 2009;
Woythaler et al., 2011), cognitive impairment (Heinonen et al., 2015; Quigley et al., 2012;
Talge et al., 2010) and behavioural disorders (Huddy et al., 2001) compared to their
term-born peers. However, few studies have investigated interventions to improve the
neurodevelopmental outcomes of late preterm infants. As late preterm infants have an
increase in hypoxaemic events compared to term infants, and hypoxaemic events are
associated with poor neurodevelopmental outcomes, it is possible that caffeine, an
intervention that reduces hypoxaemic events and has already been shown to improve
long-term outcomes in extremely and very preterm infants, may be effective at

improving outcomes in late preterm infants.

In adults, most caffeine metabolism is via cytochrome P450 1A2 in the liver (Anderson
et al., 1999). However, in newborn preterm infants, hepatic metabolism of caffeine is
almost absent, and most caffeine is eliminated via the kidneys, which are also
immature. Therefore, caffeine elimination is slow in extremely preterm infants, and the
half-life of caffeine is long. With increasing postconceptial agethe elimination of of
caffeine increases (Falcdo et al., 1997; Le Guennec et al., 1985) , and larger doses may be

needed to maintain a therapeutic effect. However, the pharmacokinetic studies of
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caffeine in preterm infants to date have been done to treat apnoea in very preterm
infants, rather than to treat intermittent hypoxaemia in late preterm infants(Thomson

et al., 1996).

There is a wide range in the dose of caffeine citrate given to extremely preterm infants,
from daily doses of 5 mg/kg (Schmidt et al., 2006) to 20 mg/kg (Steer et al., 2004). The
Caffeine for Apnoea of Prematurity (CAP) trial used a dose of 5 mg/kg, which could be
increased to 10 mg/kg if necessary to control apnoea of prematurity (Schmidt et al.,
2006). The trial by Rhein et al. found that in very preterm infants, 6 mg/kg of caffeine
citrate reduced intermittent hypoxaemia at 35 and 36 weeks’ post-menstrual age, but
not after 36 weeks’ post-menstrual age (Rhein et al., 2014). The authors hypothesised
that this may have been due to an insufficient dose as the infants matured. Therefore,
the most effective dose of caffeine to treat intermittent hypoxaemia in late preterm

infants is unknown.

In very preterm infants, caffeine is usually well tolerated, but occasionally infants on
caffeine develop tachycardia and feed intolerance (Steer et al., 2004). Caffeine also
causes reduced neonatal weight gain compared to placebo (Schmidt et al., 2006), and
in ventilated preterm infants a higher dose of caffeine citrate (20 mg/kg) leads to
reduced weight gain compared with a low dose (5 mg/kg)(Steer et al., 2004). As in
adults, infants on caffeine can develop irritability, sleeplessness and gastrointestinal
disturbance. For caffeine to be used as a prophylactic medication in a large number of
late preterm infants, it will need to be prescribed at a dose that has a low risk of

significant side effects.

We are therefore undertaking the Latte Dosage Trial, a randomised, placebo-controlled
dosage trial, to determine the most effective and best tolerated dose of oral caffeine

citrate to reduce intermittent hypoxaemia in late preterm infants.
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4.4 Aim

To determine the most effective and best tolerated dose of caffeine citrate to reduce

intermittent hypoxaemia in late preterm infants.

4.5 Hypothesis
Caffeine citrate will reduce the frequency of intermittent hypoxaemia in late preterm

infants in a dose dependant manner.

4.6 Methods and analysis

4.6.1 Study Design
The Latte Dosage Trial is a phase 1IB, double-blind, five-arm, parallel, randomised
controlled trial to compare the effect of four different doses of oral caffeine citrate

versus placebo on the frequency of intermittent hypoxaemia in late preterm infants.

4.6.1.1 Recruitment and randomisation

Participants will be recruited by trial investigators or study nurses / midwives within 72
hours of birth from the neonatal unit and postnatal wards at Auckland City and
Middlemore Hospitals in Auckland, New Zealand. Following written informed consent
and enrolment, trial participation may occur in hospital, at a primary maternity unit or
at home, as the patient’s clinical care dictates. Eligible participants are those infants
born between 34 weeks and 36 weeks’ and six days gestation without contradiction to

caffeine treatment, with the following exclusions:

e Major congenital abnormality
e Minor congenital abnormality likely to affect respiration, growth or
development

e Previous caffeine treatment
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e Renal or hepatic impairment

e Tachyarrhythmia

e Seizures

e Hypoxic ischaemic encephalopathy

e Residing outside of the Auckland region

Infants will be assigned randomly via an internet randomisation service (Clinical Data
Research Hub, Liggins Institute, University of Auckland) to receive either daily caffeine
citrate 5 mg/kg, 10 mg/kg, 15 mg/kg, 20 mg/kg or placebo. The allocation sequence will
be generated by the study statistician, with 1:1:1:1:1 allocation stratified by study site and
gestational age at birth (34, 35 or 36 weeks)(Figure 4.2) using variable block sizes, with

infants from multiple births being randomised to the same treatment group.

Eligible
Babies
Caffeine Caffeine Caffeine Caffeine
Placebo
5 mg/kg 10 mg/kg 15 mg/kg 20 mg/kg

Figure 4.2: Flow diagram of randomisation schedule

Different concentrations of the caffeine citrate (5 mg/ml, 10 mg/ml, 15 mg/ml and 20
mg/ml) will be prepared in identical bottles to the placebo so that all infants receive
the same dose volume (2 ml/kg loading dose followed by 1 ml/kg, once daily). Bottles
will be labelled in randomisation blocks using a lettering system which will change

halfway through the study in order to maintain concealment from study personnel.
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4.6.2 Study Intervention

The infant will be given an enteral loading dose of the study drug (10 mg/kg, 20 mg/kg,
30 mg/kg or 40 mg/kg of caffeine citrate or water) in the morning after baseline
oximetry (i.e. prior to the infant reaching 96 hours of age), followed by a daily dose
each morning (5 mg/kg, 1omg/kg, 15 mg/kg or 20 mg/kg of caffeine citrate or placebo)
until term equivalent age (40 weeks’ post-menstrual age). The dose will be recalculated
weekly for weight after the infant has regained birth weight using the weight recorded
by study staff at two weeks after randomisation and those recorded by usual care
providers between two weeks’ and term corrected age. The study drug will be given via
a nasogastric tube for infants with a tube in situ, and orally for infants who do not
require a nasogastric tube. Infants who are not able to tolerate enteral medications will

have the study drug withheld until they are able to tolerate enteral intake.

Compliance will be assessed by measurement of study medication remaining in the
bottle. At the two-week visit, study staff will collect the initial bottle(s) issued at the
start of the study and replace it with a new bottle(s), which will in turn be collected at
the final visit. Liquid remaining in the bottle on each occasion will be measured and
compared with the expected volume to assess compliance. Good compliance will be
defined as =80% of the expected volume having been removed from the bottle. At the
final visit, parents will be asked which treatment they think their infant received to

assess the adequacy of blinding.

Apart from the study intervention and associated assessments, all other clinical care,
including the decision on when to discharge participants from the hospital and/or
primary birthing units, will continue to be provided by the local clinical team, in
accordance with usual guidelines and practices. Should an infant participating in the
study require treatment for apnoea or intermittent hypoxaemia, clinicians will be
encouraged to use oxygen or positive pressure ventilation as first line treatments. If

necessary, a loading dose of caffeine citrate may be given. If ongoing treatment with
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caffeine is necessary in the opinion of the treating clinician, they can discuss the option
of partially unblinding the infant (caffeine or placebo) with the Site Principal
Investigator. If unblinding is required, information on the allocation of the participant
will be communicated by the data management team to the treating clinician or
pharmacist (who may inform the parents if requested), with the research team
remaining blinded. Clinical open-label use of caffeine will be recorded. Unblinded
infants will remain in the study unless parents request withdrawal, with infants

analysed on an intention-to-treat basis.

4.6.3 Outcomes

The primary outcome for this study is the frequency of intermittent hypoxaemia
(events/hour), defined as a brief transient fall in oxygen saturation concentration =10%
below baseline on overnight oximetry, two weeks after randomisation. Events longer
than 2 minutes are considered a change in baseline rather than a transient desaturation
event. Transient intermittent hypoxaemic events, if frequent or severe, are thought to
have neurocognitive effects as significant as prolonged hypoxaemia (Bass et al., 2004;
Blunden & Beebe, 2006). Although a 3% threshold is used in polysomnography to
define desaturation events, a definition of 10% is commonly used in the neonatal
literature. In addition, due to the variability of events we considered a 10% threshold

more repeatable and reliable than a 3% threshold for defining events.

Secondary outcomes include:

e Respiratory: frequency of intermittent hypoxaemia on overnight oximetry at
term equivalent age; mean overnight oxygen saturation at 2 weeks and term
equivalent age; use of respiratory support, including oxygen, until term
equivalent age)

e Growth: growth velocity from birth to term equivalent age for weight gain,

length and head circumference; failure to regain birthweight by 2 weeks of age
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o Side effects: Feed intolerance as reported by parents (Kleinman et al., 2006);
duration of tube feeding; sleep and arousal as reported by parents (measured by
subscale nine on the Infant Behaviour Questionnaire-Revised, modified for
neonates (Gartstein & Rothbart, 2003)); tachycardia; study drug stopped due to
presumed side effects; neonatal seizures requiring anticonvulsant treatment
before 44 weeks postmenstrual age; neonatal or infant death

e Maternal and infant salivary caffeine concentration at two weeks after
randomisation (Dobson et al., 2016)

¢ Readmission to hospital until 44 weeks post-menstrual age or open label caffeine
use

e Maternal caffeine intake at birth, two weeks and term corrected age and mental
health (Edinburgh postnatal depression score) at birth and term corrected age

(Cox et al., 1987)

The timing of the study intervention and assessments is summarised in Table 4.1 below.
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Table 4.1: Study intervention and assessment

Baseline = Morning 1 week 2 weeks 3-5 Term
following weeks equivalent
baseline age
oximetry

Pulse oximetry X X X
Randomisation X
Loading dose X
Demographics, contacts X
Dose adjustment for weight X X
Neonatal salivary caffeine X
concentration
Maternal salivary caffeine X
concentration
Drug Diary X X X X X
Compliance assessment X X
Parental Questionnaires:
Maternal smoking in X
pregnancy & household
smoke exposure
guestionnaire
Sleep questionnaire X X
Feed tolerance X X
questionnaire
Maternal caffeine intake X X X
guestionnaire
Edinburgh Postnatal X X

Depression Scale

4.6.4 Data collection methods

Online data management services will be provided by the Clinical Data Research Hub
(Liggins Institute, University of Auckland). Data collection will utilise the REDCap
platform (Vanderbilt University) for clinical report forms, with password-protected

secure servers used to store data.

Pulse oximetry: Overnight pulse oximetry (Rad 8, Masimo Corp., Irvine, CA) will be
recorded for a period of 12 hours from either foot at baseline, two weeks after

randomisation (range 12-21 days) and at term corrected age (range 40 to 41 weeks
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postmenstrual age) using a 2-second averaging time and 2-second resolution.
Recordings will be conducted at home, in primary birthing units or at home as dictated
by the clinical care requirements of the participants. Where recordings are conducted
at home, parents will be visited the day that recording starts by a member of the
research team. The oximeter will be set up, and the parents will receive instruction in
attaching the probe to the baby’s foot and be instructed to do this when placing the
baby down to sleep in the evening. If necessary, the research team member may visit
late in the day to apply the probe or provide support via a video call to ensure this is
done correctly by parents. Unless clinically required, oximeters will be operated in
sleep mode, with no displays or alarms. The oximetry recording will be downloaded
with PROFOX oximetry software (version Masimo 2011.27D, PROFOX Associates Inc,
Esconditso, CA) and edited to remove readings with poor signal or aberrant data. Only
recordings with more than six hours will be included in the analysis, recordings with

less than six hours of edited data will be repeated the following night.

Anthropometry: Weight, length and head circumference will be measured at study
entry and at the two-week and term visits, with birthweight and neonatal centiles
calculated using Fenton-WHO growth charts for preterm infants (Fenton & Kim, 2013),
and growth velocity calculated between birth and term equivalent using an exponential

model (Patel et al., 2009).

Salivary caffeine concentrations: Two weeks after randomisation, a saliva sample will be
collected from infants for assessment of caffeine concentration. Samples will be taken
using a mouth swab prior to administration of the morning dose of trial medication. In
the 24 hours preceding this, mothers will be asked to collect three saliva samples by
spitting into collection tubes at three pre-determined timepoints during the day, with
the mean of these three samples used to determine average daytime maternal salivary
caffeine concentration. Collection of these samples will allow us to compare maternal

and infant salivary caffeine concentrations to establish if maternal caffeine intake
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contributes significantly to infant caffeine levels via breastfeeding or not, and to help

assess compliance with the study intervention.

Questionnaires: Mothers will complete questionnaires to provide demographic and
contact details at enrolment, and to assess smoking, infant feeding and sleeping,

maternal caffeine intake and maternal mental health as detailed in Table 1.

Neonatal morbidity: Information on neonatal morbidity, including supplemental
oxygen, respiratory support and apnoea requiring stimulation, will be recorded from

the neonatal record. Exposure to antenatal corticosteroids will be recorded.

4.6.5 Discontinuation of intervention / withdrawal

The allocated treatment may be stopped at any time by the parents or the clinician
caring for the infant if they feel that this is in the best interests of the infant, without
formally withdrawing, in which case data collection will continue and results will be

analysed on an intention-to-treat basis.

Should a parent wish to withdraw from the study, they will have the option of:

e Discontinuation of study drug, with continuation of collection of minimum
outcome data

e Withdrawal from the study and discontinuation of further data collection, with
data collected prior to withdrawal used

e Complete withdrawal from the study, with removal of previously collected data

_103 -



4.6.6 Patient and Public Involvement

The Latte Dosage Study methodology was discussed, developed and refined as part of
the 2017 On-Track Network clinical trial development workshop which included
consumer and Maori cultural advisor input. Perinatal consumer representatives

provided advice and input into the development of the clinical trial protocol.

4.6.7 Sample size

Based on our previous study (Williams et al., 2018) we estimate a background mean
(SD) frequency of 6.9 (3.4) episodes of intermittent hypoxaemia per hour at two weeks’
post randomisation. To detect a 50% reduction of 3.5 episodes per hour with 9g0o%
power, allowing for a 10% drop out rate and clustering of multiples with an ICC of 0.05,
we will require 24 infants in each of the five arms (total 120 infants), with two-sided
alpha of 0.05. Recruitment to the study started in February 2019 and is scheduled to

conclude in December 2020.

4.6.8 Data analysis

The primary analysis will compare primary and secondary outcomes between groups
using generalised linear mixed models with adjustment for gestational age at birth and
site (fixed effects), non-independence of multiples (random effect) and pairwise
comparisons between the different caffeine groups and between the caffeine groups
and the placebo group using Dunnett’s multiple comparison test. The selection of the
optimal dose will be based on a combination of the dose with the greatest reduction of
intermittent hypoxaemia with a minimum number of side effects and a pragmatic
consideration of the ease of administration. Linear trends, such as growth, will be
tested using orthogonal contrasts. In keeping with CONSORT recommendations
(Moher et al., 2010), baseline imbalance between babies in the randomised groups will
not be formally tested. Edinburgh Postnatal Depression Scale scores will be adjusted for
baseline values. Categorical data will be presented as number and percent, and

continuous data as mean and standard deviation or median and inter-quartile range, as
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appropriate. Denominators will be given for all outcomes. Treatment effects will be
presented as odds ratio, count ratio, mean difference or ratio of geometric means
(positively skewed data), as appropriate, with 95% confidence intervals. All tests will be
two-tailed, with P<o.05 considered significant. The data will be analysed on an

intention-to-treat basis.

The following secondary analyses will be performed:

e Compliance: A per-protocol analysis will be performed for the primary outcome
that includes only those infants who were compliant with the study drug.

e Open-label caffeine treatment: A sensitivity analysis will be performed for the
primary outcome that includes only those infants who did not receive additional
open-label caffeine treatment.

e Maternal caffeine: An exploratory analysis will be performed on the effect of
maternal caffeine intake on the primary outcome by performing additional
adjustments for maternal caffeine intake from the questionnaire and maternal
salivary caffeine concentration. For infants that are fully formula fed, infant

caffeine exposure to maternal caffeine intake will be assumed to be zero.

An independent data monitoring committee will review trial data after enrolment of 60
infants to the trial. The data monitoring committee provide advice to the trial steering
group on any modifications that may be required. There are no formal stopping

guidelines.

4.7 Ethics and dissemination:

Ethical approval has been obtained from the Health and Disability Ethics Committees

of New Zealand (reference 18/NTA/129) and by the local institutional research review
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committees for each centre. The trial is registered with the Australian New Zealand
Clinical Trials Registry (Registration number: ACTRN12618001745235) from 24 October

2018.

The results of the trial will be published in an international peer-reviewed journal and
disseminated via presentations at local and international conferences to researchers
and clinicians. A lay summary of the research findings will be made available to those

parents who indicated a wish to receive these on their consent forms.

4.8 Discussion

Late preterm infants experience higher rates of intermittent hypoxaemia than their
term-born peers, and have poorer long-term neurodevelopmental outcomes (Darlow et
al., 2009; Heinonen et al., 2015; Huddy et al., 2001; Moster et al., 2008; Odd et al., 2013;
Quigley et al., 2012; Talge et al., 2010; Woythaler et al., 2011). Caffeine is well established
as a treatment for apnoea of prematurity in very and extremely preterm infants, and
improves long term neurodevelopmental outcomes in these infants (Miirner-Lavanchy
et al., 2018; Schmidt et al., 2007, 2012). Caffeine use in late preterm infants may also
reduce episodes of intermittent hypoxaemia and improve long term outcomes for these
infants. As late preterm infants make up the majority of preterm infants, interventions
that improve long term outcomes in this population are likely to have the greatest
public health impact in terms of interventions for preterm infants (March of Dimes et

al., 2012).

The Latte Dosage Trial seeks to establish the most effective and best tolerated dose of
caffeine citrate for the prevention of intermittent hypoxaemia in late preterm infants.
It is the first trial to investigate the use of caffeine, an inexpensive medication already
widely used in neonatal care, for this indication. Data from the Latte Dosage Trial will
be used to inform the development of a large-scale, multicentre trial investigating the
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efficacy of caffeine treatment in late preterm infants in preventing neurodevelopmental
impairment by indicating the most appropriate dose to use and providing information

on feasibility.
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5. Results: The Latte Dosage Trial

5.1 Abstract

Objective

To establish the most effective and best tolerated dose of caffeine citrate for the

prevention of intermittent hypoxaemia (IH) in late preterm infants.

Design

Phase IIB, double-blind, five-arm, parallel, randomised controlled trial.

Setting

Neonatal units and postnatal wards of two tertiary maternity hospitals in New Zealand.

Participants

Late preterm infants born at 34*° - 36*° weeks’ gestation, recruited within 72 hours of

birth.

Intervention

Infants were randomly assigned to receive a loading dose (10, 20, 30 or 40 mg.kg™)
followed by 5, 10, 15 or 20 mg.kg™.day™ equivolume enteral caffeine citrate or placebo

daily until term corrected age.

Primary Outcome
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Intermittent hypoxaemia (events/hour with oxygen saturation concentration =10%

below baseline for <2 minutes), 2 weeks post-randomisation.

Results

132 infants with mean (SD) birthweight 2561 (481) g and gestational age 35.7 (0.8) weeks
were randomised (24-28 per group). Caffeine reduced the rate of TH at 2 weeks post-
randomisation (geometric mean (GM): 4.6, 4.6, 2.0, 3.8 and 1.7 events/hour for placebo,
5, 10, 15 and 20 mg.kg™.day?, respectively), with differences statistically significant for 10
mg.kg™.day (GM ratio [95% CI] 0.39 [0.20, 0.76]; p=0.006) and 20 mg.kg™".day* (GM
ratio [95% CI] 0.33 [0.17, 0.68]; p=0.003) compared to placebo. The 20 mg.kg*.day* dose
increased mean (SD) SpO2 (97.2 (1.0) v placebo 96.0 (0.8); p<0.001), and reduced
median (IQR) percentage of time SpO2 <90% (0.5 (0.2-0.8) v 1.1 (0.6-2.4); p<0.001) at 2

weeks, without significant adverse effects on growth velocity or sleeping.

Conclusion

Caffeine reduces IH in late preterm infants at 2 weeks of age, with 20 mg.kg*.day™ being

the most effective dose.

5.2 Relevance of this paper

What is already known on this topic

e Hypoxaemia is associated with negative effects on cognition and
neurodevelopmental outcomes in preterm infants and episodes of intermittent
hypoxaemia are more common in late preterm infants than their term-born
peers.

o C(Caffeine reduces episodes of apnoea of prematurity and intermittent
hypoxaemia and improves neurodevelopmental outcomes in very preterm

infants.
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What this study adds

e Doses of 10 or 20 mg.kg™.day™ of caffeine citrate are effective at reducing
intermittent hypoxaemia in late preterm infants, without adverse effects on

gastrointestinal reflux or sleep, but with an increase in tachycardia.
How this study might affect research, practice or policy

e If caffeine is proven to improve neurodevelopmental outcomes in late preterm
infants, widespread use could provide long term benefits for brain development
in this important patient group.

o Establishing an effective dose that is associated with minimal side effects is a
necessary step towards this goal and allows the development of a larger and

longer-term trial of effectiveness.

5.3 Introduction

Late preterm infants (34"°-36*% weeks gestation) comprise the majority of preterm
births (Ministry of Health, 2021; United States Department of Health and Human
Services et al., 2021), and are physiologically and metabolically immature (Engle et al.,
2007), with a higher risk of morbidity and mortality in the neonatal period than term
infants (McIntire & Leveno, 2008). Late preterm infants are more likely to be diagnosed
with cerebral palsy (Moster et al., 2008; Odd et al., 2013), developmental delay (Cheong
et al., 2017; Darlow et al., 2009; Woythaler et al., 2011) and cognitive impairment (Berry
et al., 2018; Cheong et al., 2017; Heinonen et al., 2015; Quigley et al., 2012; Talge et al.,
2010) compared to term infants. Late preterm infants also experience frequent episodes
of intermittent hypoxaemia (IH)(Williams et al., 2018); transient repetitive decreases in
oxygen saturation not associated with apnoea but potentially causing similar organ
hypoxia. The frequency of these episodes peaks at 2 weeks’ postnatal age, before
reducing to near-birth levels at term corrected age (Williams et al., 2018). During the

neonatal period, even small changes in pulse oximetry oxygen saturations (SpQO.)
- 110 -



significantly affect survival and neurodevelopment of very preterm infants (Askie et al.,
2018; Carlo et al., 2010; Stenson et al., 2011) and transient intermittent hypoxaemic
events are associated with poor neurodevelopmental outcomes in extremely preterm

infants (Poets et al., 2015).

Caffeine is effective in the prevention and treatment of apnoea of prematurity and IH,
and reduces the incidence of chronic lung disease, cerebral palsy, and cognitive delay in
very preterm infants (McNamara et al., 2004; Schmidt et al., 2006, 2007). Due to
hepatic immaturity, caffeine elimination is slow in extremely preterm infants (Le
Guennec et al., 1985). With increasing gestational age the elimination of caffeine
increases (Falcdo et al., 1997; Le Guennec et al., 1985) , requiring larger doses to
maintain a therapeutic effect (Rhein et al., 2014). In very preterm infants caffeine is
usually well tolerated, but can reduce neonatal weight gain and occasionally infants on
caffeine develop tachycardia and feed intolerance (Steer et al., 2004)(Schmidt et al.,
2006). The most effective dose of caffeine to treat IH in late preterm infants remains

unknown.

Aim: To determine the most effective and best tolerated dose of caffeine citrate to

reduce IH in late preterm infants.

5.4 Methods

The study protocol of the Latte Dosage Trial has been reported previously (Oliphant et
al., 2020). Briefly, late preterm infants delivered at two maternity hospitals in Auckland,

New Zealand were eligible if born between 347°-36%¢ weeks gestation, without relevant
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exclusions (major congenital abnormality, minor congenital abnormality likely to affect
respiration, growth or development, previous caffeine treatment or contraindications
to caffeine). Following parental consent, participating infants were randomised by a
member of the trial team to one of five parallel groups (5, 10, 15 or 20 mg.kg™.day™ of
caffeine citrate or placebo) within 72 hours of birth using an internet randomisation
service with varying block sizes and 1:1:1:1:1 allocation stratified by study site and
gestational age at birth (34, 35 or 36 weeks). Twins were allocated to the same group.
Participating infants received an enteral loading dose of study drug (10, 20, 30 or 40
mg.kg™ of caffeine citrate or placebo (water)) followed by a daily dose each morning (s,
10, 15 or 20 mg.kg™ of caffeine citrate or placebo) until term equivalent age (TEA; 40
weeks’ post-menstrual age), with the dose recalculated weekly for weight gain. Trial
medication was prepared at various strengths, so each infant received the same volume
(2 mL.kg™ loading dose; 1 mL.kg".day™ thereafter) of identical-appearing trial
medication. Parents, clinical staff and those assessing outcomes were all blinded to
treatment group, and all other care decisions, including discharge, were made by the
clinical team. Post-discharge, babies were cared for at home by parents, who continued

to give the trial medication until the final visit at TEA.

Participating infants, whether in hospital or at home, underwent overnight oximetry
using a motion-resistant oximeter (Masimo Rad-8, Masimo Corporation, Irvine, CA,
USA) prior to administration of the loading dose, at 2 weeks post-randomisation and
TEA. Oximetry recordings had a two-second averaging time and were edited by a single
investigator using Profox software (Profox Associates Inc, Coral Springs, FL, USA) to
automatically remove low confidence and aberrant data, followed by a final manual
review (Wellington et al., 2018). A minimum of 6 hours of edited data was required. At
the same timepoints, data were collected on maternal caffeine intake (Biihler et al.,
2014) and infant feeding (Kleinman et al., 2006), sleeping (Bosquet Enlow et al., 2016;
Gartstein & Rothbart, 2003), and anthropometry. Saliva samples were collected from

mothers (three samples across an 8-hour daytime period) and infants (prior to the
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study drug) at the two-week timepoint and analysed to determine caffeine

concentrations (Oliphant et al., 2022).

The primary outcome was the rate of IH (events/hour, Spo.fall 210% below baseline for
>2 s and <2 minutes) on overnight oximetry, 2 weeks post-randomisation. Pre-specified
secondary outcomes are available in the protocol (Oliphant et al., 2020), and included

neonatal growth, tachycardia, and salivary caffeine concentrations.

Based on our previous study (Williams et al., 2018), we estimated a mean (SD) rate of
6.9 (3.4) IH episodes per hour at 2 weeks’ post-randomisation. To detect a 50%
reduction (3.5 episodes per hour) in any group vs placebo with 9o% power, allowing for
a 10% drop out and clustering of multiples (intraclass correlation coefficient 0.05)
would require 24 infants in each group (total 120 infants), with two-sided a=0.05. The

trial was not powered to conduct comparisons between caffeine doses.

Statistical analysis was performed using Stata (Stata, version 16). Caffeine groups were
compared with the placebo group for outcomes using generalised linear mixed models
(Kenward & Roger, 1997) with adjustment for gestational age at birth, site, and non-
independence of multiples. Analysis was intention-to-treat, with separate models for
each timepoint. Distributions of outcome variables and model residuals were visually
assessed for deviations from normality; where data were highly skewed, a log
transformation was used to improve model fit. Treatment effects are expressed as mean

difference, geometric mean ratio (RGM) or odds ratio, with 95% confidence intervals

(CI).

Pre-specified secondary analyses for the primary outcome included a comparison of

infants allocated to placebo with those allocated to any dose of caffeine citrate (i.e., all
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caffeine groups combined), a per-protocol analysis of infants who received the correct
intervention and were compliant with the protocol (Oliphant et al., 2020) (80% of
study drug administered at 2 weeks), a sensitivity analysis excluding multiples, and
exploratory analyses adjusting separately for baseline oximetry, and maternal caffeine
intake and salivary caffeine concentrations at 2 weeks. Wilcoxon rank-sum tests were
used to compare maternal caffeine intake and salivary concentrations, due to highly
skewed distributions. A two-tailed P<o.05 was considered statistically significant.
Kenward-Roger correction was applied to mixed models to maintain nominal error
rate. Additional adjustment for testing of multiple secondary outcomes was not
performed and these results are interpreted cautiously, cognisant of the risk of type-I

error.

The trial was registered with the Australian and New Zealand Clinical Trials Registry
(ACTRN12618001745235) and approved by the Health and Disability Ethics Committees
of New Zealand (18/NTA/129).

5.5 Results

Between February 2019 and December 2020, 131 infants were randomly allocated to
placebo or one of four caffeine citrate groups, with primary outcome data available for
107 infants (Figure 5.1). Baseline characteristics were similar across groups (Table 5.1).
The mean (SD) duration of overnight oximetry recordings after editing was 10.6 (1.9)

hours.
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Figure 5.1 Flow diagram of participants

Table 5.1 Baseline characteristics of 121 mothers and 129 infants participating in the Latte Dosage Trial

Placebo Caffeine citrate | Caffeine citrate | Caffeine citrate | Caffeine citrate Any dose of
5 mg.kg".day” 10 mg.kg'.day’ | 15 mg.kg'.day’ | 20 mg.kg"'.day” caffeine
Number of mothers (% of 24 (19.8) 23 (19.0) 24 (19.8) 25 (20.7) 25 (20.7) 97 (80.2)
total)
Age (years) 311 (6.0) 31.6 (5.3) 30.6 (5.5) 32.1(5.8) 31.3 (6.3) 31.4 (5.7)
Primiparous 9 (37.5) 11 (47.8) 16 (66.7) 15 (60.0) 13 (52.0) 55 (56.7)
Body mass index (BMI)(kg/m?) 26.1 (23.5, 30.7) 27.9 (24.2, 31.5) 26.3(23.3,30.6) | 24.9(21.9,28.4) | 28.6 (23.4, 32.5) 26.5 (23.2, 30.1)
Multiple pregnancy 0 (0.0) 1(4.3) 3 (12.5) 2 (8.0) 2 (8.0) 8(8.2)
Antenatal events
Maternal diabetes 5 (20.8) 3 (13.0) 9 (37.5) 2 (8.0) 7 (28.0) 21 (21.6)
Preterm pre-labour rupture of 12 (50.0) 13 (56.5) 8 (33.3) 15 (60.0) 8 (32.0) 44 (45.4)
membranes
Preterm labour 20 (83.3) 18 (78.3) 13 (54.2) 19 (76.0) 17 (68.0) 67 (69.1)
Hypertension in pregnancy 3 (12.5) 1(4.3) 4 (16.7) 2 (8.0) 5 (20.0) 12 (12.4)
Antepartum haemorrhage 1(4.2) 6 (26.1) 1(4.2) 5 (20.0) 2 (8.0) 14 (14.4)
Suspected fetal growth 3 (12.5) 3 (13.0) 6 (25.0) 4 (16.0) 6 (24.0) 19 (19.6)
restriction
Antenatal glucocorticosteroids 5 (20.8) 4 (17.4)° 8 (33.3) 8 (32.0)° 4 (16.0) 24 (24.7)
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Placebo Caffeine citrate | Caffeine citrate | Caffeine citrate | Caffeine citrate Any dose of
5 mg.kg’.day’ | 10mg.kg’.day’ | 15 mgkg’.day’ | 20 mg.kg'.day” caffeine
Number of infants (% of total) 24 (18.6) 24 (18.6) 27 (20.9) 27 (20.9) 27 (20.9) 105 (81.5)
Gestational Age
34 weeks 6 (25.0) 5 (20.8) 6 (22.2) 5 (18.5) 6 (22.2) 22 (21.0)
35 weeks 7 (29.2) 8 (33:3) 9 (33:3) 10 (37.0) 9 (333) 36 (34.3)
36 weeks 1 (45.8) 11 (45.8) 12 (44.4) 12 (44.4) 12 (44.4) 47 (44.8)
Sex (male) 14 (58.3) 17 (70.8) 12 (44.4) 18 (66.7) 16 (59.3) 63 (60.0)
Singleton ° 24 (100.0) 22 (91.7) 21 (77.8) 23 (85.2) 23 (85.2) 89 (84.8)
Ethnicity (Prioritised)
Maori 2(83) 6 (25.0) 1(3.7) 2(7.4) 7 (25.9) 16 (15.2)
Pacific Islander 7 (29.2) 5 (20.8) 2(7.4) 5 (18.5) 5 (18.5) 17 (16.2)
Asian 7 (29.2) 5 (20.8) 13 (48.1) 11 (40.7) 7 (25.9) 36 (34.3)
Other 1(4.2) 1(4.2) 1(3.7) 1(3.7) 1(3.7) 4 (3.8)
NZ European 7 (29.2) 7(29.2) 10 (37.0) 8 (29.6) 7 (25.9) 32 (30.5)
Birth Weight (g) 2566.5 (272.2) 2674.6 (480 6) 2523.9 (603.7) 2641.9 (432.5) 23933 (515.1) 2555.1 (517.3)
Z-score © -0.0 (0.7) 0.2 (11) -0.1 (1.3) 0.1 (1.0) -0.5 (1.1) -0.1 (1.1)
Length (cm) 47.8 (2.0) 48 9 (2.5) 472 (3.4) 47.8 (2.1) 46.8 (3.2) 47.6 (2.9)
Z-score © 0.5 (0.6) .0 (1.0) 0.3 (1.3) 0.5 (0.9) 0.1 (1.1) 0.5 (1.1)
Head Circumference (cm) 32.4 (1.2) 33 8 (15) 32.5 (1.8) 33.1 (1.5) 32.3 (1.7) 32.9 (1.7)
Z-score © 0.2 (0.8) .0 (1.0) 0.2 (1.2) 0.6 (1.1) -0.0 (1.0) 0.4 (1.1)
Caesarean delivery 8 (33.3) 10 (41.7) 15 (55.6) 12 (44.4) 10 (37.0) 47 (44.8)
Apgar score (5 minutes) 9.0 (9.0, 10.0) 9.0 (8.0, 10.0) 10.0 (9.0, 10.0) 9.0 (9.0, 10.0) 9.0 (9.0, 10.0) 9.0 (9.0, 10.0)
Admitted to neonatal intensive 12 (50.0) 12 (50.0) 13 (48.1) 13 (48.1) 17 (63.0) 55 (52.4)
care (NICU)
Positive pressure respiratory 8 (33.3) 7(29.2) 6 (22.2) 9 (33.3) 6 (22.2) 28 (26.7)
support prior to enrolment
Oxygen prior to enrolment 2(8.3) 3 (12.5) 4 (14.8) 4 (14.8) 3 (11.1) 14 (13.3)
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Data are mean (SD), median (IQR) or n (%). @ n=1 with missing data in this group.? In some cases, only one infant was eligible for the trial or a twin pregnancy resulted in a single live birth. ¢ Z-
scores were calculated from the revised Fenton growth charts for preterm infants (Fenton & Kim, 2013)
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The rate of IH at 2 weeks post-randomisation was significantly reduced among infants
allocated to caffeine citrate 10 or 20 mg.kg™.day™ compared to placebo (RGM [95%ClI]
0.39 [0.20,0.76] and 0.33 [0.17,0.68], respectively), but not for the 5 or 15 mg.kg™*.day™
groups (Table 5.2). The rate of ITH was significantly reduced for infants allocated to any
dose of caffeine overall compared to placebo (Table 5.2). All secondary, sensitivity and

exploratory analysis for the primary outcome gave similar results.

At 2 weeks post-randomisation, infants allocated to caffeine citrate 10 or 20 mg.kg*.day
1, compared with placebo, had significantly higher mean SpO, and less time with
Sp0.,<90%, while the 15 mg.kg™.day” group had higher mean heart rate. Compared with
placebo, all caffeine groups spent significantly more time with tachycardia (heart rate
>180 beats per minute) at 2 weeks, which persisted at TEA in the 5, 10 and 20 mg.kg
Lday*groups (Table 5.2). At TEA, there were no significant differences between placebo

and caffeine groups in the rate of IH, mean Spo, or time with SpO,<90% (Table 5.2).
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Table 5.2 Primary outcome and cardiorespiratory secondary outcomes

Placebo Caffeine citrate Caffeine citrate Caffeine citrate Caffeine citrate Any dose of caffeine
N = 24¢ 5 mg.kg*.day™ 10 mg.kg*.day™ 15 mg.kg*.day™ 20 mg.kg*.day” N =105¢
N=24¢ N=27¢ N=27¢ N=27¢
Summary Summary | RGM ormean | Summary |RGM or mean | Summary | RGM or mean | Summary | RGM ormean | Summary | RGM or mean
Data Data difference Data difference Data difference Data difference Data difference
(95% CI); (95% CI); (95% CI); (95% CI); (95% CI);
p-value b p-value b p-value b p-value b p-value b
Primary Outcome
Rate of intermittent 4.0 (1.8,9.8) 5.9 0.97 2.5 0.39 3.3 0.79 1.8 | 0.33 (0.17,0.68) 3.0 0.56
hypoxaemia at 2 weeks; [4.6] (2.8,7.6) (0.49,1.95) (0.6, 5.7) (0.20,0.76) (2.1, 8.8) (0.40,1.56) (0.9, 4.2) P=0.003 (1.3, 6.1) (0.32,0.98)
median (IQR) [4.6] p=0.94 [2.0] p=0.006 (3-8] p=0.49 [1.7] [2.7] p=0.043
[geometric mean]
Secondary Outcomes
Rate of intermittent hypoxaemia; median (IQR)[geometric mean]
Baseline | 0.9 (0.6,1.4)| 2.0 (0.9, 3.3) 11 1.9 (1.1, 2.6) 1.5 (0.8, 4.4) 1.5 (0.9, 2.8)
(0.7, 2.0)
Term| 3.0 (1.9, 6.2) | 4.0 (1.9, 6.9) | 1.02 (0.50,2.07) | 2.5 (1.0,6.1)| 0.65(0.33,1.32)| 3.3 (15,8.2) 0.82| 2.2(1.0, 4.7)| 0.54 (0.26,1.11) | 2.9 (1.3, 6.7) | 0.75 (0.43,1.30)
(3.3] [3.4] p=0.96 [2.4] p=0.23 3] (0.40,1.69) [1.9] p=0.09 [2.7] p=0.30
P=0.59
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Mean SpO2; mean (SD)

Baseline 96.4 (1.3) 96.4 (1.5) 95.6 (1.8) 96.6 (1.4) 95.5 (2.0) 96.0 (1.7)
Two weeks 96.0 (0.8) 96.4 (1.4) 0.39 96.7 (1.0) | 0.68 (0.04,1.33) 06.7 (1.3) 0.66 97.2 (1.0) | 1.31(0.62,2.00) 06.8 (1.2) | 0.74 (0.21,1.28)
(-0.28,1.07) P=0.039 (-0.01,1.33) P<0.001 Pp=0.007
p=0.25 p=0.06
Term 973 (1o)|  97.5(0.9) 03| 97.2(0.8) 0.09 97.2 (1.2) 0.05 97.4 (1.7) 0.30 97.3 (1.2) 0.14
(-0.61,0.87) (-0.64,0.82) (-0.70,0.81) (-0.46,1.06) (-0.43,0.71)
p=0.72 p=0.81 p=0.89 D=0.44 p=0.62
Percentage of time Spoz < 90%; median (IQR)
Baseline| 1.1(0.3,1.6)| 1.2 (0.5,2.4) 1.2 (0.3, 1.9) 1.0 (0.6,1.4) 1.5 (0.5, 3.1) 1.2 (0.5, 2.3)
Two weeks| 1.1(0.6,2.4)| 1.0 (0.7, 2.0) | 0.83(0.43,1.60)| 0.9 (0.3,1.6) | 0.40 (0.21,0.75)| 0.7 (0.4,1.6)| 0.63 (0.33,1.22)| 0.5 (0.2, 0.8) | 0.29 (0.14,0.56) | 0.7 (0.3,1.6) 0.50
[1.3] [11] p=0.58 [0.6] P=0.005 [0.8] p=0.17 [0.4] P<0.001 [0.7] (0.29,0.85)
p=o.011
Term| 0.6 (0.3,11)| 0.5(0.3,1.3) 0.89| 0.4(0.3,11)| 0.75 (0.37,1.53) | 0.6 (0.4,1.3) 0.84| 0.3(0.2,1.7)| 0.59 (0.28,1.22)| 0.5(0.2,1.3) | 0.76 (0.43,1.34)
[0.6] [0.6] (0.43,1.84) [0.5] P=0.43 [0.6] (0.40,1.77) [0.4] p=0.15 [0.5] p=0.34
p=0.76 p=0.65
Mean heart rate; mean (SD)
Baseline 130.1 (9.0) 130.0 (6.8) 134.0 (10.2) 132.1 (10.4) 130.8 (9.3) 131.7 (9.3)
Two weeks| 147.7(6.8)| 1503 (8.2) 3.07| 150.8(7.4) 3.43| 156.0 (12.7) 8.44| 152.4 (12.4) 3.75| 1523 (10.4) | 4.63 (0.04,9.21)
(-5.32,4.63) (-2.22,9.08) (2.59,14.30) (-2.28,9.79) P=0.048
p=0.89 p=0.23 p=0.005 p=0.22
Term| 150.8(8.6) 150.3 (6.9) -0.35 152.3 (5.7) 1.26 155.5 (8.9) 4.37 1511 (8.5) 0.07 152.3 (7.6) 1.28
(-5.25,4.55) (-3.66,6.19) (-0.69,9.42) (-5.05,5.19) (-2.62,5.17)
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p=0.89

p=0.61

p=0.09

p=0.98

p=0.52
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Percentage of time HR>180; median (IQR)

Baseline | 0.0 (0.0, 0.0) | 0.0 (0.0, 0.4) 0.1 (0.0, 0.3) 0.0 (0.0, 0.3) 0.0 (0.0, 0.2) 0.0 (0.0, 0.3)
Two weeks | 0.9 (0.2,5.2) | 3.1 (2.0, 8.9) 434 | 43 (2.4,9.0) 4.03| 7.0 (4.0, 10.1) 5.94|7.4 (4.4, 13.9) 5.71 6.0 (2.9, 4.87
[0.9] (3.8] (1.87,10.10) (3.8] (1.79,9.08) [55] (2.56,13.77) [6a]| (2401357 10.0) (2.55,9.29)
p=0.001 p=0.001 p<0.001 p<0.001 [4.7] p<0.001
Term | 2.0 (0.4,5.6) | 4.7 (3.0, 8.0) | 2.50 (1.07,5.86) | 5.5 (2.4, 9.4) | 2.86 (1.23,6.63) | 5.6 (2.7, 9.9) | 2.22 (0.93,5.27) 6.7 (4.4,| 319 (1.33,7.65)| 5.7(2.7,9.0) | 2.66 (1.39,5.11)
[1.6] [3.9] Pp=0.035 [4.6] p=0.015 [3.6] p=0.07 10.7) p=0.010 [4.3] P=0.004
[5:2]
Compliant € with 21 (87.5%) | 18 (78.5%)| 0.33 (0.06,1.91) | 23 (85.2%) 0.54| 19(70.4%) | 0.20 (0.04,114) | 18 (66.7%) | 0.21 (0.04,1.24) | 78 (73.6%) | 0.28 (0.06,1.33)
administration p=0.22 (0.09,3.41) p=0.07 p=0.09 p=o.11
schedule at 2 weeks p=0.51
Study drug stopped 2 (9.1%) 4 (16.7%) 2.07 | 5(9.2%) 2.49 | 7(28.0%) 4.21 | 6(22.2%) 2.96 22 (21.6%) 2.88
due to presumed side (0.32,13.18) (0.37,16.75) (0.68,26.13) (0.49,17.75) (0.58,14.31)
P=0.44 p=0.35 p=0.12 p=0.23 p=0.20

effects?

@ Number of infants with oximetry traces of usable quality (% of total remaining in study in that group) at baseline, 2 weeks and term, respectively, are: 20 (83.3%),22 (100%), 20 (100%) in placebo
group; 23 (95.8%), 20 (100%), 18 (94.7%) in 5 mg.kg".day™ group; 26 (96.3%), 24 (96.0%), 20 (95.2%) in 10 mg.kg*.day group; 27 (100%), 21 (100%), 18 (94.7%) in 15 mg.kg*.day" group and 25

(89.3%), 20 (100%), 17 (85.0%) in 20 mg.kg.day" group.? Where the mean (SD) is presented the exposure effect is a mean difference; where median (IQR) and geometric mean are presented the
exposure effect is the geometric mean ratio (RGM). For all comparisons the reference category is the placebo group. ¢ Compliant is defined as <20% of the expected study drug volume (as
calculated for that child based on birthweight) remaining in the bottle when measured by the research team at the two-week visit (i.e. >80% of the study drug has been removed from the bottle).

Information on compliance at 2 weeks is missing for n=4 (1 in each group except 10 mg.kg"). ¢ Further breakdown of reasons for withdrawals is provided in the supplementary tables
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Table 5.3 Secondary Outcomes

Placebo Caffeine citrate Caffeine citrate Caffeine citrate Caffeine citrate Any dose of caffeine
N =24 5 mg.kg*.day” 10 mg.kg*.day* 15 mg.kg*.day™ 20 mg.kg*.day™ N =105
N=24 N=27 N=27 N=27
Summary Summary Mean diff Summary Mean diff Summary Mean diff Summary Mean diff Summary Mean diff
data data (95%C1), data (95%C1), data (95%CI), data (95%C1), data (95%CD),
p-value vs p-value vs p-value vs p-value vs p-value vs
placebo placebo placebo placebo placebo
Weight growth velocity (birth 8.8 (31) 8.4 3.4) -0.45|  75(.4) 51| 91 (3.4) 0.02| 91(3.5) -0.32| 85(34) -0.62
to term equivalent) (g.kg'day" (-2.55,1.65) (-3.59,0.56) (-2.10,2.15) (-2.51,1.88) (-2.27,1.04)
1)a b mean (SD) p=0.67 p=0.15 p=0.98 p=0.78 p=0.46
Length growth velocity (birth 0.7 (0.6) 0.7 (0.4) -0.08 0.7 (0.6) 0.02 1.0 (0.4) 0.20 | 0.6(0.4) -0.08 0.8 (0.5) 0.02
to term equivalent) (cm.week" (-0.39,0.23) (-0.28,0.33) (-0.11,0.52) (-0.41,0.25) (-0.23,0.26)
1) a.b: mean (SD) p=0.61 p=0.89 p=0.20 p=0.62 p=0.89
Head circumference growth 0.6 (0.3) 0.4 (0.2) -0.23 0.5 (0.3) -0.12 0.5 (0.2) -0.16 0.5 (0.2) -0.16 0.5 (0.2) -0.17
velocity (birth to term (-0.40,- (-0.28,0.04) (-0.33,0.00) (-0.34,0.01) (-0.30,-
equivalent) (cm.week™) @ ; 0.07) p=o.15 p=0.05 p=0.07 0.04)
mean (SD) Pp=0.006 p=o.010
Failure to regain birth weight 2 (8.3%) 2 (8.3%) o3| 4 (14.8%) 191 7(25.9%) 4.33| 6 (21.4%) 3.50| 19 (17.9%) 2.58
by 2 weeks postnatal age; N (0.13,8.21) (0.28,13.29) (0.72,26.16) (0.55,22.30) (0.51,13.11)
(%)° p=0.98 p=0.51 p=o0.11 p=0.18 p=0.25
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Sleep score; mean (SD) ¢ ¢

Two weeks 4.2 (0.6) 4.3 (0.3) 0.11 4.3 (0.5) 0.02 4.2 (0.3) 0.01 4.1 (0.5) -0.09 4.2 (0.4) 0.02
(-0.17,0.38) (-0.25,0.29) (-0.27,0.29) (-0.38,0.20) (-0.20,0.23)
P=0.45 p=0.87 p=0.94 p=0.53 p=0.87
Term 4.4 (0.5) 4.4 (0.3) 0.05 4.5 (0.4) 0.16 4.3 (0.4) -0.03 4.2 (0.4) -0.18| 4.4 (0.4) 0.01
(-0.21,0.31) (-0.09,0.42) (-0.30,0.23) (-0.44,0.09) (-0.20,0.22)
p=0.70 p=0.21 p=0.80 p=0.19 P=0.94

Gastroesophageal symptoms; [-GERQ-R mean (SD)¢
Two weeks| 207(43)| 27.6(4.2) 235 253(6a) -3.80| 261 (51) 327 275(63) 2.75| 266 (55) -3.07
(-5.56,0.85) (-6.96,-0.64) (-6.46,-0.08) (-6.13,0.63) (-5.54,-0.60)
p=0.15 p=0.019 P=0.045 p=o.11 p=0.015
Term| 27.5(5.6) 25.2 (4.7) -238| 25.4(4.9) -2.27| 258 (5.7) -216|  25.9 (4.1) -2.76| 25.6 (4.8) -2.39
(-5.60,0.84) (-5.41,0.86) (-5.36,1.05) (-5.99,0.46) (-4.85,0.08)
p=0.15 p=0.15 p=0.18 p=0.09 p=0.06
Duration of tube feeding 7.0 6.0 1.67 13.0 1.34 6.0 0.77 13.5 0.79 9.0 107
(days); median (IQR) (2.0, 13.0) (3.5,14.5)| (0.48,5.89) (4.0, EZZ; (0.39,4.68)| (1.0, 12.0) (0.22,2.65)| (1.5,17.5) (0.23,2.70)| (2.0,15.0)| (0.40,2.87)
[Geometric Mean] [2.6] [5.6] p=0.42 p=0.64 [2.5] p=0.68 [6.] p=0.71 [3.4] p=0.89
Length of stay (number of 9.0 7.5 1.06 15.0 1.31 11.0 1.29 14.0 136 12.0 1.26
days); median (IQR) [geometric (5.0, 15.0) (6.5, 20.0) (0.76,1.48)| (8.0,18.0) (0.94,1.83)| (6.0,16.0) (0.95,1.75)| (6.0,20.0)| (0.981.87) (6.0,18.0) (0.99,1.59)
mean] [8.2] [8.6] p=0.73 [10.8] p=0.11 [10.5] p=0.10 [11.1] p=0.06 [10.3] p=0.06

@ Number of infants with at least one anthropometric measurement at 2 weeks and term, respectively, are: 22 and 20 in placebo group; 21 and 19 in 5 mg.kg-1.day-1 group; 26 and 21 in 10 mg.kg"
Lday™ group; 21 and 19 in 15 mg.kg*.day group and 22 and 18 in 20 mg.kg*.day™ group. ® Growth velocity for weight was calculated using an exponential model (Patel et al., 2009) for weight and
linear models for length, and head circumference. ¢ Estimated group comparisons for failure to regain birthweight are odds ratios.  Number of infants with feeding and sleeping data at 2 weeks
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and term, respectively, are: 22 and 20 in placebo group; 21 and 19 in 5 mg.kg*.day™ group; 25 and 21 in 10 mg.kg™.day" group; 21 and 19 in 15 mg.kg™.day" group and 21 and 18 in 20 mg.kg™.day"
group. ¢Sleep score was calculated using subscale nine on the Infant Behaviour Questionnaire-Revised, modified for neonates(Gartstein & Rothbart, 2003)
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There was no difference between placebo and caffeine groups in the proportion of
infants not regaining birthweight by 2 weeks, or in growth velocity for weight or length
at any timepoint (Table 5.3). Head circumference velocity was significantly lower in the
5 mg.kg?.day* group compared with placebo (Table 5.3). Infants in the 20 mg.kg™.day™
group, compared with placebo, had significantly lower length z-scores at 2 weeks and
TEA (Table 5.4, Figures 5.2 and 5.3). Infants in the 10 and 15 mg.kg™.day™ groups,
compared with placebo, had significantly lower reflux symptom scores (I-GERQ-R) at 2
weeks (Table 5.3). No infant required caffeine outside of the trial protocol. Eight infants
(6%) received ongoing positive pressure support beyond randomisation, with no
difference in rates between placebo and caffeine groups, and only one (15 mg.kg*.day?
group) required respiratory support after enrolment (prior to administration of the
study drug). There were no episodes of apnoea requiring stimulation after

randomisation.
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Figure 5.2 Estimated marginal mean differences between caffeine groups and
placebo in untransformed anthropometry measures at each study visit, from
linear mixed models with adjustment for gestational age at birth and study site
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Figure 5.3 Estimated marginal mean differences between caffeine groups and
placebo in z-scores for anthropometry measures at each study visit, from linear
mixed models with adjustment for study site

One infant (15 mg.kg".day™ group), was readmitted to hospital prior to 44 weeks’ post-
menstrual age due to an upper respiratory tract infection. There were no seizures or
episodes of sepsis, nor neonatal or infant deaths. One infant (15 mg.kg.day” group)

had study drug stopped due to tachycardia at 2 weeks.

Infant salivary caffeine concentrations were higher in infants receiving caffeine, with

highest concentrations in the 20 mg.kg.day™ group (Table 5.5).
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Table 5.4 Anthropometry outcome measures over the study period

Placebo Caffeine Caffeine Caffeine Caffeine Any dose of
N =24° citrate citrate citrate citrate caffeine
5 mg.kg*.day” | 10 mg.kg'.day” | 15 mg.kg'.day” | 20 mg.kg*.day* N =105°
Mean (SD) N =242 N =272 N =27 N =272 Mean (SD)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Weight
Two weeks (g) 2726.4 (352.0) 2826.9 (494.0) 2677.1 (600.7) 2708.1 (412.8) 2480.3 (492.7) 2671.2 (516.5)
7 score -0.8 (0.7) -0.6 (1.0) -1.0 (1.2) -0.9 (1.0) -1.4 (1.1) -1.0 (1.1)
Term (g) 33293 (519.4) 3384.7 (526.6) 3210.7 (592.5) 3431.3 (666.7) 3023.8 (594.3) 3264.4 (606.2)
Z score -0.4 (1.0) -0.4 (1.1) -0.7 (1.3) -0.3 (1.4) -11 (1.3) -0.6 (1.3)
Length
Two weeks (cm) 491 (2.3) 49.0 (2.4) 482 (3.2) 49.0 (2.4) 46.8 (3.7) 48.2 (31)
7 score 0.1 (0.9) 0.0 (0.9) -0.3 (1.2) 0.1(0.8) -0.9 (1.5) -0.3 (1.2)
Term (cm) 50.9 (2.6) 515 (2.0) 50.3 (2.9) 51.6 (2.2) 49.2 (2.9) 50.7 (2.7)
7 score 0.0 (1.1) 0.2 (0.9) -0.3 (1.2) 0.3 (0.9) -0.8 (1.3) -0.1 (1.2)
Head Circumference
Two weeks (cm) 33.6 (1.4) 34.0 (1.7) 335 (1.7) 33.4 (1.5) 32.5 (1.8) 333 (1.7)
Z score -0.1 (0.8) 0.2 (1.0) -0.2 (1.0) -0.2 (1.0) -0.8 (1.1) -0.3 (1.1)
Term (cm) 35.1 (1.5) 35.6 (1.5) 34.9 (1.4) 35.2 (1.5) 34.4 (1.3) 35.0 (1.5)
7 score 0.2 (1.0) 0.4 (11) -0.1 (0.9) 0.1 (1.0) -0.4 (0.9) 0.0 (1.0)
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Body mass index (BMI)

Two weeks (g/cm?) 1.3 (0.9) 1.7 (1.3) 1.3 (L5) 1.1 (1.1) 1.3 (1.5) 1.4 (1.3)
Z score -1.0 (0.7) -0.7 (0.8) -1.0 (1.0) -1.1 (0.8) -1.0 (1.0) -1.0 (0.9)
Term (g/cm?) 12.8 (1.3) 2.7 (1.4) 12.6 (1.6) 12.8 (1.8) 12.6 (1.5) 12.7 (1.6)
Z score -0.4 (0.9) -0.5 (1.1) -0.6 (1.2) -0.5 (1.3) -0.6 (1.1) -0.5 (1.1)

Data presented are mean (SD). Analysis of changes in anthropometric measures over time were performed using linear mixed models with a group-time interaction term.

2 Number of infants with at least one anthropometric measurement at 2 weeks and term, respectively, are: 22 and 20 in placebo group; 21 and 19 in 5 mg.kg-1.day-1 group; 26 and 21 in 10 mg.kg
t.day™ group; 21 and 19 in 15 mg.kg*.day” group and 22 and 18 in 20 mg.kg".day" group. bZ-scores for weight, length and head circumference were calculated from the revised Fenton growth charts

for preterm infants (Fenton & Kim, 2013), and Z-scores for BMI from the Olsen growth curves for preterm infants (Olsen et al., 2015).

_131_




Table 5.5 Caffeine intake and salivary concentrations

Placebo Caffeine citrate Caffeine Caffeine citrate | Caffeine citrate | Any dose of
N =24 5 mg.kg*.day” citrate 15 mg.kg*.day* | 20 mg.kg*.day™ caffeine
N=24 10 mg.kg*.day” N=27 N=28 N =106
N =27
Maternal caffeine intake in preceding 24 hours (mg)®

concentration at 2 weeks

(ng.ml™)?

P<0.001

P<0.001

p<o0.001

P<0.001

Baseline| 36.3 (13.9, 83.2) 63.3 (30.0,115.6) |  65.2 (10.6, 116.4) 42.3 (13.9, 67.7) 41.6 (10.6,142.0) | 515 (16.6, 105.0)

Two weeks| 60.5 (10.6, 87.5) 84.1(36.3,110.4) | 39.5 (10.6, 144.8) 36.3 (7.8, 78.8) 88.2 (21.2,175.0) | 63.5 (19.9, 115.6)

p=0.064 p=0.675 p=0.752 p=0.099 p=0.252

Term/| 77.5(41.8, 118.4) 84.6 (60.5, 139.1) 98.1 (15.5, 121.0) 60.5 (36.3, 105.0) 43.2 (10.6, 63.5) | 63.5 (21.2, 112.5)

p=0.529 p=0.873 p=0.396 p=0.075 P=0.559

Maternal salivary caffeine 1.6 (0.5, 2.6) 1.2 (0.6, 3.1) 0.2 (0.0, 1.8) 0.2 (0.0, 2.4) 1.0 (0.2, 2.9) 11 (0.1, 2.6)

concentration at 2 weeks p=0.919 p=0.029 p=0.113 p=0.523 p=0.124
(pg-ml™)

Infant salivary caffeine 0.6 (0.3, 0.9) 17.6 (14.2, 23.8) 26. (1.3, 36.3) 33.7 (20.2, 51.0) 71.0 (52.3,86.5) | 283 (18.2,52.3)

P<o0.001

Data presented are median (IQR) ¢ P-values are from a Wilcoxon rank-sum test, due to highly skewed distributions. ® Number of mothers with completed surveys at baseline, 2 weeks and
term, respectively, are: 23, 22 and 20 in placebo group; 23, 20 and 18 in 5 mg.kg*.day" group; 23, 22 and 19 in 10 mg.kg.day" group; 25, 19 and 18 in 15 mg.kg*.day" group and 26, 18 and 18 in 20
mg.kg.day group. ¢ Number of mothers with salivary samples is 19 in placebo group; 16 in 5 mg.kg*.day" group; 21 in 10 mg.kg.day™ group; 17 in 15 mg.kg.day* group and 14 in 20 mg.kg".day"
group. ¢ Number of infants with salivary samples is 21 in placebo group; 18 in 5 mg.kg™.day™ group; 20 in 10 mg.kg™.day™ group; 18 in 15 mg.kg*.day" group and 16 in 20 mg.kg*.day" group
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Table 5.6 Maternal Edinburgh Postnatal Depression Scores

Placebo Caffeine citrate Caffeine citrate Caffeine citrate Caffeine citrate Any dose of caffeine
5 mg/kg/day 10 mg/kg/day 15 mg/kg/day 20 mg/kg/day
Summary data | Summary Data Ratio of Summary Data | Ratio of GMs | Summary Data Ratio of Summary Data Ratio of Summary Data Ratio of
GMs (95% (95% CI), p- GMs (95% GMs (95% GMs (95%
CI), p-value value vs CI), p-value CI), p-value CI), p-value
vs placebo placebo vs placebo vs placebo vs placebo
Baseline EPDS Score
N (% non-missing, of 2(017%)| 22 (95.7%) 23 (05.8%) 25 (100.0%) 26 (100.0%) 96 (98.0%)
those with a baseline visit)
Median (IQR) 6.5(2.0,9.0)| 4.5(2.0,9.0) 5.0 (3.0, 8.0) 5.0 (2.0, 8.0) 5.5 (3.5, 9.0) 5.0 (2.5, 8.0)
TEA EPDS Score«
N (% non-missing, of 20 (100.0%) 18 (100.0%) 19 (100.0%) 18 (100.0%) 18 (100.0%) 73 (100.0%)
those with a term visit)
Median (IQR) [geometric| 7.0 (2.0, 9.0) 3.0 (1.0, 6.0) 0.65 6.0 (4.0, 9.0) 1.64| 6.0(2.0,10.0) 173| 4.0 (3.0, 6.0) 1.24 5.0 (3.0, 7.0) 1.21
mean; GM] [2.6] [1.6]]| (0.20,2.08) [4.0]| (0.52,5.22) [5.6]| (0.53,5.63) [3.0]| (0.38,4.06) [5.6]| (0.48,3.03)
p=0.46 P=0.40 p=0.36 p=0.72 p=0.68
Term score adjusted for 0.78 2.16 2.27 130 1.49
baseline (0.26,2.34) (0.74,6.33) (0.75,6.83) (0.43,3.94) (0.62,3.53)
p=0.65 p=0.16 p=0.14 p=0.63 p=0.38

@ EPDS data was available in a total of 118 (96.7% of 122) mothers at baseline and 93 (93.9% of 99 mothers remaining) at TEA visit
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Fifteen infants across the four caffeine groups, but none in the placebo group, were
withdrawn due to difficulties administering the study drug, the infant not tolerating
the drug (spilling) or parental or investigator concerns about side effects (Table 5.7).
The rate of stopping medication due to presumed side effects was not significantly

different between the placebo and caffeine groups (Table 5.2).

Table 5.7 Side effects and withdrawals

Placebo Caffeine Caffeine Caffeine Caffeine |Any dose of

N =24 citrate citrate citrate citrate caffeine
5 mg.kg 1omg.kg | 15mgkg | 20mgkg N =105
L.day™ L.day™ t.day™ t.day*
N=24 N =27 N =27 N =27
Number 4 (16.7%) 5 (20.8%) 6 (22.2%) 8 (29.6%) 7(25.9%) | 26 (24.7%)

withdrew (%)

Withdrawal reason; N

Administration ) ) 2 3 2 7
difficulties

Parents 4 1 1 3 3 8
changed mind

Side effects or ) 3 3 1 1 8
drug not

tolerated

Other« ) 1 ) 1 1 3

@ Including: investigators discretion (n=1), moved outside study follow-up area (n=1), inability to follow up due to

the COVID-19 lockdown (n=1)

5.6 Discussion

In this randomised placebo-controlled dosage trial, caffeine citrate at 10 or 20 mg.kg"
.day’reduced the mean rate of IH by 61% and 67%, respectively. Overall, caffeine did
not have adverse effects on sleep, gastro-oesophageal reflux or feeding, although the
percentage of time that infants had tachycardia increased, in keeping with previous

reports (Chen et al., 2018; Mohammed et al., 2015).
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Currently, there is a lack of consensus definition for [H in preterm babies. We defined
IH as Spo. fall 210% below baseline for <2 minutes, which previously we have shown to
be increased in late preterm babies compared with term babies (Williams et al., 2018).
Although a 3% threshold is used in polysomnography to define desaturation events, a
definition of 10% is commonly used in the neonatal literature (Rhein et al., 2012), and
we considered this higher threshold more repeatable and reliable. We chose to include
even short episodes as these are believed to be as important as sustained hypoxaemia as
a cause of subsequent neurocognitive deficits in children (Almendros et al., 2014; Bass

et al., 2004).

The reason for a significant effect of caffeine citrate on the primary outcome at a dose
of 10 and 20 but not 15 mg.kg™.day is unclear. There were no differences in baseline
characteristics to suggest confounding, and compliance with study medication was not
worse in this group. Moreover, salivary caffeine concentration in the 15 mg.kg™.day™
group was intermediate to that of the 10 and 20 mg.kg™.day™ groups, and the percentage
of the time these infants experienced tachycardia was comparable to the 20 mg.kg*.day
'group, all of which indicate they received the study drug. Although the baseline rate of
IH was higher in the 15 mg.kg™.day” group than in the 10 and 20 mg.kg™.day™ groups,
adjustment for this in secondary analysis did not alter results. It is possible that the lack

of statistically significant reduction in IH in this group is due to type-II error.

Both the 10 and 20 mg.kg™.day doses were effective in late preterm infants as they
reduced the rate of IH at 2 weeks, mean SpO, and time with SpQO, less than 90%. This
trial was powered to compare each caffeine citrate dose with placebo, rather than
compare caffeine doses directly. However, the effect size in all respiratory measures was
larger for the 20 mg.kg*.day™ dose, with similar effects on drug tolerability to the 10
mg.kg.day* dose. In addition, the 15 mg.kg*.day* dose was not effective, which would
be expected if the 10 mg.kg™.day™ dose was effective. Therefore, future trials in late

preterm infants should consider using 20 mg.kg™.day" of caffeine citrate.
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In the Caffeine for Apnea of Prematurity (CAP) trial, very preterm infants receiving
caffeine gained less weight than those in the placebo group during the first three weeks
after randomisation, but there was no difference in weight by four weeks of age and no
difference in head circumference (Kreutzer & Bassler, 2014). In contrast, in our trial the
only growth parameters affected by caffeine treatment were the length z-score, which
was lower in the 20 mg.kg?.day” group at 2 weeks and TEA, and head circumference
growth velocity, which was lower in the 5 mg.kg™.day™ group. In both cases, a
statistically significant difference occurred only in a single dose group and for a single
parameter, and other related parameters failed to show the same changes; it thus

appears unlikely that caffeine has a significant impact on overall neonatal growth.

A small observational study in low-birthweight infants determined that the half-life of
caffeine citrate is 86 hours at 34 weeks, reducing to 73 hours at 37 weeks and 6 hours at
60 weeks post-menstrual age(Le Guennec et al., 1985). In two other studies, caffeine
citrate 6 mg.kg™.day'reduced IH at 35 and 36 weeks’ gestational age(Rhein et al., 2014),
but at 37 and 38 weeks’ gestational age higher doses of 14 or 20 mg.kg™.day™” were
required to maintain caffeine salivary concentrations in the therapeutic range and
reduce IH(Dobson et al., 2017). Our study supports the finding that higher doses of

caffeine are required at later postmenstrual ages.

A limitation of this study was the higher rate of withdrawals in higher dose caffeine
groups, mainly due to administration difficulties and poor tolerability. To maintain
blinding, the trial drug was formulated at four different strengths, but at higher
concentrations this resulted in a bitter solution, albeit one that is comparable to that
used clinically. Unlike clinical use where very preterm infants receive caffeine citrate
via a nasogastric tube, participating late preterm infants generally received the

medication orally, meaning taste was important, and the volume was challenging to
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administer in some infants. Further trials on the use of caffeine citrate in the late
preterm population should use a more palatable formulation. In addition, primary
outcome data was not available for infants who were withdrawn prior to 2 weeks post-
randomisation, and it is possible that attrition bias may have affected the outcome
However, it is unlikely that withdrawal from the study due to administration
difficulties was linked to the primary outcome, so estimates of effectiveness should not
have been affected by these withdrawals. A second limitation is that concurrent use of
other medications was not formally recorded in this study. However, there are few
clinically relevant drug interactions with caffeine citrate (Preston, 2022) so it is unlikely
that any participating infant received any medication that significantly affected plasma

caffeine concentrations.

5.7 Conclusion

Caffeine citrate reduces IH in late preterm infants, with doses of 10 and 20 mg.kg™.day”
being effective, although difficult to administer to some babies in the current
formulation, possibly due to the taste. Side effects at these doses include tachycardia,
and possibly growth. A longer, larger trial with neurodevelopmental impairment as the
primary outcome is required to establish if the reduction in IH will result in clinically

significant improvements in neurodevelopment.
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6. Systematic Review: Caffeine for apnoea and the prevention of

neurodevelopmental impairment in preterm infants

6.1 Abstract

This systematic review and meta-analysis evaluated the evidence for dose and
effectiveness of caffeine in preterm infants. MEDLINE, EMBASE, CINHAL Plus,
CENTRAL, and trial databases were searched to July 2022 for trials randomizing
preterm infants to caffeine vs. placebo/no treatment, or low (<1omg.kg-1) vs. high dose
(>10mg.kg-1 caffeine citrate equivalent). Two researchers extracted data and assessed
risk of bias using RoB; GRADE evaluation was completed by all authors. Meta-analysis
of 15 studies (3530 infants) was performed in REVMAN across four epochs:
neonatal/infant (birth-1 year), early childhood (i-5 years), middle childhood (6-11 years)

and adolescence (12-19 years).

Caffeine reduced apnoea (RR 0.59; 95%CI 0.46,0.75; very-low certainty) and
bronchopulmonary dysplasia (0.77; 0.69,0.86; moderate certainty), with higher doses
more effective. Caffeine had no effect on neurocognitive impairment in early childhood
but possible benefit on motor function in middle childhood (0.72; 0.57,0.91; moderate

certainty). The optimal dose remains unknown; further long-term studies are needed.

6.2 Introduction

Infants born preterm are physiologically and metabolically immature and have higher
rates of morbidity and mortality, and poorer long-term neurodevelopmental outcomes
than those born at term (Moster et al., 2008). Amongst other issues, they are at risk of
apnoea of prematurity (Henderson-Smart, 1981) and intermittent hypoxaemia
(Williams et al., 2018), which result in a decrease in oxygen saturation and bradycardia

and have been associated with increased risk of neurodevelopmental impairment
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(Janvier et al., 2004; Poets et al., 2015). Rates of apnoea are correlated with the degree of
prematurity, occurring most frequently in extremely preterm infants, though late
preterm infants are also affected (Henderson-Smart, 1981). Late preterm infants also
experience frequent episodes of intermittent hypoxaemia (Williams et al., 2018) and

poorer neurodevelopmental outcomes than term-born infants (Woythaler et al., 2011).

Methylxanthines are respiratory stimulants that have been used in preterm neonates
for decades to both prevent and treat apnoea of prematurity and to facilitate extubation
(Muehlbacher et al., 2020). Caffeine is a naturally-occurring methylxanthine used
extensively worldwide for hundreds of years for its CNS stimulant properties
(Muehlbacher et al., 2020). Caffeine and other methylxanthines, such as theophylline,
have been used in the treatment of apnoea in newborn infants since the 1970s (Aranda
et al., 1977). The precise mechanism by which methylxanthines improve respiratory
function continues to be debated, but caffeine is known to stimulate the respiratory
centre in the medulla by antagonizing adenosine A1 and A2A receptors, increasing
sensitivity and response to carbon dioxide and PO, and enhancing diaphragmatic
function (Yuan et al., 2022). Caffeine is now used in preference to other
methylxanthines due to its wider therapeutic window and longer duration of action in
neonates, which allow for daily dosing and remove the need for therapeutic drug

monitoring(Henderson-Smart & De Paoli, 2010a; Schoen et al., 2014).

Despite this longstanding clinical use there remain several evidence gaps, including
indications for treatment, dosing regimen, the most appropriate patient population and
the short- and long-term effects of caffeine therapy (Erickson et al., 2021). The aim of
this systematic review was to assess the effectiveness of caffeine in reducing the rate or
occurrence of apnoea and reducing long-term neurodevelopmental impairment in
preterm infants (<37 weeks’ post-menstrual age [PMA]). A secondary aim was to assess

if there is any difference in these outcomes between caffeine given at standard doses
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(<10 mg.kg™ caffeine citrate equivalent) and high doses (>10 mg.kg™ caffeine citrate

equivalent).

6.3 Methods

This systematic review was guided by the Cochrane Handbook for Systematic Reviews
of Interventions (Thomas et al., 2022) and is reported according to the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Page
et al., 2021). Prior to the literature search being conducted, the protocol was registered

with the Prospective Register of Systematic Reviews (PROSPERO, CRD42020154678).

We included all randomized controlled trials (RCTs) in preterm infants (<37 weeks’
PMA) of caffeine (at any dose and for any reason) vs. placebo or no treatment
(comparison one), or high-dose caffeine (>10 mg.kg™ citrate equivalent) vs. low-dose
caffeine (<10 mg.kg™ caffeine citrate equivalent)(comparison two), which reported one
or more prespecified outcomes. We included published studies and those published in
abstract if they included sufficient information to confirm eligibility and allow Grading
of Recommendations Assessment, Development and Evaluation
(GRADE)(Schiinemann et al., 2013). We did not include observational or non-
randomized studies. No limit was placed on year of publication, and studies in any
language were included and translated if an English abstract was available for the initial

screening stage.

We reported outcomes across four developmental epochs: neonatal/infancy (<1 year of
age), early childhood (ages 1-5 years), middle childhood (ages 6-11 years) and
adolescence (ages 12-19 years). If longitudinal studies reported multiple assessments of
an outcome within the epoch, the last assessment in each epoch was included in the

analysis.
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The primary outcome for the neonatal/infant epoch was apnoea, defined as a pause in
breathing of =20 s, or <20 s with bradycardia (heart rate <100 beats per minute [bpm]),
cyanosis or pallor (American Academy of Paediatrics, 2003), or as per author
definitions. For all other epochs, the primary outcome was neurocognitive impairment,

defined by authors, using standardized tests appropriate for age.

Secondary outcomes for the neonatal/infant epoch included bronchopulmonary
dysplasia (BPD), defined as ongoing requirement for oxygen or respiratory support at
36 weeks’ PMA; intermittent hypoxaemia, expressed as events per hour and defined as a
fall in oxygen saturation (SpO.) of 10% or more from baseline, or as defined by authors;
retinopathy of prematurity (ROP) Stage III or worse (Garner et al., 1984);
intraventricular haemorrhage (IVH) grade III or IV (Papile et al., 1978); patent ductus
arteriosus (PDA), defined as use of medical or surgical treatment for ductal closure;
tachycardia, defined as mean heart rate =160 bpm or as per authors; duration of
mechanical ventilation; duration of positive pressure support; growth velocity,
including weight gain (g.kg™.day"), linear growth (cm.week™) and head growth
(cm.week™) to 36 weeks’ PMA (or as defined by authors); death; survival without
neurosensory impairment (including, but not limited to deafness, blindness and

cerebral palsy); and time to establish full enteral feeds (as defined by authors).

For all other epochs, secondary outcomes included: motor impairment, defined by
authors using standardized tests appropriate for age; hearing impairment, defined as
requiring one or more hearing aids or worse, or as per authors; visual acuity less than 1
LogMAR, or as per authors; death; survival without neurosensory impairment,
including, but not limited to, deafness, blindness, death and cerebral palsy; emotional

behavioural difficulties, as defined by authors; cerebral palsy; chronic lung disease,
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defined as physician-diagnosed asthma or >2 episodes of parent-reported wheeze, or as

per authors; and height and weight expressed as Z-scores.

6.3.1 Search strategy

We searched Pubmed, Medline, Embase, the Cumulative Index to Nursing and Allied
Health Literature (CINHAL Plus) and the Cochrane Central Register of Controlled
Trials (CENTRAL) databases from inception to 11 July 2022 using relevant MeSH terms
and key words (caffeine and premature/ prematurity/ preterm/ low birthweight and
variations). The search was limited to studies involving humans, with no limit on year
of publication or language. No limits on study type were applied at the initial search
stage. We also searched The World Health Organization International Clinical Trials
Registry Platform (ICTRP) (www.who.int/ictrp/search/en/), the US National Library of
Medicine Clinical Trials Registry (clinicaltrials.gov), and Australia and New Zealand
Clinical Trials Registry (ANZCTR)(http://www.anzctr.org.au), for any additional trials
meeting the inclusion criteria not located through the above searches. Where results of
trials were not available in the public domain, we contacted the authors listed in the
trial registration to confirm the status of the trial, and whether any results were
available for inclusion. We hand-searched bibliographies of included studies, review
papers and conference abstracts to identify any additional studies. Covidence
(Covidence Systematic Review Software, Veritas Health Innovation, 2020) was used to

manage search results and screen studies for inclusion.

6.3.2 Study selection

Two review authors independently screened all retrieved titles and abstracts to assess
eligibility for inclusion. The full text of all potentially relevant studies was retrieved and
assessed independently by two authors to determine eligibility. Any disagreements
were resolved by mutual discussion and consultation with a third author, if required.

Summary characteristics of each study were extracted and tabulated.
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6.3.3 Data extraction, bias, and quality assessment

Two authors independently extracted data from all included studies using a pre-
specified data form. Any discrepancies were resolved by mutual discussion and
consulting a third author if required. Additional information was sought from study

corresponding authors if information was unclear or not published.

Two review authors independently assessed the risk of bias (RoB) of all included trials
using the Cochrane RoB tool (J. Higgins et al., 2011) for the following domains: sequence
generation (selection bias); allocation concealment (selection bias); blinding of
participants and personnel (performance bias); blinding of outcome assessment
(detection bias); incomplete outcome data (attrition bias); selective reporting
(reporting bias); any other bias. Any disagreements were resolved by mutual discussion
or consulting a third author if necessary. For one study, where EO, JA and CM were
investigators, an alternative independent colleague (AW) with no association to the

study conducted the data extraction and RoB assessment in conjunction with SH.

Review Manager (RevMan version 5.4.1. The Cochrane Collaboration, 2020) was used to
summarize and analyse the data. Meta-analysis using fixed effects was performed if
data from >2 RCTs were available. Apnoea was reported using different measures that
precluded a single meta-analysis; therefore, apnoea was analysed both as a
dichotomous and continuous variable. We calculated the risk ratio (RR) for
dichotomous outcomes and mean difference (MD) for continuous outcomes, with
confidence intervals (CI) of 95%. If data were reported as median and interquartile
range, means and standard deviations were estimated (Wan et al., 2014). Planned
secondary analyses included subgroup analysis by indication for caffeine and gestation
length. Statistical heterogeneity was defined as an I* >50% and low p value for the Chi
Square test and categorized according to GRADE guidelines (Schiinemann et al., 2013).
Methodological causes of heterogeneity were explored via subgroup analysis and
sensitivity analysis, excluding studies at high risk of bias.
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Outcomes were classified by all authors according to their importance for decision-
making using GRADE classifications (7-9 critical, 4-6 important but not critical, 1-3 less
important)(Schiinemann et al., 2013). Certainty of the evidence was assessed using the
GRADE framework (Schiinemann et al., 2013) and agreed by all authors. Imprecision
was assessed using optimal information size (OIS) assuming alpha o.05 and beta 0.2
(Guyatt et al., 2011), and considered serious if the total number of participants was less
than the OIS for the outcome, or very serious if total participants numbered less than

half the OIS. For continuous outcomes we assumed alpha 0.05 and beta 0.2, and delta

0.33.

Study characteristics and results were tabulated, and forest plots generated for all

comparisons where data was available.

6.4 Results

6.4.1 Literature search and study selection
Our search identified 6,509 records (Figure 6.1). Following the removal of 3,542
duplicates, 2,968 studies were screened and 2,801 excluded. The full text of 159 papers

were reviewed, resulting in the inclusion of 15 studies in the final review.

6.4.2 Study characteristics

We identified 15 eligible RCTs enrolling a total of 3,530 premature infants. Most trials
enrolled infants born at <32 weeks’ PMA (Bucher & Duc, 1988; Erenberg et al., 2000;
Fakoor et al., 2019; Kori et al., 2021; S. Liu et al., 2020; Mohammed et al., 2015; Scanlon
et al., 1992; Steer et al., 2003; Zhao et al., 2016), although some included infants up to 35
(Murat et al., 1981) or 36 (Oliphant et al., 2023) weeks, or defined eligibility based on

birthweight (Armanian et al., 2016; Fakoor et al., 2019; Iranpour et al., 2022; Schmidt et
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al., 2006) or clinical decision to treat with caffeine (Steer et al., 2004). Eight trials
compared caffeine to placebo or no treatment (Armanian et al., 2016; Bucher & Duc,
1988; Erenberg et al., 2000; Fakoor et al., 2019; Iranpour et al., 2022; S. Liu et al., 2020;
Murat et al., 1981; Schmidt et al., 2006). Seven trials compared different doses of
caffeine (Kori et al., 2021; Mohammed et al., 2015; Oliphant et al., 2023; Scanlon et al.,
1992; Steer et al., 2003, 2004; Zhao et al., 2016), including one (Oliphant et al., 2023)
with four different dosing arms and a placebo arm, which contributed to both
comparisons. Trials were widely geographically located and all except one (Oliphant et
al., 2023) enrolled only infants in neonatal units. Most trials were small, with only one
enrolling more than 300 infants (Schmidt et al., 2006) (Table 6.1). Eight of the included
trials had high RoB in one or more domains (Armanian et al., 2016; Fakoor et al., 2019;
Iranpour et al., 2022; S. Liu et al., 2020; Murat et al., 1981; Oliphant et al., 2023; Scanlon
et al., 1992; Zhao et al., 2016), especially for ‘incomplete outcome data’ (Table 6.2). All
included studies reported at least one outcome for the neonatal/infant epoch. Two
studies (Schmidt et al., 2006; Steer et al., 2004) reported outcomes in early childhood,
and only one study (Schmidt et al., 2006) reported outcomes in middle childhood. No

studies reported results in adolescence.
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Figure 6.1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram of study selection
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Table 6.1 Study characteristics

Study Country Eligibility Enrolled Intervention Comparator Primary Notes
(n) Outcome(s)®
Comparison 1: Caffeine vs Placebo / no treatment
Armanian Iran Premature 52 Loading: IV “caffeine” Loading & Apnoea If infants in the control
2016 infants (salt not specified) 20 Maintenance: Bradycardia group demonstrated
(Armanian BW <1200 g mg/kg loading dose on Equivolume doses Cyanosis apnoea, caffeine was
et al., 2016) Spontaneous first day of life of IV saline 0.9% administered
breathing at 24 Maintenance: smg/kg/day
hours of life. for 1** 10 days of life.
Bucher 1988 | Switzerland | <32 weeks’ GA, | 50 Loading: 20 mg/kg Loading & Intermittent
(Bucher & with (2mL/kg) caffeine citrate | Maintenance: hypoxaemia
Duc, 1988) spontaneous IV at 48 h of age Equivolume doses
respiration for Maintenance: 10 mg/kg of IV saline 0.9%
>24h at 48 h of (1mL/kg) caffeine citrate
age IV given at 72 and 96
hours of age
Erenberg USA 28-32 weeks’ 82 Loading: 20 mg/kg Loading & Apnoea
2000 GA; >24 h old; (1mL/kg) caffeine citrate Maintenance:
(Erenberg > 6 apnoea 1\% Equivolume
et al., 1998, episodes Maintenance: Caffeine matching citric salt
2000) within a 24- citrate 5 mg/kg placebo solution
hour period (0.25ml/kg) IV/OG/NG
Q24h, starting 24 hours
after loading dose
Fakoor 2019 | Iran GA = 32weeks’; | 100 Loading: 20 mg/kg No treatment Apnoea Retrospective trial

(Fakoor et
al., 2019)

BW <1500g

" . n
venous caffeine

Maintenance: 5
mg/kg/day "venous
caffeine”

registration also states
infants had to be at least
24 hours of age and have
“self-contained
breathing” in the first 24
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hours of life.

Iranpour Iran GA < 37 weeks’; | 90 Loading: 20 mg/kg IV No treatment Duration of positive
2022 BW 1250-2000 caffeine citrate pressure support
(Iranpour g; weight Maintenance:
et al, 2022) appropriate for 1omg/kg/day IV or PO
age. (when enteral feeding)
Spontaneous caffeine citrate, until
respiration and respiratory support not
clinical signs of required
respiratory
distress
requiring nasal
CPAP
Liu 2020 (S. | China GA < 32 weeks’; | 194 Loading: 20 mg/kg IV Loading & White matter Study was primarily
Liu et al., BW <1500g caffeine citrates within 72 | Maintenance: abnormality on looking at cranial MRI
2020) hours of birth Equivolume doses cerebral magnetic changes, but also
Maintenance: 5 of IV saline 0.9% resonance imaging included outcomes
mg/kg/day IV caffeine (MRI) relating to respiration
citrate and short-term
complications of caffeine
treatment
Murat 1981 | France GA 29-35 18 Loading: 20 mg/kg IM No treatment Apnoea
(Murat et weeks’; 23 caffeine citrate (0.8 mL)
al., 1981) episodes of
idiopathic
apnoea on Maintenance: 5
cardiorespirato mg/kg/day PO caffeine
ry monitoring citrate
within a 24

hour period.
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Schmidt Australia, BW 500-1250 g; | 2006 Loading: 20 mg/kg IV Loading & Neurocognitive If apnoea persisted, the
2006 (Doyle | Canada, Day 1-10 of life; caffeine citrate: Maintenance: impairment daily dose of caffeine
etal., 2014, | Germany infant . Equivolume doses (composite of death, could be increased to
2017; Israel, The | considered a Maintenance: 5 of saline 0.9% cerebral palsy, 1omg/kg/day.
Miirner- Netherland | candidate for mg/kg/day IV_ or PO cognitive delay,
Lavanchy et | s, Sweeden, | methylxanthin (when tolerating fu‘ll deafness or
al., 2018; Switzerland | e therapy by epteral feeds) caffeine blindness) at a
Schmidt et |, UK, USA clinical staff citrate corrected age of 18 -
al., 2006, 21 months
2007, 2012,
2017, 2019)
Comparison 2: High dose vs low dose caffeine

Kori 2021 Malaysia GA 26 - 32; 78 Loading: 20 mg/kg PO Loading: 40 mg/kg | Apnoea
(Kori et al., within 24 h caffeine citrate PO caffeine citrate
2021) per%extl‘lbatlon Maintenance: 10 mg/kg Maintenance: 20

period if PO caffeine ci kg PO caffei

ventilated caffeine citrate n}g/ kg PO caffeine

citrate
Mohamme | Egypt GA < 32 weeks’; | 120 Loading: 20 mg/kg IV Loading: 40 mg/kg | Extubation failure in
d 2015 AOP in first 10 caffeine citrate IV caffeine citrate mechanically
(Mohamme days of life Maintenance: 10 Maintenance: 20 ventilated infants
detal, mg/kg/day IV or PO mg/kg/day IV/ PO
2015) caffeine citrate, until 7 caffeine citrate,
days post-extubation until 7 days post-
extubation

Oliphant New GA 34-36 132 Loading: Caffeine citrate Loading & Intermittent Trial included multiple
2022 Zealand weeks’; <72 h 10, 20, 30 or 40 mg/kg/day | Maintenance: hypoxaemia doses and placebo arm.
(Oliphant old PO Equivolume doses Data included in both
et al., 2020, Maintenance: Caffeine of PO water comparisons (all caffeine
2023) citrate 5, 10, 15 or 20 groups vs placebo in

mg/kg/day PO

Comparison 1; 5 & 10
mg/kg/day groups vs 15
& 20 mg/kg/day in
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Comparison 2).
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Scanlon England GA < 31weeks’; | 30 Loading: 50 mg/kg | Apnoea A third group receiving
tggz either 210 Loading: 25 mg/kg PO PQ caffeine citrate ‘theophyll‘ine was 'also
canlon et apnoea in 8 h L (given as 2 x included in the trial, but
caffeine citrate . .
al.,, 1992) or =4 apnoea 25mg/kg doses 1 h not considered in this
in1h. apart) systematic review
Maintenance: 6 Maintenance: 12
mg/kg/day PO caffeine mg/kg/day PO
citrate caffeine citrate
Steer 2003 | Australia GA < 31 weeks’; | 127 Loading: 30 or 60 mg/kg Loading: Extubation failure in
(Steer et al., received/were IV caffeine citrate 6 mg/kg IV caffeine | mechanically
2003) anticipated to citrate ventilated infants
receive 248 h Maintenance: 15 or 30 Maintenance:
mechanical mg/kg IV caffeine citrate | 3 mg/kg IV caffeine
ventilation (OG if enterally fed) citrate (OG if
enterally fed)
Steer 2004 | Australia Infants 287 Loading: 8o mg/kg Loading: 20 mg/kg | Extubation failure in | Route of administration
(Steer et al., requiring caffeine citrate caffeine citrate mechanically not specified
2004) rer;eft:rylxanthm Main‘ tenance: 20 mg Jkg Main tenance: 5 ventilated infants
caffeine citrate every 24 h, | mg/kg caffeine
treatment of starting 24 h after loading | citrate every 24 h,
apnoe€a Of, dose starting 24 h after
prematurity or loading dose
as a part of
peri-
extubation
management
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Zhao 2016 China GA < 32 weeks’; | 164 Loading: 20 mg/kg IV Loading: Apnoea
(Zhao et al., primary caffeine citrate 20 mg/kg IV
2016) apnoea caffeine citrate

Maintenance: 15 Maintenance: 5

mg/kg/day IV caffeine mg/kg/day IV

citrate caffeine citrate

Maintenance: 15 Maintenance: 5

mg/kg/day IV caffeine mg/kg/day IV

citrate caffeine citrate

2All trials were randomized on a 1:1 basis (1:1:1 and 1:1:1:1:1 for the multi-arm studies Scanlon 1992 and Oliphant 2022 respectively) POutcomes are for the neonatal/infant epoch unless otherwise stated.
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Table 6.2 Overall risk of bias of included studies

Study Risk of bias

D1 D2 D3 D4 D6 D7 Overall

Armanian 2016

Bucher 1988

© 0 O
©
©

© O

Erenberg 2000

Fakoor 2019

Iranpour 2022

Kori 2021

o ©
LI T )
LI T )
LI T )

Liu 2020

© 00 O
©

Mohammed 2015

Murat 1981

Oliphant 2022

Scanlon 1992

© O 00

© 00006 o
© 000000 o
© 00006 o

O 0000000000000 o000~

Schmidt 2006 (+) (+) (+]
Steer 2003 e 0

Steer 2004 c 0 Q
Zhao 2016 (+) o

Key: o high, unclear o low risk of bias for D1: Random sequence generation, D2: Allocation
concealment, D3: Blinding of participants and personnel, D4: Blinding of outcome assessment, D5:

Incomplete outcome data, D6: Selective reporting, D7: Other sources of bias.
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6.4.3 Caffeine vs. placebo/no treatment

6.4.3.1 Primary outcome

Neonatal/infancy: For the primary outcome of apnoea (dichotomous), evidence of very
low certainty from five trials showed possible benefit from receiving caffeine compared
to placebo or no treatment (risk ratio [RR] 0.59, 95% confidence interval [CI] 0.46,
0.75, 453 infants)(Table 6.3)(Armanian et al., 2016; Erenberg et al., 2000; Fakoor et al.,
2019; Iranpour et al., 2022; Oliphant et al., 2023). There was statistical heterogeneity
(I>=78%) among trials, although the direction of effect consistently favoured caffeine
(Figure 6.2). In sensitivity analysis, exclusion of two trials at high risk of bias (Fakoor et
al., 2019; Iranpour et al., 2022), did not substantially alter the results (RR 0.62, 95% CI

0.50, 0.77, three trials, 263 infants).

Early childhood: For the primary outcome of neurocognitive impairment, evidence of
low certainty from one trial could not exclude clinical benefit or harm from receiving
caffeine compared to placebo (RR 0.98, 95% 0.63, 1.51, 1518 children)(Table 6.3)(Schmidt

et al., 2012).

Middle childhood: For the primary outcome of neurocognitive impairment, evidence
of moderate certainty showed possible benefit from receiving caffeine compared to

placebo (RR 0.84, 95% 0.71, 1.01, 1 trial, 920 children)(Table 6.3)(Schmidt et al., 2017).

There were no data for the primary outcome of neurocognitive impairment in

adolescence.

6.4.3.2 Secondary outcomes
Moderate certainty evidence indicated probable clinical benefit of receiving caffeine

compared to placebo or no treatment for BPD (RR 0.77, 95% CI 0.69, 0.86, three trials,
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2059 infants, [>=31%) and patent ductus arteriosus (RR 0.67, 95% CI 0.60, 0.74, four
trials, 2242 infants, [>=0%)(Table 6.3), and motor impairment in middle childhood (RR
0.72 95% CI 0.57, 0.91, one trial, 930 infants)(Table 6.3). Caffeine therapy may reduce
neurocognitive impairment and cerebral palsy (Table 6.3). It is possible that caffeine
reduces weight gain velocity after birth, but it does not appear to affect body size in
childhood (Table 6.3). The evidence was too uncertain to determine the effect of
caffeine on intermittent hypoxaemia, respiratory support, feeding, other major
neonatal morbidities, death, other developmental outcomes in childhood, and

asthma/wheeze (Table 6.3; Figure 6.3).

6.4.3.3 Secondary analysis

There were insufficient data to undertake the planned subgroup analyses.
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Table 6.3 GRADE summary of findings for caffeine vs placebo comparison

Certainty Assessment Number of patients® Effect
Number of . . . . .. . Placebo / no Relative Absolute | Certain Importance
. Risk of bias | Inconsistency | Indirectness | Imprecision | Caffeine / o o ty p
studies treatment (95% CI) | (95% CI)
Neonatal and infant epoch®
(Armanian et al., 60 f
Apnoea 2016; Erenberg et RR 0.50 1peor le;\;eor
(dichotomous al., 2000; Fakoor et ery Seriousd Not serious Serious® 47/2071 71/182 (39.0%) (0.46 to (from 2n ®000 Critical
al., 2019; Iranpour Serious¢ (17.3%) Very low
outcome) 0.75) fewer to 98
et al., 2022; fewer)
Oliphant et al.,
2023)
Apnoea 5 18 1 MD o.7
) Ve . . . 9 .
(continuous (S. Liu et al., 2020; . Y Very Seriouss Not serious Serious® events / events / day = lower ®000 Critical
Seriousf da (t1lowerto | Very low
) Murat et al., 1981) Y (N=86) Ty
outcome - 19 (N=89) 0.2 lower)
( | 33 more per
. Armanian et al. RR1.80 1,000
Intraventricular ’ Ve . . L ’ ..
2016; Fakoor et al., ery Not serious Not serious | Very Serious! | 9/121(7.4%) 5/121 (4.1%) (0.64 to (from 15 ®000 Critical
haemorrhage Serioush Y Very low
2019; Iranpour et 5.03) fewer to 167
al., 2022) more)
7
(Armanian et al.,
2016; Erenberg et
Death before al., 2000; Fakoor et RR 1.00 ° felvgiroper
primary hospital alt., T019; Irzfu;pi}lr Serious’ Not serious Not serious Serious® 7(0 /13/07)0 69/1275 (5.4%) (0.73to (from 15 @GLBOO Critical
discharge etal, 2022; 5. LU > 1.38) fewer to 21 ow
et al., 2020; more)
Oliphant et al.,
2023; Schmidt et
al., 2006)
5 Lo MD o3
Intermittent . . . . : 07 higher
. (BuCheT & Duc, Not serious Not serious Seriousk Serious® events / events / day - (0.2 higher ®e00 Important
d P
hypoxaemia 1988; Oliphant et ay (N=47) t0 0.4 Low
al., 2023) (N=110) higher)
Bronchopulmon . . . . .
pu 3 Serious! Not serious Not serious Not serious 363/10034 466/1825 RR 0.77 105 fewer ALY Important
p
ary dysplasia (Armanian et al., (351%) (45.5%) (069 to per 1,000 Moderate
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2016; Iranpour et 0.86) (from 141
al., 2022; Schmidt fewer to 64
et al., 2006) fewer)
MD 1.2
Duration of 5 lower
. Ve . . . od 3d
mechanical (Fakoor et al., 2019; ery Serious” Not serious Serious® > 0_ ays 4 3_ as - (2.5 lower ®000 Important
oo ) Serious™ (N=130) (N=130) Very low
ventilation S. Liu et al., 2020) to
o.thigher)
MD o.2
Duration of 2
... (Fakoor et al., 2019; Very . d . . 2.6 days 3.0 days lower GOOO
positive pressure . Serious Not serious Serious® _ _ = (1.0 lower Important
Iranpour et al., Serious® (N=95) (N=95) t0 0.6 Very low
support 2022) 0 0.
higher)
(Armanian et al.,
2016; Bucher & RR 1.50 35 r?ggiper
. ; . . . . : 6. . !
Tachycardia I Duc, 1988’1 Seriousp Not serious Not serious | Very Serious! (z;/ ;%2) 14/198 (7.1%) (0.81to0 (from 13 E\?O?O Important
ranl:; 01]':1; etta i ’ 2.79) fewer to 127 ery low
2022; S. Liu et al., more)
2020; Oliphant et
al., 2023)
(Armanian et al., RR 0.67 LSeSrfleZV:;
Patent ductus ; . . . . : ’
. 2016; Fakoor et al, Seriousd Not serious Not serious Not serious 352/1;22 525/11020 (0.60 to (from 188 AL Important
arteriosus 2019; Iranpour et (31.4%) (46.9%) 0.74) fewer to 122 | Moderate
al., 2022; Schmidt fewer)
et al., 2006)
MD 2.6
. lower
Growth veloci ! . . . . .| 62g/kg/d 8.8 g/kg/d
. . ty (Oliphant et al., Not serious Serious’ Not serious | Very Serious! 2 g_/ g/ g_/ g/ = (4.2 lower ®000 Important
- weight gain 2023) (N=77) (N=20) to 1.0 Very low
lower)
MD oa
. . higher
Growth velocit ! . . . _ 0-8 . k &
. Y (Oliphant et al., Not serious Serious* Not serious | Very Serious' | cm/week o7 cn_l/wee ¢ = (0.2 lower ©000 Important
- linear growth Ne (N=20) Very low
2023) (N=77) too.4
higher)
MD oa
Growth velocity 1 05 6 cm/week lower e000
- head (Oliphant et al., Not serious Serious’ Not serious | Very Serious' | cm/week o &H_l ek - (0.2 lower Important
. (N=77) =20) t0 0.0 Very low
circumference 2023) 77
higher)
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Time to
establish full
enteral feeds

1
(Iranpour et al.,
2022)

Very
serious’

Not serious

Not serious

Serious®

154 h
(N=45)

171h
(N=45)

MD 17
fewer hours
(43 fewer to

8 more)

®O00
Very low

Less important
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Early childhood epoch'®

1 fewer per
s RR 0.98 1,000
Neurocognitive 1 . . . . 8/768 9 ’ ..
. . 8 (Schmidt et al., Not serious Serious’ Not serious Serious® ? / 7% ) 38/750 (5.1%) (0.63 to (from 19 @GLBOO Critical
impairment 2012) 4.9 1.51) fewer to 26 oW
more)
1 fewer per
1 RR 0.98 1,000
. . . . . 86 ..
Death (Schmidt et al., Not serious Serious’ Not serious Serious® ?2/8%2 58/837 (6.9%) (0.69 to (from 21 EBGLBOO Critical
2012) ’ 1.39) fewer to 27 ow
more)
S val with 38 more
urvival without
.1 ) ) ) ) 657/833 , RR1.05 per 1,000 o000 -
neurosensory (Schmidt et al., Not serious Serious’ Not serious Not serious 5 607/807 (75.2%) (0.99 to (from 8 Critical
. ) (78.9%) ) p 3 Moderate
impairment 2012) L ewer to 83
more)
u fewer per
RR 0.60 1,000
Motor b . . . . 8 ’ ..
I . (Schmidt et al., Not serious Serious" Not serious Serious® 1(? /6023 21/773 (2.7%) (030 to (from 19 EBGLBOO Critical
mpairment 2012) ) 118) fewer to 5 ow
more)
29 fewer
1 RR 0.60 per 1,000
Cerebral palsy (Schmidt et al., Not serious Serious’ Not serious Serious® ‘(*0/ 902? 66/901 (7.3%) (0.41to0 (from 43 @GLBOO Critical
2012) 44 0.88) fewer to 9 ow
fewer)
5 fewer per
. RR 0.8 1,000
Hearin ! . . . . 8 5 ’ ..
. . 8 (Schmidt et al., Not serious Serious’ Not serious Serious® ?;/8702) ) 25/773 (3.2%) (0.48 to (from 17 @GEOO Critical
Impairment 2012) ’ 1.50) fewer to 16 ow
more)
o fewer per
. RR 0.96 1,000
Visual ! . . . . 9 ’ .
I . (Schmidt et al., Not serious Serious’ Not serious Serious® (1/7%2) (Z)/ 7?/3) (034 to (from 6 EBGLBOO Critical
mpairment 2012) 9 9 2.73) fewer to 16 ow
more)
E . ! 16 fewer per
motional- 1 RRo.
b . . . . . . 421773 o 0-77 1,000 ®dO0O
ehavioural (Schmidt et al., Not serious Serious’ Not serious Serious® (5.4%) 53/748 (7.1%) (0.52 to (from 34 L Important
difficulties 2012) > 114) fewer to) 10 ow
more
. . . . . -0.19 -0.16 MD o.03
Growth - Weight 1 Not serious Serious” Not serious Not serious 7 score 7 _score - lower 1 11@) Important
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(Schmidt et al., (N=798) (N=763) (0.08 lower | Moderate
2012) to 0.02
higher)
MD o.03
1 -0.04 -0.04 lower Y 10)
Growth - Height (Schmidt et al., Not serious Serious* Not serious Not serious Z-score Z-score - (0.08 lower Moderate Important
2012) (N=793) (N=759) to 0.02
higher)
Middle childhood epoch"
60 fewer
Neurocognitive b . . . ) RR 0.8 per 1,000 N
. . 8 (Schmidt et al., Not serious Serious’ Not serious Not serious 145/‘(‘]/57 174/463 (37.6%) 0-54 (from 109 Se00 Critical
impairment 2017) (31.7%) (o71toron) | o o f Moderate
more)
77 fewer
Motor 1 ) ) ) ) 90/457 RR 0.72 per 1,000 @@@O o
I . (Schmidt et al., Not serious Serious’ Not serious Not serious (19.7%) 130/473 (27.5%) (o.57to0 (from n8 Mod Critical
mpairment 2017) 9.7 0.01) fewer to 25 oderate
fewer)
17 fewer per
1 RR 0.72 1,000
. . . . 8 ..
Cerebral palsy (Schmidt et al., Not serious Serious’ Not serious Serious® 21/40 4 29/484 (6.0%) (0.42 to (from 35 ®e00 Critical
(4.3%) p Low
2017) 1.25) ewer to 15
more)
6 more per
Hearing 1 16/48 RR1.23 1,000 @@OO
. . (Schmidt et al., Not serious Serious’ Not serious Serious® ( 4%‘)‘ 13/484 (2.7%) (0.60 to (from 11 L Critical
impairment 2017) 33 2.53) fewer to 41 ow
more)
6 more per
. RR 4.00 1,000
Visual ! . . . N 8 8 4 g -
I . (Schmidt et al., Not serious Serious’ Not serious Very serious! (i/ go/j') (l(f‘;o/j) (0.45 to (from 1 E\?O?O Critical
mpairment 2017) - . 35.66) fewer to 72 ery low
! )
more
26 more
Emotional- 1 2/ar6 RR 1.31 per 1,000 eO00
behavioural (Schmidt et al., Not serious Serious” Not serious Very serious! (51 o 4;)) 40/481 (8.3%) (0.89 to (from 9 Verv ] Important
difficulties 2017) 9 1.94) fewer to 78 ery low
more)
1 RRo.53 100 fewer
. . . . - 88
Asthma/Wheeze (Schmidt et al., Not serious Serious® Not serious Very serious! 10/ o 17/80 (21.3%) (0.26 to per 1,000 ®000 Important
(11.4%) Very low
2017) 1.10) (from 157
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fewer to 21
more)
MD o0.08
1 -018 -0.10 lower @@@O
Growth - Weight (Schmidt et al., Not serious Serious® Not serious Not serious Z-score Z-score - (0.24 lower Mod Important
2017) (N=474) (N=479) t0 0.08 oderate
higher)
MD o.01
1 -0.20 -0.21 higher oea0
Growth - Height (Schmidt et al., Not serious Serious" Not serious Not serious Z-score Z-score = (013 lower Mod Important
2017) (N=474) (N=478) too.is oderate
higher)

aFor continuous outcomes values represent weighted mean. *In the neonatal and infant epoch, the critical outcomes of death before one year of age, neurocognitive impairment, survival without neurosensory
impairment and cerebral palsy and the important outcome of retinopathy of prematurity were not reported by any included studies. “Two included studies (Fakoor 2019, Iranpour 2022) were judged to have high overall
risk of bias; two (Armanian 2016, Erenberg 2000) were judged to have some concerns overall and one (Oliphant 2022) was judged to have a low overall risk of bias for this outcome. I> = 78%. OIS criteria not met (total
population less than optimal information size [OIS] resulting in downgrading by one step). ‘One included study (Liu 2020) was judged to have high overall risk of bias for this outcome, and the other (Murat 191) was
judged to have some concerns overall for this outcome. &[> = 97%."Two included studies (Fakoor 2019 & Iranpour 2022) were judged to have high overall risk of bias for this outcome and one (Armanian 2016) was judged
to have some concerns overall for this outcome. ‘OIS criteria not met (total population less than half of OIS, resulting in downgrading by two steps). 'Two included studies (Fakoor 2019 & Iranpour 2022) were judged to
have high overall risk of bias for this outcome; three (Armanian 2016, Erenberg 2000 & Liu 2020) was judged to have some concerns overall for this outcome; and two (Oliphant 2022 & Schmidt 2006) was judged to have
low risk of bias overall for this outcome. kPatient populations of the two included studies were substantially different: Bucher 1988 included infants under 32 weeks’ gestation (mean 30.3 weeks) while Oliphant 2022
included infants 34-36 weeks’ gestation. Intermittent hypoxaemia is known to vary by gestational age. 'One included study (Iranpour) was judged to have high overall risk of bias for this outcome; one (Armanian 2016)
was judged to have some concerns overall for this outcome; and one (Schmidt 2006) was judged to have low risk of bias overall for this outcome. "One included study (Fakoor 2019) was judged to have high overall risk
of bias for this outcome; and one (Liu 2020) was judged to have some concerns overall for this outcome."I* = 43%. °Both included studies (Fakoor 2019 & Iranpour 2022) were judged to have high overall risk of bias for
this outcome. POne included study (Iranpour 2022) was judged to have high overall risk of bias for this outcome; three (Armanian 2016, Bucher 1988 & Liu 20202) were judged to have some concerns overall for this
outcome; and one (Oliphant 2022) was judged to have low risk of bias overall for this outcome. Two included studies (Fakoor 2019 & Iranpour 2022) were judged to have high overall risk of bias for this outcome; one
(Armanian 2016) was judged to have some concerns overall for this outcome; and one (Schmidt 2006) was judged to have low risk of bias overall for this outcome. 'Results from a single study only.*The only included
study (Iranpour 2022) was judged to have high overall risk of bias for this outcome. ‘In the early childhood epoch, the important outcome of asthma / wheeze was not reported by any included studies. “In the middle
childhood epoch, the critical outcomes of death before one year of age and survival without neurosensory impairment were not reported by any included studies.
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Caffeine vs placebo/no treatment

High vs low dose caffeine

Apnoea — dichotomous?

Apnoea — continuous?®

Risk Ratio

Study or Subgroup  Weight M-H, Fixed, 95% CI

Risk Ratio
M-H, Fixed, 95% CI

Mean Difference

Study or Subgroup IV, Fixed, 95% CI

Mean Difference
IV, Fixed, 95% CI

Armanian 2016 IT3% 025010, 0.65]
Erenberg 2000 547%  0.76[0.54,0.90]
Fakoor 2019 120%  0.78[0.31,1.93
Iranpour 2022 120%  0.22[0.05,087]
Gliphant 2022 Not estimable
Total (95% CI) 100.0%  0.59 [0.46,0.75]

Total events

*

Heterogeneity: Chi*=13.71, df=3 (P = 0.003); F=78%
Testfor overall effect: Z= 4.38 (P = 0.0001)

0.0z

L1 10 50
Favours caffeine Favours placebo / no treatment

Mohammed 2015
Scanlon 1992
Steer 2004

Zhao 2016

-0.13 [-0.20, -0.06]
-4.56 [7.08,-2.23]
-0.62 [0.92,-0.12]
-0.28 [0.35,-0.21]

Total (95% CI) -0.22 [-0.27, -0.17]

Heterogeneity: Chi*= 23.68, df= 3 (P = 0.0001); F=87%

Testfor overall effect: 7= 8.44 (P < 0.00001)

Favours high-dose

S
Favours low-dose

Bronchopulmonary Dysplasia

Risk Ratio Risk Ratio Risk Ratio Risk Ratio
Study or Subgroup _ Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI Study or Subgroup  Weight M.H, Fixed, 85% CI W-H, Fixed, 95% CI
Armanian 2016 23%  0.36(013,1.00] Kari 2021 141%  0.681[034,1.34] -
Iranpour 2022 17% 1.13 [0.48, 2.65] — Mohammed 2015 18.6% 0.68 [0.37, 1.26] 1
Schmidt 2006 959%  0.78[0.70, 0.86] | ] Steer 2004 4B.7%  0.74[052,1.09] —
Zhao 2018 12.6% 0.62[0.38,1.29] 1
Total (95% CI) 100.0% 0.7 [0.69,0.86] *
Total events Total (95% CI) 100.0% 0.71 [0.55, 0.91] -
Heterogeneity: Chi*= 288, df= 2 (P= 024 = 31%  bo— G t t T Total events
Testfor overall eflect: Z= 4.78 (P < 0.00001) Favours caffeine Favours placebo/ no treatment Heterogensity: Chi®= 0.08, df= 3 (P = 0.88); 7= 0% =U 3 U=5 . 5=
Testfor overall effect 2= 2.69 (P = 0.007) Favours hing-dose Favours low-dose
Patent ductus arteriosus
Risk Ratio Risk Ratio Risk Ratio Risk Ratio
Study or Subgroup _ Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI Study or Subgroup _ Weight M-H, Fixed, 35% Cl M.H, Fixed, 95% CI
Armanian 2018 1.5% 0.88[0.37, 2.06] Steer 2003 100.0% 0.66[0.30, 1.44]
Fakoor 2019 0.2%  2.00(0.18, 21.36]
ranour 2022 17% 0561020153 R - Total (95% CI) 100.0%  0.66[0.30,1.44] e
chmidt 2006 86.6% 067 [0.60,0.74] | L“‘f‘ avents Mot anplican )
A 2 TET;DQEHEWH fDr alp;‘j 0: P =10.30 o ; : : 10
Total (95% CI) 100.0%  0.67[0.60,0.74) L4 estioroverall efiect 2=1.05 (7 = 0.30) Favours High dose caffeine Favours Low dose caffeine
Total events
Heterageneity: Chi*= 1 34. df=3(P=0.72) F=0% s o t o
Testfor overall effect 2= 7.52 (F < 0.0000T) Favours caffeine Favours placebal no treatment
Tachycardia
Risk Ratio Risk Ratio Risk Ratio Risk Ratio
Study or Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI Study or Subgroup  Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Armanian 2016 Mat estimahle Kori 2021 23.5% 1.52[0.55,4.24] v
Bucher 1988 Mot estimahle mohammed 20145 22.9% 2.80[1.08,7.29] —
Iranpour 2022 21.4%  0E7[0.12,380 Oliphant 2022 Mot estimable
Liu 2020 78.6%  173[0.88,339 T Scanlon 1932 64%  033[002,859]
Oliphant 2022 Not estimable Stesr 2003 1% 542[087,4747] 1
. Steer 2004 4.4% 428049, 37.75) —
Total (95% CI) 100.0%  1.50[0.81,2.79] —t—— g
S
Total svents Zhao 2016 36.6% 1.88[0.84, 4.18]
ey O DD A PRI T e 05 b 5 10 | Total (95% Cl) 100.0%  2.29[1.41,372] -
estior overall effect 2= P= ) Favours caffeine Favours placebo/ no treatment Total events
Heterogeneity: Chi®= 3.?4‘ df= SEP: 0.60); F=0% 0hz ) T T
Testfor overall efiect Z= 336 (F = 0.0008) Favours high-dose Favours low-dose
Intraventricular hemorrhage
Risk Ratio Risk Ratio Risk Ratio Risk Ratio
Study or Subgroup  Weight M-H, Fixed, 85% CI M-H, Fixed, 95% CI Study or Subgroup  Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Armanian 2016 B0.0% 2.00 [0.56, 7.16] Kiori 2021 21.1% 018[001,384] =
Fakaor 2018 400%  1.50 [0.26, 8.60] = Mohammed 2015 41.2% 140047, 417] —T
Iranpour 2022 Not estimahle Steer 2003 65% 240([012, 6093]
Steer 2004 322% 1.84 [0.55,6.12] b
Total (95% CI) 100.0%  1.80 [0.64, 5.03] ——te——
Total EVE”‘S_ ) X ) ) X Total {(95% CI} 100.0% 1.35 [0.65, 2.77]
Reterogenely ChP =0T =1 FERTOP=0% G oz 05 2 50 Total events
Bt for mvarall efiect 7= 1.12 (7 = 0.26) Favours caffeine Favours placebol no treatment Heterogeneity: Ch*= 2.05, dr= 3 (F= 0.56), F= 0% b o ] i o
Testfor overall effect Z=0.81 (P=0.42) Favours high-dose Favours low-dose
. R b
Death before primary discharge
Risk Ratio Risk Ratio Risk Ratio Risk Ratio
Study or Subgroup  Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI Study or Subgroup  Weight M-H, Fixed, 95% Cl M_H, Fixed, 95% CI
Arrnanian 2016 07% 200[0.12, 7047 Kori 2021 1%  0.85 [0.06, 14 65]
Erenberg 2000 16% 1.64[0.16,17.43] W y [
ohammed 2015 53.4% 0.781[0.31,1.95 —
Fakoor 2019 100%  1.43[0.59,3.45] — Olinhant 2022 Nm[est\mahlel
Iranpour 2022 Natestimable o
L3030 87%  0.81[026 256 R Steer 2004 405%  0.75[0.24,2.30]
Oliphant 2022 Mot estimahle
Schmidt 2006 TA.0%  0.84 [0.65 1.36] Total {95% Cl} 100.0%  0.78 [0.39, 1.55]
Total events
Total (95% CI) 1000%  1.00[0.73,1.38] Heterogeneity. Chi*=0.02,df=2 (P= 098 F=0% t T

Total events
Heterogeneity: Chi®=1.50, df= 4 (P=083);, F=0%
Testfor overall effect Z=0.02 (P = 0.99)

om

01

10

100

Favours caffeine Favours placebo/ no treatment

Testfor overall effect Z=0.72 (F=0.47)

0z
Favours high-dose Favours low-dose
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Figure 6.2 Forest plots of the neonatal/infant primary outcome, and critical and
selected important secondary outcomes

2Apnoea results are presented as a dichotomous measure (for caffeine vs placebo comparison) or a continuous measure (for high vs low dose
comparison), based on how apnoea was measured in the majority of studies in each comparison. The forest plot for the alternate measure for
each comparison is presented in Figure 6.3. "Death before one year of age was also considered a critical outcome, but only 1 study reported
this measure (in the low vs. high dose comparison). This data is included in Figure 6.3, with other secondary outcomes.
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6.4.4 High-dose vs. low-dose caffeine

6.4.4.1 Primary outcome

Neonatal/infancy: For the primary outcome of apnoea (continuous), evidence of very
low certainty from four trials showed possible benefit from receiving high-dose caffeine
compared to low-dose caffeine, although the effect size was small (mean difference
[MD] -0.2, 95% CI -0.3, -0.2, 560 infants)(Table 6.4)(Mohammed et al., 2015; Scanlon et
al., 1992; Steer et al., 2004; Zhao et al., 2016). There was statistical heterogeneity
(I>=87%) among trials, although the direction of effect consistently favoured high-dose

caffeine

Figure 6.2). In sensitivity analysis, exclusion of one trial at high risk of bias (Scanlon et

al., 1992), did not alter the results (MD -0.2, 95% CI -0.3, -0.2, 530 infants, >=81%).

Other epochs: No trials of high-dose vs. low-dose caffeine reported on neurocognitive

impairment.

6.4.4.2 Secondary outcomes

Moderate certainty evidence from four trials showed probable benefit for BPD with
high-dose vs. low-dose caffeine (RR 0.71 95% CI 0.55, 0.91, 586 infants, 1>=0%)(Table
6.4). Evidence of very low certainty from seven trials suggested that high-dose vs. low-
dose caffeine may increase the rate of tachycardia (RR 2.29 95%ClI 1.41, 3.72, 839 infants,
[2=0%)(Table 6.4). The evidence was too uncertain to determine the effect of high-dose

vs. low-dose caffeine on other neonatal outcomes (Table 6.4;

Figure 6.3). For the critical outcome of survival without neurosensory impairment in
early childhood low certainty evidence from one trial means benefit of high-dose vs.

low-dose caffeine could not be excluded (RR 0.92 95%CI 0.82, 1.03, 236 children)(Table
6.4).
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6.4.4.3 Secondary analysis

There were insufficient data to undertake the planned subgroup analyses.
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Table 6.4 GRADE summary of findings for low vs high dose caffeine comparison

Certainty Assessment Number of patients? Effect
Outcome . Risk of . . .. High dose | Low dose Relative Absolute | Certainty | Importance
Number of studies . Inconsistency | Indirectness | Imprecision . . o o
bias caffeine caffeine (95% CI) | (95% CI)
Neonatal and infant epoch®
2 more per
Apnoea 2 Not RR 1.01 1,000 a000
(dichotomous (Kori et al., 2021; . Serious¢ Not serious | Very serious? | 16/94 (17.0%) | 15/89 (16.9%) (059 to (from 69 Verv 1 Critical
outcome) Oliphant et al., 2023) serious 175) fewer to 126 ery low
more)
Apnoea s senmtomcn o5 v | ®000
(continuous > v Serious® Very seriousf | Not serious Not serious events / day events / day - 1 Critical
tcome) 1992; Steer et al, (N=276) (N=284) (o3lowerto | Very low
ou 2004; Zhao et al., 0.2 lower)
2016)
4 14 more per
Intraventricular (Kori et al., 2021; Not . . . RR 135 1,000 .
h h Mohammed et al., . Not serious Not serious | Very seriousd | 16/305 (5.2%) | 11/266 (4.1%) (0.65 to (from 14 EBGLBOO Critical
aemorrhage 2015; Steer et al., 2003, serious 2.77) fewer to 73 ow
2004) more)
. . 19 fewer per
Death before (Kori et al., 2021;
. . Mohammed et al., Not . . .4 o 28/357 RR 076 1000 12100 ..
primary hospital . . Not serious | Not serious | Very serious? | 21/356 (5.9%) o (0.44 to (from 44 Critical
. 2015; Oliphant et al., serious (7.8%) Low
discharge 1.30) fewer to 24
2023; Steer et al., more)
2004)
23 fewer per
Death before one . . . . RR 0.72 1,000 .
£ (St tl 1 Serious8 Serioush Not serious | Very seriousd (Z/ ;t/?)) 10/120 (8.3%) (0.29 to (from 59 E\?O?O Critical
year of age eer et al., 2004) . 1.84) fewer to 70 ery low
more)
MD o.2
. .8
Intermittent Not . . . 4 . i
. . ! . Serious® Not serious | Very serious? events/hr 46 events/hr s higher ®000 Important
hypoxaemia (Oliphant et al.,, 2023) | serious _ (N=44) (2.0lowerto | Very low
(N=41) 2.4 higher)
Bronchopulmona Not . . L RR o7 102 fewer per
op y . . Not serious Not serious Serious! 71/2%9 104/2097 (0.55 to 1,000 ®000 Important
dysplasia (Kori et al., 2021; serious (24.6%) (35.0%) o.01) (from 158 Moderate

_167_




Mohammed et al., fewer to 32
2015; Steer et al., 2004; fewer)
Zhao et al., 2016)
Duration of (Mohammed et al., 28 17 N{OD“?E'E‘* 6000
mechanical 2015; Steer et al., 2003, Serious Seriousk Not serious Not serious days days - (13 lower to Low Important
ventilation 2004; Zhao et al,, (N=347) (N=310) 0.2 higher)
2016)
Duration of (Kori et al., 2021; Not 3.8 43 MD 1.1 lower oa00
positive pressure Mohammed et al., . Not serious Not serious | Very seriousd days days = (2.9 lower to Low Important
support 2015; Steer et al., serious (N=220) (N=224) 0.7 higher)
2004)
(Kori et al., 2021; 6
Mohammed et al., RR 2.29 7 ngiper
Tachycardia 2015; Oliphant et al,, Serious! Not serious Not serious | Very serious? 54/ 435 21/ 404 (1.41to (from 21 ®000 Important
2023; Scanlon et al., (12.4%) (5.2%) 372) more to 141 Very low
1992; Steer et al., 2003, more)
2004; Zhao et al.,
2016)
73 fewer per
RR 0.66 1,000
Patent ductus Not . . . ’
. s ! | ) R Serioush Not serious | Very serious? | 12/85 (141%) (291/4020) (030 to (from 150 %OCI)O Important
arteriosus teer et al., 2003 serious 4 1.44) fewer to 94 ery low
more)
5 34 fewer per
. RR 0.60 1,000
Retinopathy of Not . . . ’
P pathy (MOh.arSnmEd et la L, . Not serious Not serious | Very serious? | 8/153(5.2%) | 14/163 (8.6%) (0.26 to (from 64 EBGLBOO Important
rematurity 2015; Steer et al,, serious 1.40) fewer to 34 o)
2004) more)
4
MD o3
Growth velocity - (Mohammed et al., Not 8.6 g/kg/d 9.5 g/kg/d lower 1100
. . ; Oli . R Very serious™ | Not serious Not serious y p - Important
weight gain 2015 Qgphant Etlal ’ serious Y (N=302) (N=268) (1.2 lower to Low P
2023; Steer et al,, 0.7 higher)
2003, 2004)
MD o.
Growth velocity - 1 Not 0.8 cm/week | 0.7 cm/week higher OO0
L . L4 . . )
linear growth (Oliphant et al., 2023) serious Serious! Not serious | Very serious (N=37) (N=40) (0.1 lower to Very low Important
0.3 higher)
Growth velocity - 1 Not Serioush Not serious | Very serious? | o.5cm/week | 0.5 cm/week - MD o.0 10]0]0) Important
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head (Oliphant et al., 2023) serious (N=37) (N=40) (0.1 lower to Very low
circumference o.1 higher)
2 MD 1.5 fewer
Time to full enteral (Kori et al., 2021; Not . . L 123 5 days B1ST@) Less
R Not serious Not serious Serious! days days = .
feeds Mohammed et al., serious (N=100) (N=98) (-4 fewerto | Moderate important
= =9
2015) 0.4 more)
Early childhood epoch®
69 fewer per
Survival without RR 0.92 1,000
1 Not . . L 95/120 100/16 9 ’ 000 .
neurosensory s | . Serioush Not serious Serious! (79.2%) (86.2%) (0.82to (from 155 L Critical
impairment teer etal, 2004) serious 79- : 1.03) fewer to 26 ow
more)

2For continuous outcomes values represent weighted mean. ®In the neonatal and infant epoch, the critical outcomes of neurocognitive impairment, survival without neurosensory impairment and cerebral palsy were
not reported by any included studies. Although 2 studies reported apnoea as an outcome, the apnoea outcome did not occur in any participants in Oliphant 2022, and hence only a single study (Kori 2021) contributed

data to this analysis. 4OIS criteria not met (total population less than half of OIS, resulting in downgrading by two steps). “One included studies (Scanlon 1992) was judged to have high overall risk of bias for this

outcome, two (Steer 2004 & Zhao 2016) were judged to have some concerns overall for this outcome and one (Mohammed 2015) was judged to have a low overall risk of bias for this outcome. 1> = 87%. ¢Data are from a
single study (Steer 2004) with a high risk of incomplete outcome data. "Results from a single study only. ‘OIS criteria not met (total population less than OIS, resulting in downgrading by one step)./ Two included studies
(Steer 2004 & Zhao 2016) were judged to have some concerns overall for this outcome and two (Mohammed 2015, Steer 2003) were judged to have a low overall risk of bias for this outcome.*I> = 49%.'One included study

(Scanlon 1992) was judged to have high overall risk of bias for this outcome; two (Steer 2004 & Zhao 2016) were judged to have some concerns overall for this outcome; and the remaining four studies (Kori 2021,

Mohammed 2015, Oliphant 2022 & Steer 2003) were judged to have a low overall risk of bias for this outcome. ™I = 69%. "In the early childhood epoch, the critical outcomes of death, neurocognitive impairment, motor
impairment, cerebral palsy, hearing impairment and visual impairment, and the important outcomes of emotional behavioural difficulties, asthma/wheeze, growth - height and growth - height were not reported by any

included studies.
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Caffeine vs placebo/no treatment

High vs low dose caffeine

Apnoea - continuous

Apnoea - dichotomous

Mean Difference

Mean Difference

Risk Ratio

Risk Ratio

Study or Subgroup _ Weight IV, Fixed, 95% CI IV, Fixed, 95% CI Study or Subgroup  Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Liu 2020 98.5% -0.59[-1.03,-0.15] Kori 2021 100.0% 1.01[0.69,1.748]
Murat 1881 0.5% -2059[27.17,-14.01] Oliphant 2022 Mot estimahle
L°‘(a‘ (95% Cly o 3;01‘20;“( \ P”DSD[D'D‘E: '?}‘24;7% ) | ) ) Total (95% CI) 100.0%  1.01[059,1.75]
= =1(p= = i ; ; } }
eterogeneity: Chi | i % -0 10 1] 10 20 Total events

Testfor overall effect 7= 3.01 (F = 0.003)

Favours caffeine Favours placebol no treatment

Heterogeneity: Mot applicable I

t
0.2

4 4
+ i
PR B 01 05 1 2 5 10
Testfor overall effect 7= 0.05 (F = 0.96) Favours high-dose Favours low-dose
Intermittent hypoxaemia
Mean Difference Mean Difference Mean Difference Mean Difference
Study or Subgroup  Weight IV, Fixed, 95% CI IV, Fixed, 95% CI Study or Subgroup  Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Bucher 1988 98.8% 0.30[0.23,0.37] Oliphant 2022 100.0% 0.20[-2.00,2.40]
Oliphant 2022 04% 0410[2.02,2.27]
Total (95% CI) 100.0% 0.20 [-2.00, 2.40]
Total (95% C1) 100.0% 0.30 [0.23,0.37] Heterogeneity: Mot applicable T - 10
Heterogeneity: Chi®= 0.03, df=1 (P = 085), F= 0% e o 5 % e Testfor averall effect: Z= 0.16 (P = 0.66) Favours High dose caffeine Favaurs Low dose caffeine
Testfor overall effzct 2= 8,18 (P = 0.00001) ) F
Favours caffeine Favours placebol no treatment
Retinopathy of Prematurity
Risk Ratio Risk Ratio
Study or Subgroup  Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Mohammed 2015 36.9% 1.00[0.31,3.28]
. . Steer 2004 631%  037[010,1373] ———@———
No studies with data
Total (95% CI) 100.0% 0.60 [0.26, 1.40] ——e -
Total ewents
Heterogeneity: Chif=1.27, df=1 (P= 0.26), F=21% G + + t £ d
o1 02 0.5 2 i 10
Testforoverall effect 2= 117 (=024 Favours high-dose Favours low-dose
Duration of mechanical ventilation
Mean Difference Mean Difference Mean Difference Mean Difference
Study or Subgroup _ Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI Study or Subgroup _ Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Fakoor 2014 62.6% -050F213,1.13] — Mohammed 2015 22% -2.20[7.18,279]
Liu 2020 37.4% -230[4.41,-019] - & Steer 2003 730% 0.00[-088, 088
Steer 2004 86% -1.36[291,1.19] —
Total (95% CI) 100.0% 1.7 [-246,012] e Zhao 2016 16.1% -2.34 [-4.20,-0.48] —_—
Heterogeneity: Chi*=1.75,df=1(P=0.19); F= 43% ") B 7 1
Testfor overall efiect 2= 1.78 (P = 0.07) Favours cafleine Favours placebal no treatment Total {95% CI) 100.0% -0.54[1.29,0.20] &>
Heterogeneity: Chi*= 5.67, df=3 (P=0.12); F= 49% I—‘HJ 55 é 1EI}
Testforoverall effect 2=1.43 (F =0.19) Favours high-dose Favours low-dose
Duration of positive pressure support
Mean Difference Mean Difference Mean Difference Mean Difference
Study or Subgroup __ Weight IV, Fixed, 95% CI IV, Fixed, 95% CI Study or Subgroup  Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
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Figure 6.3 Forest plots of additional neonatal/infant secondary outcomes

_171_




6.5 Discussion

Currently, there is no high certainty evidence for use of caffeine in preterm neonates
for any critical or important outcomes from birth to adolescence. However, in very
preterm neonates, caffeine therapy probably reduces the rate of BPD and PDA; possibly
increases survival without neurosensory impairment in early childhood and reduces
cerebral palsy; and probably reduces the rate of neurocognitive impairment and motor
impairment in middle childhood. Although traditionally given for apnoea of
prematurity, the evidence supporting this benefit of caffeine was of very low certainty,
given the considerable heterogeneity in contributing studies, RoB inherent in these

studies and the relatively small number of infants for whom data are available.

In general, evidence for the relative effectiveness of high vs. low dose caffeine is even
less certain, but moderate certainty evidence indicates higher doses probably reduce
the rate of BPD more than lower ones, and very low certainty evidence suggests higher

doses may cause more tachycardia.

Quantifying the effect of caffeine on longer-term outcomes is limited by the available
studies, with only two trials presenting any outcome data beyond the neonatal/infancy
period (one in each comparison) and only one of those reporting significant follow-up
assessments and results. As a result, meta-analysis was not possible in epochs beyond
neonatal/infancy, and the certainty of the findings is limited. No information was
available comparing the effects of high and low dose caffeine on neurodevelopmental

outcomes.

This review provides a current and comprehensive summary of the available literature
on the use of caffeine in preterm infants and included 15 RCTs covering 3,530
premature infants. In contrast to previous systematic reviews, we included all studies
enrolling preterm infants (<37 weeks’ PMA), rather than limiting the population to
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infants born at earlier gestational ages (Brattstrom et al., 2018; Bruschettini et al., 2023;
Vliegenthart et al., 2018). This was because moderate and late preterm infants may
experience apnoea of prematurity (Henderson-Smart, 1981) and are known to have
episodes of intermittent hypoxemia (Williams et al., 2018) , and so may also benefit
from caffeine therapy, though the evidence in this are remains uncertain. Previous
systematic reviews have addressed a single question (either caffeine vs. placebo, or high
vs. low dose regimens), rather than considering both together as in this review, and
have often included trials of other methylxanthines which are no longer routinely used
in addition to caffeine. Furthermore, these older systematic reviews did not apply the
explicit and comprehensive GRADE criteria to the assessment of the quality of the
evidence, and so have perhaps overstated the certainty of the evidence underlying their
recommendations (Henderson-Smart & De Paoli, 2010b, 2010a). Recently published
Cochrane reviews present GRADE analysis for only a subset of outcomes (Bruschettini
et al., 2023; Marques et al., 2023), whereas in this review GRADE analysis was

performed for all outcomes with available data.

The Cochrane Neonatal Group have recently published reviews of caffeine dosing
regimens in preterm infants (Bruschettini et al., 2023) and of methylxanthines vs
placebo / no treatment (Marques et al., 2023) . However, this later Cochrane review
includes a substantial number of trials that used other methylxanthines (aminophylline
and theophylline) no longer routinely used in clinical practice, and does not include
some of the more recent trials of caffeine (Fakoor et al., 2019; Iranpour et al., 2022;
Oliphant et al., 2023) included in this review. Both the Cochrane and other reviews of
caffeine low dose vs high dose caffeine therapy have concluded that higher doses of
caffeine are (Chen et al., 2018) or may be (Brattstrom et al., 2018; Bruschettini et al.,
2023) more effective in reducing the occurrence of extubation failure. Analysis of the
evidence for the important outcome of BPD has resulted in different conclusions in
different reviews; either that higher doses reduce the rate of BPD compared with lower

doses (Bruschettini et al., 2023; Chen et al., 2018; Vliegenthart et al., 2018) or that higher
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doses do not alter the rate of BPD (Brattstrom et al., 2018). In contrast to previously
published reviews (Bruschettini et al., 2023; Chen et al., 2018; Vliegenthart et al., 2018),
we pre-defined high (>10 mg.kg'day™ caffeine citrate equivalent) and low doses (<10
mg.kg'day™) of caffeine on the basis of maintenance dose, avoiding cross-over of doses
included in the comparison groups and hence producing a more meaningful
comparison. This may explain the differences in findings, as some other reviews have
included trials where the only difference in dose was in the loading dose (Brattstrom et
al., 2018; Vliegenthart et al., 2018), or where both doses used would be considered low
doses in current clinical practice (Vliegenthart et al., 2018). We also included all trials
where infants received caffeine, regardless of indication, as we wished to include
apnoea given for the prevention of neurodevelopmental impairment, as well as solely

for the prevention or treatment of apnoea, or to assist in extubation.

As a systematic review, the robustness of the conclusions is limited by the quality and
quantity of the included studies. The caffeine vs. placebo comparison identified and
included a number of recent studies that have not previously been included in
published meta-analysis (Fakoor et al., 2019; Iranpour et al., 2022; Zhao et al., 2016), but
some of these studies have domains with high risk of bias and there was a high degree
of heterogeneity between studies, limiting the quality of the evidence. Furthermore,
this comparison is dominated by a single study, which contributed over 2000 infants of
the 2,592 participants identified (Schmidt et al., 2007) We had planned to undertake
subgroup analysis to assess the effectiveness of caffeine based on the indication for use
(prophylaxis, treatment of apnoea or for extubation, late hypoxaemia or established
lung disease) and by gestation (extremely, very, moderately or late preterm) but were
unable to undertake these analyses due to the lack of data broken down by these
variables in the identified studies. The lack of data on the effectiveness of caffeine in
these different subgroups remains an important evidence gap, and further research is

needed to inform evidence-based decision-making in clinical care.
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While caffeine is widely used in neonatal units, the evidence remains uncertain and
other reviews on the topic have called for further clinical trials in this area (Brattstrom
et al., 2018; Chen et al., 2018; Moschino et al., 2020). We join previous authors in this
call for further research, and this systematic review indicates the evidence gaps where
more information is required to guide clinical practice. In particular, there is a lack of
data on long term outcomes following different doses of caffeine in the neonatal
period, and longer-term follow-up of infants in recent trials should be conducted to
address this evidence gap. This is particularly important given the indications in this
and other (Brattstrom et al., 2018; Chen et al., 2018; Vliegenthart et al., 2018) meta-
analyses that higher doses may be more effective in improving short term outcomes, as
use of higher doses in clinical practice should be preceded by evidence of the long-term
safety of such doses. In addition to dose, more information is required on how the
indication for treatment, infant gestation, duration of treatment/stopping and timing
of initiation and discontinuation influence outcomes. Whether caffeine should be used
during mechanical ventilation should also be ascertained, and if the dose should be

decreased with tachycardia or increased with gestational age.

6.6 Conclusion

Caffeine administered to preterm infants probably reduces BPD, PDA, and motor
impairment, with higher doses probably conferring additional benefit in reducing BPD
but possibly increasing the occurrence of tachycardia. However, most of the current
evidence is of low certainty and establishing the optimal dose requires more research,

including long-term outcome assessment.
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7. Discussion

7.1 What this thesis adds to current knowledge

This thesis describes a dose-finding and feasibility randomised controlled trial of
caffeine citrate for the prevention of intermittent hypoxaemia in late preterm babies.
The development and application of laboratory processes necessary to support the trial
are also presented, including formulation and stability testing of trial medication and
quantification of salivary caffeine concentrations in trial participants. It also includes a
systematic review of caffeine use in preterm infants, synthesising and summarising the
evidence for this common neonatal medicine and highlighting the areas where

evidence is lacking, and further research is required.

The Latte Dosage trial demonstrated the effectiveness of caffeine at doses of 10 and 20
mg.kg™.day" in reducing intermittent hypoxaemia, without significant adverse effects
on growth velocity, sleep or gastrointestinal reflux, but with an increase in tachycardia.
Laboratory work in support of this trial characterised an oral formulation of caffeine
citrate suitable for neonatal consumption, with chemical, physical and microbiological
stability data to support its use at concentrations ranging from 5 mg.mL™"to 20 mg.mL™.
The Latte Dosage Trial was a five-armed trial, with medication administered by nursing
and midwifery staff and/or parents daily for three to six weeks. Maintaining blinding
required that the same volume of medication be administered to all infants. As the
range of concentrations required to achieve this were not available commercially, the
formulation was manufactured at hospital sites at four different concentrations, to
allow a standard volume of 2 mL.kg™ as a loading dose followed by 1 mL.kg" daily
maintenance dose to be administered to all infants in the trial. This is a novel approach
for a neonatal trial, where dose-finding trials of this scope and duration are unusual.
This approach was effective in maintaining blinding but did require considerable
support from the pharmacy departments at the trial sites. In addition, balancing stock
availability at all strengths with the short expiry associated with medications
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manufactured extemporaneously resulted in wastage and required a level of stock
management that may not be sustainable in a larger trial or where there was less

intensive academic clinician involvement.

Laboratory work also involved the development of a method for extracting caffeine
from small-volume saliva samples. This was applied to determine the concentration of
caffeine in saliva in trial participants, allowing estimation of the relationship between
caffeine dose and resulting caffeine concentration in late preterm infants. Though there
were some challenges in the collection of saliva from infants using swabs (see section
7.3.1 below), obtaining saliva samples was relatively straightforward and acceptable to
parents. The method was effective in determining the caffeine concentration and
allowed us to be confident that the different doses used in the trial resulted in different
caffeine concentrations within the infants, thereby accounting for the differences in
outcomes observed between the groups. Knowledge of the caffeine concentrations
attained in the different groups became particularly important when trying to
understand the reasons for the unexpected findings in the 15 mg.kg*.day™ group,
namely, it allowed us to rule out non-compliance as a reason for the results in this

group not following the dose-response relationship seen with the other doses used.

Application of research findings to clinical practice requires review of the available
research and synthesis that brings together all the relevant evidence. This is commonly
in the form of a systematic review and meta-analysis, often using methods developed
by the Cochrane Collaboration. Existing Cochrane reviews relating to caffeine use for
apnoea in preterm infants were outdated, addressed a single question and often
included other methylxanthines, such as theophylline, no longer used in clinical
practice (Henderson-Smart & Davis, 2010; Henderson-Smart & De Paoli, 2010b, 2010a;
Henderson-Smart & Steer, 2010). Though the Cochrane review relating to high vs low
doses of caffeine has been recently updated (Bruschettini et al., 2023), other questions
were not in scope, and required synthesis of the current evidence to answer. Therefore,
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a comprehensive systematic review of caffeine for apnoea and the prevention of

neurodevelopmental impairment in preterm infants was performed.

The systematic review (Chapter 6) provides a current and comprehensive summary of
the available literature and details the evidence for both caffeine vs. placebo, and high
vs. low dose regimens. It included 15 randomised controlled trials (nine in the caffeine
versus placebo comparison and seven in the high versus low dose comparison, with one
contributing to both), which enrolled a total of 3,530 infants. Despite this, and
widespread use of caffeine in clinical practice (Grainge et al., 2022; Gray & Chauhan,
2016; Puia-Dumitrescu et al., 2019; Siddhi & Foster, 2023a), the effect estimates obtained

by meta-analysis were not of high certainty for any of the pre-specified outcomes.

Moderate-certainty evidence supports the use of caffeine for the prevention of BPD (RR
0.77; 95% CI 0.69,0.86) and PDA (RR 0.67; 95% CI 0.60, 0.74), and indicates that higher
doses of caffeine may be more effective for preventing BPD than lower ones (RR 0.71;
95% CI 0.55, 0.91). However, for many other critically important short- and long-term
outcomes the evidence was of low or very-low certainty, meaning we cannot be sure
that the summary effect estimate is close to the true effect. This includes use for
apnoea, the prevention or treatment of which is generally the indication for prescribing
caffeine, and ongoing instances of which are frequently used as an indication for dose
increase. While caffeine appears to reduce the rate and occurrence of apnoea compared
to placebo, the evidence for this is of very low certainty, and the evidence for higher

doses over lower ones is conflicting.

Findings such as this highlight the areas in which data are lacking and further research
is required, especially for a drug that is so widely used in clinical practice (Grainge et
al., 2022; Gray & Chauhan, 2016). In particular, caffeine is given for at least three

different indications: facilitation of extubation, prevention of apnoea in infants
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considered at high risk (generally based on gestational age) and treatment of
documented apnoea (Grainge et al., 2022; Gray & Chauhan, 2016). The review protocol
planned for subgroup analysis by the primary indication for which caffeine was
prescribed, but the majority of trials did not provide these data, making subgroup
analysis impossible. Likewise, subgroup analysis by gestation length (extremely, very,
moderate and late preterm) was not possible. Data to inform evidence-based
prescribing in these areas are still required, and further trials are needed to establish
the effectiveness of caffeine for each separate indication, and to determine the optimal

dose for extremely, very and moderately preterm infants.

7.2 Follow-on research underway: The Latte Trial
The Latte Dosage Trial demonstrated the effectiveness of caffeine in reducing
intermittent hypoxaemia, but ultimately it is long-term neurodevelopment that is of

most clinical significance.

The Latte trial (Alsweiler, 2022), which follows on from the Latte Dosage Trial, is a two-
arm, double-blind multi-centre phase III randomised controlled trial designed to
determine if a daily dose of 20 mg.kg caffeine citrate (combined with a loading dose of
40 mg.kg") in late preterm infants improves neurodevelopmental outcomes, as assessed
using the cognitive, language (receptive and expressive) and motor (gross and fine
motor) scales of the Bayley Scales of Infant and Toddler Development, Fourth Edition
(BSID-1V) at 2 % years corrected age. It has received funding from the Health Research
Council of NZ (HRC 22/305) and began recruitment at two sites in Auckland in May
2023, with a number of additional sites across New Zealand currently working through
trial set-up procedures. Recruitment of the 478 babies required to adequately power
this trial is projected to take two years, with a follow up period for each participant of

2% years.
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In demonstrating that caffeine reduced the occurrence of intermittent hypoxaemia in
late preterm infants, hence preventing periods of hypoxaemia that may affect brain
development, we have demonstrated a mechanism by which caffeine might be expected
to improve neurodevelopmental outcomes. The dose-finding and feasibility study
reported herein has determined an appropriate dose for use in this population, and
generated learnings in many aspects of the study (such as the need for a more palatable
formulation) that are being applied to the full study. Completion of the Latte trial is
important to establish if caffeine, given at doses sufficient to reduce intermittent
hypoxaemia, does in fact improve long term neurodevelopmental outcomes. This trial
will add significantly to knowledge of the long-term effects of caffeine, as currently only
a single trial (the CAP trial) has assessed children and reported longer-term outcomes

following caffeine therapy.

Indigenous infants in affluent countries are more likely to be born prematurely than
non-indigenous infants, and have higher rates of infant mortality (Edmonds et al., 2021;
Smylie et al., 2010). In New Zealand, Maori account for 28.3% of all infants born late
preterm and in a study of NZ births between 2010-2014, 4.7% of Maori infants were
born late preterm, compared with 4.2% of non-Maori infants, indicating health
inequity between these two groups (Edmonds et al., 2021). The Latte Dosage Trial
recruited 14% Maori participants overall, resulting in under-representation of Maori in
the study. In order to ensure equal explanatory power (mana whakamarama) for both
groups, the Latte Trial has a strong focus on cultural safety and recruitment of Maori

participants and aims to recruit equal numbers of Maori and non-Maori infants.

7.3 Research challenges

7.3.1 Laboratory analysis
As part of the Latte Dosage Trial, we aimed to determine the caffeine concentrations in

participating infants, to confirm that the different doses of caffeine resulted in different
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caffeine concentrations among groups and was not unduly affected by maternal intake
in breastfeeding infants. This was achieved by analysing saliva samples for caffeine

concentrations as described in Chapters 3 and 4.

While mothers participating in the trial were able to expectorate saliva directly into a
marked test-tube which allowed immediate visualisation of the volume collected,
infants (aged 36-38 weeks PMA at the time) required the use of swabs to collect saliva
directly from within the mouth. Sample collection was conducted by the researcher (or
the parent if they preferred) at the two-week visit, using SalivaBio Infant Swabs
(Salimetrics, Carlsbad, CA, USA). The swabs were then placed in the top portion of the
collection tube and returned to the laboratory, where they were centrifuged to extract
the saliva from the swab and collect it in the lower portion of the tube. The top portion
of the tube and the swab was then discarded, and the extracted saliva frozen until

analysis was undertaken.

Experience with the SalivaBio swabs was variable and presented challenges for the
research team. Saliva-laden swabs do not appear appreciably different from dry ones,
and it was thus impossible to know if sufficient saliva had been obtained until the swab
had been centrifuged in the laboratory, by which stage it was too late to obtain further
samples if the volume of saliva extracted proved insufficient. In an attempt to overcome
this, research staff adapted the collection method to use both ends of the swab, holding
each end in the infant’s mouth for 2 minutes, or as long as was tolerated. We also
refined the laboratory analysis method to use the smallest possible volume of saliva for
infant samples (10pL in cases where the sample was insufficient for the standard sopL
volume), but there still remained some infants for whom the saliva collection failed (no
saliva could be extracted from the collection swab). There were no infant

characteristics identified that predicted failed sample collection.
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7.3.2  Practical challenges within the Latte Dosage Trial

7.3.2.1 Recruitment

Recruitment of babies to the Latte Dosage Trial occurred within the first 72 hours after
birth and included both babies admitted to the neonatal intensive care units at Starship
Child Health and Kidz First Children’s Hospital and those rooming-in with their
mothers on the corresponding postnatal wards at National Women’s Health and
Middlemore Hospital in Auckland, New Zealand. These two different settings in which
preterm infants were cared for influenced recruitment rates in different ways, with
recruitment on the postnatal wards presenting additional challenges over that

occurring in NICU.

Babies admitted to NICU may be viewed by their parents as being particularly unwell
(compared to an objective assessment based on a standardised scoring system)(Brooks
et al., 2012) and parents who report their baby’s medical condition as more serious have
significantly higher rates of participation in clinical trials (Morley et al., 2005; Weiss et
al., 2021). Even when trials do not provide direct benefit to the baby participating,
parents of babies in neonatal units consider that their participation will be of benefit to
other babies in the future (Morley et al., 2005). The neonatal units involved in this trial
participate in several clinical trials at any one time, and staff within the unit are used to
supporting these. Furthermore, members of the Latte Dosage Trial team worked
clinically on each of the neonatal units involved in the study and have longstanding
relationships with other neonatal staff. Given the acuity of the neonatal unit, nursing
staff working there typically care for fewer patients at any one time and spend more
time with each baby and parent than their colleagues on postnatal wards, allowing
them to develop trusting relationships. This encourages participation in the clinical
trial and assists in retention of participants as support is provided in administering
medication and completing trial measurements (such as oximetry recordings), as well

of reinforcing the potential benefits of clinical trial participation.
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In contrast, on the postnatal wards mothers and babies are cared for primarily by
midwives, whose professional philosophy prioritises the normality of birth and the
postnatal period. Midwife-to-patient ratios are significantly lower on postnatal wards
than the nurse-to- patient ratio in the NICU, and this was particularly pronounced
during the course of the Latte Dosage trial, which coincided with a period of midwifery
staffing crisis in Auckland (Auckland District Health Board, 2019). This resulted in less
time being available for clinical staff to support new parents with tasks such as trial
medication administration, and anecdotally lower overall levels of support for the trial.
However, there are no available data investigating the success of clinical trial
recruitment between NICUs and postnatal wards and this is a potential area for further
research. Documenting any difference in recruitment rates and investigating the
reasons for these would allow issues to be addressed in future clinical trials to optimise

recruitment.

Recruitment was also affected by the circumstances leading to trial eligibility. In many
cases, late preterm delivery had been unexpected. Parents were often shocked to have
had their baby born earlier than they expected and were not necessarily aware of the
implications of preterm birth on long-term outcomes. While for some parents,
explanation of these implications meant they were keen to participate in a trial that
may improve long term development, for others the idea was too overwhelming at the
time of recruitment. In addition, the short period available for trial enrolment, while
necessary for medication effect, limited the time available for parents to consider the
decision to participate or not. Depending on the day and time of birth, some infants
were not able to be identified and seen by research staff in sufficient time for their

parents to make an informed decision within the 72-hour window.

7.3.2.2 Administration of the trial medication
A number of parents found administering the trial medication to their babies difficult

due to the volume involved (1 mL.kg".day?, which averaged 2.6 mL per dose at the start
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of the trial), despite advice and support from medical, nursing, midwifery and/or
pharmacy staff members. Consideration was given to manufacturing a more
concentrated formulation of caffeine citrate to overcome this. However, the bitter taste
of caffeine meant that at 20 mg.mL ™ (the highest concentration used in the clinical
trial, and equivalent to that available commercially in NZ) the oral liquid tasted
unpleasant, and attempts at further concentrating the solution to 40 mg.mL? (which
would have enabled reducing the volume to 0.5 mL.kg™.day™) resulted in a solution that

was considered by all investigators to be too unpalatable for use.

Several parents reported that their infants appeared not to like the taste of the trial
medicine. This is understandable, given the bitter taste of the solution, though this is
comparable to the formulation available commercially and used clinically in NZ. This is
in accordance with recommendations to avoid excipients in neonatal medicines where
there is not a clear pharmaceutical requirement for their use, to minimise the risk of
harm (Turner & Shah, 2015). However, current clinical use of caffeine most often occurs
in very and extremely premature infants, who generally have nasogastric feeding tubes
in situ which can be utilised for the administration of enteral medicines, bypassing the

taste buds and avoiding the issue of taste.

Further trials in this area would be aided by the use of a more concentrated and
palatable formulation with the hope that this would result in easier administration to
participating babies, hence reducing withdrawal rates. Routine clinical use in a larger
group of breastfeeding (or bottle feeding) infants would also be aided by a more
appropriate formulation than that currently available in NZ. This may be achieved by
importation of formulations licensed in overseas jurisdictions (which may have
different taste characteristics, but are not readily available in more concentrated
formulations), or by working with the NZ manufacturer to formulate a more palatable,
and preferably more concentrated, solution. For the follow-on Latte trial, we have

worked with a local pharmaceutical manufacturing company to formulate a more
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palatable 20 mg.mL"* formulation, utilising cherry flavouring and syrup to disguise the

bitter taste of caffeine.

7.3.2.3 Withdrawals and missing data

The withdrawal rate for the Latte Dosage Trial was higher than was expected, at 33/132
(25%) overall, resulting in primary outcome data being unavailable for 19% of infants,
compared to the 10% allowed for during power calculations. As a result, enrolment was
increased from the originally calculated 120 infants to 132 infants to ensure the trial

remained adequately powered.

Most parents who chose to withdraw cited difficulties in administering the trial
medication to their baby and/or their struggle to cope with a late preterm baby
following discharge as their reason for doing so. In addition to this, as a result of the
COVID-19 pandemic we were forced to pause recruitment to the Latte Dosage Trial
during periods of government-mandated lockdown and to withdraw some participants
from the trial where adequate arrangements could not be made for support, trial

assessments and follow-up to be completed in a timely manner.

New Zealand entered a strict ‘Level 4’ lockdown on 25 March 2020. Of the two patients
participating in the trial at that point, one was close to discharge and had to be
withdrawn as home visits and even travel to collect oximeters (should one have been
sent home with the patient) was prohibited. The second participant was a recently
enrolled 34-week gestation baby who was remaining in NICU for some time, and so was
able to remain in the trial with the 2 week visit requirements conducted as a mix of trial
assessments completed by staff involved in clinical care within the unit, and surveys
completed remotely by parents utilising electronic data collection forms and email and

phone contact with research staff.
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Subsequent to the easing of restrictions, and the restarting of recruitment, the
Auckland region was subject to a second, lower-level regional lockdown. This ‘Level 3’
lockdown did not necessitate the withdrawal of any patients, though recruitment was
paused, and some visits had to be conducted with no physical patient contact, meaning
anthropometric measurements could not be conducted for assessments occurring
during this period. While only being directly responsible for a very small number of
withdrawals, the reduction in physical and face-to-face practical support, both from the
clinical trial staff and from other services and whanau, during the pandemic may have
compounded the struggle in coping with a late preterm infant that many parents
reported, and so indirectly may have contributed to the withdrawal of more
participants than had been expected. However, any pandemic-related effects will have
affected all groups equally, and so while the pandemic caused delays to the completion

of the trial, it is unlikely to have affected the results.

Overall, withdrawal rates varied between a low of 17% in the placebo group, and a high
of 30% in the 15 mg.kg.day” group. Fifteen infants across the four caffeine groups, but
none in the placebo group, were withdrawn due to difficulties administering the study
drug, the infant not tolerating the drug (spitting medication out or spilling) or parental
or investigator concerns about side effects. While the rate of withdrawal was higher in
the caffeine group, this is unlikely to have significantly influenced the primary
outcome, which relied on an objective measurement coupled with blinding of parents
and trial personnel, meaning the estimate of effectiveness is unlikely to have been
affected. It is possible that the withdrawal of infants whose parents considered they had
side effects or were not tolerating the drug may have affected the results of sleep and
reflux questionnaires which were parent-scored. If parents who thought their child had
side effects withdrew, leaving those without any perceived side effects in the trial, it is
possible that the scores reported for the caffeine group could be better than if those
who withdrew had also been included. However, the number of withdrawals due to

intolerance or presumed side effects was small (the majority of the withdrawals were
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due either to the parents changing their mind about participating in the trial, or
experiencing difficulties with administering the medication), so the effect of
withdrawal on these metrics is likely to be minimal. Additionally, I-GERQ-R scores
were lower in the caffeine groups (representing fewer symptoms with caffeine than
placebo), so even if this was under-representing the true incidence of symptoms, we
can be reasonably confident that caffeine is not causing significant gastroesophageal

symptoms.

7.3.2.4 Side effects

[rritability, restlessness and gastro-oesophageal reflux are considered possible side
effects of caffeine citrate in infants, as in adults (Howell et al., 1981). It was thus
noteworthy that in the Latte Dosage Trial there was no significant difference in parent-
reported sleep scores (calculated using subscale nine on the Infant Behaviour
Questionnaire-Revised, modified for neonates (Gartstein & Rothbart, 2003)) between
caffeine (at any dose or overall) and placebo (Oliphant et al., 2023). Furthermore,
symptoms of gastro-oesophageal reflux (measured using parental report assessed using
[-GERQ-R (Kleinman et al., 2006) were clinically and statistically significantly lower in
the 10 and 15 mg.kg™ groups compared to placebo at the two week timepoint, with no

significant differences between caffeine and placebo in other dose groups or at term.

One participant in the Latte Dosage trial was found to have significant tachycardia,
with a mean heart rate of 198 beats per minute and heart rate of >199 beats per minute
for 48.9% of the time on overnight oximetry at 2 weeks of age. The infant was a patient
on the post-natal ward at the time and, as a result of the overnight oximetry findings,
was referred to the neonatal team and admitted to the NICU for an electrocardiogram,
blood tests and monitoring. The clinical team were partially unblinded to treatment
allocation (caffeine vs placebo), trial medication was withheld, and the infant’s heart
rate normalised. The baby remained in the trial but did not receive further trial

medication, and was discharged home where the final oximetry recording was
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completed. As a result of this case, the Data Monitoring Committee advised the
Steering Committee to modify the protocol to include assessing the heart rate at 1-week
post randomisation. This extra safety check was in place for the remainder of the Latte

Dosage trial and has been incorporated into the follow-on Latte trial.

Tachycardia is a possible side effect of caffeine and other stimulant medications, with
our systematic review finding evidence of very low certainty from seven trials to suggest
that high-dose caffeine may increase the rate of tachycardia over that of low-dose
caffeine (RR 2.29 95%CI 1.41, 3.72, 839 infants, [>=0%). Tachycardia in neonates is often
considered concerning as it may be a symptom of infection, cardiac pathology,
dehydration, electrolyte disturbance or thyroid dysfunction, and can result in poor
feeding, tachypnoea, sweating, lethargy and irritability (Moak, 2000). Heart rate is an
important contributor to cardiac output, in conjunction with stroke volume (Desai &
Macrae, 2022). In neonates, cardiac tissue is less compliant than in older children and
adults due to a higher proportion of extracellular matrix and a higher ratio of type I to
type II collagen within this matrix (Marijianowski et al., 1994). As a result, the ability to
regulate stroke volume is limited in the neonate, and hence cardiac output is primarily
dependant on heart rate (Ord & Griksaitis, 2019). An increase in heart rate thus
increases cardiac output, improving perfusion and oxygen delivery to the tissues
(Cohen et al., 2012). It is possible that caffeine exerts its effect, at least in part, by

causing tachycardia and hence increasing oxygen delivery to the tissues.

Further research is needed to understand the mechanism of action of caffeine and its
cardio- and cerebrovascular effects. The planned Latte Hearts and Minds study (a
mechanistic sub-study within the Latte Study) will investigate this by assessing cardiac
function, cerebral blood flow and regional oxygen saturation following administration
of the trial medication (caffeine 20mg.kg™ or placebo), to assess cerebral
haemodynamic changes that may explain the mechanism of caffeine in affecting

neurodevelopmental outcomes.
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7.3.2.5 Dose selection

Overall, results from the Latte Dosage Trial were much as had been expected, with the
5 mg.kg™.day” dose routinely used in very and extremely preterm infants proving
ineffective in late preterm infants, and a dose-response relationship evident for most
outcomes across the 5, 10 and 20 mg.kg*.day” dose groups. However, the results for the
15 mg.kg™.day group did not fit this dose-response relationship and were not
statistically significantly different from placebo for many outcomes. We investigated
lack of compliance with trial medication as a possible reason for this discrepancy, but
compliance assessed based on returned drug was comparable to other groups, and
infant salivary caffeine concentrations in the 15 mg.kg™.day” group were intermediate to
those in the 10 and 20 mg.kg*.day™ group, indicating these infants did receive the study
medication. No other significant differences between infants in this group and those in
the other groups were identified, and we concluded that the results observed in this

group were due to chance as a result of the small numbers in this trial.

The unexpected results in the 15 mg.kg™.day™ dose group complicated the selection of a
dose for the main Latte Trial. Though 10 mg.kg™.day™ was effective in reducing the rate
of intermittent hypoxaemia in the dosage trial, the lack of significant effect at 15 mg.kg"
.day” meant that we were concerned that 10 mg.kg™.day” may ultimately prove too low
to have a clinically significant long-term effect, and conducting the full trial with this
dose ran the risk of dismissing a potentially effective treatment due to using an
inadequate dose. After discussion with a multi-disciplinary team, a dose of 20 mg.kg
.day™ was selected for the main trial. This highest of the doses used in the dosage trial
was the most effective in reducing the rate of intermittent hypoxaemia, increasing
mean SpO. and reducing percentage of time with SpO.<90%, without being associated
with an increase in reflux symptoms or sleep disturbance, increase in duration of tube
feeding or hospital stay, or reduction in growth velocity. Though the time with heart

rate > 180 beats per minute was highest in this group, the mean heart rate was not
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significantly different from other caffeine groups. In light of the recommendations from
the Data Monitoring Committee during the dosage trial, a clinical check of the heart
rate of infants in the trial has been included at one-week post-randomisation, and
provision has been included to reduce the dose of caffeine to 10 mg.kg™.dayif an infant

is tachycardic.

7.3.3 Systematic review

The primary outcome for the neonatal epoch was apnoea, which was predefined this
using the widely-accepted American Academy of Pediatrics definition (a “pause in
breathing of =20 seconds, or <20 seconds with bradycardia (HR <100 bpm), cyanosis or
pallor” (American Academy of Paediatrics, 2003)), with other definitions used by
authors also being acceptable. However, during data extraction it became apparent that
the issue was not with the definition of apnoea, but rather the way in which it was
reported. Different trials variously reported apnoea as a rate over a range of periods of
time, as a reduction of at least a given percentage from baseline, or as the occurrence of
any apnoea or a given number of apnoeic events after treatment, and reported both
medians and means of outcome measures. Statistical methods for converting medians
to means were used to transform data (Wan et al., 2014), with rates calculated over a
standardised 24-hour period for the purposes of meta-analysis. However, even with
these statistical transformations, it was impossible to combine all apnoea outcomes
into a single format, and instead apnoea was reported using two different measures -
one as a continuous measure (in cases where the outcome was reported as a rate, and
we were able to calculate from the reported results the mean number of apnoea per 24
hours), and the other as a dichotomous measure (in cases where we were able to
establish from the presented data that apnoea had improved from baseline). Both

outcomes were presented separately in the final review.
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7.4 Further research opportunities

The most direct area of further research is the full Latte Trial, which followed on from
this dose-finding and feasibility trial. The Latte Trial will establish if caffeine at a dose
now known to decrease intermittent hypoxaemia improves long-term
neurodevelopmental outcomes in late preterm infants. This study is already underway,
and is described more fully in section 7.2 above. Other areas of potential future

research arising from this thesis are described below.

7.4.1 Long-term follow up of Latte Dosage infants

The systematic review of caffeine reported in this thesis highlights the evidence gap
that remains around the long-term effects of caffeine. Despite widespread clinical use,
only one trial provides data from caffeine-exposed infants beyond two years of age, and
then only for caffeine vs placebo. Long-term follow up of preterm infants in clinical
trials is essential to fully understand the implications of interventions delivered in the
neonatal period (MacBean et al., 2019) as long-term outcomes may be at odds with

short-term ones (J. Davis et al., 2003; Zivanovic et al., 2014).

The Latte Dosage trial provides a cohort of infants who were randomised to different
doses of caffeine and placebo and, while the study was not powered for
neurodevelopmental outcomes, long term neurodevelopmental follow up of these
infants would add to the available body of evidence on the topic, and could be included
in future meta-analyses. In particular, assessment of motor skills would be important,
given the long-term differences observed in this area in children treated with caffeine
in the CAP trial (Doyle et al., 2014; Schmidt et al., 2017). In addition, there is the
potential to include those who were in the placebo and 20mg.kg™ groups in longer-term

follow up alongside infants enrolled in the Latte trial.
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7.4.2 Pharmacokinetic analysis at caffeine discontinuation using salivary caffeine levels
The Latte Dosage Trial included analysis of salivary caffeine concentrations in both
mothers and infants and collection of maternal dietary intake of caffeine-containing
foods and beverages. In the context of the trial, this data provided reassurance that the
different doses of caffeine resulted in different salivary concentrations of caffeine in
infants and allowed us to be confident that the differences in outcomes observed
between groups were likely as a result of the different caffeine doses. However, it also
identified that the concentration of caffeine was significantly higher in infants in the
20mg.kg*.day™ group, with the relationship between caffeine dose and salivary caffeine

concentration following an exponential relationship.

The half-life of caffeine in preterm infants is prolonged, and metabolic pathways and
excretion changes with post-natal maturation of the renal and hepatic systems (Aranda
& Beharry, 2020; Charles et al., 2008). It is common practice for infants to remain in
hospital with monitoring for recurrence of apnoea following discontinuation of
caffeine, though the duration of this monitoring period varies widely between units and
neonatologists. It is also somewhat arbitrary, with 5-7 days being most common (Gray
& Chauhan, 2016; Ji et al., 2020), though the caffeine level remains therapeutic for 11-12
days post-discontinuation of low-dose caffeine (Doyle et al., 2015). Given the issues
associated with repeated blood sampling for pharmacokinetic assessments, studies
assessing caffeine concentrations in infants post-discontinuation of therapeutic caffeine
have generally been retrospective analyses of infants who had had caffeine levels
measured at the discretion of their clinical team following discontinuation of treatment
(Chung et al., 2022; Tabacaru et al., 2017). These infants are unlikely to be
representative of infants discontinuing the clinical use of caffeine, and studies have not
included the higher doses of caffeine that are becoming more common in clinical

practice.
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The method for determining salivary caffeine concentration in the Latte Dosage Trial
could be applied to the determination of caffeine concentrations in infants weaning off
caffeine, as it avoids the need for blood tests and can be used for collections both in
hospital and in the home setting (Oliphant et al., 2023). This would allow prospective
determination of the half-life of caffeine, and the period for which caffeine remains in
the therapeutic range following discontinuation, in a more representative sample of
infants who are ceasing caffeine therapy. This is particularly important, given the
higher doses now being used more commonly in clinical practice and the higher
concentrations found to be associated with these doses, and could provide an evidence

base on which decisions about pre-discharge observation periods could be made.

7.4.3 Caffeine formulation work

Difficulties in administering caffeine liquids orally in the Latte Dosage trial highlighted
the need for appropriate formulations of medicines for children and neonates, who are
often poorly served by conventional pharmaceutical manufacturing. The formulation of
caffeine citrate currently used clinically in New Zealand minimises excipients and
therefore exposure of preterm infants to potentially harmful and avoidable substances,
but the taste characteristics hindered oral administration (compared to nasogastric
administration which is common in more premature infants). In addition, use in larger
infants requires larger doses and hence a greater volume to be administered, which also
proved problematic. Furthermore, the pH of the compounded trial product had a very
low pH, with baseline values ranging between 2.43 (5 mg.mL") and 1.90 (20 mg.mL").
This is comparable to results obtained from testing the commercial product available in
NZ, though the nature of this product (being manufactured by a local compounding
company, rather than a full-scale commercial manufacturer) means it is not registered
by Medsafe in New Zealand, and consequently product specifications in the form of a
medicine data sheet are not available. Commercially available oral caffeine products
registered overseas have a considerably higher pH of 4.2-5.2 (Chiesi Pharmaceuticals,

2014; Phebra Pty Ltd, 2021). However, there is a lack of national or international
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guidance on appropriate pH for medications administered by different routes in the
neonatal population. This is an area where further research and the development of
appropriate standards is required. This knowledge will guide further paediatric

formulation development, both in this area and in wider neonatal clinical practice.

For the Latte trial we have worked with a local pharmaceutical manufacturer to develop
a caffeine citrate formulation in a cherry flavoured syrup base to improve the taste, and
thus the ability to administer the medication. Experience in administering this
medication during the Latte trial will guide further developments in caffeine
formulation. Additional research to develop and validate an improved formulation
would aid translation to clinical practice if the Latte trial has a positive outcome, and
use in the late preterm population is proven beneficial. Such a formulation would
ideally have minimal excipients (specifically avoiding those known to be harmful to
neonates, such as propylene glycol and ethanol)(Cuzzolin, 2017), be as concentrated as
possible (40 mg.mL" would be preferable as this would halve the volume required to
0.5 mL.kg.day?), and be palatable for infants. Furthermore, as late preterm birth is
common and widespread (Blencowe et al., 2012) and oral caffeine is well tolerated and
can be administered outside of high-resource settings (World Health Organization,
2022), an inexpensive formulation with a long shelf-life and demonstrated stability
under unfavourable environmental conditions would enable widespread use, including
throughout the developing world, thus contributing to equity (Access to Medicine

Foundation, 2022; Nabwera et al., 2021; Ozawa et al., 2019).

7.4.4 Other caffeine trials

Despite widespread use, the only trial of caffeine in preterm infants to report significant
follow-up remains the CAP trial, which compared caffeine (at a dose of 5-10 mg.kg™.day
1) and placebo started within the first 10 days of life, in infants weighing less than 1250g
at birth (Schmidt et al., 2006). Clinical practice has undergone significant ‘creep’ since
this study was first published, with higher doses commonly used in a wider population,
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and increasing interest in early initiation - in some cases starting in the delivery room
(Schmidt, 2023). However, one study of high (80 mg.kg™) vs standard (20 mg.kg?)
loading doses of caffeine found a higher incidence of cerebellar haemorrhage in infants
receiving a high dose of caffeine within 24 hours of birth, causing concern that early
initiation of high doses may not be beneficial (McPherson et al., 2015). Many questions
remain to be conclusively answered, including the optimal dose (and whether this
differs at different gestational and postnatal ages), whether there are any differences

based on indication for treatment, and the best time for starting and stopping therapy.

7.5 Conclusions

The Latte Dosage trial has demonstrated that caffeine citrate at a dose of 10 and 20
mg.kg™.day’ reduces intermittent hypoxaemia in late preterm infants and is well
tolerated, though associated with an increase in tachycardia. Salivary caffeine
concentrations are a reliable and acceptable way to assess caffeine concentrations in
neonates. The ongoing Latte trial will determine if, as hypothesised, this reduction in
intermittent hypoxaemia in turn leads to improvement in long term

neurodevelopmental outcomes.

The systematic review of caffeine use for apnoea and neurodevelopment in preterm
infants found that caffeine probably reduces BPD, PDA, and motor impairment, with
higher doses probably conferring additional benefit in reducing BPD but possibly
increasing the occurrence of tachycardia. However, it also highlighted the low certainty
of much of the current evidence for neonatal and especially long-term outcomes. In
particular, further research is required to identify the optimal dose of caffeine for the

prevention and treatment of apnoea in very and extremely preterm infants.
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