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Prologue

Summary

This thesis has used community lung function testing in children aged 7 to 12 years to identify
and understand persisting lung function deficits in those born preterm (<34 weeks’
gestation) compared with those born at term (>37 weeks’ gestation). | have evaluated
spirometry measures, reversibility testing and FeNO measurements. With data from 739

children, 544 preterm- and 195 term-born, it is one of the largest studies of its kind.

| have described how preterm-born children continue to have significant lung function
deficits. They also have greater response to 400mcg inhaled salbutamol compared with

term-born controls. However, there were no differences in FeNO measurements.

| evaluated the impact that CLD has on childhood lung function and discovered that preterm-
born children with and without CLD have significant lung function deficits. Furthermore,
exploratory analysis of early life factors identified that IUGR and gestation are significantly

associated with childhood lung function deficits, but CLD is not.

Evaluation of children by current %FEV; revealed that a significant proportion of children
with lung function deficits were not receiving any treatment despite having evidence of a

positive bronchodilator response.

Using a combination of current %FEV; and FEV:/FVC | have identified two different
respiratory phenotypes: obstructive and non-obstructive. | found that children with the
obstructive phenotype have greater lung function deficits, respiratory symptoms, diagnosis
of asthma and inhaler use. They also had a greater response to 400mcg salbutamol and a

higher proportion of children with a FeNO >35ppb.

| have successfully demonstrated that community lung function testing can assist in
identifying children with ongoing lung function deficits and identify those more likely to
benefit from inhaled treatments. | propose ongoing community-based surveillance in this
vulnerable group of children to improve identification of ongoing lung function deficits and

assist in optimising respiratory health.
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Chapter One

1 Introduction

The survival of preterm-born infants has significantly improved in line with advances in
modern health care provision. Despite these improvements in mortality, preterm birth
continues to be associated with co-morbidities including pulmonary and neurological

dysfunction. Many of these co-morbidities will have life-long impacts on health.

Lung function deficits in the preterm-born population has been extensively studied and there
is clear evidence that, whilst those born at the very limits of viability have improved odds of
survival, they have the greatest risk of significant long-term lung function deficits (Been et
al. 2014). More recent evidence has identified that preterm birth at any gestation is
associated with an increased risk of lung function deficits and wheezing in infancy and
childhood (Edwards et al. 2015). Long term studies demonstrate that preterm birth has a
lasting deleterious effect on lung function which can persist into adulthood (Gough et al.

2012; Doyle et al. 2019).

This chapter will provide an insight into the antenatal and postnatal risk factors for lung
function deficits in the preterm-born population, commonly used lung function testing
methods and current evidence related to respiratory outcomes in infancy, childhood, and
adulthood. It will also detail the hypothesis and specific aims on which my work has been
based. | believe that this work will enhance the existing body of knowledge related to the

lung function of preterm-born, school-aged children in a community setting.

1.1 Lung development

Lung function and respiratory health are dependent on optimal lung development and
growth after preterm birth. Exposure to intrinsic and extrinsic factors may impede this
process. Despite lung development extending beyond the antenatal period into early
childhood, there is recognition of the association between altered antenatal lung
development, impaired neonatal respiratory function, and its negative impact on life-long
respiratory health. A comprehensive knowledge of normal lung development in both the
antenatal and postnatal period is key to understanding the potential causes of lung function

deficits of children born preterm.

Embryological development of the lung is a complex process of structural and vascular

development which is dependent on a number of biochemical and molecular processes
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(Copland and Post 2004). Knowledge of embryological development of the lungs continues
to evolve. However, current understanding classifies lung development into five phases,
embryonic (0 - 7 weeks’), pseudoglandular (7 - 17 weeks’), canalicular (17 - 27 weeks’),

saccular (28 - 36 weeks’) and alveolar (36 weeks’ - 2 years) (Joshi and Kotecha 2007) (Figure

1-1).
Foetal stage Lung structure
? Trachea 24 days
Extrapulmonary 28 days
Embryonic Main Bronchus
0-7 weeks

Bronchi 4-12 weeks
8 - 13 generations

Bronchioli 12 - 16 weeks
Pseudoglandular 3 - 10 generations
7-17 weeks
Terminal bronchiolus 16 - 17 week
1 generation 1‘
Canalicular ] Respiratory bronchioli 18 - 25 weeks
17-27 weeks 3 - 5 generations »
Alveolar ducts 25 wk - 1yr g
2 - 3 generations
Saccular/Alveolar ? &
28 wks - term
Alveoli 30 wk - 2-3yr

) 300 - 600 million

ie 1000/acinus
pleura

Figure 1-1 Stages of human lung development.

Figure shows the normal stages of development of lung structure alongside gestational age
of the fetus. In the first 7 weeks’ of pregnancy, lung development begins with the central
airway structures including the bronchi which subsequently divide dichotomously. The
respiratory units (the acinus) develop from 17 weeks’ gestation in the canalicular stage.
Development of the peripheral lung structures required for optimal gaseous exchange
develop in the saccular/alveolar stages from 28 weeks’ of pregnancy and continue beyond
birth into infancy.(Joshi and Kotecha 2007) Reproduced with permission.
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Development of the large airways and the initial development of pulmonary vascular supply
begins early in embryonic life. As early as 3-4 weeks a groove in the ventral surface of the
primitive foregut forms. This laryngotracheal groove forms the trachea which subsequently
divides into the two main bronchi (Joshi and Kotecha 2007). Branching of the lobar and
segmental bronchi stimulated by bronchial mesenchyme is achieved in this stage of
development (Alescio and Cassini 1962). Concurrent development of the vascular network
that will ultimately comprise of a complex capillary network that surrounds the alveoli,
begins as the pulmonary artery arising from a single avascular bud from the 6™ pair of aortic
arches forming a vascular plexus surrounding the developing lung (Burri 1984).

Vasculogenesis and angiogenesis continue in parallel with further lung development.

Further airway division and formation of the conducting airways and terminal bronchioles
occurs in the pseudoglandular phase. Cartilage and smooth muscle supporting the airways
also develop alongside epithelial cells differentiating from pseudo-stratified cells to
columnar and cuboidal cells (Joshi and Kotecha 2007). At the completion of this stage, 20

divisions have occurred and some of the acinar units are formed (Kitaoka et al. 1996).

During the canalicular phase, development of the acinar units are completed - signalling the
end of the development of the conducting airways. Concurrent development of the alveolar
epithelium incorporating differentiation of epithelial cells into type one and surfactant
producing type two pneumocytes alongside angiogenesis of the capillary network that will
form the air-blood barrier also occurs (Schittny 2017). Development and enlargement of
alveolar epithelium into saccules, increased production of type two pneumocytes and
further thinning of the air-blood barrier occurs in the saccular phase (Joshi and Kotecha

2007).

Whilst rudimentary respiratory units are present prior to 36 weeks’ gestation, the primary
outcome of the alveolar phase is the expansion of a thin lung surface with closely allied thin-
walled capillary bed which effectively facilitates optimal gaseous exchange that is vital for
biochemical homeostasis. Secondary septation and thinning of the alveolar component of
the respiratory unit occurs during this phase. Concurrent fusing of the two capillary layers to
form one complete effective network alongside interstitial volume decrease ensures the air-
blood barrier is as thin as possible. Whilst this phase begins at 36 weeks’ gestation,
alveolarisation continues beyond birth into at least infancy. Indeed, recent evidence suggests

that this process may continue into late childhood (Narayanan et al. 2013).
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During alveolarisation, the number of alveoli increase from hundreds in the antenatal period
to several million at birth, to 300 - 600 million in adulthood (Emery and Mithal 1960; Dunnill
1962; Ochs et al. 2004). A final phase of late alveolarisation - where the number of alveoli
continues to increase beyond infancy - is described (Emery and Mithal 1960; Davies and Reid
1970); but age-specific evidence is variable. In addition to structural development, growth is
ongoing until optimal lung function is achieved in early adulthood. Following a period of
stability, loss of function occurs with natural ageing, resulting in a gradual decline in FEV;

(Fletcher and Peto 1977).

Lung development, growth and ultimately lung function can be influenced by several
antenatal and postnatal factors which can impede the attainment of optimal lung function
and accelerate the rate of decline in later life. Figure 1-2 details antenatal and postnatal risk
factors that can result in abnormal lung growth and development, subsequently resulting in
deficits in lung function. A description of the risk factors which can disrupt normal lung

development are discussed in the next section.
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[ Genetics/Epigenetic Factors J

Antenatal Stress

- IUGR, placental dysfunction
- Chorioamnionitis
- Preeclampsia
- Maternal smoking/drugs
- Maternal hypertension

[ Extreme Prematurity

)

A
—>[ Injury/Developmental Arrest ]<—

Postnatal Factors

- Supplemental oxygen
- Ventilator injury

- Infection/Sepsis

- Inflammation

- Patent DA

y

¥
[ Early Respiratory Death ]

[ Recovery/R

egeneration

H Disease Resolution ]

¢ Chron

* Recurrent exacerbations, re-hospitalizations

Persistent Respiratory Disease
* Prolonged respiratory support and NICU hospitalization

ic respiratory distress

 Exercise intolerance, wheezing
* Increased susceptibility for chronic lung disease in adulthood

Figure 1-2 Antenatal and postnatal factors associated with lung injury, altered lung
development and persistent lung function deficits.
(Taglauer et al. 2018). Reproduced with permission.

5|Page



Chapter One

1.1.1 Antenatal impact on lung function

The antenatal intra-uterine environment significantly impacts on lung development and
future lung function. Organogenesis is impacted by maternal, fetal and environmental
factors. Consideration of these factors is vital in understanding the mechanisms of antenatal

lung injury.

1.1.2 Maternal health and wellbeing

The health and development of the fetus and placenta is intrinsically linked to the health and
wellbeing of the mother. Optimal organogenesis occurs in a stable homeostatic environment
within the uterus. Interruptions to the status of the intra-uterine environment can impact on
postnatal lung function. It is vital to appreciate the role of maternal health and disease on

the antenatal intra-uterine environment and ultimately, the developing fetus.

One factor that can influence the intra-uterine environment is deprivation. Deprivation is
associated with poor health outcomes, including greater risk for chronic health conditions
and lower life expectancy (Townsend et al. 1992). Deprivation is estimated by comparing
factors such as education, income, health, and environment across neighbourhoods. These
measures can be used to understand inequalities in health across communities, help develop

policies to reduce deprivation, and subsequently improve health outcomes.

The most deprived group of the population have twice the risk for preterm birth compared
to the least deprived group (Bonet et al. 2013). Preterm birth at <33 weeks’ gestation,
chronic lung disease (CLD) at 36 weeks’ post-menstrual age (PMA), home oxygen and
hospitalisation with respiratory illness were three times higher in those most disadvantaged

(Deschamps et al. 2021).

Deprivation has been linked to higher obesity, smoking rates, and air pollution levels (Brunt
et al. 2017; Mohammed et al. 2019; Walker and Cresswell 2019). These factors also impact

the health and wellbeing of the pregnant mother and her developing fetus.

Obesity and excess weight gain during pregnancy are associated with an increased risk for
gestational diabetes, gestational hypertension, pre-eclampsia, low birthweight, and preterm
birth (Voerman et al. 2019). Longer term adverse outcomes of maternal obesity include an

increased risk for asthma, which can also affect perinatal outcomes (Forno et al. 2014).

Human studies show that maternal antenatal smoking is associated with increased evidence

of obstructive lung function deficits (Bisgaard et al. 2009; Balte et al. 2016), increased risk of
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wheeze in infancy (De Queiroz Andrade et al. 2020) and asthma diagnosis noted in childhood
(Burke et al. 2012). Exposure to antenatal smoke has significant and lasting effects on the
fetus’ health. Animal studies clearly demonstrate exposure of the fetus to nicotine causes
abnormal remodelling of the conducting airways and alveoli (Harding and Maritz 2012).
Additional evidence suggests an association between maternal antenatal smoking and
modification of genetic expression resulting in elevated risk for asthma in up to two
generations underlining the importance of cessation of maternal smoking in pregnancy

(Panasevich et al. 2010).

Targeted government policies to reduce smoking rates across the UK have had a positive
impact. Legislation banning smoking in enclosed spaces was introduced in Wales in 2007.
This smoking ban resulted in a decrease in smoking from 24% to 18% in 2019 (WAG 2019).
Rates of maternal antenatal smoking have also reduced. However, a higher proportion of
women in Wales continue to smoke during pregnancy (17.8%) compared to England (12.7%)
and Scotland (13%) (PHE 2019; PHW 2020; ScotPHO 2021). Furthermore, rates continue to
be higher in the three most deprived quintiles compared to those in the 2 least deprived

quintiles (WAG 2019).

Further exposure to environmental pollution has been associated with low birth
weight/intra-uterine growth restriction (IUGR), impaired lung growth and increased

respiratory illness (Melody et al. 2019; Sly et al. 2021).

1.1.3 Fetal health and wellbeing
Optimal growth and development of the fetus is fundamental to organogenesis. Alterations
to normal growth patterns potentially increase the risk of dysgenesis and associated long-

term adverse health outcomes.

Placental insufficiency - most commonly due to pregnancy associated pre-eclampsia - can
have a profound impact on the growth of the fetus leading to IUGR and preterm birth.
Approximately 3-5% of pregnancies are affected by pre-eclampsia (Bokslag et al. 2016).
Whilst it cannot be resolved without removing the placenta and delivery of the fetus,
preventative measures including targeted health promotion to address contributing factors
such as obesity have been introduced to reduce the risk for developing pre-eclampsia.
Greater fetal monitoring and the medical management of symptoms with labetalol,
hydralazine and magnesium have assisted in protecting the health of the mother and fetus,

including reducing rates of preterm delivery (ACOG 2015). However, antihypertensive
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medication use can be associated with growth restriction in the fetus (von Dadelszen and

Magee 2002).

Maternal antenatal smoking may be protective from pre-eclampsia (lacobelli et al. 2017).
However, both maternal antenatal smoking and environmental pollutants are associated

with poor fetal growth (Abraham et al. 2017; Huang et al. 2019).

There is clear evidence to suggest that impaired growth affects lung development but
understanding of the mechanisms behind this phenomenon is predominantly based on
animal studies. Studies in sheep demonstrate that induced IUGR leads to altered structural
development of the lungs - with fewer, larger alveoli, thicker inter-alveolar septa, a thickened
blood-air barrier, and a surface area that is up to 10% smaller (Maritz et al. 2004).
Dysfunction of surfactant synthesis and production have also been described in growth
restricted fetal mice (Bahner 2004). Evaluation of intrauterine growth and childhood wheeze
in a cohort of children in the UK demonstrated increased odds of wheeze-ever in children
with evidence of deceleration in growth between the first and second trimester (Lowe et al.
2017). Conversely, accelerated growth between the second and third trimester was also
associated with childhood wheeze (Lowe et al. 2017). Alterations to growth in both the first
and second trimester may impact on the development and growth of the conducting airways
leading to an imbalance between development and growth of the airways compared to lung
size. Initially described by Green et al, pulmonary dysanapsis occurs when growth of the
respiratory system results in disparate growth between airway calibre and lung size (Green
et al. 1974), thus an imbalance between airway calibre and lung size. Despite having a forced
expiratory volume in the first second (FEV1) within normal limits, significant discordance in
the growth of airways compared to lung size are attributed to obstructive patterns of lung
function deficits. A study of preterm-born adults showed that they had a lower dysanapsis
ratio - suggestive of smaller airway calibre compared with lung volume - when compared to
term-born controls. In the preterm-born group, those with CLD had the lowest ratio. The
authors report concordance between these findings and lower rates of expiratory flow at
rest and during exercise and suggested that greater dysanaptic growth in preterm-born

adults was contributing to airflow obstruction (Duke et al. 2018).

IUGR is associated with higher risk of fetal death and multi-organ compromise - including
respiratory compromise - in the neonatal period for those who survive to delivery (Engineer
and Kumar 2010). Barker’s hypothesis of fetal ‘programming’ describes the lasting negative

impact that impaired intrauterine growth and development has beyond the neonatal period

8|Page



Chapter One

into adulthood (Barker 2004). Evidence supporting this theory includes the significantly
lower spirometry observed in children aged 8 - 9 years, born with IUGR, compared to those
born without IUGR (Kotecha et al. 2010). Additional evidence from a longitudinal study
shows a clear correlation between low birth weight, weight at 1 year, and increased mortality

from chronic obstructive airways disease in adulthood (Barker et al. 1991) .

In summary, the impact of antenatal growth and development has a lasting impact on an
individual’s respiratory health and wellbeing. Strategies to ensure optimal steady growth -
such as optimising maternal nutrition and smoking cessation - are essential to reducing the

long-term impact of poor respiratory health.

1.1.4 The intra-uterine environment

The correlation between intra-uterine infection/inflammation and fetal or early neonatal
death is well documented (Barton et al. 1999). Chorioamnionitis - the inflammation of fetal
membranes, chorion and amnion - is the most common presentation of intrauterine
inflammation and often associated with infection. It is identified as a primary cause of
preterm birth, with an inverse relationship between the incidence of intra-uterine infection

and gestational age at birth (Goldenberg et al. 2000; Lahra et al. 2009).

Whilst infective organisms are not always isolated, Ureaplasma - a genital mycoplasma - has
been consistently associated with chorioamnionitis (Abele-Horn et al. 2000). The association
between pulmonary Ureaplasma colonisation and development of CLD has also been
described. In their meta-analysis, Wang et al found the risk ratio (RR) in infants with
Ureaplasma colonisation for developing CLD was 1.72 (95% CI 1.5 to 1.96) times that of
neonates who were not colonised (Wang et al. 1995). Lowe et al also described how
neonates with evidence of pulmonary Ureaplasma colonisation were at an increased risk for
CLD at 36 weeks’ PMA (OR of 2.22, 95% Cl 1.42 to 3.47 (Lowe et al. 2014). A more recent
meta-analysis of perinatal outcomes of mothers with evidence of Ureaplasma infection also
found a positive association with CLD at 36 weeks’ PMA (OR 2.39, 95% Cl 1.73 to 3.30) (Xu et
al. 2022).

This suggests that injury to the developing lung may be compounded by lung inflammation
that commences in-utero. Despite this, only 47% of 167 neonatal units across Europe

routinely test for Ureaplasma (Pansieri et al. 2014).
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In recognition of the potential role of antenatal maternal Ureaplasma colonisation, current
UK guidance for prolonged preterm rupture of membranes (PPROM) - often associated with
preterm delivery and chorioamnionitis - includes a 10-day course of Erythromycin prior to

delivery (RCOG 2019).

The potential use of macrolides in neonates to reduce lung inflammation caused by
Ureaplasma and subsequent CLD begin in the 1990’s. However, the evidence remains
limited. Erythromycin, Clarithromycin and Azithromycin have all been tested for their
efficacy in reducing CLD in those who have evidence of Ureaplasma. However, the majority
of these studies were small and therefore, underpowered (Mabanta et al. 2003). Some
studies used culture rather than more rapid and sensitive PCR to identify those colonised
with Ureaplasma, resulting in delays in commencing treatment. More recently, a meta-
analysis has shown that prophylactic Azithromycin is associated with reduced incidence of
CLD. However, the authors acknowledge the lack of robust pharmacokinetic knowledge
associated with use in the neonatal population and suggest caution in routine use (Nair et al.
2014). There is further evidence demonstrating that prophylactic Azithromycin significantly
reduces the incidence of CLD (RR=0.83, 95% Cl 0.71 to 0.98, p=0.02). Whilst the safety profile
was better than Erythromycin, the authors suggest further safety and adequately powered
studies efficacy are required (Smith et al. 2015). It is hoped that the recently completed
AZithromycin ThErapy for Chronic Lung Disease of Prematurity (AZTEC) study will identify if

early Azithromycin treatment reduces the incidence of CLD (Lowe et al. 2020).

The association between chorioamnionitis and accelerated lung maturation is well
documented (Watterberg et al. 1997; Bachurski et al. 2000). The reported impact of this
maturation process is mixed. Whilst several authors suggest that chorioamnionitis reduces
the incidence of respiratory distress syndrome (RDS) (Watterberg et al. 1996; Lahra et al.
2008) more recent studies suggest that this benefit is limited to infants with mild to
moderate chorioamnionitis (Park et al. 2015). Been et al identified that infants with severe
chorioamnionitis have a reduced response to exogenous surfactant, demonstrated by higher
oxygen requirements and longer periods of ventilation compared to those with lower levels

of chorioamnionitis, both of which lead to further lung injury (Been et al. 2010).

Whilst exposure to chorioamnionitis may reduce the risk of RDS, several authors suggest an
increased incidence of CLD in infants exposed to chorioamnionitis (Dessardo et al. 2012;

Kunzmann et al. 2013).
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The correlation between lung inflammation and persisting lung injury in the form of CLD is
well evidenced. Elevated interleukin (IL) IL-18 and Thromboxane B2 have been identified in
tracheal aspirates in preterm-born infants exposed to chorioamnionitis who subsequently
developed CLD (Watterberg et al. 1996). Increased levels of pro-inflammatory cytokines IL-6
and chemokines such as IL-8 have also been described in postnatal broncho-alveolar lavage
(BAL) fluid of infants who subsequently develop CLD (Chakraborty et al. 2013). Preterm-born
children with impaired lung function have been noted to have increased neutrophils and its
chemoattractant IL-8 in induced sputum - suggesting inflammation continues beyond infancy

(Teig et al. 2012).

Kunzmann et al suggest that alongside signalling pathway modification and subsequent
adaptation in lung development and function in those exposed to chorioamnionitis, infants
exposed to in-utero inflammation develop abnormal adaptations to their immune system
resulting in reduced ability to respond to subsequent infections (Kunzmann et al. 2013). This
maladapted immune response may explain the evidence of ongoing and persistent lung
inflammation in children with CLD and the increased incidence of hospital re-admissions seen

in preterm-born infants (Pramana et al. 2011; Berard et al. 2012).

The increased risk of preterm birth associated with chorioamnionitis compounds the impact
that in-utero infection and inflammation has on the fetus in terms of remodelling of the
respiratory and immune system. Whilst the longer-term impact of chorioamnionitis on
respiratory function and the development of CLD is less clear, ongoing lung inflammation is

observed in those with CLD which may result in impaired lung function in the long-term.

1.2 Prematurity and respiratory consequences of preterm birth

Preterm birth and postnatal health care interventions contribute to further lung injury and
consequent later lung function deficits. There have been significant changes in the
management of preterm labour and postnatal management strategies which have resulted
in greater survival rates of the preterm-born infant. However, the impact of these changes

on postnatal lung development and function are less clear.

1.2.1 Causes of preterm birth

Worldwide rates of preterm births are poorly documented. In 2010, an estimated worldwide

figure of 15 million children were born below 37 weeks’ gestation (Blencowe et al. 2012).
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Equalling approximately 11% of all live births, this number is noted to be increasing
(Blencowe et al. 2013). Prematurity is the leading cause of death in all children under 5 years.
Approximately 1 million preterm-born children die each year due to complications of
prematurity (Liu et al. 2016). Complications related to preterm birth are inversely related to
gestational age and whilst outcomes for the extremely preterm-born have improved,
morbidity has remained static (Saigal and Doyle 2008; Costeloe et al. 2012). The World
Health Organisation has defined sub-categories of prematurity — extremely preterm (<28
weeks), very preterm (28 to <32 weeks) and moderate to late preterm (32 to <37 weeks)
(WHO 2012). Late preterm birth has also been defined as 34 to 37 weeks’ gestation (Engle
2006).

The reasons for preterm birth are complex but can be separated into two broad categories -
spontaneous delivery and provider-initiated delivery (Goldenberg et al. 2012). Blenclowe et
al outline the risk factors for spontaneous delivery including maternal age (adolescent or
older age), infection, multiple pregnancy, chronic maternal medical conditions, maternal
lifestyle and nutrition, and genetic factors. They also describe how maternal or fetal health

concerns are the greatest cause of provider-initiated deliveries (Blencowe et al. 2013).

Antenatal interventions to improve maternal health, the use of antibiotics to reduce the risk
of chorioamnionitis in cases where there is high risk and medications to prevent preterm

labour have all been welcomed to reduce the incidence of preterm delivery.

1.2.2 Respiratory consequences of preterm delivery

The consequences of preterm birth can impact on short-, medium- and long-term respiratory
health. Neonatal respiratory distress syndrome (RDS) occurs shortly after birth and affects
short- and medium-term respiratory health. Children with longer-term respiratory
insufficiency are diagnosed with chronic lung disease (CLD). These two respiratory diseases

will be described in greater detail.

1.2.2.1 RDS

The initial challenge for the new-born infant is to establish homeostasis. To achieve this,
optimal gaseous exchange must occur via the respiratory system. RDS is characterised by
pulmonary insufficiency and respiratory compromise due to surfactant deficiency. It is
classically accompanied by a ground glass appearance of the lung fields on chest x-ray (Sweet

et al. 2013). Left untreated it can result in death. Largely associated with preterm-born
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children, the risk of RDS is inversely proportional to gestational age with infants born prior
to 28 weeks’ gestation being the most vulnerable. Born during the canalicular phase of lung
development and only having primitive respiratory units - they have insufficient numbers of
surfactant producing type two pneumocytes, thickened alveolar walls and underdeveloped
capillary networks - leading to the need for respiratory support and oxygen which in turn

causes further injury to the developing lung.

Preventative strategies to reduce the incidence and severity of RDS include antenatal
maternal steroid administration and prophylactic neonatal instillation of exogenous
surfactant have become standard practice in the management of preterm birth (Sweet et al.
2019). Antenatal maternal administration of glucocorticoids has been demonstrated to be
efficient in reducing the incidence of RDS and some co-morbidities associated with preterm
delivery, although the long-term impact remains unclear (Roberts et al. 2017). Postnatal
administration of exogenous surfactant to decrease surface tension in the respiratory units
has been shown to reduce mortality and air leak in preterm-born infants (Suresh and Soll
2005), although the optimal timing and method of administration is currently under review

(Sakonidou and Dhaliwal 2015; Wheeler et al. 2015).

Whilst both ventilation and supplemental oxygen therapy to support respiratory function in
the preterm-born infant have been recognised as necessary, animal studies have
demonstrated they cause acute lung injury to the developing lung (Warner et al. 1998;
Albertine et al. 1999). Technological advances in the last 20 years have enabled clinicians to
employ lung protective strategies to reduce lung injury caused by essential respiratory
support. Changes to management strategies since 2000 include avoidance of hyperoxia
through judicious use of oxygen and the use of non-invasive methods of ventilation where
possible in order minimise exposure to injurious, invasive ventilation (Sakonidou and
Dhaliwal 2015). For those who require invasive ventilation, lung protective strategies
including permissive hypercapnia and volume targeted ventilation are used to reduce the
risk of further lung injury which can lead to the development of CLD (Wheeler et al. 2011;
Sweet et al. 2019) .

1.2.2.2 CLD - Bronchopulmonary dysplasia (BPD)

Northway et al described a new respiratory disease initially called BPD, otherwise known as
CLD, in 1967. It was characterised by marked pulmonary fibrosis, severe epithelial damage,

heterogenous areas of atelectasis and hyperinflation, and hyperplasia of the airway smooth
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muscle with associated hypertension of the pulmonary vasculature noted on radiological and
pathological assessment (Northway et al. 1967). This disease was observed in moderately
preterm-born infants who had received respiratory support from rudimentary ventilators

and high concentration oxygen.

More recently, Jobe described a “new” form of CLD observed in infants born at much lower
gestational ages and characterised by altered lung architecture with evidence of
dysfunctional alveolar-capillary development, larger and fewer alveoli and greater interstitial
fibrosis (Jobe 1999). Up to 75% of children born at <26 weeks’ gestation are diagnosed with
this “new” form of CLD (Costeloe et al. 2000). Using baboon models of CLD, Coalson et al
demonstrated the architectural changes associated with “new” CLD compared to term-born

equivalent lung development (Figure 1-3).
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Figure 1-3 Histological samples detailing architectural lung development in preterm-born

baboons with CLD compared with controls.

Control specimens a) and b). a) Lung at term with thin alveolar walls. Presence of secondary
crests and alveoli (arrows), b) Lung tissue at 2 months of age with thin saccular and alveolar
walls and fewer nuclei in alveolar walls. Thinned secondary crests and distinct alveolar walls
shown (arrows). Preterm-born CLD specimens c) and d). c) Lung at 30 days of age with

increased interstitial change and minimal secondary crests (arrows). d) 39 days of age with
severe change evident with minimal secondary crests (arrow). Adapted from (Coalson et al.

1999). Reproduced with permission.
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The causes of this “new” CLD in preterm-born children born in the post-surfactant era are
multi-factorial and probably due to both antenatal and postnatal factors - all of which can
lead to the characteristic abnormal lung structure (Figure 1-4). The overriding influencing
factor for CLD is the degree of prematurity or, more likely, the phase of lung development at

delivery of the preterm-born infant.

Prematurity

Intrauterine
growth
restriction

Postnatal
Antenatal infection

factors Clinical

phenotypes

Genetic/ ulmonary BPD \ Airway ingﬁggiiats:lg
epigenetic/ vascular disease ini
: injury

predisposition

Parenchymal
lung disease

\ Oxygen

Nutritional A5d
toxicity

impairment

PDA

Figure 1-4 Antenatal and postnatal factors associated with CLD.

Largest influencing factor is degree of prematurity (Higgins et al. 2018). Reproduced with
permission.

Antenatal intra-uterine inflammation and IUGR have been associated with maladapted
organogenesis resulting in the interruption of alveolar and pulmonary vascular development
(Maritz et al. 2004; Dessardo et al. 2014; Lardon-Fernandez et al. 2017). Postnatal lung
damage and the development of CLD secondary to mechanical ventilation and supplemental
oxygen therapy have been described in both animal models and human studies (Coalson et
al. 1995; Coalson et al. 1999; Rutkowska et al. 2018). Additional risk factors include patent
ductus arteriosus (PDA), retinopathy of prematurity (ROP) and intraventricular haemorrhage
(IVH) (Lardon-Fernandez et al. 2017). As expected, these risk factors often indicate poor

neonatal health and are more commonly observed in those born at lower gestational ages.
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The definitions to diagnose CLD have evolved. Northway et al used clinical, radiological, and
pathological observations to describe a four-stage disease progressing from initial stage of
acute respiratory distress to more chronic disease state observed at one month of age
(Northway et al. 1967). Bancalari et al developed diagnostic criteria based on observed
associations between oxygen requirements at 28 days of age, the need for positive pressure
ventilation in the first week and radiological findings (Bancalari et al. 1979). Whilst these
criteria identified clinically useful characteristics of CLD, their association with long-term
outcomes were not evaluated. Subsequently, Shennan et al demonstrated that, whilst
oxygen requirement at 28 days of age was a good predictor in those born >30 weeks’
gestation, oxygen requirement at 36 weeks’ PMA had a greater positive predictive value for

abnormal pulmonary findings at 2 years in those born <1500grams (Shennan et al. 1988).

The value of oxygen supplementation for 28 days of age and 36 weeks’ PMA was further
assessed during the development of NICCHD consensus guidelines in 2001. Data showed that
oxygen for 28 days of age was useful for predicting oxygen dependency at 36 weeks’ PMA,
whilst assessment at 36 weeks’ PMA was useful for predicting those requiring oxygen at the
time of discharge. The prediction of rehospitalisation with respiratory disease and
medication use following discharge was similar for oxygen for 28 days of age and at 36 weeks’
PMA. Subsequent diagnostic criteria within the guidelines used supplemental oxygen for at
least 28 days of age to diagnose CLD, and oxygen requirement at 36 weeks’ PMA to
characterise the severity of the disease (Jobe and Bancalari 2001). Thus, the use of mild,
moderate, and severe classifications for CLD was established. Table 1-1 details these

diagnostic criteria.
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Birth at <32 weeks’ |Birth at 232 weeks’
gestation gestation

Time point of | 36 weeks’ PMA or discharge | >28 days of age but <56 days

assessment of age or discharge
Treatment with oxygen >21% for at least 28 days plus;

Mild CLD Breathing room air at 36 | Breathing room air by 56
weeks’ PMA or discharge days or discharge

Moderate CLD Need for <30% oxygen at 36 | Need for <30% oxygen at 56
weeks’ PMA or discharge days or discharge

Severe CLD Need for = 30% oxygen | Need for > 30% oxygen
and/or positive pressure at | and/or positive pressure at
36 weeks’ PMA or discharge | 56 days or discharge

Table 1-1 Diagnostic criteria for presence and severity of CLD.

Criteria for assessing for the presence and severity in infants born <32 and 232 weeks’
gestation. The presence of CLD is determined by the requirement of oxygen for 28 days in all
infants. Severity of CLD is assessed at 36 weeks’ PMA in those <32 weeks’ and at 8 weeks’
PMA in those 232 weeks’ gestation. In both groups severity is assessed as mild — requiring no
supplemental oxygen or respiratory support, moderate — requiring <30% supplemental
oxygen, severe — needing higher levels of supplementary oxygen, and or mechanical
respiratory positive pressure. (Jobe and Bancalari 2001).

(Adapted with permission of the American Thoracic Society. Copyright © 2021 American Thoracic
Society. All rights reserved Cite: Jobe, A,H and Banclari, E/2001/Bronchopulmonary Dysplasia.
American Journal Respiratory Critical Care Medicine/163/1723 — 1729. The American Journal of
Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society. Readers
are encouraged to read the entire article for the correct context at
(https://doi.org/10.1164/ajrccm.163.7.2011060]. The authors, editors, and The American Thoracic
Society are not responsible for errors or omissions in adaptations).

Whilst these criteria may be useful in clinical practice, they are based on limited evidence
and have not been evaluated against long-term respiratory outcomes. Additional restriction
of diagnostic assessment criteria to one treatment modality ignores the importance of the
underlying disease pathologies and advances in treatment options. Thus, leading to

imprecise criteria which are subject to individual interpretation and variations in practice.

Higgins et al evaluated diagnostic criteria for CLD against adverse respiratory and
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neurological outcomes at 18-26 months. They suggest diagnosing CLD and assessing of
disease severity at 36 weeks’ PMA by using criteria which include radiological evidence of
parenchymal lung disease and different types of respiratory support, including oxygen
requirements (Higgins et al. 2018). Jensen et al go further, advocating the removal of oxygen-
dependency from all diagnostic criteria and assessment of CLD in preference for mode of

respiratory support (Jensen et al. 2019).

Whilst these more recent methods of diagnosing and assessing disease severity account for
advances in available methods of respiratory support, they also have limitations. Like
Shennan et al, Higgins et al attempted to provide a clearer link between diagnosis and health
outcomes. However, they did not address outcomes beyond infancy and their assessment
criteria continue to be subject to variability in clinical practice. Jensen’s approach has been
criticised as being too simplistic (Bancalari et al. 2019). To date, these newer definitions to

diagnose CLD have not been integrated into clinical practice.

CLD has routinely been used as a predictor for longer-term lung function deficits. Current
consensus supports the theory that those with CLD are at highest risk for persisting lung
function deficits in the future than those without CLD. However, evidence supporting this
theory is contradictory. In a longitudinal, study Mello et al. showed that, whilst CLD survivors
had initial differences in pulmonary mechanics compared to preterm-born children without
CLD, these resolved by 8 months of age (Mello et al. 2015). Conversely, Ronkainen et al
demonstrated that preterm-born children have lower lung function than term-born controls,
with infants diagnosed with moderate and severe CLD having the greatest deficits
(Ronkainen et al. 2015). They also suggest that those with mild CLD may recover function to
a level comparable with preterm-born infants who did not have CLD. These contradictory
findings raise two questions: does the current definition of CLD predict long-term respiratory

outcomes, and is the severity of disease relevant?

In a systematic review (SR) of large multi-centred randomised controlled trials (RCT) between
2000 and 2015, Corwin et al evaluated the value of CLD as a surrogate marker for respiratory
outcomes at 2 years. They found that CLD did not consistently predict long-term respiratory
outcomes. They also identified highly variable definitions for CLD and different respiratory
outcomes between available studies (Corwin et al. 2018). These findings suggest that the

predictive value of CLD may be limited.
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Advances in medical care have resulted in improved respiratory outcomes for moderately
preterm-born infants in the neonatal period. However, it is increasingly recognised that they
are also at risk of long-term poor respiratory outcomes (Kotecha et al. 2012a). Whilst there
have been attempts to adapt diagnostic criteria to reflect the evolution in CLD, they are
limited in their correlation with longer-term outcomes. With the value of CLD as a predictor
for longer-term lung function deficits uncertain, it is reasonable to suggest that a reappraisal

of the predictive value of CLD - including classification of disease severity - is required.

In the literature, the terms BPD and CLD are often used interchangeably. For clarity in this

thesis, | shall use CLD when referring to preterm-born infants with BPD/CLD.

13 Techniques for assessing lung function

Injurious exposures in both the antenatal and postnatal period can contribute towards
impaired organogenesis and maladaptation of organ or system functionality. However,
ongoing lung development beyond the neonatal period may offer the prospect of recovery
from injury and continuing improved respiratory health. Thus, to provide accurate
information relating to lung function in the preterm-born population it must be evaluated
beyond the neonatal period. This section explores commonly used lung function methods.
Evidence related to lung function in the preterm-born population will be discussed

separately.

1.3.1 Spirometry

Invented in the 1840’s by surgeon John Hutchinson, Spirometry is an accessible and reliable
tool for assessment of both static (volume) and dynamic (flow) lung function that is routinely
used in both community and hospital settings. Figure 1-5 identifies common spirometry

measurements.
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Figure 1-5. Common spirometry measures.

a) Lung volume and time; Slow spirometry - IVC inspiratory volume capacity: including
Inspiratory reserve (IR), Expiratory reserve volume (ERV) and tidal volume (V:), Forced
spirometry — Forced expiratory volume in 1 second (FEV1), Forced vital capacity (FVC); b) Flow-
volume curve during forced expiration - Peak expiratory flow (PEF), Forced expiratory flow
(FEF) - measured at 25, 50 and 75% of FVC and are reflective of flow in smaller airways. (Criee
et al. 2015) (Reproduced with permission).

Performance of a forced expiratory manoeuvre enables assessment of dynamic lung function
by examining the relationship between volume and time and between flow and volume.
Measurement of forced expiratory volume in the first 1 second (FEV1) of a forced expiratory
manoeuvre is helpful in assessing airways that are greater than 2mm in size (Vogt et al. 2014).
More importantly, it is used to identify airflow limitation in children and adults. Due to the
relatively large airways compared to lung volume, forced expiratory volume in the first 0.5
second (FEVos) and the volume in the first 0.75 second (FEVo7s) of a forced expiratory

manoeuvre are advocated for use in pre-school children (Aurora et al. 2004b).

Forced vital capacity (FVC) is used to identify those with reduced lung volumes. A
disproportionate reduction in FEV; compared to FVC - by calculating the FEV;/FVC ratio - is
used to identify those with obstructive lung function deficits. In adults, a ratio of <0.7 is used
in the diagnosis of obstructive diseases such as asthma; and a ratio of 20.7 used to diagnose
restrictive diseases such as pulmonary fibrosis (NICE 2017a). Currently, there are no
established parameters for FEV;/FVC ratio in children. Guidelines for assessment and
diagnosis of asthma in children suggest utilising the adult FEV:/FVC ratio (NICE 2017a).

However, the well documented physiological differences in respiratory function between
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children and adults and lack of evidence base for using this ratio and has resulted in the
guidance being heavily criticised (Murray et al. 2017). Conversely, those with a normal ratio
may have lung function deficits which are restrictive in nature. Assessment of total lung
capacity (TLC) by body plethysmography is the gold standard test for formally diagnosing
restrictive lung function deficits (Pellegrino et al. 2005). Some spirometry measures have
been suggested as potential surrogates for TLC in the adult population (Vandevoorde et al.
2008; D'Aquino et al. 2010). However, these have limited validity and are not useful in the
paediatric setting. Whilst spirometry cannot formally diagnose restrictive lung function
deficits, additional inspection of the flow/volume loop alongside the ratio helps identify

those with obstructive and restrictive patterns of lung function deficits (Figure 1-6).
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Figure 1-6 Flow volume loops

Demonstrating normal, obstructive, and restrictive patterns of forced spirometry. a) Normal
flow/volume curve, b) Obstructive flow/volume curve; concave appearance of expiratory
manoeuvre resulting in reduced FEV; and forced expiratory, whilst FVC remains normal, c)
Restrictive pattern; all measures are reduced. Adapted from (Marchn 2014). Reproduced
with permission under Creative Commons Attribution (CC BY) licence.
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Like all lung function tests, spirometry has limitations. The use of consistent guidelines for
children, recognised education programs for professionals performing the tests and
stringent quality control mechanisms contribute to valid and reliable spirometry measures

(Graham et al. 2019).

Performance of high-quality spirometry is dependent on the cognitive and physical ability of
the participant. Thus, it is not very practical in very young children. One study showed 68%
of children between 5 and 8 years were successful at performing spirometry (Gochicoa-
Rangel et al. 2013). A further study of 399 children showed 74% of children between 4 and
17 years successfully performed acceptable and repeatable spirometry, with competency
increasing with age (Loeb et al. 2008). Incentives to aid performance have been used in pre-
school children, although their value in school-aged children is less clear (Aurora et al.

2004b).

The most common reason for failure to perform of spirometry in children is the inability to
perform a complete FVC. Failure to perform an acceptable end of test by not achieving
plateau and early termination accounted for over 50% of reasons for failure (Loeb et al.

2008).

Whilst FEV; reflects the larger airways, there is a growing appreciation that assessing smaller
airways may assist in identification of early respiratory disease. Forced expiratory flow at 25-
75% of FVC (FEF;s-75%) is thought to reflect the patency of the smaller airways. However,
calculation of FEF;s—7s% is dependent on the FVC and small changes in FVC can lead to high
variability in FEF,s_7s%. Thus, FEF;5—759, needs to be viewed with caution. Other tests such as
multi breath washout (MBW), lung clearance index (LCI) and forced oscillation technique
(FOT) can assess smaller airways more accurately. However, Simon et al suggest that in
children, FEF2s.75% correlates well with bronchodilator response, and may provide useful

information to supplement FEV: and FVC findings (Simon et al. 2010).

1.3.2 Reversibility

The use of reversibility testing to determine the impact that bronchodilator administration
has on observed air-flow limitation is commonplace in lung function testing. Administration
of B;-agonist medication - such as salbutamol - enables assessment of response to
medication and degree of reversibility of airway obstruction. Whilst there is guidance on
what constitutes a positive bronchodilator response (BDR), especially for adults (Pellegrino

et al. 2005), current guidance also allows individual clinicians to determine their own choice
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of medication and dosage (Miller et al. 2005). Whilst this may be reasonable in clinical
practice, it has led to a high level of variability in choice of medication and administered dose
in reported clinical studies — limiting comparison of BDR across studies, especially in small
populations such as preterm-born children. Furthermore, the degree of improvement that

constitutes a positive BDR is unclear.

1.3.3 Body plethysmography

Body plethysmography enables the collection of lung function measures that include both
static and dynamic lung volumes, and airway resistance. Comprising of a volume-constant
box which encompasses the whole body, volume changes during breathing manoeuvres are
measured by sensors within a mouthpiece and the box itself. Flow during breathing
manoeuvres is also measured by conventional equipment (pneumotachograph) within the

mouthpiece.

Key body plethysmography measures include intrathoracic gas volume and airway
resistance. Measurement of inspiratory vital capacity (IVC) and expiratory reserve volume
(ERV) enable calculation of residual volume (RV) and total lung capacity (TLC). In addition to
TLC being the gold standard for diagnosing restrictive lung function deficits, RV/TLC is helpful
in the assessment of hyperinflation often observed in obstructive disorders such has asthma
(Tiwari et al. 2017). Additional assessment of airway narrowing associated with obstruction

can also be undertaken with airway resistance measures.

1.3.4 Multi-breath washout (MBW) and lung clearance index (LCI)

MBW and calculation of LCI are used in both cystic fibrosis (CF) and asthma to assess
ventilation inhomogeneity and the peripheral airways. Analysis of the washout of an inert
tracer gas from the lungs during stable tidal breathing enables calculation of both lung
volume and ventilation inhomogeneity. LCl is a calculated value, based on the number of
turnover breaths required to clear the lung of the inert gas. An elevated LCI reflects
ventilation inhomogeneity. Additional measurements of the conducting airways (Scond) and

lung acinus (Sacin) have also been used to assess reginal homogeneity.

LCl is routinely used in preference to spirometry in those with CF with evidence that is the
optimal test for detecting early lung disease (Aurora et al. 2004a). Whilst not used routinely
in clinical practice, there is some suggestion that it may be useful in the asthmatic population

(Nuttall et al. 2019).
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Evidence for use of LCl, Scond and Sacin in preterm-born children is limited and conflicting.
Several studies showed little or no difference between preterm-born infants and term-born
controls (Lum et al. 2011; Yammine et al. 2016). However, a more recent observational study
of school-aged extremely preterm-born children showed that LCl was statistically higher in
preterm-born children with CLD compared to term-born controls. There was no evidence of
difference in LClI between preterm-born children without CLD and term-born children.
(Serensen et al. 2018). It is unclear why the available evidence does not conclusively
demonstrate LCl is as useful in the preterm-born population but might suggest that the

airway obstruction is fixed and does not allow gas to permeate distally.

1.3.5 Impulse Oscillometry

Impulse Oscillometry, also called forced oscillation technique (FOT), uses superimposed
oscillations to measure changes in pressure and flow to assess respiratory mechanics
(Skylogianni et al. 2016). In addition to evaluating peripheral airways, there is evidence of
correlation between the FOT and spirometry (Brostrém et al. 2010) which enables
assessment of respiratory mechanics in children who are unable to perform spirometry.
Despite these benefits, currently there is a lack of validated reference ranges and a
recognised inability of this technique to discriminate between obstructive and restrictive

lung function deficits (Oostveen et al. 2003).

1.3.6 Electromagnetic inductance plethysmography (EIP)

EIP is a non-invasive test which does not depend on cognitive or physical ability. It uses
voltage change within a generated electromagnetic field which are proportional to thoracic
and/or abdominal movement to assesses tidal breathing (Williams et al. 2011). Current
equipment requires the infant to wear a jacket or vest which creates the electromagnetic
field and additional sensor equipment that measures the voltage change during breathing.
Several studies have demonstrated their usefulness in evaluating tidal breathing in infants
(Pickerd et al. 2013; Bentsen et al. 2016). However, its use continues to be limited due to the

need for highly specialist equipment and personnel.

EIP provides potential opportunities to evaluate lung function in infants, children, and adults.
Future use of these techniques in longitudinal studies may help establish predictive lung
function measures which will assist in improved diagnosis and management of preterm-born

children and adults.
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1.3.7 Fractional exhaled nitric oxide (FeNO)

Nitric oxide (NO) is a signalling molecule that has several functions; neurotransmission,
relaxation of smooth muscle, modulation of inflammation and host defence (Robbins and
Grisham 1997). In the lung, NO acts on bronchial smooth muscle tone, pulmonary

vasculature, and is involved in inflammation and mucous production (Antosova et al. 2017).

NO is synthesised by a family of nitric oxide synthase (NOS) which metabolise L-arginine into
NO and L-citrulline. There are three isoforms of NOS; the calcium dependent neuronal (NOS
1) and endothelial (NOS lll), and calcium independent inducible (iNOS) which is controlled by
proinflammatory stimuli. NOS | and NOS Il are produced in the alveolar and bronchial
epithelium; endothelial cells of the pulmonary vasculature; and specific neurons. iNOS is
responsible for large increases of NO production (up to 20 times) in response to a pro-

inflammatory stimulus.

Atopic asthma is associated with elevated levels of T-helper cell type-2 cells (Th;) and
eosinophilia. Secretion of cytokines IL-4, -5 and -13 drive eosinophil-linked inflammation,
increased iNOS and NO production, leading to airway obstruction, hyperreactivity and

remodelling (Robinson et al. 2017; Duong-Quy 2019).

Eosinophilia is assessed with BAL, or induced sputum. However, this is a challenging test to
perform and assess, especially in children. Alternative tests including serum IgE and

eosinophils have been found to have moderate diagnostic value (Korevaar et al. 2015).

There is evidence of upregulation of iNOS and elevated levels of FeNO in those with atopic
asthma (Alving and Malinovschi 2010). Thus, FeNO measurement can be used as a biomarker
for Th, driven inflammation. FeNO is a non-invasive, point of care test, which has good
correlation with serum eosinophils, IgE, positive aero allergen skin tests and oesophageal
eosinophil numbers (Strunk et al. 2003; Nakwan et al. 2022). Studies in children have
demonstrated that FeNO is a useful test to help diagnose asthma, particularly allergic asthma
(Ciprandi et al. 2013; Murray et al. 2017). It is useful to monitor asthmatic exacerbations

(Petsky et al. 2018).

Despite its use in both adult and paediatric settings to aid the diagnosis and management of
asthma (NICE 2017a; Khatri et al. 2021), the interpretation of FeNO levels and cut-off points
for diagnosis continue to be based on limited evidence (Dweik 2011). Testing is also affected
to the ingestion of medications (corticosteroids and leukotriene receptor agonists) and

nitrate containing foods, alongside smoking and rhinovirus infections which can alter FeNO
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measurements (Bjermer et al. 2014). Nevertheless, it is useful in monitoring response to

treatment in asthma.

1.4 Lung function testing in infancy and early childhood

Lung function testing during infancy presents unique challenges. Raised-volume rapid
thoracoabdominal compression and body plethysmography are tests which can be used to
assess lung function in younger children who lack the ability to perform spirometry
(Rosenfeld et al. 2013). However, these techniques are largely used in the research setting
due to the high levels of expertise required, access to expensive equipment and use of
sedation (Peterson-Carmichael et al. 2014). Thus, a greater number of studies focus on
respiratory symptoms and healthcare utilisation compared to formal lung function during

infancy and early childhood.

1.5 Rationale for choice of technique for assessing lung function

Spirometry enables the collection of accurate and objective lung function measurements
before and after inhaled salbutamol. The measurement of FeNO enables greater assessment
of the role of Th2 driven inflammation in those with lung function deficits. Spirometry,
reversibility testing and FeNO are relatively easy to perform, cost effective and portable.
Thus, they are the most accessible techniques for lung function testing in a high number of

school-aged children in a community setting.

The collection of parent/child reported information in relation to historical and current
respiratory symptoms and treatments, especially inhaled medication, further compliment

lung function testing data.

1.6 Respiratory sequelae to preterm birth

Various lung function testing techniques have been used to report the respiratory sequelae
during infancy, childhood and adulthood, after preterm birth. This section discusses the

current evidence related to the respiratory sequelae after preterm birth.

1.6.1 Respiratory symptoms and health care utilisation
Preterm-born infants and children report greater respiratory symptoms and health care
utilisation. Whilst these peak during infancy, for some, respiratory symptoms often continue

to be experienced into adulthood.
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In a large meta-analysis, Been et al demonstrated an association between preterm birth and
wheezing which persisted beyond 5 years of age - suggesting potential life-long impact on
respiratory function in this group. They also describe a decrease in the incidence of wheezing

disorders of 6% for each extra week gestation in-utero (Figure 1-7) (Been et al. 2014).
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maternal  FH %

study year sex smoking asthma OR (95% CI) Weight

1
Yuan[51] 2003 x X X —-0-—;— 0.92 (0.87,0.97) 5.72
Taveras[45] 2006 x x : 0.98 (0.83, 1.14) 1.45
Yang[50] 2007 x X : L) 1.04 (0.96, 1.12) 3.97
Castro-Rodriguez[24] 2010 x X x 1:—0—— 0.98 (0.94, 1.03) 6.41
Koshy[53] 2010 x - 0.93 (0.85, 1.01) 3.69
Visser[46] 2010 x X X ; 0.98 (0.88, 1.09) 2.58
Algeri[52] 2011 X x - 0.95 (0.93,0.96) 8.61
Goyal[33] 2011 x —-t-:— 0.93 (0.88, 0.98) 5.68
Herrera[58] 2011 x i 0.87 (0.80, 0.94) 3.92
Boyle[22] 2012 x X —0—;- 0.92 (0.90,0.94) 8.15
Bérard[21] 2012 x % i — 0.96 (0.95, 0.98) 8.61
Cheraghi[25] 2012 x x —--—',— 0.93 (0.88, 0.98) 5.77
Robison[44] 2012 x X X _.-E— 0.93 (0.89, 0.97) 6.48
Sonnenschein[54] 2012 x X A —_— 0.94 (0.92, 0.97) 7.90
Escobar[56] 2013 x * —-OI-— 0.94 (0.92,0.96) 8.50
Kallén[36] 2013 x X -+ i 0.80 (0.89, 0.90) 9.02
Miyake[42] 2013 x X X I 1.00 (0.92, 1.09) 3.54
Owverall ¢ 0.94 (0.92, 0.96) 100.00

]

|

1

T ; T

8 1 125
longer gestation lowers WD risk longer gestation increases WD risk

Figure 1-7 Forest plot showing the impact of decrease in gestation at birth on childhood
wheezing.

The effect estimate is OR 0.94 (95% Cl 0.92 to 0.96, p<0.01). Thus, 6% decrease in incidence
for each week increase in gestation at birth. FH family history, WD wheezing disorder. (Been
et al. 2014) Reproduced with permission under Creative Commons Attribution (CC BY)
licence.

In a large cross-sectional population-based questionnaire, Edwards et al demonstrated an
increased risk of wheeze-ever in preterm-born children who were both under 5 years of age
and over 5 years of age. In both groups, the risk of wheeze increased with decreasing
gestation at birth and was also associated with diagnosis of CLD in infancy. Levels of inhaler
use were also higher in those with CLD. Reported wheeze-ever was independent of family
history of atopy, suggesting that symptoms are related to prematurity and may not be due
to atopy as often occurs in asthma (Edwards et al. 2016). This concurs with Brostrom et al
who noted that - despite asthma like symptoms in those with CLD - there was no correlation

with atopy (Brostrom et al. 2010).

Several studies demonstrate preterm-born children have greater respiratory symptoms, with

those with CLD being most affected.
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A large UK based longitudinal study showed that infants born at <25 weeks’ gestation had
higher levels of poor respiratory health than controls, with those with CLD having higher level
of respiratory symptoms and medication use than those without CLD at both 30 months and
6 years age (Hennessy et al. 2008). At age 11 years, children in this study showed higher risk
for diagnosis of asthma, use of asthma medication and nocturnal cough or exercise-induced

wheeze in the prior 12 months, compared to term-born controls (Fawke et al. 2010).

The use of Inhaled bronchodilators in neonates born at <28 weeks’ gestation participating in
the American based Prematurity and Respiratory Outcomes Program (PROP) cohort study
increased during the first year of life from 13% in the first 3 months to 31% by 12 months

age. Use was higher in those with CLD (Ryan et al. 2019).

Whilst some preterm-born children receive inhaled medications, there is some evidence that
preterm-born children have lower levels of treatment compared with asthma diagnosis
(Hennessy et al. 2008). This inconsistency may reflect the dearth of evidence in relation to
the effectiveness of inhaled medications on lung function in children born preterm (Kotecha
et al. 2015). Both the European Respiratory Society (ERS) and American Thoracic Society
(ATS) recognise the limited evidence base of optimal respiratory medication use in preterm-
born children and adolescents. Recent recommendations from both societies suggest that
inhaled bronchodilator and inhaled corticosteroids should be trialled in those with
respiratory symptoms with close monitoring for response and to continue or discontinue

treatment after re-evaluation (Duijts et al. 2020; Cristea et al. 2021).

Preterm-born adults - born in the pre-surfactant era - continue to report higher rates of
asthma, cough and wheeze compared to term-born controls (Narang et al. 2008). Adults (16
— 25 years of age) born at <37 weeks’ gestation showed that compared with those with a
history of RDS, those with prior CLD were twice as likely to use respiratory medications and
have a diagnosis of asthma (Landry et al. 2012). In a cohort of preterm-born adults who had
moderate or severe CLD, 71% reported respiratory symptoms in the preceding 12 months

(Wong et al. 2008).

Alongside increased respiratory symptoms, preterm-born children have greater health care
use - particularly during infancy. A large proportion of admissions are related to respiratory
illness - with those diagnosed with CLD in infancy requiring the greatest number of hospital
admissions (Pramana et al. 2011; Berard et al. 2012). In a large population study of over

300,000 children, Paranjothy et al demonstrated that in the first year of life infants born at
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39 weeks’ gestation had an increased risk of hospital admission compared to infants born at
>40 weeks’ gestation. The risk of admission due to respiratory illness was inversely correlated
with lower gestational age - with 41.5% of infants born at <33 weeks’ gestation in the first
year of life being admitted compared to 7.8% of those born at >40 weeks’ (Paranjothy et al.
2013). This is consistent with the suggestion that maladaptation of the immune system
occurs in preterm-born infants exposed to antenatal inflammation/infection (Kunzmann et
al. 2013). Thus, leading to the inability to mount an appropriate response to postnatal
infections leading to further lung injury. Indeed, preterm-born infants who sustain a lower
respiratory tract infection in infancy have evidence of reduced lung function at 1 year of age
(Drysdale et al. 2014). Whilst lung function testing in the youngest children is challenging,
they have a greater incidence of respiratory symptoms and need for medical treatment than

those born at term.

The inverse relationship between gestational age and respiratory wheeze and the increased
reported incidence in those with CLD suggests that lung injury in the neonatal period has a
lasting effect into childhood and early adulthood. Increased incidence of asthma diagnosis
independent of atopy in this population suggests prematurity is responsible for a proportion
of respiratory symptoms and the diagnostic label of asthma may be inappropriate. This,

alongside the poor evidence in relation to inhaler use, requires further investigation.

1.6.2 Lung function in infancy and early childhood
Whilst observation of symptom occurrence and health care utilisation helps researchers to
identify populations at risk, lung function testing helps to objectively assess the nature of

respiratory function deficits and their response to treatment.

A study of 166 preterm-born infants demonstrated altered breathing patterns, with
increased tidal volumes, lower respiratory rates, and decreased time to peak tidal expiratory
flow/expiratory time ratio which corresponded with wheeze in the first year of life (Proietti
et al. 2014). Whilst this is of interest, the overall predictive value of infant lung function
testing is unclear. Thungvist et al demonstrated decreased lung function in infants born at
<30 weeks’ gestation diagnosed with CLD. Sub-group analysis showed decreased compliance
at 6 months, which improved by 18 months - suggesting ongoing lung development and

remodelling of airways (Thunqvist et al. 2015).

32|Page



Chapter One

1.6.3 Lung function in childhood

Greater capacity to perform more sophisticated lung function testing occurs with increasing
age. Thus, a wide variety of lung function testing methods are available to assess childhood
lung function in those born preterm. Despite this, a large amount of testing continues to be
limited to the research setting, where there is access to both expertise and expensive
equipment. This particularly applies to laboratory-based pulmonary function testing (PFT)
which is viewed as the gold standard of testing. Several studies use a combination of different
tests to enable a more comprehensive understanding of lung function in the preterm-born
child. The use of computerised tomography (CT) scanning and - more recently - magnetic
resonance imaging (MRI) scanning, including hyperpolarised xenon MRI scanning, have also
been incorporated into some study protocols to assess structural lung development in

preterm-born children.

Altered airway function in preterm-born children has been demonstrated in several studies
using a variety of testing methods. Hennessy et al demonstrated lower peak expiratory flows
(PEF) in preterm-born children at 6 years compared to term-born classmates, with those
diagnosed with CLD having the lowest peak flows (Hennessy et al. 2008). Spirometry in the
same cohort at aged 11 years was lower in the preterm-born group compared to term-born

controls, with those with CLD having the greatest deficits (Fawke et al. 2010).

Kotecha et al’'s meta-analysis showed the mean %FEV; in preterm-born children with and
without CLD is 8.7% lower than term-born controls (Figure 1-8). Variation in the studies
included in their meta-analysis were most likely due to recruitment of different populations;
different time periods (including pre-and post-surfactant), different gestational age,
different ethnicities and therefore, results need to be interpreted with caution (Kotecha et

al. 2013).

However, there remains a large body of studies demonstrating that preterm-born children
have consistently lower spirometry, in particular, impaired forced expiratory volume in 1
second (FEV:1) compared to term-born controls (Kotecha et al. 2012b; Kotecha et al. 2013;
Verheggen et al. 2016; Simpson et al. 2017).
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Preterm group Term group Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1985 Bertrand 1985 76 13.74 22 846 102 31 38%  -8.60[-15.37,-1.83]
1989 Galdes-Sebaldt 82.37 7.89 30 92 5.2 27  50%  -9.63[-13.07,-6.19) =
1990 De Kleine 87.83 17.33 76 95 12 39 43%  -7.17[12.59,-1.75) ——
1993 von Mutius 98.7 1046 118 1004 1412 2113 54% -1.70[-3.68, 0.28] i
1998 Gross 91.3 19 96 97 12 108 46%  -570[10.12,-1.28] ==
2000 Kennedy 91 149 102 1021 102 82 49% -11.10[-14.74,-7.46) 2=
2001 Doyle 9482 1442 169 1046 132 39  46% -9.78[-14.46,-5.10) i
2002 Mieskonen 841 143 40 101.7 8.4 14  4.0% -17.60(-23.84,-11.36) =5
2003 Anand 949 138 128 965 108 128 51% -1.60 [-4.64,1.44] - i
2003 Kilbride 85 14 50 91 9 25 43%  -6.00[11.24,-0.76)
2003 Mai 92 12 74 95 10 64  4.9% -3.00 [-6.67,0.67] 7
2004 Siltanen 92 1341 50 104 8 54 47% -12.00[-16.21,-7.79) -
2006 Doyle 849 127 240 979 118 208 53% -13.00[-15.27,-10.73) *
2006 Vrijlandt 954 159 42 1096 134 48  4.0% -14.20(-20.32,-8.08) =
2007 Abreu 99.43 12.61 23 102 15 17 31% -2.57 [11.37,6.23) =
2007 Palta 86 14 265 97 12 360 54% -11.00[-13.09,-8.91] =
2008 Smith 85 124 123 95 102 34 48% -10.00[-14.07,-5.93] ==
2009 Burns 88.98 13.47 53 97.73 10.89 51 45%  -8.75[-13.45,-4.05) i
2009 Evenson 852 109 37 981 111 63 46% -12.90[-17.36,-8.44] =
2010 Fawke 83 14 182 100 12161 5.2% -17.00[-19.75,-14.25) =
2010 Konefal 95.07 17.54 31 96.2 202 19 24% -1.13[12.11,9.85] =i
2010 Odberg 106.8 135 134 1102 142 135 50% -3.40[-6.71,-0.09] e
Total (95% ClI) 2085 3820 100.0%  -8.70[-10.98,-6.42] L 2
Heterogeneity: Tau®= 24.04; Chi*= 167.27, df= 21 (P < 0.00001); F=87% {

50 -25 0 25

Test for overall effect: Z= 7.48 (P < 0.00001) Lower in preterm group Lower in term group

Figure 1-8 Forest plot showing pooled mean difference in percent predicted FEV; in
preterm-born children compared to term-born controls.

Studies in analysis included preterm-born children with and without CLD (Kotecha et al.
2013) Reprinted with permission.

Body plethysmography and FOT have also been used to assess airways resistance. Studies
employing these methods in the preterm-born population describe altered function of both
central and peripheral airways resulting in altered airflow which was also observed on
spirometry. By comparing preterm-born children (mean age 8 years) with and without CLD
against term-born controls, Malmberg et al demonstrated elevated airways resistance by
oscillometry in all preterm-born participants. Results were concordant with spirometry
findings - which were lower in preterm-born children compared to term-born controls. Those
with CLD were noted to have the lowest spirometry (Malmberg et al. 2000). Brostrom et al
found more negative reactance in preterm-born children aged between 6 and 8 years with

CLD with findings that are also concordant with FEV; on spirometry (Brostrém et al. 2010).

A small longitudinal study by Um-Bergstrom et al examined preterm-born children with and
without CLD at 7 years and during adolescence (mean age 14.5 years). They reported
elevated resistance on oscillometry in preterm-born children who had a history of severe
CLD. They also described a decreasing trend in FEV;/FVC associated with CLD suggesting
increasing obstruction (Um-Bergstrom et al. 2017). Similarly, Lo et al demonstrate
longitudinal decreases in the ratio between functional residual capacity on helium dilution
and plethysmography (FRChe:FRCpietn) between 1 year and 11 - 14 years in preterm-born

children, suggesting worsening small airways function which may lead to significant long-
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term lung function deficits (Lo et al. 2018).

In addition to altered airway calibre, Choukroun et al describe increased RV and RV/TLC in
preterm-born school-aged children suggestive of air trapping that is most often a
consequence of obstructive lung disease (Choukroun et al. 2015). These findings concur with
Cazzato et al who describe elevated levels of RV and RV/TLC in preterm-born children with a
mean age of 8 years compared to term-born controls. These levels were greatest in preterm-

born children who had CLD (Cazzato et al. 2013).

A higher incidence of bronchial hyper-responsiveness in preterm-born children - particularly
those born extremely preterm (<28 weeks’ gestation) - is well described (Kotecha et al.
2018). However, the mechanisms for this are unclear. Unlike asthmatic children, Kim et al
describe how preterm-born pre-school aged children with a history of CLD have hyper-
responsiveness to methacholine and not adenosine 5’'monophosphate (AMP), suggesting
airway smooth muscle hypertrophy as opposed to airway inflammation may be responsible
for hyper-responsiveness (Kim et al. 2006). This further supports the hypothesis that

maladaptation of the airways may contribute towards lung function deficits.

In addition to functional impairment, several studies have demonstrated structural
alterations in children born preterm by using CT scanning. Aquino et al demonstrated
abnormal decreases in density and air-trapping in preterm-born children with CLD (Aquino
et al. 1999). A large study by Simpson et al demonstrated ongoing impaired lung function in
all children born at <32 weeks’ gestation compared to term-born controls, with preterm-
born children with CLD having the largest deficits. Concurrent CT scans showed 92% of
preterm-born children had structural abnormalities - these changes correlated with the
findings of lung function testing and higher reported respiratory symptoms - with greater

structural changes in those with evidence of obstructive disease (Simpson et al. 2017).

Preterm-born children have lung function deficits that can be tracked into childhood
alongside changes in lung architecture. Children with a history of CLD in infancy have the
greatest lung function deficits that are often described as obstructive in nature and likely to
be a consequence of airway hypertrophy. However, several studies recruited children from
the pre-surfactant era thus, limiting generalisability of findings to today’s preterm-born
children, or limited analysis to comparing preterm-born children with and without CLD.
These limitations result in a lack of comprehensive understanding of the nature of lung

function deficits identified in preterm-born children with and without CLD.
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1.6.4 Lung function in adulthood

The impact of early life health on adult respiratory health has been well documented. In a
large cohort study of men born with low birthweight, Barker et al demonstrated worse adult
lung function and increased risk of death from chronic obstructive pulmonary disease (COPD)

when compared to those born at normal birthweight (Barker et al. 1991).

Lung function trajectories progress in three phases: growth (lung function developing into
early adulthood), plateau (early 20’s) and decline (associated with lung ageing) (Gibbons et
I”

al. 2020). Adverse events during these phases can result in deviation away from the “norma

trajectory (Figure 1-9).

Preterm birth has a significant impact on the early growth phase often resulting in a lower
lung function trajectory and development of lung disease earlier in adulthood. Stern et al
demonstrated that - irrespective of gestation at birth - impaired infant lung function is
correlated with lower lung function in adolescence and early adulthood. Thus,
demonstrating the concept of lung function tracking through the life course. Additional
follow-up of cohorts of children born with extremely low birth weight (ELBW) or extremely
preterm have also suggested that the association between infant and childhood lung
function continues into adulthood (Stern et al. 2007). Gibson et al demonstrated lower FEV;
and FEV:/FVC ratio in young adults (mean age 22.4 - 28.6 years) with a birthweight of
<1500gms compared to those born weighing >2499gms. They also identified a correlation

between FEV; in childhood and adulthood (Gibson et al. 2015).
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Figure 1-9 Diagrammatic representation of the impact that adverse events have on lung
function trajectories.

Normal lung function trajectory (green), trajectory for those with persistent lung function
deficits (orange) and trajectory with progressive obstruction (red). Additional impacts which
maly alter trajectories (smoking etc.) also identified. (Gibbons et al. 2020) Reproduced with
permission under Creative Commons Attribution (CC BY) licence.

An accelerated decline in adult respiratory health is also associated with obstructive disease
in childhood. Lange et al demonstrated that asthmatics with low %FEV; in early adulthood
were three times more likely to develop COPD in midlife than those with a normal %FEV:
(Lange et al. 2015). In the preterm-born population, obstructive lung function deficits in
childhood and adolescence persist into early adulthood, with those with a history of CLD
having the greatest deficits (Vollsaeter et al. 2013). Similarly, Doyle et al observed evidence
of increasing airway obstruction (decreasing %FEV1) in preterm-born children between aged
8 and 18 years. The decline was worst in those with a history of CLD and those currently

smoking (Doyle et al. 2017).

Evidence of gas trapping, obstruction and bronchial hyper-responsiveness in a cohort of

preterm-born young adults has also been described. A greater proportion of these preterm-
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born adults had a positive BDR compared to term-born controls - with the greatest
proportion of those with CLD having a response - suggesting that prematurity associated lung
function deficits is obstructive rather than restrictive (Landry et al. 2016). Further
comprehensive review of lung function and structure by Caskey et al demonstrated reduced
diffusion capacity and greater obstructive disease in preterm-born adults than term-born
controls (Caskey et al. 2016). In those with CLD, CT scans showed impaired pulmonary
structure, suggesting lung function deficits may be due to altered/maladapted airway growth
and development. Thus, preterm birth may contribute to initial lung function deficits,
reduced lung function trajectories, accelerated decline in function and potential for earlier

development of COPD.

Additional lifestyle factors and childhood respiratory iliness (acute and chronic) play a role in
the acceleration in the rate of decline in respiratory function with smoking, exposure to
pollution, viral infections, genetic factors, and deprivation all being highlighted as having a

potential role (Stocks et al. 2013; Gibbons et al. 2020; Bush 2021).

The benefits of exercise on long-term health outcomes are well documented. Evidence that
children and adults born preterm have lower tolerance of exercise — possibly due to
exercised induced bronchospasm (Joshi et al. 2013; Harris et al. 2020) - and lead more
sedentary lifestyles (Lowe et al. 2016) has the potential to further compromise an individual’s

lung function trajectory.

In addition to addressing deprivation and reducing the risk of preterm birth, identification of
strategies to improve lung function and targeted health promotion (exercise, smoking
cessation) may help to maximise lung function trajectories and reduce additional insults that

further reduce lung function

Current lung function studies involving preterm-born adults include those born in the pre-
surfactant era, when different ventilation techniques and oxygen management strategies
were also in use. Therefore, findings may not be transferrable to those born in the post-
surfactant era. Whilst acknowledging the limitations of these adult based studies, the
correlation between lung function in childhood and adulthood remains. Current childhood
studies - including those studying those born in the post-surfactant era — continue to
demonstrate ongoing lung function deficits in preterm-born children. Therefore, it is

anticipated that future studies will demonstrate preterm birth continues to have a significant
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impact on adult lung function.

Bolton et al identified the lack of perceived importance of early life events in adult
respiratory medicine and suggest that the concept of lung function in infancy influencing
lung trajectories and consequent adulthood respiratory disease is a vital consideration for

future health care planning (Bolton et al. 2015).

1.7 Spirometry, reversibility, and inflammation in childhood

In view of the ongoing impact that preterm birth has upon lung function, it is reasonable to
suggest that ongoing community lung function testing may help identify children and adults

with lung function deficits.

Spirometry and reversibility testing are the most commonly used lung function tests used to
evaluate lung function in both children and adults in health care settings and research
studies. Used in most studies evaluating lung function of children born preterm, spirometry
and reversibility testing are perfectly placed to inform large community-based research
studies. As such, it has been used to assess the cohort in this thesis. Further discussion of
current evidence specific to spirometry measures and FeNO in school-aged preterm-born

children is presented in this section.

1.7.1 Spirometry in the preterm-born child

Interpretation of the evidence related to spirometry outcomes in preterm-born children is
challenging due to several factors. Due to the limited population, results in some studies
draw conclusions from small sample sizes resulting in an underpowered study. Some studies
were undertaken prior to the routine neonatal installation of exogenous surfactant - limiting
the application of conclusions to children born in the post-surfactant era. There is a high level
of variability in study populations born at different gestational ages, with earlier studies
selecting those born at lower gestations, or extremely low birthweight as opposed to more
recent studies which aim to incorporate children born moderately preterm. Some studies
used birthweight as a surrogate for gestation - raising the potential that IUGR may be an
unaccounted factor influencing outcomes. Not all studies included term-born controls and a
proportion have concentrated on defining the outcomes of children with CLD, preventing
comprehensive understanding of the lung function deficits in the whole preterm-born

population.
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In studies focussing on CLD, the use of different diagnostic criteria makes comparison
between cohorts challenging. In recognising these limitations, current available evidence
demonstrates spirometry in preterm-born children is lower compared to term-born controls,

with those with CLD having the greatest deficits of 18.92% (Figure 1-10) (Kotecha et al. 2013).

BPD group Term group Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1997 Giacoia 727 211143 12 972 159349 12 20% -24.50(-39.47,-9.53] p——
1998 Gross 83 17 43 97 12 108 104% -14.00[-19.56,-8.44) T
1998 Jacob 636 206 15 943 83 13  34% -30.70(-42.06,-19.34] T
2002 Mieskonen 735 12 9 101.7 84 14 51% -28.20(-37.19,-19.21] ——
2003 Kilbride 72 15 16 91 9 25 59% -19.00[-27.15,-10.85] ———
2004 Korhonen 82 13 10 99 11 33 52% -17.00[-25.89,-8.11] —
2005 Halvorsen 81.4 107 24 986 99 81 126% -17.20(-21.99,-12.41] -
2006 Doyle 81.1 137 89 979 118 208 18.3% -16.80[-20.07,-13.53) -
2007 Palta 78 13 59 97 12 360 17.1% -19.00[-22.54,-15.46) -
2010 Fawke 80 13 129 100 12 161 20.0% -20.00[-22.91,-17.09) -
Total (95% ClI) 406 1015 100.0% -18.92[-21.14,-16.70] ¢
Heterogeneity: Tau?= 4.20; Chi*=14.51, df= 9 (P = 0.11); F= 38% 1_50 25 ] 255 505

Test for overall effect: Z=16.74 (P < 0.00001)

Figure 1-10 Forest plot showing pooled mean difference in percent predicted FEV,
between preterm-born children with CLD and term-born controls (Kotecha et al. 2013)
Reprinted with permission.

Three cohorts recruited by a team in Norway describe the lung function of children born
ELBW and <28 weeks’ gestation (extremely preterm - EPT). All cohorts included preterm- and
term-born children. Two cohorts included children/adolescents born in the pre- surfactant
era and one cohort included children born in the post-surfactant era. Severity of CLD was
defined as mild (supplemental oxygen at >28 days of age) and moderate/severe

(supplemental oxygen at 236 weeks’ PMA).

The earliest cohort consisted of 46 preterm-born adolescents and 46 age matched controls
born 1982 — 85 (1980’s cohort). The preterm-born group had significantly lower PEF (no CLD
-3.5%, mild CLD -12.3%, moderate/severe CLD -16.3%) and FEV; (no CLD -6.3%, mild -12%,
moderate/severe -20.3%) than term-born controls. The association between low FEV; and
increasing severity of CLD led the authors to conclude that CLD was a significant predictor of

lung function deficits in the 1980’s cohort (Halvorsen et al. 2004).

Comparison of the 1980’s cohort with a second cohort of 35 preterm-born children and 35
age matched term-born controls born in 1991 - 1992 (early 1990’s cohort) showed

comparable lung function deficits that were similarly associated with severity of neonatal
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lung disease/CLD (Halvorsen et al. 2006).These findings demonstrate that preterm-born
children from the pre-surfactant era diagnosed with CLD are at highest risk for lung function

deficits in childhood.

The third cohort of children - born 1999-2000 (late 1990’s cohort) and born in the post-
surfactant era - had better lung function than the early 1990’s cohort (Vollsaeter et al. 2015).
This suggests that surfactant may have a role in improving respiratory outcomes in the
preterm-born population. Despite this improved lung function, spirometry measures in this
preterm-born cohort continued to be lower than term-born controls. Unlike the earlier
cohorts, lung function deficits in the late 1990’s cohort were not associated with CLD. Similar
findings are described by Cazzato et al who demonstrated that, whilst school-aged children
born <32 weeks’ gestation have lower FEV1, FVC and FEFs.75%, compared to controls, there
were no differences between preterm-born participants with and without CLD (Cazzato et
al. 2013). Whilst it could be suggested that these findings may reflect the changing pathology
of CLD in the post-surfactant era, it is possible that the small sample size in both studies may
have resulted in an inability to detect a difference between the group with CLD and the group

without CLD.

A study of younger children aged 4-8 years also found that children born <32 weeks’
gestation had lower spirometry compared to term-born controls, but no significant
differences between preterm-born children with and without CLD (Verheggen et al. 2016).
Follow-up of these children aged 9 - 11 years showed spirometry deficits between preterm-
and term-born controls continued and those with CLD had greatest deficits (Simpson et al.
2017) - suggesting that the impact of CLD may not be identifiable on spirometry until mid-
childhood.

Fortuna et al also demonstrated that preterm-born children born EPT and ELBW had lower
spirometry values compared to term-born children (Fortuna et al. 2016). However, contrary
to Cazzato et al and Vollsaeter et al, they found those with CLD had the lowest spirometry.
They also demonstrated that between the ages of 8 and 12 years, spirometry in the preterm-
born group with CLD declined, leading the authors to suggest that preterm-born children
with CLD exhibit lower spirometry with ongoing decline in lung function during mid-
childhood. This decline was not seen in the preterm-born group without CLD (Fortuna et al.

2016).
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A study of ELBW preterm-born Swedish children aged 6-8 years also describe children with
CLD having lower spirometry than those without CLD (Brostrom et al. 2010). A higher
proportion of the CLD group had a %FEV1 below normal limits (50%) compared to the non-
CLD group (17%). Whilst the FVC in the non-CLD group was normal, it was reduced in the
CLD group. Subsequent follow up of this cohort in adolescence showed longitudinal decrease
in FEV1/FVC z-scores that correlated to severity of CLD, suggesting that those with CLD are at

potential increased risk of worsening airway obstruction (Um-Bergstrom et al. 2017).

The Victoria Collaborative Infant Study Group recruited ELBW and EPT children born in two
different time periods - 1992 (early 90’s cohort) and 1997 (late 90’s cohort). Both cohorts
recruited children born in the post-surfactant era and term-born controls. The early 90’s
cohort was tested at age 8 and 18 years. At 8 years, there was evidence of lung function
deficits in the preterm-born population compared to term-born controls with 19.7% of
preterm-born children having a %FEV; below 75% compared with 2.4% of term-born
controls. A greater proportion of the preterm-born group also had evidence of obstructive
disease with an FEV1/FVC ratio <75% predicted value. Sub-group analysis showed that the
preterm-born group with CLD had the greatest proportion of children with low FEV; (Doyle
et al. 2006). Follow-up at 18 years showed the preterm-born group continued to have lower
spirometry values compared to term-born controls and that those with CLD had the greatest
deficits (Doyle et al. 2017). At 8 years of age, children in both the early 90’s and late 90’s
cohorts had significant lung function impairments compared to term-born controls, with

those with CLD having the lowest spirometry (Hacking et al. 2013).

The EPIcure study demonstrated that compared to 9% of term-born controls, 32% preterm-
born without CLD and 66% preterm-born children with CLD had abnormally low spirometry
readings (Fawke et al. 2010). Limiting recruitment to those born at <25 weeks’ gestation in
the post-surfactant era, focussed on those most likely to have profound lung function
deficits. However, more recent evidence has suggested that children and adolescents born

at later gestations may also be a risk for lung function deficits.

Spirometry measures in children (aged 8-9 years) and adolescents (aged 14-17 years) who
were born at later gestational ages were assessed in a large UK cohort. Findings from this
study demonstrated that at 8-9 years of age those born at 35 - 36 weeks’ gestation had
spirometry comparable to term-born controls. However, those born at 33-34 weeks’
gestation had reduced spirometry readings which were comparable to those born at 25-32

weeks’ gestation. Observed decrements in FEV; and FVC, but not FEV1/FVC and FEF;s.75% in
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those born 33-34 weeks’ gestation improved by adolescence(Kotecha et al. 2012a). The
reason for this remains unexplained, but growth and maturation may explain these
improvements. Despite the evidence that those born 33-34 weeks’ gestation show
improvements in spirometry measures as their age increases, it is reasonable to suggest that
including those born at <34 weeks’ gestation in the current study should provide a more
comprehensive understanding of the impact of prematurity on lung function in childhood,

adolescence, and adulthood.

These studies suggest that - despite the routine use of maternal antenatal corticosteroids
and neonatal installation of exogenous surfactant - preterm-born children continue to have
deficits in spirometry compared to term-born controls. Whilst two studies in the post-
surfactant era did not find differences between those with and without CLD, many studies
continue to identify CLD as a risk factor for lung function deficits in childhood. Indeed, several
studies suggest that children with previous CLD have lower spirometry that is obstructive in
nature and continues to decline with age. However, these studies also identify a group of
preterm-born children who have ongoing lung function deficits which is not associated with
CLD. To date, in-depth investigation into the nature and potential causes of lung function

deficits in this group of children born has not been undertaken.

1.7.2 BDR and the preterm-born population

Several studies have included reversibility testing to assess respiratory function in the
preterm-born population. Like the information related to spirometry in this population,
evidence is limited by small sample size, recruitment of children at different gestations, a
lack of term-born controls and primary focus on those with CLD. There are also variations in
the selection of type, dose, and delivery method of bronchodilator used - with salbutamol,
isoproterenol and terbutaline all used. Despite these differences, most studies demonstrate
an improvement in FEV; in preterm-born children following inhalation of a single dose of
bronchodilator, with those with CLD with the largest FEV; deficits having the greatest

response (Kotecha et al. 2015).

Whilst findings by Kotecha et al are consistent with evidence suggesting that lung function
deficits in those with CLD is obstructive in nature, several studies demonstrate that
reversibility is not observed in all these children (Filippone et al. 2003; Vom Hove et al. 2014;
Kotecha et al. 2015; Fortuna et al. 2016), nor is it exclusive to those with CLD; with up to 25%

preterm-born children without CLD having deficits on spirometry and demonstrating a
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positive BDR (Vom Hove et al. 2014). These findings suggest that further analysis of the
extent and nature of spirometry deficits and response to bronchodilator in the whole

preterm-born population is required.

1.7.3 FeNO in the preterm-born population
Whilst there is correlation between the development of CLD and inflammatory responses in
preterm-born infants (Kotecha et al. 2003; Chakraborty et al. 2013; Balany and Bhandari

2015), there is no evidence directly linking CLD with Th; driven eosinophilic inflammation.

Assessment of FeNO levels in the first week of life in preterm-born infants showed no
correlation between CLD and levels of FeNO (Williams et al. 2007). Indeed, it has been
suggested that, compared to term-born controls, spontaneously breathing preterm-born
infants in the first two days of life and school-aged children with CLD have lower levels of
FeNO (Condo et al. 2003; Baraldi et al. 2005). Furthermore, Nordlund et al showed that -
despite having lower spirometry measures - preterm-born children with CLD had significantly
lower FeNO compared to term-born children with atopic asthma - suggesting the underlying
mechanism for lung function deficits in preterm-born children differs to those with asthma

(Nordlund et al. 2017).

A recent SR and meta-analysis concluded that preterm-born subjects - irrespective of CLD
status - had FeNO comparable to term-born controls, suggesting Th2 driven eosinophilic
inflammation is unlikely to explain lung function deficits described in the preterm-born
population (Course et al. 2019). The inclusion of studies with children and adults born at <37
weeks’ gestation born in the both the pre- and post-surfactant era may limit the

generalisability of findings to preterm-born children with ongoing lung function deficits.

Extremely preterm-born school-aged children with lung function deficits born in the post-
surfactant era have been found to have FeNO levels similar to those found in term-born
controls, irrespective of CLD status (Cazzato et al. 2013; Fortuna et al. 2016). Whilst there is
evidence to demonstrate preterm-born children with spirometry deficits have normal levels
of FeNO, to date there has been no comprehensive analysis of the FeNO levels in preterm-
born children who demonstrate reversible lung function deficits. There is a need to review
FeNO levels in the preterm-born population accounting for current lung function measures,

including reversibility.
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1.8 The RHiNO Study

This thesis comprises information collected as part of a larger study - the RHiNO study - a
three-part Medical Research Council sponsored study which aimed to recruit a large cohort

of preterm- and term-born school-aged children. The three parts are described below:

Part 1. Screening: Anthropometric and cardiovascular assessments, collection of
demographic data and information related to respiratory symptoms, spirometry,

reversibility testing and FeNO analysis in a community environment.

Part 2. RCT: Formal pulmonary function testing in a hospital setting of both preterm- and
term-born children. Testing included spirometry, reversibility testing, FOT, body
plethysmography, helium dilution, FeNO, cardiovascular assessment, exercise
tolerance testing, allergy testing, collection of exhaled breath condensate and
induced sputum. Randomisation of preterm-born children with a %FEV; <85% to
three months of different inhaled therapies with subsequent re-testing to evaluate

their impact was also undertaken.

Part 3. Imaging: Hyperpolarised MRI to assess the lung architecture.

As one of the largest trials of its kind, the RHINO study incorporated comprehensive testing
in both preterm- and term-born children. Unlike previous studies who enrolled children born
at lower gestations, the RHINO study chose to enroll children born at <34 weeks’ gestation.
This choice reflects evidence suggesting that children born at 33-34 weeks’ gestation have
lung function deficits on spirometry comparable to those born at 25-32 weeks’ gestation
alongside evidence describing respiratory symptoms in those born in the moderately

preterm-born population (Kotecha et al. 2012a; Edwards et al. 2015).

With suitably powered results it will provide high-quality data detailing the impact that
preterm birth has on lung function, identify different respiratory phenotypes with a strong
focus on the response to different inhaled therapies, and whether there is any associated

evidence of altered lung structure.

1.9 Summary

Advances in health care provision have improved the outcomes for preterm-born children

leading to many infants born at the edge of viability surviving. Concurrent emergence of a
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new form of CLD in this group - largely associated with abnormal structural development -
presents new challenges for health care providers. It is of concern that, as survival rates
improve, a greater number of preterm-born children will not attain their maximal lung
function trajectory and subsequently experience poor respiratory health and potentially
develop COPD earlier in life. Greater understanding of the nature of lung disease and optimal
treatment options are vital to ensure adequate healthcare planning and development of

management strategies to improve long-term lung function outcomes.

Longitudinal studies continue to suggest that lung function in adulthood can be influenced
by fetal and neonatal injury. Whilst lung function deficits in preterm-born children have been
described, analysis has often been limited to those born EPT or ELBW and comparisons are
often restricted to preterm-born children with and without CLD, with only a small number of
studies referencing against a term-born population. These studies are also small and

therefore have limited power.

In the post-surfactant era, there continues to be evidence linking CLD with poor respiratory
outcomes. However, with evidence that some preterm-born children without CLD also have
lung function deficits, and emerging criticism of the predictive value of CLD (Kotecha et al.
2013; Corwin et al. 2018), there is a need to re-evaluate lung function in a wider preterm-
born population. Furthermore, whilst there is some suggestion that lung function deficits in
the preterm-born population is obstructive in nature, this evidence is limited and often only
described in those with CLD. There is a need to accurately describe lung function in a large
preterm-born population - irrespective of previous diagnosis of CLD - with a focus on
different respiratory phenotypes and whether associated lung function deficits are

obstructive or non-obstructive in nature.

Although preterm-born children have similar levels of atopy as term-born controls, they
continue to have higher levels of asthma diagnosis. Despite the higher incidence of asthma
diagnosis, there continues to be inconsistent prescription and use of inhaled medication in
this group. This is a likely consequence of the paucity of evidence clarifying the optimal use
of bronchodilators in these children. In addition to describing the response to inhaled
bronchodilator within the whole preterm-born population, greater understanding of
different respiratory phenotypes and their response to bronchodilators may assist in greater
targeting of therapies for this vulnerable group of children. Furthermore, there is a need for
clarification of whether measurement of FeNO is associated with lung function deficits in the

preterm-born population and, if so, whether it is associated with any respiratory phenotypes.
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1.10

Hypothesis and Aims of the study

Part 1 of the RHINO study was designed to screen and identify children who could participate

in the RCT (part 2). | formulated formal questions to address specific hypotheses and aims

using data collected during the community-based assessments as follows:

Hypotheses:

1) Preterm-born children have greater lung function deficits than term-born children

2) a. Preterm-born children with a history of CLD in infancy have greater incidence of
lung function deficits compared to term- and preterm-born children with no
history of CLD.

b. CLD is the optimal predictor of lung function deficits in preterm-born school-aged
children.

3) a. Lung function deficits in preterm-born children can be classified as either
obstructive or non-obstructive in nature.

b. Preterm-born children with obstructive lung function deficits have a greater
response to a single dose of bronchodilator than those with non-obstructive lung
function deficits.

4) Lung function deficits in preterm-born children is independent of Th2 driven

eosinophilic asthma.

Specific aims:

To describe lung function in a population of children aged 7 - 12 years of age born at

<34 weeks’ gestation and compare results to term-born controls of equivalent age.

To explore early life factors associated with lung function deficits in childhood.

To accurately identify lung function deficits in preterm-born children and classify the
deficits into obstructive or non-obstructive airway disease using a combination of

FEV; and FEV1/FVC ratios.

To identify the reversibility of airflow limitation following 400mcg salbutamol in
preterm-born children with lung function deficits classified as either obstructive or

non-obstructive.
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2 Methods

This chapter describes the recruitment strategy, study set-up and testing methods

to address the specific aims and hypothesis outlined in Chapter One.

2.1 Recruitment of participants

To ensure equitable and appropriate recruitment, clear inclusion and exclusion criteria were

specified:
Inclusion criteria

e Children aged 7 - 12 years born at <34 weeks’ gestation comprised the preterm-born
group

e Children aged 7-12 years born at 237 weeks’ gestation comprised the term-born
control group

e Living in South Wales, so accessible to home visits

¢ Responded to a postal questionnaire and willing to participate in a community visit

e Free of respiratory illness in the 3 weeks prior to testing

Children with a history of respiratory illness in the preceding 3 weeks had their visit deferred

until they had been free of respiratory symptoms for at least three weeks.
Exclusion criteria

e Congenital malformations

e Severe cardiopulmonary defects

¢ Neuromuscular disease, which would limit the ability to perform the testing

e Severe neurodevelopmental impairment which - in the opinion of the investigator -

would limit the child’s ability to perform the testing.

2.1.1 Recruitment sources

The Respiratory and Neurological Outcomes in Preterm Children (RANOPs) study was a cross-
sectional survey of preterm-born (<37 weeks’ gestation) children born in Wales in 2003,
2005, 2007, 2009, 2010 and 2011 together with age-matched term-born controls (>37

weeks’ gestation). Over 26,000 respiratory questionnaires were mailed to these children;
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Children aged under 5 years completed a Liverpool Respiratory Symptom Questionnaire
(Powell et al. 2002) and those 5-10 years completed an adapted ISAAC respiratory
questionnaire (Asher et al. 1995; Joshi et al. 2013). 4,200 preterm- and 2,800 term-born
children returned their completed respiratory questionnaire and agreed to future

participation in similar research (Edwards et al. 2015).

Initial recruitment of both preterm- and term-born children focused on the children who had
participated in the RANOPs study. To further increase the potential recruitment pool,
children who had previously been invited to participate in the RANOPs study but did not
respond were also invited to participate (after ethics approval). To enable home visits, the
geographical area for recruitment was limited to South Wales only. Additional exclusions due
to gestation at birth being >34 or <37 weeks’ gestation and being over 12 years old at the
time of recruitment inevitably resulted in a significant proportion of the RANOP’s cohort

being excluded.

Potential recruits from the previous RANOPs cohort (responders and non-responders) were
sent a modified validated ISAAC respiratory questionnaire and an invitation letter to
participate in a community visit. Information leaflets for both parent and child were enclosed
with the questionnaire. Examples of parent and child information leaflets for the preterm-

and term -born recruitment groups can be seen in Appendix 2 and 3.

An additional recruitment group of preterm-born children (new cohort) born in 2004, 2006
and 2008 who had not previously been invited to participate in the RANOPs study were also
identified by the NHS Welsh Informatics System (NWIS). This process required additional
ethics approval and the identification of a principal investigator (Pl) at each of the four
hospitals in South Wales which may be a source of potential recruits. Specific invitation
letters which contained a tick box system for expressing interest or declining participation in
the study were formulated and sent on behalf of each PI. Parent and child information
leaflets about the study accompanied the letter. The ISAAC questionnaire was completed

and reviewed during the community visit in those who agreed to participate.

NWIS provided the most up-to-date information for all contacts including home address and
any relevant medical history. This information also highlighted children who had died to

avoid the team contacting families inappropriately. This information was regularly updated.

To improve the response rate, two subsequent reminders were sent to non-responders at

approximately 6 weeks and 12 weeks after the initial mailing. On receipt of a
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questionnaire/letter indicating that the child and family were agreeable to participating in a
community visit, using the preferred method of contact indicated by the family, a convenient
date and time for the visit was arranged. In total, 3,601 preterm-born (2,197 RANOP’s and
1,404 new cohort) and 1,180 term-born children received invites to participate. Table 2-1

details preterm-born and term-born mailing numbers by year of birth.

Year of birth Preterm-born Term-born
2004 163 0
2005 314 255
2006 584 0
2007 564 366
2008 655 0
2009 517 324
2010 511 238
2011 293 0
Total 3601 1183

Table 2-1 Number of preterm- and term-born children sent participation invites by year
of birth.

2.2 Setting-up the community visit

The recruitment process was designed to encourage as many children and their families as
possible to participate in the study whilst ensuring that the team could organise a community
visit within as short a time as possible. Invitations were sent out in white envelopes with
RHINO branding labels in age-based mailing groups. Pre-paid envelopes were also included
in the mailing pack to increase the number of returned questionnaires. Continual evaluation
of the return rate of questionnaires, alongside the number of visits arranged and completed
were undertaken on a weekly basis with adaptations to further invite mailings made

accordingly.

All children and families willing to participate in the study were offered the choice of a visit
at the Children and Young People’s Research Unit (CYARU) at the University Hospital of Wales
(UHW), or, at the child’s home. Whilst acknowledging that providing the option of a
community visit may improve recruitment, the nature of a community visit presented two
areas of concern that needed to be addresses during the setting-up phase: lone working and

administration of medication without a prescription.

2.2.1 Lone working

UK legislation requires the employer to ensure that the welfare of employees is considered,
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with work associated risks assessed and provision of appropriate equipment and training to
help reduce any identified risk (Health and Safety at Work Act 1974; The Management of
Health and Safety at Work (Regulations) 1991). A risk assessment of the intended process for
a lone worker performing a home visit was undertaken to ensure that potential hazards were
considered, and appropriate actions taken to mitigate or reduce risk. Figure 2-1 shows the

five-stage risk assessment process that was undertaken in relation to the home visits.

Lone working is an area of work that is specifically highlighted as presenting increased risk of
harm to employees, with the risk of injury due to physical assault being 9% higher in lone
working healthcare staff compared to non-lone workers (NHSProtect 2015). Unlike
conventional heath care settings, the study team did not have access to information relevant
to the child and family background to enable assessment of the potential risk of violence or
abuse to lone working team members. There were additional risks associated with driving
long distances in various weather conditions, often in the early evening. To reduce these
risks, several different interventions, including the development of a unique standard

operating procedure (SOP) were implemented (Appendix 4).
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~N
¢ Risk to health as lone worker
. ¢ Risk of health due to lifting equipment
Identify IR Risk to health due to travel
Hazards Y,
¢ Home visit to child who is unlikely to be engaged in healthcare services — Lack of background to enable assessment of risk of
harm to lone-worker
¢ Risk of damage to physical health due to equipment required to undertake visit (size and weight)
e Risk of accident during travel — visits potentially across South Wales y
#Staff training: ™
#Violence and Aggression at Work — including workshops of self defence
eLone worker devices
Take eManual handling
AEELIEIER o one worker SOP developed
sEquipment bought to reduce risks associated with manual handling (trolley) and lone working (Lone-worker alarms) /
* Risk assessments and actions taken documented
* Training records completed
~N
¢ Regular discussion with staff to gain feedback about risk and any issues found
J/
Figure 2-1 Five stage risk assessment process for lone worker home visits for the study.
: - Contact on
GP Risk Visit Buddy form Contact Contact Contact e
Assessment Booked completed prior to visit during visit after visit base
+ Two Person Visit: + Date and time + Date time leaving + Lone worker contact  + Buddy contactlone- ¢ Lone worker contact  « Lone worker contact
« Refusal convenient for family  base buddy outside home ~ worker 20 minutes buddy once outside buddy once back at
« No Answer » Staff to buddy » Date time visit prior to entry into visit house prior to base
) ) identi turning to
+ Indicate Potential identified * Contact numbers of retun
risk staff hospital/home
* Address and contact

details of family

Figure 2-2 Key components of the lone worker SOP.

SOP specifically developed to enable a risk assessment of the family home prior to the visit,
alongside providing a buddy system to support during the visit to ensure safety of lone
workers undertaking a lone home visit as part of the study.
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In addition to each staff member receiving the highest level of violence and aggression
training, they were also provided with lone worker devices. Whilst both the training and lone
worker devices provide ways of enabling lone workers to react and manage any potential
incidents, | felt there was a need to develop a system of proactively assessing the likelihood
of an adverse event occurring and ensure that each lone worker had safely returned to base

post-visit.

The UHW has an information sharing agreement with the Local Medical Committee related
to potential risk to healthcare workers (such as violent markers on medical notes). As such,
we contacted GP practices asking them to identify any potential risks. Whilst most risk
assessments were completed and indicated no known risk to those preparing to undertake
a lone home visit, on occasions when the GP indicated a potential issue or did not complete
the risk assessment form, either a second person attended the visit, or the family were asked
to attend the hospital. Further risk reduction was provided by using a buddy system whereby
the lone worker would have contact with an identified buddy before, during and after each
visit and on return to base. Whilst there was limited risk reduction associated with travelling,
the buddy system ensured that the lone worker had returned to base safely. Figure 2-2

outlines the key components of the SOP.
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2.2.2 Administration of salbutamol

A key part of the community testing was the assessment of reversibility of airway disease.
Pellegrino et al recommend use of short acting B, agonists such as salbutamol for reversibility
testing (Pellegrino et al. 2005). As a prescription only medication (POM), salbutamol is
normally administered by prescription. However, the staff undertaking the community visit

did not have prescribing rights. | therefore sought alternative solutions to this issue.

Introduced in the UK in 2000 and incorporated in the Human Medicines Regulations, Patient
Group Directives (PGD) provide a legal mechanism for qualified health care professionals to
administer a POM without the need for a prescription (NHSE 2000). The set-up and use of a
PGD is a complicated process. Figure 2-3 outlines the process of developing and

implementing a PGD for the study.

Demonstrate the | : Organisational ‘ | Training and

need for a PGD Approach Competence
Safe * Review and * PGD training
L * No other option L approval from L * Medication specific
1 Specific and limited identified multi- T training
to the patient group disciplinary team *  Managing
Clear governance emergency training
arrangements * Adverse effects

Comply with current

legislation

* Training and

reporting

\ / assessment log

Figure 2-3 Process for developing and implementing a PGD.
Blue boxes outline the steps required to develop a PGD. White boxes outline the actions taken
to demonstrate PGD implementation was required and that the necessary governance was
in place for use during the study. Adapted from (NICE 2017b).

With no reasonable alternative solution, the use of PGD for the administration of salbutamol
for reversibility testing in a community visit was deemed to be the most appropriate. |
developed and wrote a PGD which was reviewed and approved by the multi-disciplinary
team responsible for safe and effective use of PGDs in the trust. This document can be seen
in Appendix 5. | arranged training and assessment of each staff member to ensure that they
understood their role in utilising the PGD and the specific documentation related to its use.
| also provided training on the specific side effects of B, agonists and organised a teaching
session with the paediatric asthma nurses to ensure appropriate knowledge and skills were

acquired in the safe and effective administration of salbutamol.
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2.3 Organising the visit

Three appropriately trained nurses (KH, LY, GW) undertook visits. | trained LY and GW in
history taking and clinical examination. | also supervised and supported both nurses in all

aspects of organising and undertaking the visits during this project.

On receipt of a questionnaire indicating that the child and family were agreeable to
participating in a community visit, the questionnaire was reviewed for completion and to
identify any potential exclusion criteria. In cases where children were excluded the family
were contacted with an explanation. For those who met inclusion criteria, using the
preferred method of contact indicated by the family, a convenient date and time for the visit
was arranged. NWIS provided GP details and - as per the lone worker SOP - the child’s GP
was sent a letter to risk assess the home visit. Two to three days prior to each community
visit, the family were contacted to ensure that the child remained well. This also served as a

reminder to the family of the date and time of the visit.

Both spirometry and FeNO testing results can be affected by certain medications and foods.
Prior to the community visit each child participating in the study was asked to avoid long
acting B, agonists (LABA), leukotriene receptor agonists and antihistamines for 48 hours and
inhaled corticosteroids (ICS) for 24 hours and - where possible - short acting B, agonists for
8 hours. All these medications can impact on spirometry results, and the anti-inflammatory
effects of leukotriene receptor agonists and corticosteroids can also reduce FeNO

measurements.

Participants were also asked to avoid foods containing nitrates/nitrites on the day of the visit
as it can artificially increase FeENO measurement results, and to avoid food or drink for one

hour prior to the visit commencing due to the potential for causing nausea during spirometry.

2.4 Medical history and clinical examination

As part of a comprehensive assessment, parent reported medical history was collected and
a physical examination of each participating child were undertaken prior to lung function

testing.

2.4.1 Adapted ISAAC Questionnaire
A modified ISAAC questionnaire - previously used in the RANOP’s study - requesting details

relating to the child’s history of respiratory symptoms and treatment was completed and

55| Page



Chapter Two

returned by the family either prior to, or during, the community visit. These details were
checked with the child’s parents during the visit to increase the quality and accuracy the
information collected. In cases where the questionnaire had been completed greater than 3
months prior to the visit, parents were asked to complete again. This questionnaire can be
found in Appendix 6. In cases where data was missing, attempts were made to contact the
family to obtain information to ensure data was as complete as possible. In cases where
answers to different questions were in conflict (i.e., answered “no” to doctor diagnosis of
asthma, but “yes” to inhalers being prescribed and taken), a discussion between team
members to identify the most appropriate answer, alongside clear documentation of any

changes to answers, was undertaken.

2.4.2 History Taking and Clinical Examination

2.4.2.1 Parent reported medical history

Parent reported medical history pertaining to the child’s antenatal and neonatal history,
hospital admissions during infancy and childhood and relevant medical treatments were
collected during the visit. Prior historical details gained from both the ISAAC questionnaire
and NWIS were checked for accuracy with the family. Where available, the child’s personal
child health record was reviewed for birthweight, gestational age, and relevant neonatal

history.

Medical notes were obtained to supplement and check the accuracy of data related to the
neonatal period reported by parents and provided by NWIS. Thus, increasing the reliability
and validity of information relating to key neonatal events such as gestational age at birth,
birthweight, diagnosis of CLD and any documented evidence of co-morbidities such as ROP,
IVH and necrotising enterocolitis (NEC). When it was not possible to gain this information,
data from NWIS alongside the parental history was used. In cases where there were
contradictory reports between NWIS data and parent reported history, or the data was
unclear, the team (KH, SK) examined all available information and decided the most likely
outcome. Subsequent sensitivity analysis was undertaken by performing data analysis with
and without those with history gained from medical notes/discharge summaries to review

the reliability and validity of information from children whose notes were inaccessible.

CLD was defined as supplementary oxygen requirement at 28 days of age (<32 weeks’
gestation) or 56 days of age/discharge (=32 weeks’ gestation). CLD severity was further

defined as mild (CLD,s); room air at 36 weeks’ gestation PMA (<32 weeks’ gestation) or >56
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days of age/discharge (232 weeks’ gestation) and moderate/severe (CLDss); oxygen

requirement at 36 weeks’ PMA (Jobe and Bancalari 2001).

Birthweight has been used to identify those participants who had evidence of IUGR, defined

as birthweight less than the 10™" percentile (adjusted for sex and gestation).

Data from the Welsh Index of Multiple Deprivation (WIMD), a ranking system identifying
postcodes with the highest level of deprivation (based on eight domains - income,
employment, health, education, housing, access to services, community safety, physical

environment) has been used to help assess the impact of deprivation on study findings.

2.4.2.2 Physical examination

Each child received a physical examination by a trained staff member. This examination
incorporated a comprehensive cardiovascular examination which included a physical
examination and non-invasive assessment of peripheral and centra blood pressure with the
Vicorder (Smart medical, Gloucester, UK). A thorough respiratory systems evaluation
including physical examination and saturation monitoring was also completed alongside a
general health check (including temperature) and puberty assessment. Height was measured
with a portable stadiometer (Seca 217, Seca deutschland, Hamburg, Germany). Weight and
body composition were measured using portable bio-electro impedance scales (TANITA BC-

420MA, TANITA Europe B.V., Holland).

25 Spirometry

Guidelines and recommendations by the ATS, ERS and British Thoracic Society (BTS) for
performing spirometry have standardised equipment specifications, personnel training and
testing procedures which ultimately improve the validity and reliability of spirometry testing

(Miller et al. 2005). For this reason, they have been used to inform the methods in this study.

Children were recruited in order of descending age, thus enabling the research team to
develop of a high level of expertise in eliciting high quality spirometry manoeuvres before
testing those at the lower age ranges who presented the greatest risk for poor performance.

Children who could not perform baseline spirometry were removed from all analysis.

2.5.1 Equipment
Spirometry was undertaken using a handheld digital bi-directional volume transducer

spirometer (Microloop, CareFusion, UK). This device complies with requirements detailed in

57| Page



Chapter Two

guidance produced by the ATS and ERS (Miller et al. 2005). This includes measuring at Body
Temperature and Pressure with Saturated water vapour (BTPS). Thus, correcting for the
difference between the volume of air in the lungs (37 degrees centigrade) and the volume
measured by the spirometer (room temperature) resulting in greater accuracy of test results.
In-built technology enabled real-time display of flow vs volume loops and volume vs time.
Algorithms were able to immediately analyse both the acceptability and repeatability of tests
and could apply appropriate reference ranges to measured raw values. Each testing episode
was saved at the time of testing and subsequently uploaded onto a computer system with

allied software in the hospital for further quality control and storage.

Calibration with a 3L syringe with a single use mouth filter was performed on each of the
four spirometers used for the study as per manufacturers guidelines. Simple flow calibrations
were undertaken daily (with measurements within the mid-flow range). More
comprehensive weekly flow linearity calibrations were also undertaken, with three
consistent tests at low, mid-range and high flows required. Should there be a calibration
error outside the recommended variation of £3%, the calibration would be deemed to have
failed. Inspection of the turbine was undertaken, and further calibration attempted.
Equipment for which calibration could not be achieved was sent to the manufacturers for
review. Daily and weekly calibrations were recorded in a calibration log. A record of
equipment sent to the manufacturer was also kept. Additional checks were undertaken with
a biological control who tested the spirometers at regular intervals. As per manufacturer’s

instructions a monthly leak check was undertaken on the calibration syringe.

Single use mouth filters were used for each child to ensure no cross infection occurred.
Turbines were removed from their housing and submersed in peri-safe (recommended
disinfectant which provides decontamination against a wide range of microbes) for

approximately 10 minutes on a weekly basis.

2.5.2 Personnel training

Staff undertaking testing were expert paediatric practitioners. Prior to undertaking the study
each team member completed a specialist spirometry course run by the Association for
Respiratory Technology and Physiology (ARTP). This two-day course comprised of teaching
related to the physiology of respiration, effective spirometry procedures to illicit optimal test
results and the interpretation of test results. Following completion of the course, team

members practiced teaching spirometry and interpreting output on volunteers. It was felt
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that the ARTP course and practice sessions would enable consistent operator performance
and high-quality testing. Ongoing feedback was provided to team members about any
findings identified during the QC process which may require changes in practice. Training in
relation to FeNO testing, reversibility testing and use of all equipment was undertaken by
the whole testing team. Nursing staff also received teaching and completed competency

assessment in performing a comprehensive respiratory and cardiovascular assessment.

2.5.3 Spirometry testing procedure

The spirometry manoeuvre was explained and subsequently demonstrated to each child who
then had the opportunity to practice prior to testing. The procedure was undertaken in a
seated position with a nose clip in place. Each child was instructed to breathe out and then
place their mouth around a single patient use bacterial filter-ensuring their lips were tightly
sealed around the mouthpiece of the filter. They were asked to take in the biggest breath
possible and - without hesitation — “blast” the air out as hard and as fast as they could, for
as long as possible like they were blowing out candles on a cake (Figure 2-4). To encourage
each child to attain their FVC they would be told to “keep going, keep going” until they had

completely “run out of puff.”

Close observation of each child during the manoeuvre enabled staff to assess the quality of
the test performance in real time. Review of the flow vs volume loop and volume vs time
graph produced and displayed on the handheld device was undertaken to evaluate individual
tests for acceptability. The overlaying of all flow vs volume loops in the spirometer’s display
also enabled real-time assessment of test repeatability. Table 2-2 outlines the criteria for
both acceptability and repeatability as per ATS/ERS guidelines (Miller et al. 2005). Additional
assurance of test quality in terms of acceptability and repeatability was provided by in-built
software in the spirometer, which also undertook real-time analysis of the tests for both
acceptability and reproducibility. This supported local appraisal of spirometry test quality

and helped staff provide feedback and further guidance to improve technique.

Due to the unique nature of teaching children, the team adapted their teaching methods to
enable each individual child to understand the process. In addition to the available
animations in the spirometry device, team members often successfully used party blowers

as a teaching tool.

Each child performed the test between three and eight times (Miller et al. 2005) to enable a

minimum of three acceptable and reproducible tests results to be obtained. Children who
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were unable to perform the procedure were withdrawn from further testing.
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Figure 2-4 Child undertaking spirometry.
Microloop handheld digital volume transducer used for spirometry pre- and post-
bronchodilator. Written permission from child and parent gained for picture use.
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Table 2-2 Criteria for spirometry acceptability and repeatability.
Adapted from Miller (2005). Reproduced with permission.

Within-manoeuvre criteria
(Individual test criteria for acceptability)

No evidence of artefacts:

Cough during the first second of exhalation
Glottis closure that influences the measurement
Early termination or cut-off

Submaximal effort

Leak

Obstructed (tongue/teeth)

Good start:
Extrapolated volume >5% of FVC or 0.15 L, whichever is greater

Satisfactory exhalation:

If the subject cannot or should not continue to exhale

Duration of >3 seconds for children or a plateau in the volume—time curve or

Between-manoeuvre criteria

(Criteria for repeatability, once minimum of three acceptable spirograms obtained)

or
A total of eight tests have been performed (optional) or
The patient/subject cannot or should not continue

The two largest values of FVC must be within 0.150 L of each other
The two largest values of FEV1 must be within 0.150 L of each other
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2.5.4 Quality control (QC)

In addition to observing the child’s performance, reviewing the display of both volume vs
flow loops and time vs volume output at the time of testing by both the researcher
undertaking the testing and by in-built software in the spirometer, further assessment of the
quality of spirometry was performed and review of the results selected by the handheld
device was undertaken after the visit had been completed. To ensure the person undertaking
the QC process was blinded to the participant details (KH, MC, MW), team members could

not QC any tests that they had been directly involved with.

| noted a difference in the selection of individual tests for inclusion by the handheld
spirometer and the allied software package in the desktop computer used for uploading data
from the spirometer. The difference between the two software packages was related to the
time to peak expiratory flow. The computer software excluded tests based on the time to
PEF which the handheld unit software did not. This resulted in some individual tests being
excluded after the data had been uploaded, altering several test results. As time to PEF is not
a defined criteria for acceptability (Miller et al. 2005) it was decided to manually re-evaluate
all tests on an individual basis and select the most appropriate results for inclusion. To
facilitate this process, | developed a unique QC form which was based on ATS/ERS guidance
for standardisation of spirometry (Miller et al. 2005) which would enable consistent and clear

selection of tests for use in all data analysis (Appendix 7).

Raw data from the selected tests were extracted and analysed within an Excel document
produced by the Global Lung Function Initiative (GLI) to calculate reference values (percent
predicted values) (Quanjer 2014b). Differences between the % predicted values generated
by the software within the spirometry software and the GLI Excel document were
investigated, and any errors found (e.g., incorrect height inputted into spirometer) were
corrected across all data records. Cleaned results generated by the GLI Excel document were

used in the analysis.

2.5.5 Reference values

Historically, reference values from different populations have been used in the
interpretation of spirometry results. Whilst these ranges adjust for differences in measures
due to age, height, sex and ethnicity they were largely extrapolated from data from
Caucasian males or developed from small numbers of highly select populations. In

recognising the limitations of these different reference ranges, the GLI developed a more
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robust and comprehensive system which uses collated data from a large pool of datasets
from across the world. Despite identifying its own limitations due to lack of data for specific
ethnic populations, by combining over forty reference ranges, the GLI has improved the
accuracy and consistency of reference ranges for people between 3 and 95 years (Quanjer
et al. 2012). To enable appropriate comparison of data in my thesis, GLI generated percent
(%) predicted values have been used in the data analysis for FEV;, FVC and FEF;s.75% Whilst

the raw values for FEV1/FVC ratio have been used.

| chose to use a pragmatic cut off point of %FEV; value of <85% as a proxy for the lower level
of normal (LLN) in children 7 to 12 years (Quanjer 2014b) (Table 2-3). This cut off point has

been used to identify children with lung function deficits throughout this thesis.

Table 2-3 LLN and comparative % predictive value for FEV; by sex and age

Age Male Male Female Female
LLN FEV; (L) %predicted FEV, LLN FEV; (L) %predicted FEV,
7 1.13 79.6 1.06 79.3
8 1.28 80.1 1.20 79.8
9 1.43 80.9 1.36 80.4
10 1.61 81.6 1.53 80.6
11 1.76 81.4 1.72 82.7
12 1.94 80.9 1.96 80.5

LLN and %predicted FEV; calculated from GLI reference ranges. Whole ages, Caucasian
ethnicity and heights based on 50" percentile from UK-WHO growth charts for males and
females were used for calculation purposes.

2.6 Reversibility

Testing for response to bronchodilator was undertaken on all children who successfully
completed baseline spirometry and were happy to inhale 400 micrograms (mcg) of
salbutamol. The 400mcg of salbutamol was administered to each child under the previously
described PGD. Four actuations of 100 mcg of salbutamol were given via a paediatric
volumatic spacer device. After each inhaler actuation the child was encouraged to take 10
breaths from the mouthpiece of the spacer device. Spirometry was performed to the same
standard as the baseline spirometry 15 minutes after inhalation of the salbutamol. An
absolute change in %FEV; of >10% was deemed to be evidence of a positive BDR (Quanjer et

al. 1993).
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2.7 FeNO

FeNO testing is recognised as a useful tool in assisting in the diagnosis and management of
asthma in both children and adults (NICE 2014). To help evaluate the role that Th2 driven
eosinophilic inflammation plays in the lung function deficits seen in preterm-born children,
FeNO testing was undertaken. The NIOX Vero chemiluminescence analyser (Circassia,
Oxford, UK), a FeNO testing device which complies with ATS device recommendations for
FeNO measurement (Dweik 2011) and is approved by the National Institute for Clinical
Excellence (NICE) was used for testing. The children had the procedure explained and then
watched a demonstration animation prior to attempting the test. Whilst in a seated position,
each child was asked to breath out as much as they could and then - having placed into their
mouth an in-built nitric oxide filter - to inhale fully and then breathe out at a steady rate.
Animation was used to help each child produce a sustained expiration at a rate of 50 mL/s
for 10 seconds (Figure 2-5). Expiration time was reduced to 6 seconds in children who were
unable to sustain expiration for 10 seconds. Each child undertook two measurements to
ensure consistency in measurements. The highest value of the two tests were used in the

analysis.
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-

Figure 2-5 Child performing FeNO measurement.
NIOX Vero chemiluminescence analyser with in-built animation used to measure fractional
exhaled nitric oxide. Written permission from child and parent gained for picture use.
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2.8 Statistical Methods

Several statistical methods were employed during the analysis of data collected.

2.8.1 Sample Size

Sample size calculations for my thesis, developed in consultation with the North Wales
Organisation for Randomised Trials in Health Clinical Trials Unit, Bangor (NWORTH CTU),
were based on an estimate that the power of the multiple regression model using an alpha
of 0.05 and 1 variable for each 100 participants recruited (estimated to 5 — 6 variables) with
an R? value of 0.2 to be conservative. As this model was being created from scratch with no
variables automatically included, there were no controlled independent variables included
in the calculation. This model resulted in a power of 100% and so there was sufficient power

if all the variables were retained in the model.

The target of 200 of term-born children was based upon the ability to include 3-5 early life
factors and a difference of 0.5 standard deviation between the preterm- and term-born

groups for FEV1.

2.8.2 Statistical Analysis

Results for parametric data are presented as means with 95% confidence intervals (95% Cl).
Non-parametric data are presented as medians and ranges where appropriate. Categorical
data are presented as proportions (%). A p-value of <0.05 was deemed to be significant.
Results which did not reach the level of statistical significance but were felt to have the

potential for clinical significance are also discussed.

Differences in the distribution of categorical demographic data between groups were
analysed with Chi-square tests. Additional categorical data developed by the formation of
variables based on continuous data e.g. %FEV; <85% and >85%, birthweight <10 centile,

were also analysed with Chi-square tests.

Histograms were used to assess patterns of distribution of continuous data. Parametric data
from two groups were analysed with two-tailed independent t-tests. Dependent two-tailed
t-tests were used to analyse within group data. One way ANOVA testing with Bonferroni
post-hoc analysis was undertaken to analyse parametric data from more than two groups.
Non-parametric data were analysed with Mann-Whitney U for two groups, or Kruskall-Wallis

for three or more groups.
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Exploratory analysis of predictors for childhood lung function deficits was undertaken with
univariable and multivariable logistic regression modelling. Continuous data (covariables) are
presented with a beta value and p value. Categorical data (factors) are presented with odds
ratios (OR) and 95% confidence interval, alongside a p value. Univariables with a p<0.10 were
deemed significant and used in further multi-variable modelling where a p<0.05 was deemed

to be significant.

Pearson and Spearman’s correlation coefficients for parametric and non-parametric data
respectively were used to explore the association between baseline spirometry and both
mean change in %FEV; post-bronchodilator and FeNO. Assessment of effect size (r) (small
0.10, medium 0.30 and large 0.50) and 95% Cl for observed associations are presented.
Bootstrapping was used during Spearman’s correlation analysis to produce bias corrected
(BCa) 95%Cl for correlation coefficients. Bootstrapping treats data as non-parametric and by
repeatedly sampling from the data (1000 samples in my testing) to gain a sample distribution
that overcomes any unequal distribution in the data, enables the production of robust

confidence intervals.

Area under the receiver operating characteristic curve (AUROC) analysis was undertaken to
assess the diagnostic value of baseline spirometry measures to identify two binary outcomes;
those who will have a positive BDR and those who will have a FeNO >35ppb. The receiver
operating characteristic curve (ROC) - a probability curve - identifies the sensitivity and
specificity of each test to detect a binary outcome ensuring the optimal balance between
true positives, false positive, true negatives, and false negatives. The area under the curve
(AUC) provided an assessment of the value of each diagnostic test with the following scoring
system: 0.5 to 0.59 fail, 0.6 to 0.69 poor, 0.7 to 0.79 fair, 0.8 to 0.89 good, 0.9 to 1.0 very
good. Youden's J statistic was used to help identify the cut-off value with the optimal balance
between sensitivity and specificity levels. The value of FeNO as a diagnostic tool for
predicting those who will have the binary outcome of a positive BDR has also been evaluated
using AUROC and Youden’s J statistic. This optimal cut-off value is presented for each tested
measure alongside its sensitivity, specificity and the diagnostic value score. All statistical

analyses were undertaken with SPSS version 23.0 (IBM 2015).
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2.9 Ethical Approval

Ethical approval was granted by South-West Bristol Research Ethics Committee (REC Ref
15/SW/0289). The appropriate Health Board research and development departments,
alongside Cardiff University research and development department (study sponsor),
provided all other relevant permissions. The RHINO study was funded by the Medical
Research Council (MRC) (Reference: MR/M022552/1).

2.10 Informed consent and assent

Mailing specially designed parent information and consent forms (PISC) and child
information and assent forms (CISA) along with a letter of invite to participate in the study
allowed adequate time for families to consider recruitment prior to participating. Fully
informed parent consent and child assent were taken at the beginning of each community
visit. In cases where parental consent was granted, but child assent was not obtained the

visit did not progress.

69| Page



Chapter Three

3 Results

This results chapter will address the hypotheses and specific aims of my thesis. To enable

clear description of findings this chapter is sub-divided into six main sections:

e Recruitment

e Lung function in preterm- and term-born children

e Childhood lung function deficits in preterm-born children and the role of CLD

e Early life factors associated with lung function deficits in the preterm-born
population

e Defining respiratory phenotypes in preterm-born children with lung function deficits

e Spirometry and FeNO testing to identify respiratory phenotypes in preterm-born

children

3.1 Recruitment

3.1.1 Cohort characteristics
Characteristics of children invited to participate in the study from each separate recruitment
cohort (RANOPS, new and term-born controls) are detailed in Table 3-1. The largest number

of preterm-born children invited to participate in the study were from the RANOPS cohort.

As expected, both preterm-born cohorts were born at a lower gestational age and birth
weight compared with term-born controls. Both preterm-born cohorts also experienced

greater deprivation.

Compared with the WIMD rank observed in term-born controls (1053, SD 555), scores in both
the new cohort and RANOPs cohort were significantly lower (851, SD 611, p<0.001 and 857,
SD 576, p<0.001). Nearly 50% of the children in both preterm-born groups were from the
two most deprived WIMD quintiles. Conversely, 46% of term-born controls were from the
two least deprived quintiles. Characteristics of the two preterm-born cohorts were similar

except however, the new cohort were older than the RANOPS cohort.

Mean age at the time of invitation of the new cohort (10.5 years, 95%Cl 10.4 to 10.6) was
significantly higher than both the RANOPS cohort (9.7 years, 95%Cl 9.6 to 9.7, p<0.001) and
term-born controls (10.1 years, 95%Cl 10.0 to 10.2, p<0.001). The RANOPS cohort were

significantly younger than term-born controls (p<0.001) with a higher proportion (42.5%) of
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children aged 9 years at the time of invitation (Table 3-1, Figure 3-1). The RANOPS group
were likely to be younger as this cohort included children who were 2, 3, 4, 6 and 8 years of

age in 2013 whereas children from the new cohort were 5, 7 and 9 years in 2013.
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Table 3-1 Demographic details of children invited to participate in study

Subjects (n)
Male
Age at
participation invite
Gestational Age
(wks) (range)
Birth weight (g)
(range)
WIMD 2019 (Mean
SD)
WIMD 1 (Most
Deprived)
WIMD 2
WIMD 3
WIMD 4
WIMD 5 (Least
Deprived)

Preterm-born invitees (n = 3601)

New cohort
1404 (39%)°
765/1404 (54%)
10.5 (10.4 to 10.6) #fff

32 (20 to 34) F7f
1779 (1744 to 1815)Fff
851 (611) 717
337/1101 (31%) 117
234/1101 (21%)*
151/1101 (14%)Fff

138/1101 (12%)frr.#
241/1101 (22%) ##

RANOPs cohort
2197 (61%)?
1208/2197 (55%)
9.7 (9.6 t0 9.7) %8¢

32 (23 to0 36) 55
1802 (1774 to 1830)%
857 (576) 5
604/2197 (27%) 55
484/2197 (22%)sss
373/2197 (17%)

338/2197 (15%)3%¢
395/2197 (18%)558

Term-born invitees

1183
612/1183 (52%)
10.1 (10.0 to 10.2)
40 (37 to 43)
3449 (3420 to 3478)
1053 (555)
177/1185 (15%)
211/1185 (18%)
242/1185 (20%)

248/1185 (21%)
300/1185 (25%)

a Percent of the whole preterm-born cohort.

95% confidence intervals or percentages shown in brackets unless ranges specified.

New cohort vs RANOPS cohort #p<0.05, #p<0.01, ##p<0.001. New cohort vs TC f p<0.05, f f p<0.01, f f f p<0.001.
RANOPS cohort vs TC §p<0.05, §§p<0.01, §§§p<0.001.

Abbreviations: WIMD Welsh Index of Multiple Deprivation.
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Figure 3-1 Age at invitation by recruitment cohort
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Whilst a higher number of preterm-born children were invited to participate, the largest
proportion of children receiving an invite to participate in the study were 9 years old in both
preterm- (37.8%) and term-born (33.6%) groups. There were also similar proportions of
children aged between 9 and 11 years old at the time of invitation in the preterm-born

(73.6%) and term-born (76.7%) groups, (Figure 3-2).
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m7
1200 =s

m9
< 1000 10
v
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T 800 m12
=
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= 0,
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0 .

Term Preterm

Figure 3-2 Age at invitation in preterm- and term-born children
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The CONSORT diagram in Figure 3-3 details the recruitment and flow of participants in the
study. In total, 4784 children, (3601 children born at <34 weeks’ gestation and 1183 children
born at >37 weeks’ gestation) aged between 7 and 12 years, received an invitation to

participate in the study between November 2016 and September 2019.

827 (23%) preterm-born children and 295 (25%) term-born children returned their
guestionnaire agreeing to participate in a home visit. Despite the nursing team attempting
to contact each family who agreed to participate, 197 (24%) preterm-born and 74 (25%)
term-born children who had agreed to participate were not contactable. Several children
were excluded from testing: 39 (5%) preterm-born (10 incorrect gestation, 28 medical
exclusions, 1 currently living outside Wales) and 1 (0.3%) term-born child were excluded due

to medical reasons.

A total of 23 children were withdrawn by testing staff during the home visit due to their
inability to perform baseline spirometry: 19 (3%) preterm- and 4 (2%) term-born children.
The post-visit spirometry QC process also resulted in an additional 28 children (21 (4%)
preterm- and 7 (3%) term-born) being removed from further analysis. Overall, 51 (7%) of
children agreeing to participate in the study did not perform adequate spirometry. Visits to
21 children could not be arranged due to the study ending before an appointment could be
made. In total, 15% of preterm- and 16% of term-born children invited to participate in the
study successfully completed testing. Satisfactory data from 739 children (544 preterm- and

195 term-born children) were included in my analysis.
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Total non-participation 3662

Declined participation
Preterm 201 Term 103

Questionnaires Sent
Total 4784
Preterm 3601 Term 1183

A

No response

\4

Questionnaires Returned Agreeing to Visit
Total 1122
Preterm 827 Term 295

Did not progress 354

Contact issue/changed mind

Preterm 197 Term 73

Excluded

Preterm 39 Term 1 <
Withdrawn

Preterm 19 Term 4

Visits not completed
Preterm 7 Term 14

\ 4

Completed Visits
Total 768
Preterm 565 Term 203

A

Excluded during spirometry QC 29
Preterm 21 Term 8

(

Figure 3-3 CONSORT Diagram.

A 4

Included in Analysis
Total 739
Preterm 544 Term 195
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3.1.2 Responders’ v non-responders’
Comparison between demographic details of responders and non-responders in both the

preterm-born and term-born groups are detailed in Table 3-2.

Preterm-born responders had a lower birthweight compared with non-responders (1730
gms vs 1820 gms, p<0.001). Despite a very small difference in the median gestational age at
birth between preterm-born responders and non-responders, it was statistically significant

(p<0.001). This is likely to be due to the large numbers in the analysis.

Further comparison between preterm-born responders and non-responders showed
significant differences in levels of deprivation. Indeed, responders in both groups were less
deprived than non-responders. Non-responders had an overall WIMD score suggestive of
greater deprivation (1062 vs 813, p<0.001). Further analysis also demonstrated a greater
proportion of those who did not respond were from the most deprived WIMD score quintile

(16% vs 23%, p<0.001).

There were no significant differences between the term-born responders and non-
responders except a 2% difference in the proportion of male responders (50% vs 52%,

p<0.001).
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Table 3-2 Characteristics of Responders’ vs Non responders’

Preterm-born Term-born
Responders Non-Responders Responders Non-Responders
Subjects (n) 563 3036 202 983
Male 293/563 (52%) 1679/3036 (55%) 100/202 (50%) v 511/983 (52%)
Gestational Age 31.6 (23 to 34) w 31.4 (20 to 36) 39.6 (37 to 42) 39.5 (37 to 43)
(wks) (range)

Birth weight (g) 1730 (500 to 3915) 1820 (500 to 4120) 3460 (2300 to 3460 (1920 to
(range) ww 4900) 5030)
WIMD 2019 1062 (570) w 813 (583) 1192 (522) 1025 (558)

(Mean SD)
WIMD 1 (Most 91/563 (16%) *» 850/2731 (23%) 16/198 (8%) 161/981 (16%)
Deprived)
WIMD 2 103/563 (18%) 615/2731 (23%) 28/198 (14%) 183/981(19%)
WIMD 3 103/563 (18%) 420/2731 (15%) 41/198 (21%) 202/981 (21%)
WIMD 4 114/563 (20%) 362/2731 (13%) 44/198 (22%) 204/981 (21%)
WIMD 5 (Least 152/563 (27%) 484/2731 (18%) 69/198 (35%) 231/981 (24%)
Deprived)
Birth post- 390/547 (69%) 2145/3033 (71%) 157/198 (79%) 769/981 (78%)
smoking ban
(2007)

95% confidence intervals or percentages shown in brackets unless ranges specified.

Significance Vp<0.05, VVp<0.01, V¥Vp<0.001 comparing responders and non-responders in preterm- and term-born
groups.

Abbreviations: WIMD Welsh Index of Multiple Deprivation

Numbers include all responders who consented for a visit, prior to spirometry QC
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3.2 Lung function in the preterm- and term-born population

This section describes the characteristics and lung function of preterm-born (PT) school-aged

children and describes differences by comparing with term-born controls (TC).

3.2.1 Participant characteristics

In total, 739 children with a mean age of 9.7 years (range 7.0 — 12.0 years) successfully
completed baseline spirometry and were include in the analysis. Characteristics of all
included participants are detailed in Table 3-3. As expected, compared with the TC group,
the PT group were born at lower gestational age (32 weeks’ vs 40 weeks’, p<0.001) and had
lower birthweight (1701gms vs 3430gms, p<0.001). Despite comparable age and sex divide,
subsequent growth has resulted in the PT group being lighter (32.7kg vs 34.8kg, p<0.05) and

shorter in stature (139.8cms vs 142.0cms, p<0.01) than their TC counterparts.

A higher proportion of the PT group were noted to be from the most deprived areas in Wales
compared to the TC group (WIMD scores: Mean (SD), 1064 (571) vs 1176 (524), p<0.05).
There was a higher incidence of both antenatal (12% vs 6%, p<0.05) and postnatal maternal
smoking (14% vs 4%, p<0.001) in the PT group when compared with the TC group. Whilst a
high proportion of both PT and TC children were born after the introduction of the Welsh
smoking ban in 2007, this applied to a significantly higher proportion of the TC group
compared with the PT group (79% vs 69%, p<0.001).

There was also a higher incidence of IUGR (14% vs 5%, p<0.01) and delivery by caesarean
section (57% vs 25%, p<0.001) in the PT group. Unsurprisingly, the PT group had greater
incidence of neonatal illness. In total, 108 (20%) PT children had a prior diagnosis of CLD,

with 14 (3%) requiring postnatal corticosteroids and 25 (5%) requiring home oxygen.

A higher incidence of historical and persisting respiratory symptoms was reported in the PT
group compared with the TC group. The PT group reported higher incidence of bronchiolitis
(18% vs 5%, p<0.001), viral-induced wheeze (10% vs 4%, p<0.01) and wheeze-ever (54% vs
27%, p<0.001). Despite no difference between groups in family history of atopy, the PT group
reported greater current respiratory symptoms and treatment compared to the TC group.
Whilst 28% of the PT group reported wheeze in the last 12 months, only 17% have received

inhaled treatment with a similar proportion (16%) having a diagnosis of asthma.
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Table 3-3 Characteristics of preterm- and term-born study participants

Whole population n=739, mean age 9.7 years
<34/40 Preterm-born (PT) 237/40 Term-born controls

(TC)
Subjects (n) 544 (74%) 195 (26%)
Current status
Male 279/544 (51%) 100/195 (51%)
Current Age (y) 9.7 (9.5t09.8) 9.7 (9.5t09.8)

139.8 (138.9 to 141.7) W
32.7 (17.7 t0 88.9) ¥
17.0 (12.2to 32.5)

Current Height (cm)
Current Weight (kg) (range)
Current BMI (range)

142.0 (140.7 to 143.3)
34.8 (21.4 t0 78.2)
17.1(13.2 to 30.9)

WIMD 2019 (Mean SD) 1064 (571)" 1176 (524)
Born post-smoking ban (2007) 79%v 69%
Neonatal History

Gestational Age (wks) (range) 32 (23 to 34)YW 40 (37 to 42)
Birth weight (g) (range) 1701 (450 - 3912) VW 3430 (2155 to 4916)

Birthweight adjusted z-score

0.167 (0.053 to 0.281)

0.062 (-0.028 to 0.199)

IUGR 76/544 (14%) VY 9/195 (5%)
PROM 201/530 (38%) ™Y 6/185 (3%)
C/s delivery 306/542 (57%) ™Y 49/195 (25%)
Antenatal corticosteroids 451/511 (88%) VWV 4/195 (2%)
Postnatal corticosteroids 14/514 (3%) ¥ 0/194 (0%)
CLD 108/544 (20%) "WV 0/195 (0%)
Home oxygen 25/535 (5%) W 0/194 (0%)
ROP 32/544 (6%) VY 0/195 (0%)
Chest drain 19/530 (4%) W 0/193 (0%)
IVH 56/544 (10%) "W 0/195 (0%)
NEC 31/527 (6%) VY 0/194 (0%)
PDA 35/526 (7%) "WV 0/195 (0%)
Combined lliness 94/530 (18%) YWY 0/194 (0%)
Family History

Maternal antenatal smoking 62/532 (12%) ¥ 11/194 (6%)

Maternal postnatal smoking
F/H Asthma

74/539 (14%) "W
296/539 (55%)

8/195 (4%)

91/195 (47%)

F/H Hay fever 289/534 (54%) 115/194 (59%)
F/H Eczema 242/531 (46%) 90/195 (46%)
F/H Allergies 208/531 (39%) 81/193 (42%)
Respiratory symptoms

Bronchiolitis 97/542 (18%) YW 10/194 (5%)
Viral-induced wheeze 52/541 (10%) WV 7/195 (4%)
Pneumonia 34/542 (6%) 6/194 (3%)
Wheeze-ever 281/523 (54%) WY 51/191 (27%)

(

Wheeze last 12 months
Inhalers last 12 months
Diagnosed Asthma

152/544 (28%) "W
93/544 (17%) "WV
88/543 (16%) ¥

25/195 (13%)

12/195 (6%)
10/193 (5%)

95% confidence intervals or percentages shown in brackets unless ranges specified. Adjusted birthweight z-score - adjustments
for gestation and sex. Significance Vp<0.05, VVp<0.01, V¥Vp<0.001. 2019 WIMD used to calculate proportion of those in each
group in the most deprived areas.

Abbreviations: PROM = prolonged rupture of membranes, C/S = caesarean section delivery, CLD = Chronic lung disease, ROP =
retinopathy of prematurity, NEC = necrotising enterocolitis requiring treatment, PDA = patent ductus arteriosus requiring medical
or surgical treatment, Combined Iliness = IVH or ROP or NEC in the neonatal period, Chest drain = insertion to treat pneumothorax,
FH = family history, WIMD Welsh Index of Multiple Deprivation.
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3.2.2 Lung function in the preterm-born population

Of the 739 participants who successfully completed baseline spirometry, 544 were preterm-
born and 195 term-born. Forty children (5%) did not complete post-bronchodilator
spirometry: 28 (5%) in the PT group and 12 (6%) in the TC group. Several children were unable
to perform FeNO testing: 70 (13%) in the PT group and 12 (6%) in the TC group.

Results detailed in Table 3-4 demonstrate that compared to the TC group, all baseline
spirometry measures were lower in the PT group. The baseline %FEV; was significantly lower
(mean 91.2% vs 95.7%, p<0.001) but remained within acceptable parameters. However, 26%
of the PT group had an %FEV; <85% compared with 16% of the TC group (p<0.01) suggesting

a higher level of children in the preterm-born group had clinically significant deficits in %FEV:.

3.2.3 BDRand FeNO

Despite the PT group having the greater increase in %FEV; post-bronchodilator (5.3% vs
3.6%, p<0.01), it remained lower than the TC group (mean 96.4% vs 99.0%, p<0.05) after
bronchodilator. Similarly, whilst there were significant increases in FEV:/FVC ratio (0.038 vs
0.029, p<0.05) and %FEF2s.75% (13.9 vs 11.0, p<0.01) in the PT group, they remained lower

than the TC group.

As expected, a higher proportion of PT children had a positive BDR, defined as an absolute
increase in %FEV: >10% (13% vs 6%, p<0.01). Despite this, there were no differences in the
proportions of children in each group with clinically relevant FeNO >35ppb (13% vs 11%,
p=NS).
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Table 3-4 Lung function measures in preterm- and term-born children

Baseline spirometry
% predicted FEV1
% predicted FVC
FEV1/FVC ratio

% predicted FEF2s - 75%

Post-BD spirometry
% predicted FEV1
% predicted FVC
FEV1/FVC ratio
% predicted FEF2s - 75%

Mean Change in spirometry #*
% predicted FEV:
% predicted FVC
FEV1/FVC ratio

% predicted FEF25-75%

Baseline %FEV1<85% predicted value

Positive BDR

Fractional exhaled nitric oxide (FeNO)

FeNO >35ppb

<34/40
Preterm-born (PT)

n =544
91.2 (90.1 to 92.2) "W
94.3 (93.3 t0 95.3)"
0.85 (0.84 to 0.85) "W
77.0 (75.2 to 78.7) "W

n=516
96.4 (95.4 t0 97.5) ¥
95.7 (94.7 to 96.7)
0.88 (0.88 t0 0.89) ¥
90.5 (88.7 to 92.3)

n=516
5.3 (4.8 t0 5.8) "
1.2 (0.7 to 1.7)
0.038 (0.034 t0 0.042)"
13.9 (12.8 to 14.9) W

141 (26%) VY

66 (13%) WY

n=474
61 (13%)

237/40
Term-born control (TC)

n =195
95.7 (94.2 t0 97.0)
96.2 (94.8 t0 97.7)
0.87 (0.86 to 0.88)
86.4 (83.6 t0 89.1)

n =183
99.0 (97.5 to 100.5)
96.7 (95.2 to 98.3)
0.89 (0.89 to 0.90)
96.2 (93.4t099.1)

n=183
3.6 (2.9t0 4.3)
0.5 (-0.1to0 1.1)
0.029 (0.023 to 0.035)
11.0 (8.9 to 13.0)

31 (16%)

10 (6%)

n=183
20 (11%)

95% confidence intervals or percentages shown in brackets. Significance Vp<0.05, VV¥p<0.01, v¥Vp<0.001.
## Mean change in spirometry readings based on all children with pre- and post-BD spirometry.
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3.2.4 Summary of results

These data so far show that, in addition to lower gestation and birthweight, the preterm-
born population had higher incidence of IUGR, delivery by caesarean section, respiratory
illness and poorer general health in the neonatal period. Compared with term-born controls,
a greater proportion of the preterm-born group were exposed to maternal antenatal and
postnatal smoking. This may be due to a higher proportion of the preterm-born group being
born prior to the introduction of the Welsh smoking ban or associated with greater levels of

deprivation.

Preterm-born children are at greater risk for lung function deficits in childhood compared to
term-born counterparts. They had lower spirometry measures, reported higher rates of
respiratory symptoms, and demonstrated greater responses to a single dose of inhaled

bronchodilator.

Whilst comparison between the preterm- and term-born population showed differences in
lung function, this simplistic approach does not clearly identify those at increased risk for
significant lung function deficits in childhood and those who may benefit from inhaled
therapies. There is a need to accurately identify those at highest risk for clinically significant
lung function impairment, evaluate their response to bronchodilator and identify any role
that FeNO may have. One disease process that may be associated with the increased risk for

lung function deficits in childhood is CLD, which | explored next.
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3.3 Childhood lung function deficits in the preterm-born population and the
role of CLD

CLD has historically been used as a predictor for later life lung function deficits. The pathology
of CLD has evolved from one of abnormal fibrotic lungs with areas of collapse and
hyperinflation to one of larger simplified alveoli with altered architecture. Whilst diagnostic
criteria have been adapted to reflect this fundamental change in the pathology of the
disease, it may be that progression of clinical management may have resulted in further
evolution of disease pathology resulting in existing adaptations to diagnostic criteria already
being outdated. The potential evolution of CLD pathology and inconsistent application of
diagnostic criteria have led to others questioning the value of CLD in predicting lung function
deficits in graduates of modern neonatal care (Corwin et al. 2018). Despite these questions,
| hypothesised that preterm-born children with a history of CLD in infancy have a greater
incidence of lung function deficits compared to term- and preterm-born children with no

history of CLD.

To understand the impact of CLD on childhood lung function in this cohort of children born
in the post-surfactant era, | analysed the characteristics and lung function of the preterm-
born group by diagnosis of CLD, comparing those with CLD (CLD), defined as supplemental
oxygen requirement at 28 of days age, those without CLD (No-CLD) and term-born controls

(TC).

Lung function deficits have also previously been associated with the severity of CLD (Shennan
et al. 1988). With an adequate number of children with CLD in the cohort, | took the
opportunity to undertake sub-group analysis of those with mild CLD based on oxygen
requirement limited to 28 days of age (CLDs), or moderate/severe CLD (CLD3s) based on an
oxygen requirement at 36 weeks’ PMA for those born <32 weeks’ gestation or having an

oxygen requirement at 56 days of age or at discharge for those born 232 weeks’ gestation.

This section examines the role of CLD on lung function compared with preterm-born children
without CLD and term-born controls. It evaluates the impact that disease severity has on lung
function and describes the response to bronchodilator in those with CLD compared with
those without CLD and term-born controls. The role of Th2 driven eosinophilic inflammation

is also evaluated.
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3.3.1 Characteristics of participants by CLD status
Table 3-5 describes the participant demographics by CLD status. In total, 739 children (544
preterm- and 195 term-born) successfully completed baseline spirometry. Of the 544

preterm-born participants, 108 (20%) had CLD; 40 (37%) had CLDs and 68 (63%) CLD3s.

The CLD group were shorter than those in the No-CLD group (138.2cms vs 140.2cms, p<0.05).
The CLD group were also lighter than the TC group (30.8kg vs 34.8kgs, p<0.01) and shorter

than the TC group, although this was not statistically significant.

Predictably, both preterm-born groups were born at earlier gestations and had lower birth
weights compared to the TC group. Compared with the TC group, median gestational age of
40 weeks’, both preterm-born groups were born earlier - the No-CLD group at 32 weeks’
gestation (p<0.001) and the CLD group at 27 weeks’ gestation (p<0.001). The CLD group were

born at significantly lower gestation compared with the No-CLD group (p<0.001).

Both preterm-born groups also had lower birthweights compared with the mean birthweight
of 3430 grams observed in the TC group - No-CLD group 1843 grams (p<0.001) and CLD group
946 grams (p<0.001). Again, there was a significant difference between those with and

without CLD, with the CLD group having the lowest birthweight (p<0.001).

Both preterm-born groups had lower WIMD scores compared to the TC group (Mean (SD),
No-CLD 1048 (571), CLD 1127 (567), TC 1176 (524)). However, the only significant difference
was between the No-CLD and TC group (p<0.05). A greater proportion of the TC group were
born after 2007 compared with No-CLD (79% vs 70%, p<0.05) and CLD (79% vs 64%, p<0.01)

groups.

The rates of prolonged rupture of membranes (PROM), administration of maternal antenatal
corticosteroids and delivery by caesarean section were higher in both CLD and No-CLD
groups compared to the TC group. Both CLD and No-CLD groups had higher incidence of IUGR
compared to the TC group (18% vs 5%, p<0.001 and 13% vs 5%, p<0.01 respectively).

As expected, compared with the TC group, both preterm-born groups had increased rates of
illness during the neonatal period. Compared to the No-CLD group, the CLD group had
received more postnatal corticosteroids (15% vs 0%, p<0.001) and more were discharged
home on oxygen (23% vs 0%, p<0.001). The CLD group had greater neonatal morbidity when
compared to the No-CLD group: ROP (22% vs 2%, p<0.001), IVH (30% vs 6%, p<0.001), NEC
(20% vs 2%, p<0.001) and chest drain insertions (7% vs 3%, p<0.01). Overall, 52% of the CLD
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group compared with 9% of the No-CLD group had combined illness (PDA, NEC, or ROP)
(p<0.001).

Having earlier described similar proportions of those with a family history of atopy between
the whole PT and TC groups, analysis based on CLD status revealed that the No-CLD group
had a higher proportion of family history of asthma when compared with the TC group (56%
vs 47%, p<0.05), but not the CLD group. All other measures of family history of atopy were

comparable between all groups.

The increased proportion of preterm-born children exposed to maternal antenatal and
postnatal smoking compared with term-born controls has previously been described (Moore
et al. 2016). Whilst the rates of maternal smokers were similar between both the CLD and
No-CLD groups, both preterm-born groups had higher maternal antenatal and postnatal

smoking compared to the TC group.
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Table 3-5 Characteristics of participants based on CLD status

<34/40 <34/40 with <34/40 with <34/40 237/40
with CLD CLD at 28 CLD at 36 without CLD Term-born
(CLD) days weeks’ (No-CLD) controls (TC)
(CLD2s) (CLD36)
Subjects (n) 108 (20%) ® 40 (37%) " 68 (63%)° 436 (80%) ® 195 (26%)
Current status
Male 57/108 (53%)  25/40 (63%) 32/68 (47%) 222/436 100/195
(51%) (51%)
Current Age (y) 9.7 (9.4to 9.5(9.0to 9.9(9.5to 9.6 (9.5to 9.7(9.5to
10.0) 9.9) 10.2) 9.8) 9.8)
Current Height (cm) 138.2 (136.1  138.0(134.6  138.3(135.5  140.2(139.2  142.0(140.7
to 140.3) ¥ to 141.4) to 141.1) to 141.1) to 143.3)
Current Weight (kg) 30.8(17.7to  29.8(17.7to  32.4(19.4to 33.0(18.2to @ 34.8(21.4to
(range) 72.3) ™ 72.3) 62.4) 88.9) 78.2)
Current BMI 16.7 (12.8 to 16.2 (13.6 to 17.2 (12.8 to 17.0(12.2to 17.1(13.2to
(range) 30.5) 30.5) 26.4) 32.5) 30.9)
WIMD 2019 (Mean 1127 (567) 1210 (561) 1077 (568) 1048 (571) ¢ 1176 (524)
SD)
Born post-smoking 69/108 (64%) 26/40 (65%) 43/68 (63%)" 304/436 153/195
(2007) ** (70%)¢ (79%)
Neonatal history
Gestational Age (wks) 27 (23 to 32) 28 (24 to 31) 27 (23 to 32) 32 (26 to 34) 40 (37 to 42)

(range)
Birth weight (g)
(range)

Birthweight Adjusted
z-score

IUGR

PROM

C/S delivery
Antenatal steroids
Postnatal
corticosteroids
Home oxygen

ROP

Chest drain
IVH

NEC
PDA

Combined lliness

YYY REk

946 (450 to
2300) ¥ =

-0.054 (-
0.290 to
0.187)
19/108 (18%)

ko

34/108 (32%)

*okok

53/108 (49%)

sokok

94/103 (91%)

*okok

14/95 (15%)

*okok

25/107 (23%)
vy, 2
24/108
(22%)"* ™
7/106 (7%) **
32/108
(30%)** ™
21/105
(20%)¥¥% ™
32/105
(31%)*
56/107 (52%)

YYY REk

WY, AAA

1117 (652 to
1700) WYy, AAA

0.094 (-0.243
to 0.432)

3/40 (8%)

15/40 (38%)

AAA

16/40 (40%) ¥

34/38 (90%)

AAA

2/38 (5%) ¥V
A
0/39 (0%)

7/40 (18%)
WWuw, AAA
3/39 (8%) 4
13/40 (33%)

www, A0A

4/38 (11%) ¥

AA

8/37 (22%)

WY, AAA

18/39 (46%)

WY, AAA

#2#, TTT

905 (450 to
2300)
#2#, TTT

-0.142 (-
0.464 to
0.180)

16/68 (24%)*

# TTT

19/68 (28%)
Tt

37/68 (54%)

T

60/65 (92%)
Tt

12/57 (21%)

G, 22, T1T

25/68 (37%)

Yty 222, TTT

17/68 (25%)
#2#, TTT
4/67 (6%) ™
19/68 (28%)

#2#, TTT

17/67 (25%)

#2#, TTT

24/68 (35%)

z2#, TTT

38/68 (56%)

z2#, TTT

tae

1843 (500 to
3912) 44

0.220 (0.092
t0 0.352)

57/436 (13%)
o
167/422
(40%) (ulifs
253/434
(58%) tae
357/408
(88%) ¢a¢
0/419 (0%)

0/428 (0%)
8/436 (2%)

12/424 (3%) ¢

24/436 (6%)
a¢

10/422 (2%) ¢

3/421 (1%)

38/423 (9%)
aad

3430 (2155 to
4916)

0.062 (-0.028
to 0.199)

9/195 (5%)
6/185 (3%)
49/195 (25%)
4/195 (2%)
0/194 (0%)
0/194 (0%)
0/195 (0%)

0/193 (0%)
0/195 (0%)

0/194 (0%)
0/195 (0%)

0/194 (0%)
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Family History
Maternal antenatal
Smoking

Maternal postnatal
smoking

F/H Asthma

F/H Hay fever
F/H Eczema

F/H Allergies

15/108 (14%)
16/108 (15%)
53/108 (49%)
51/106 (48%)
43/106 (41%)

35/106 (33%)

3/40 (8%)
5/40 (13%)
18/40 (45%)
17/38 (45%)
14/38 (37%)

13/38 (34%)

12/68 (18%)
T

11/68 (16%)
T
35/68 (52%)
34/68 (50%)
29/68 (43%)

22/68 (32%)

47/424 (11%)
¢

58/431 (14%)
aae
243/431
(56%) ¢
238/428
(56%)
199/425
(47%)
173/425
(41%)

11/194 (6%)
8/195 (4%)
91/195 (47%)
115/194
(59%)
90/195 (46%)

81/193 (42%)

95% confidence intervals or percentages shown in brackets unless ranges specified. Adjusted birthweight z-score - adjustments for

gestation and sex.? =% preterm-born population, ® =%preterm-born population with CLD, € = % of total population.

CLD vs No-CLD ¥ p<0.05, ¥¥ p<0.01, ¥¥¥p<0.001
No-CLD vs TC ¢p<0.05, ¢¢p<0.01, ¢¢¢p<0.001
CLD3s vs No-CLD #p<0.05, #£p<0.01, #££p<0.001

CLD2s vs No-CLD Wp<0.05, WWp<0.01, YWWp<0.001

CLD vs TC *p<0.05, ** p<0.01, *** p<0.001
CLDss vs CLD2s 4p<0.05, 44p<0.01, 544p<0.001,
CLDss vs TC Tp<0.05, T1p<0.01, T11p<0.001
CLD3s vs TC Ap<0.05, AAp<0.01, AAAp<0.001

Abbreviations: PROM = prolonged rupture of membranes, C/S = caesarean section delivery, CLD =Chronic lung disease, ROP =
retinopathy of prematurity, NEC = necrotising enterocolitis requiring treatment, PDA = patent ductus arteriosus requiring medical or
surgical treatment, Combined lliness = IVH or ROP or NEC in the neonatal period, Chest drain = insertion to treat pneumothorax, FH =

family history.
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Having previously described higher reporting of respiratory symptoms in preterm-born
children compared with term-born controls, analysis of preterm-born children by CLD status
showed a gradient in rates of bronchiolitis with the highest rates reported in the CLD group,
intermediate rates in the No-CLD group and the lowest rates in the TC group (29%, 15% and
5% respectively), (Table 3-6). Similarly, both the CLD and No-CLD groups reported greater
prevalence of wheeze-ever compared to the TC group (68%, 50% and 27% respectively). The
CLD group had the highest incidence of bronchiolitis compared to both the No-CLD (p<0.01)
and TC groups (p<0.001) and the highest prevalence of wheeze-ever compared to the No-

CLD (p<0.01) and TC (p<0.001) groups.

Both preterm-born groups reported higher wheeze in the last 12 months compared with
term-born controls. Unlike wheeze-ever, the incidence of wheeze in the last 12 months
dropped to the same level of 28% in both the CLD and No-CLD groups. The proportions of
children with a diagnosis of asthma and those who have received inhalers in the last 12

months were also comparable between the two preterm-born groups.
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Table 3-6 Postnatal respiratory health by CLD status

<34/40
with CLD
(cLD)

Subjects (n)
Bronchiolitis

108 (20%)?
31/108
(29%)% ***

Viral-induced 9/107 (8%)

wheeze

Pneumonia 12/108 (12%)
¥¥ *k

Wheeze-ever 72/106 (68%)
¥¥’ * Kk

Wheeze last 12 30/108 (28%) **

months
Inhalers last 12 15/108 (14%) *
months
Diagnosed 18/108 (17%) **
Asthma

<34/40 with
CLD at 28 days
(CLD2s)

40 (37%)°
11/40 (28%) ¥

JAYiYAY
4/40 (10%)
6/40 (15%) ¥ 4
23/39 (59%) 242
8/40 (20%)

7/40 (18%) 2

8/40 (20%) 24

<34/40 with
CLD at 36
weeks’
(CLD36)
68 (63%)°

20/68 (29%) **

Tt

5/67 (8%)

7/68 (10%) *

49/67 (73%) ™

T

22/68 (32%)
8/68 (12%)

10/68 (15%) *

<34/40
without CLD
(No-CLD)

436 (80%)®
66/434 (15%) ¥

43/436 (10%) %
21/434 (5%)

209/417 (50%)
aae

122/436 (28%)
tad

78/436 (18%)
¢ag

70/435 (16%)
¢ag

>37/40
Term-born
controls
(TC)
195 (26%)
10/194 (5%)
7/195 (4%)
6/194 (3%)
51/191 (27%)
25/195 (13%)
12/195 (6%)

10/193 (5%)

95% confidence intervals or percentages shown in brackets unless ranges specified. Adjusted birthweight z-score - adjustments for

gestation and sex.? =% preterm-born population, ® =%preterm-born population with CLD, ¢ = % of total population.

CLD vs No-CLD ¥ p<0.05, ¥¥ p<0.01, ¥¥¥p<0.001
No-CLD vs TC ¢p<0.05, ¢¢tp<0.01, ¢di¢p<0.001
#p<0.05, #£p<0.01, z££p<0.001
CLDzsvs No-CLD  Wp<0.05, WWp<0.01, WWWp<0.001

CLD36 vs No-CLD

CLDs36 vs CLD2s
CLD3s vs TC
CLD2s vs TC

CLD vs TC *p<0.05, ** p<0.01, *** p<0.001
4p<0.05, 44p<0.01, 444p<0.001,

Tp<0.05, T1p<0.01, T11p<0.001

Ap<0.05, AAp<0.01, AAAP<0.001
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3.3.2 Lung function by CLD status

Successful baseline spirometry was completed by 108 children with CLD, 436 children with
No-CLD and 195 term-born controls. 3 (3%) children from the CLD group, 25 (6%) children
from the No-CLD group and 12 (6%) children from the TC group did not perform post-
bronchodilator spirometry. Additionally, 24 (22%) children from the CLD group, 46 (11%)
children from the No-CLD and 12 (6%) children from the TC group could not perform FeNO.

All baseline spirometry measures were lower in the CLD group compared to both the No-CLD
and TC groups (Table 3-7). The CLD group had the lowest baseline %FEV; compared to both
the TC (86.2% vs 95.7%, p<0.001) and No-CLD groups (86.2% vs 92.4%, p<0.001). However,
the No-CLD group also had lower %FEV; when compared with the TC group (92.4% vs 95.7%,
p<0.01). Additional measures of lung function impairment - FEV1/FVC ratio and %FEF2s.75%

were also reduced in both the CLD and No-CLD groups compared with the TC group.

3.3.3 BDRand FeNO

Those with CLD had the largest increases in all spirometry measures following inhalation of
bronchodilator except for %FEF;s.75%, which was noted to have increased by a similar percent
in all three groups. The post-bronchodilator increases in the CLD group resulted in a %FVC
which was comparable to the No-CLD and TC groups. However, %FEV1, FEV1/FVC and %FEF;s.
75% measures in the CLD group remained lower than both comparison groups. The No-CLD
group had %FEVi, FEV1/FVC and %FEF;s.7s% measures that were comparable with the TC

group after bronchodilator(Table 3-7, Figure 3-4).

The CLD group had the lowest baseline spirometry measures and the largest proportion of
children with a positive BDR (19%). However, those in the No-CLD group also had reduced
baseline spirometry and a higher proportion of children with a positive BDR (11%) compared
with the TC group (6%). Despite the No-CLD group having a significantly higher proportion of
family history of asthma compared to the TC group (56% vs 47%, p<0.05), the proportions of

children with a high level of FeNO was similar across all three groups.
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Table 3-7 Lung function by CLD status

Baseline spirometry
% predicted FEV1

% predicted FVC
FEV1/FVC ratio
% predicted FEF2s - 75%
Post-BD spirometry
% predicted FEV:
% predicted FVC
FEV1/FVC ratio

(95% Cl)
% predicted FEF2s - 75%

Mean Change in

spirometry ##
% predicted FEV:
% predicted FVC

FEV1/FVC ratio
% predicted FEF2s - 75%
Baseline %FEV1<85%

predicted value

Positive BDR

FeNO
FeNO >35ppb

<34/40
with CLD
(cLD)

n =108
86.2 (83.7 to
88.8) ¥ ™"
92.0(89.8 to
94.1)% ™
0.82 (0.80 to
0.84) ¥ ™"
68.7 (64.6 to
72.8) ¥4

n =105
92.6 (90.3 to
94.9) ¥ ™
94.2 (92.1to
96.3)
0.86 (0.85 to
0.88) ¥ ™"
82.4(78.2 to
86.7) ¥4 ™

n =105

6.6 (5.2 to
7.9)% "
2.2 (0.9 to
3.5)"
0.043 (0.034
t0 0.053)"
14.2 (12.2 to
16.3)

41 (38%) ¥ ™

20 (19%) ¥

n=84
6 (7%)

<34/40 with
CLD at 28
days
(CLD2s)

n =40
88.7(84.9to
92.5) 48
92.3(88.9to
95.7)
0.84 (0.82 to
0.86)
73.6 (67.3 to
79.9) 48

n =38
94.0 (90.5 to
97.5)
93.5(90.1to
96.9)
0.88 (0.86 to
0.89)
87.2 (80.9 to
93.4)

n =38

6.0 (4.2 to
7.7)

1.5 (-0.1 to
3.1)
0.041 (0.027
to 0.054)
14.7 (11.8 to
17.6)

15 (38%) 4

5 (13%)

n=34
2 (6%)

95% confidence intervals or percentages shown in brackets.

CLD vs No-CLD ¥ p<0.05, ¥¥ p<0.01, ¥¥¥ p<0.001
No-CLD vs TC ¢p<0.05, ¢¢p<0.01, ¢di¢p<0.001

CLD3s vs No-CLD #p<0.05, #£p<0.01, #££p<0.001
CLD2s vs No-CLD Wp<0.05, WWp<0.01, WWWp<0.001 CLD2s vs TC Ap<0.05, AAp<0.01, AAAp<0.001

# Mean change in spirometry readings based on all children with pre- and post-BD spirometry.

<34/40 with
CLD at 36
days
(CLD36)

n =68
84.8(81.4to
88.2) ###, TTT
91.8 (89.0 to
94.5)7
0.81(0.79 to
083) #2#, TTT
65.8 (60.5 to
711) ###, 1T

n =67
91.8 (88.8 to
949) ##, TTT
94.6 (91.9 to
97.3)
0.85(0.83 to
087) ###, 1T
79.8 (74.2 to
853) #2#, TTT

n =67

6.9 (5.1to
8.8) ™"
2.6 (0.7 to
4.5)"
0.045 (0.032
to 0.057)
14.0 (11.1 to
16.8)

26 (38%) ** T

15 (22%) * ™"

n =50
4 (8%)

CLD vs TC *p<0.05, ** p<0.01, *** p<0.001
CLDss vs CLD2s 4p<0.05, 54p<0.01, 444p<0.001,

<34/40
without CLD
(No-CLD)

n =436
92.4(91.2 to
93.5)%
94.9 (93.8 to
95.9)
0.85(0.85 to
0.86)¢
79.0 (77.1to
80.9) ¢

n=411
97.4(96.3 to
98.6)
96.1 (95.0 to
97.2)
0.89 (0.88 to
0.89)
92.5(90.6 to
94.5)

n=411

4.9 (4.4to
5.5)¢
0.9 (0.5 to
1.4)
0.036 (0.032
t0 0.041)
13.8 (12.6 to
15.0) ¢

100 (23%) ¢

46 (11%)¢

n =390
55 (14%)

CLD36 vs TC Tp<0.05, T1p<0.01, T11p<0.001

237/40
Term-born
control
(TC)

n =195
95.7 (94.2 to
97.0)
96.2 (94.8 to
97.7)
0.87 (0.86 to
0.88)
86.4 (83.6 to
89.1)

n=183
99.0 (97.5to
100.5)
96.7 (95.2 to
98.3)
0.89 (0.89 to
0.90)
96.2 (93.4 to
99.1)

n=183

3.6(2.9to
4.3)

0.5 (-0.1to
1.1)
0.029 (0.023
t0 0.035)
11.0 (8.9 to
13.0)

31 (16%)

10 (6%)

n=183
20 (11%)
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Pre- and post-bronchodilator mean %FEV, by CLD status
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Figure 3-4 Change in %FEV; and %FEFs.75% following bronchodilator by CLD status.

Mean changes in spirometry and %FEV1and %FEF2s.75% with 95% Cl in the CLD, No-CLD and TC groups. Significant differences in
mean change within each group are detailed with p-values at the top of each chart. Significant differences in mean change
between each group are detailed with p-values at the bottom of each chart.

a. Shows the mean %FEV: at baseline and post-bronchodilator for each group. All groups had significant changes in mean %FEV:1
post-bronchodilator. There were also significant differences between groups. Despite the CLD group having significantly higher
mean %FEV1 change compared to No-CLD and TC groups, the post-bronchodilator %FEV1 remains below the baseline value
observed in the TC group. Despite having a significantly lower baseline %FEV1compared with the TC group, post-bronchodilator,
this difference is no longer significant in the No-CLD group.

b. Shows the mean %FEFas.7s% at baseline and post-bronchodilator for each group. Each group had significant changes in mean
%FEF2s.75% post-bronchodilator. A significant difference in mean change in %FEF2s.75% between the No-CLD and TC groups was
observed.
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3.3.4 Incidence of lung function deficits

Subsequent to the observation of reduced mean baseline %FEV; in both the No-CLD and CLD
groups, further analysis of the proportions of children with clinically significant reduction in
%FEV1 was undertaken. Using a %FEV; value of <85% as a pragmatic proxy for LLN in children
7 to 12 years, | analysed the proportion of children with evidence of a %FEV: <85% in all

groups.

Both the CLD (38%) and No-CLD (23%) groups had higher incidence of a %FEV1 <85% when
compared to the TC group (16%, p<0.001 and p<0.05 respectively), (Table 3-7). The CLD
group had an increased OR for a %FEV; <85% of 3.14 (95%Cl 1.82 to 5.45) compared with the
TC group and, 1.99 (95%Cl 1.27 to 3.13) when compared with the No-CLD group. When
compared with the TC group, the No-CLD group also had a significantly higher OR of 1.58
(95%Cl 1.01 to 2.47) for a %FEV; <85%.

3.3.5 Impact of CLD severity
By dividing the CLD group into those with CLD,s and CLD3s and comparing characteristics and
lung function and with the No-CLD and TC groups, | assessed the impact that the severity of

CLD has upon lung function.

3.3.5.1 Characteristics

Table 3-5 details the characteristics of children in the CLD,s and CLD3s groups. Whilst there
were no significant differences between the CLD2s and CLD3s for gestation or birthweight,
the CLD3s group had the largest proportion of those with IUGR compared with the CLD,s (24%
vs 8%, p<0.05) and No-CLD (24% vs 13%, p<0.05) and TC (24% vs 5%, p<0.001) groups. The

incidence of IUGR in the CLD,s group was similar to the TC group (8% vs 5%).

Disease severity was not associated with greater deprivation or proportions of children born
after the Welsh smoking ban. The CLDss group had the highest rates of maternal antenatal
smoking compared with the CLD2s (18% vs 8%), No-CLD (18% vs 11%) groups. However,
statistical difference was only found when comparing the CLDs¢ group to the TC group (18 vs
6%, p<0.01). The CLDs group had comparable levels of maternal antenatal smoking with the

TC group (8% vs 6%).

The CLD3ss group also had the highest incidence of ROP, NEC and PDA when compared to the
CLD,g group (ROP 25% vs 18%, NEC 25% vs 11%, PDA 35% vs 22%). These differences were

not statistically significant; however, this may be due to the small number of children within
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each group. Statistically significant rates of ROP, NEC and PDA were found when comparing
the CLDs3¢ with the No-CLD and TC groups. Similar differences were also observed when

comparing the CLD2s group with the No-CLD and TC groups.

There were statistically significant differences between CLD;s and CLDss groups in the
proportions of children who required postnatal corticosteroids (5% vs 21% ,p<0.05), whilst

home oxygen use was confined to 25 (37%) children in the CLD3g group (p <0.001).

The CLDss group reported higher wheeze-ever (73% vs 59%) and wheeze in the last 12
months (32% vs 20%) compared to the CLD,s group. However, these differences were not
statically significant. Both CLD3s and CLD,s groups had significantly higher wheeze-ever
compared with the TC group (73% vs 27%, p<0.001 and 59% vs 27%, p<0.001 respectively).
A significant difference in reported wheeze-ever was found between the CLD3s and No-CLD
group (73% vs 50%, p<0.01) but not between CLD,s and No-CLD (59% vs 50%). The only
significant difference observed in reported wheeze in the last 12 months was between the
CLD3¢ and TC group (32% vs 13%, p<0.01). The CLDys group reported higher incidence of
asthma diagnosis and inhaler use, although this difference was only significant when

compared with the TC group (Table 3-6).

3.3.5.2 Lung function

All baseline spirometry measures in the CLD36 group were significantly lower than the TC and
No-CLD groups (Table 3-7). They were also lower than the CLD,s group but did not reach
statistical significance. Baseline spirometry measures in the CLD2s group were also lower than
the TC and No-CLD groups. However, only %FEV: and %FEF,s.7s% between the CLD,s and TC
groups were statistically different (88.7% vs 95.7%, p<0.01 and 73.6% vs 86.4%, p<0.01).

The proportions of children with a %FEV1 <85% in both the CLD3sand CLD,s were the same
(38%). These proportions were lower than the No-CLD (23%) and TC group (16%).

3.3.5.3 BDRand FeNO

Despite post-bronchodilator increases, %FEV1, FEV1/FVC and FEFas.7s% in the CLD3g group
remained significantly lower than the No-CLD and TC groups. They also remained lower than
the CLD.s group, but this difference was not statistically significant. Post-bronchodilator
spirometry in the CLD,s group remained lower than both No-CLD and TC groups, but these

differences were not significant.
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The CLDss group had the highest proportion of children (22%) with a positive BDR compared
to CLD,s (13%), No-CLD (11%) and TC (6%) groups. The differences between the CLD3s and

both the No-CLD and TC groups were statistically significant.

Despite these spirometry findings, proportions of those with a FeNO >35ppb in both CLDys
and CLDss groups were lower (8% and 6% respectively) than the No-CLD (14%) and TC (6%)

groups although these differences were not statistically different.
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3.3.6 Summary of results

Children with a history of CLD were three times more likely than term-born controls and
twice as likely as preterm-born children without CLD to have a %FEV1 <85%. Whilst severity
of CLD did not impact the incidence of %FEV; <85%, BDR or FeNO levels, those with CLDs

had the lowest spirometry measures and largest response to inhaled bronchodilator.

Preterm-born children without CLD were also one and a half times more likely to have a
%FEV1 <85% than term-born controls. With 62% of children with CLD having normal lung
function and 23% of the No-CLD group having a %FEV1 <85% it is reasonable to suggest that
CLD may not be the optimal predictor of lung function deficits in the preterm-born

population.

Children with CLD were born at earlier gestational age and lowest birthweight. They suffered
poorer health during the neonatal period and reported greater incidence of respiratory
illness in infancy compared to both the No-CLD and TC groups. However, with similar
incidence of current reported respiratory symptoms between those with and without CLD,
it may be reasonable to suggest that a diagnosis of CLD may reflect poor respiratory health

that is limited to early life.

Despite 38% of the CLD and 23% of the No-CLD groups having a %FEV;: <85%, a lower
proportion of both groups (19% and 11% respectively) had a positive BDR suggesting some
children have degree of irreversible or fixed airflow limitation. The similar proportions of
children with FeNO >35ppb across all groups suggests Th2 driven eosinophilic inflammation

is not associated with CLD status.

There was, therefore, a need to further analyse of the whole preterm-born population by
current %FEV; to improve understanding of the predictive value of CLD and other early life
factors including sex, gestation, IUGR, deprivation and maternal smoking on lung function in

childhood.
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3.4 Early life factors associated with lung function deficits in the preterm-
born population

Having demonstrated that a proportion of preterm-born school-aged children with and
without a history of CLD have ongoing lung function deficits, this section aimed to clearly
define the lung function deficits in the preterm-born population based on current spirometry

and explore early life factors associated with lung function deficits.

Analysis of demographic details and lung function measures were undertaken by dividing
the preterm-born population into those with a %FEV; <85% labelled Pow and those with a
%FEV1>85% who formed a preterm-born control group (PTC) and comparing with term-born
controls (TC). Assessments of BDR and FeNO in the Pi,w, PTC and TC groups are described.
Exploration of early life factors that may help to identify those at higher risk of lung function

impairment was also undertaken.

3.4.1 Characteristics of participants by current %FEV,

Table 3-8 describes the characteristics of all three groups. In total, 141 (26%) of all preterm-
born participants had a %FEV; <85% . The Pi,w and PTC groups had a lower WIMD scores
(Mean (SD), Piow 1064 (577) and PTC 1064 (569)) than the TC group (Mean (SD), 1176 (524)),
but these differences were not statistically different. A significantly lower proportion of
children in the Piow group compared with both PTC and TC were born after the introduction
of the Welsh smoking ban 2007 (58% vs 72% p<0.001, and 58% vs 79% p<0.001,
respectively). The TC group had significantly lower rates of maternal antenatal and postnatal
smoking compared to both the P, and PTC groups. However, there were no differences in

the rates of maternal antenatal and postnatal smoking between the P, and PTC groups.

As expected, both preterm-born groups were born at lower gestations and birthweight than
term-born controls. They also had greater morbidity in the neonatal period and reported
greater respiratory disease in infancy. Acknowledging that these findings are consistent with
earlier comparisons of characteristics between the preterm- and the term-born groups,
discussion related to participant characteristics focuses on the differences between the two

preterm-born groups.

The Piow group had a lower median gestation at birth than the PTC group (31 vs 32 weeks’,
p<0.01), lower birth weight (1450gms vs 1758gms, p< 0.01) and higher incidence of IUGR
(20% vs 12%, p<0.001). The incidence of PROM, birth by LSCS, use of maternal antenatal
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corticosteroid administration and family history of atopy were comparable between the two

preterm-born groups.

Compared with the PTC group, the Piow group had higher incidence of IVH (18% vs 7%,
p<0.001), chest drain insertion (9% vs 2%, p<0.01) and combined illness (30% vs 14%,
p<0.001). Despite the Pi,w group having consistently higher proportions of those with home
oxygen, ROP, NEC and PDA compared to the PTC group, they were not significant. The
incidence of CLD was also higher in the P group (29% vs 16%, p<0.01), with a larger
proportion of those with CLD3s in the Piow group (18% vs 10%, p<0.05). However, it is notable
that 16% of those in the PTC group also had CLD.
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Table 3-8 Characteristics of participants based on %FEV;

Subjects (n)

<34/40
% predicted FEV1<85
(Plow)
141 (26%) ®

<34/40 control
% predicted FEV1 >85
(PTC)
403 (74%)°

>37/40
Term-born controls
(TC)
195 (26%)°®

Current status
Male

Current Age (y)
Current Height (cm)
Current Weight (kg)
(range)

Current BMI (range)
WIMD 2019 (Mean
SD)

Born post-smoking
ban (2007)

68/141 (52%)
9.9 (9.7 t0 10.2) ==
140.7 (139.1 to 142.4)~
32.4 (18.2 t0 62.8)

16.5 (12.2 to 28.0)
1064 (577)

82/141 (58%)=~~ o%°

211/403 (52%)
9.5(9.4t09.7)
139.5 (138.4 to 140.5)*
32.8(17.7 t0 88.9)

17.0 (12.8 to 32.5)
1064 (569)

291/403 (72%)

100/195 (51%)
9.7 (9.5 t0 9.8)
142.0 (140.7 to 143.3)
34.8 (21.4t0 78.2)

17.1 (13.2 to 30.9)
1176 (524)

153/195 (79%)

Neonatal History
Gestational Age
(wks) (range)
Birth weight (g)
(range)
Birthweight adjusted
z-score

IUGR

PROM

C/S delivery
Antenatal
corticosteroids
Postnatal
corticosteroids
CLD

CLD2s

CLDse

Home oxygen
ROP

Chest drain

IVH

NEC

PDA

Combined lliness

31 (24 to 34) == ©0@

1450 (482 to 2930) =
000

-0.087 (-0.312 to0 0.139)
28/141 (20%) = ©°®
51/137 (37%) ©®°
79/141 (56%) ©°°
122/135 (90%) ©°°

6/131 (5%) ©°

41/141 (29%) ==
15/141 (11%)
26/141 (18%) =
9/138 (7%) ©°°
13/141 (9%) ©°®
12/138 (9%) == ©6®
26/141 (18%) === ©©°
13/137 (10%) ©°°
14/138 (10%) ©°©
41/139 (30%) === ©9®

32 (23 to 34) *
1758 (450 to 3912)
0.256 (0.124 to 0.387)

48/403 (12%)
150/393 (38%) ***
227/401 (57%)
329/376 (88%)

8/383 (2%) *

67/403 (16%)
25/403 (6%)
42/403 (10%)
16/397 (4%) **
19/403 (5%)
7/392 (2%)
30/403 (7%)
18/390 (4%) **
21/388 (5%)
53/391 (14%) >

40 (37 to 42)
3430 (2155 to 4916)
0.062 (-0.028 to 0.199)

9/195 (5%)
6/185 (3%)
49/195 (25%)
4/195 (2%)

0/194 (0%)

0/195
N/A
N/A

0/194 (0%)
0/195 (0%)
0/193 (0%)
0/195 (0%)
0/194 (0%)
0/195 (0%)
0/194 (0%)

Family History
Maternal antenatal
smoking

Maternal postnatal
smoking

F/H Asthma

F/H Hay fever

F/H Eczema

F/H Allergies

14/138 (10%)
16/140 (11%) ©

83/140 (59%) °©
72/138 (52%)
59/138 (43%)
52/138 (38%)

48/394 (12%)
58/399 (15%) ™

213/399 (53%)
217/396 (55%)
183/393 (47%)
156/393 (40%)

11/194 (6%)
8/195 (4%)

91/195 (47%)
115/194 (59%)
90/195 (46%)
81/193 (42%)

95% confidence intervals or percentages shown in brackets unless ranges specified. 2 = % of total population, ® = % preterm-born
population. Piow v PTC 20p<0.05, e000p<0.01, e2eoc0p<0.001, Piow v TC ©p,0.05, 66p<0.01, 666p<0.001, PTC v TC xp<0.05,
xxp<0.01, xxxp<0.001. Adjusted birthweight z-score - adjustments for gestation and sex. Abbreviations: PROM = prolonged
rupture of membranes, C/S = caesarean section delivery, CLD = Chronic lung disease, ROP = retinopathy of prematurity, NEC =
necrotising enterocolitis requiring treatment, PDA = patent ductus arteriosus requiring medical or surgical treatment, Combined
lliness = IVH or ROP or NEC in the neonatal period, Chest drain = insertion to treat pneumothorax, FH = family history.
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Comparison of respiratory illness and symptoms between Pj,w and PTC detailed in Table 3-9

showed that the Pjow group reported higher incidence of bronchiolitis (28% vs 15%, p<0.01),

viral-induced wheeze (16% vs 8%, p<0.01), wheeze-ever (63% vs 50%, p<0.05), inhaler use

(23% vs 15%, p<0.05) and diagnosis of asthma (25% vs 13%, p<0.01). Reports of wheeze in

the last 12 months were also higher, but not statistically significant (34% vs 26%, p 0.179).

Table 3-9 Postnatal respiratory health by %FEV; status

<34/40 <34/40 control >37/40
% predicted FEV1<85 % predicted FEV1 >85 Term-born controls
(Piow) (PTC) (TC)
Subjects (n) 141 (26%) ° 403 (74%)® 195 (26%)?
Bronchiolitis 39/141 (28%) == ©9° 58/401 (15%) 10/194 (5%)

Viral-induced
wheeze
Pneumonia
Wheeze-ever
Wheeze last 12
months
Inhalers last 12
months
Diagnosed
Asthma

2 = % of total population, ® = % preterm-born population.

22/141 (16%) == ©©°
13/141 (9%)®
87/138 (63%) = ©©°
48/141 (34%) ©°°
32/141 (23%) =°%°

35/140 (25%) = ©°°

30/400 (8%)
21/401 (5%)
194/385 (50%)
104/403 (26%)
61/403 (15%) ™

53/403 (13%) *

Piow V PTC e0p<0.05, e0c0p<0.01, e2220p<0.001 Piow v TC ©p,0.05, ©6p<0.01, ©66p<0.001

xxxp<0.001
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3.4.2 Lung function by current %FEV;

From 544 preterm-born children who completed baseline spirometry, 141 preterm-born
children had a %FEV; <85% (Piow) and 403 had a %FEV:>85% (PTC). Data from the 195 term-
born controls (TC) were also included. Both the Pi,w and PTC groups had 5% of children who
did not perform satisfactory post-bronchodilator spirometry. Similarly, 6% of the TC group
did not complete post-bronchodilator spirometry. The proportions of children unable to
perform FeNO in the Piw and PTC groups were also similar with rates of 12% and 13%

respectively. Six percent of the TC group could not perform FeNO.

Unsurprisingly, the selection of preterm-born children by %FEV; status resulted in the Piow
group having significantly lower measures across all baseline spirometry compared to both
the PTC and TC groups. The Piow group had significantly lower baseline %FEV; compared to
both the PTC and TC groups (75.6% vs 96.6%, p<0.001 and 75.6% vs 95.7%, p<0.001
respectively) and significantly lower %FVC compared to the PTC and TC groups (83.2% vs
98.2%, p<0.001 and 83.2% vs 96.2%, p<0.001 respectively). Similarly, the Piow group had
significantly lower FEV1/FVC compared with the PTC and TC groups (0.80 vs 0.86, p<0.001
and 0.80 vs 0.87, p<0.001 respectively) and lower FEF;s.7s% compared with the PTC and TC
groups (57% vs 84%, p<0.01 and 57% vs 86.4%, p<0.01 respectively). In contrast, there were
no differences in baseline spirometry when comparing the PTC group with the TC group.

(Table 3-10).

3.4.3 BDRand FeNO

Post-bronchodilator, the P, group had the largest mean increase in %FEV; from 75.6% to
83.3% (increase 7.9%, 95%Cl 6.5 to 9.3%) (Table 3-10). They also had the largest increase in
mean %FVC from 83.2% to 86.4% (increase 3.0%, 95%Cl 1.8 to 4.2%), FEV:/FVC from 0.80 to
0.85 (mean change 0.054, 95%Cl 0.044 to 0.064) and increase in %FEF;s.75% from 57.0% to
71.8% (mean change 15.2%, 95%Cl 13.6 to 17.4). These mean increases in %FEV1, %FVC,
FEV1/FVC observed in the P, group were all highly significant (p<0.001) when compared
with both the PTC and TC groups. Whilst comparison of mean change in %FEF,s.754, between
the P,w and PTC groups was not significant (p 0.506), it was significantly different when

comparing the Pjow with the TC group (p<0.05).

Despite the Piw group having the greatest increases in spirometry measures post-
bronchodilator, the group continued to have significantly lower measures than both the PTC

and TC groups (Figure 3-5).
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Compared with PTC and TC groups, the P, group had the highest proportion of children
with a positive BDR (29% vs 7%, p<0.001 and 29% vs 6%, p<0.001 respectively) and FeNO
>35ppb (23% vs 9%, p<0.001 and 23% vs 11%, p<0.01 respectively). The were no differences
between the proportions of the PTC and TC groups with a positive BDR or FeNO >35ppb.
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Table 3-10 Lung function by %FEV; status

Baseline spirometry
% predicted FEV1

% predicted FVC
FEV1/FVC ratio
% predicted FEF2s - 75%
Post-BD spirometry
% predicted FEV1
% predicted FVC
FEV1/FVC ratio
% predicted FEF2s5-75%
Mean Change in
spirometry **

% predicted FEV:
% predicted FVC
FEV1/FVC ratio
% predicted FEF2s5-75%

Baseline %FEV1<85%
predicted value

Positive BDR

FeNO
FeNO >35ppb

<34/40
% predicted FEV1<85
(Plow)
n=141

75.6 (74.0 to 77.1)
6686, 000000

83.2 (81.8 to 84.6)

666, 000000

0.80 (0.78 t0 0.81)

068,500000

57.0 (54.2 to 59.7)

068,000000

n=134

83.3 (81.8 to 84.9)
060,000000

86.4 (84.7 to 88.2)
066, c00000

0.85 (0.83 to 0.86)
668,000000

71.8 (68.8 to 74.8)
060,000000

n=134
7.9 (6.5 t0 9.3) ©88,oceee
3.0 (1.8 to 4.2) ©88 ===
0.054 (0.044 to 0.064)

068,000000

15.2 (13.6 to 17.4) @

141 (100%)

39 (29%) ®°9==~

n=124
28 (23%) 88 eocoe

<34/40 control
% predicted FEV1 >85
(PTC)
n =403
96.6 (95.8 t0 97.4)
98.2 (97.2 t0 99.1)
0.86 (0.86 to 0.87)
84.0 (82.3 to 85.6)
n =382
101.0 (100.1 to 102.0)
99.0 (98.0 to 100.0) *

0.89 (0.89 to 0.90)

97.0 (95.3 to 98.8)

n =382
4.4(3.9t04.8)
0.6 (0.1 to 1.0)

0.032 (0.028 to 0.036)

13.3 (12.1 to 14.6)

0 (0%)

27 (7%)

n =350
33 (9%)

>37/40
Term-born control
(TC)
n=195
95.7 (94.2 t0 97.0)
96.2 (94.8 t0 97.7)
0.87 (0.86 to 0.88)
86.4 (83.6 t0 89.1)
n=183
99.0 (97.5 to 100.5)
96.7 (95.2 to 98.3)

0.89 (0.89 to 0.90)

96.2 (93.4 t0 99.1)

n=183
3.6(2.9t04.3)
0.5 (-0.1to 1.1)
0.029 (0.023 to 0.035)
11.0 (8.9 to 13.0)

31 (16%)

10 (6%)

n=183
20 (11%)

95% confidence intervals or percentages shown in brackets. # Mean change in spirometry readings based on all children with
pre- and post-BD spirometry. PTC v TC xp<0.05, xxp<0.01, xxxp<0.001 Pjow V PTC ©0p<0.05, c2c0p<0.01, cococonp<0.001
Piow v TC ©p,0.05, 66p<0.01, 666p<0.001
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b.

Figure 3-5 Change in %FEV1 and %FEFs 754 following bronchodilator by baseline %FEV;

status.

Mean changes in spirometry and %FEV1and %FEF2s.7s% with 95% Cl in the Piow, PTC and TC groups. Significant differences in
mean change within each group are detailed with p-values at the top of each chart. Significant differences in mean change

Mean %FEV, change
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between each group are detailed with p-values at the bottom of each chart.

a. Shows mean %FEV: at baseline and post-bronchodilator for each group. All groups had significant changes in mean %FEV1
post-bronchodilator. The Piow group had lower mean %FEV: at baseline and had a significantly larger mean change in %FEV:1
compared to both PTC and TC groups. Despite this increase, the mean %FEV:1 post-bronchodilator remained lower than both
control groups. Mean %FEV1 at baseline and post-bronchodilator were comparable between PTC and TC groups.

b. Shows mean %FEF2s.75% at baseline and post-bronchodilator in all groups. All groups had significant changes in mean %FEF2s.
75% post-bronchodilator. The Piow group had lowest baseline %FEF2s.7s%. They had a significantly larger mean change in %FEF2s.
75% compared to TC only. Despite the increase in %FEF2s.7s% in the Piow group it remained significantly lower than PTC and TC

groups. Mean %FEF2s.7s% was comparable between PTC and TC groups at baseline and post-bronchodilator.
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3.4.4 Early life factors that influence low %FEV; in childhood

With higher proportions of children with and without a history of CLD in infancy currently
having a %FEV; <85% compared to term-born controls (38%, 23% and 16% respectively), the
value of CLD as a predictor for childhood lung function deficits becomes questionable.
Therefore, modelling was undertaken to identify covariables which may help identify

preterm-born children at risk for childhood lung function deficits.

Using the baseline %FEV; <85%, or not as a binary outcome, univariable logistic regression
analysis in the whole preterm-born population detailed in Table 3-11 was undertaken.
Demographic covariables and factors identified as significant on prior analysis of the
preterm-born population by CLD status and baseline %FEV; in this study were included in
the initial explorative modelling. Sex - a factor previously known to impact on respiratory

outcomes in this population - was also included in this initial analysis.

This regression analysis identified an inverse relationship with gestational age (Beta -0.153,
p<0.001) alongside a significant association with CLD (all cases) (OR 2.06, 95%Cl 1.31 to 3.22),
IUGR (OR 1.83, 95%Cl 1.1 to 3.06) and CLD3s (OR 1.94, 95%CI 1.14 to 3.31). Interestingly,
whilst there was a significant association between baseline %FEV; and CLDss, there was no
significant association with CLD2s. Other factors for which there was no significant
association with baseline %FEV; were deprivation, family history of asthma, sex, maternal

antenatal and postnatal smoking, PROM, and birth by caesarean section.
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Table 3-11 Univariable analysis of predictors of a %FEV; <85% in the preterm-born
population

Participants n=544

Covariables Beta Standard error Significance
Gestational age -0.153 0.036 0.000
Factors Beta Odds ratio Significance
(95% confidence
interval)
IUGR (ref = No) 0.606 1.83 (1.10, 3.06) 0.020
CLD (ref = No) 0.721 2.06 (1.31, 3.22) 0.002
CLD3¢ (ref = No) 0.664 1.94 (1.14, 3.31) 0.014
CLDys (ref = No) 0.588 1.80 (0.92, 3.52) 0.086
FH asthma* (ref = No) 0.240 1.27 (0.86, 1.88) 0.228
Sex (ref = Female) -0.165 0.85(0.58, 1.24) 0.399
AN maternal smoking* -0.206 0.81(0.43, 1.53) 0.521
(ref = No)
PN maternal smoking* -0.276 0.76 (0.42 to 1.37 0.359
(ref = No)
LSCS* (ref = No) -0.024 0.98 (0.66 to 1.44) 0.905
WIMD Quintiles
1 — Most deprived -0.110 0.99 (0.54 to 1.80) 0.971
2 -0.181 0.84 (0.46 to 1.51) 0.550
3 0.242 1.27 (0.73 to 2.23) 0.397
4 -0.184 0.83(0.47 to 1.48) 0.532
5 — Least deprived Ref - -

Covariables presented as Beta value and SE. Beta value and Odds ratios with (95%Cl) presented for all
factors.

*Missing cases: Family history of asthma = 5, Antenatal smoking = 12, Postnatal smoking = 5, Caesarean
section = 2. Abbreviation: WIMD: Welsh Index of Multiple Deprivation 20189.

Early and current life factors identified as having a p<0.1 during the univariable logistic

regression were included in multivariable logistic regression.

Two models were developed, both with the binary outcome of baseline %FEV; <85%, or not.
The first model used CLD (all cases) as a binary categorical factor and the second used the
more specific CLDss as a binary categorical factor. Details of both models are seen in Table

3-12 and Table 3-13.

Model 1 showed that whilst gestation (Beta -0.153, p 0.003) and IUGR remained significantly
associated with a %FEV; <85% (OR 1.78, 95%Cl! 1.06 to 3.00), CLD (all cases) did not (OR 0.99,
95%Cl 0.52 to 1.89). Model 2 also showed that gestation (Beta -0.161, p0.003) and IUGR (OR
1.78 95%CI 1.06 to 3.00) were significantly associated with a %FEV; £85%, but CLD3s was not
(OR 0.88, 95%Cl 0.45 to 1.72).
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Table 3-12 Multivariable modelling for a %FEV; <85% in the preterm-born population. All

CLD cases.
Model 1
Covariables Beta
Gestation -0.153
Factors Beta
IUGR (ref = No) 0.579
CLD (ref = No) -0.11

Covariables presented as Beta value and SE

Standard error Significance
0.051 0.003
Odds Ratio Significance
(95% confidence interval)
1.78 (1.06, 3.00) 0.029
0.99 (0.52, 1.89) 0.974

. Beta value and Odds Ratios with 95%Cl presented for all factors.

Table 3-13 Multivariable modelling for a %FEV; <85% in the preterm-born population.

Cases of CLD3s.
Model 2
Covariables Beta
Gestation -0.161
Factors Beta
IUGR (ref = No) 0.588
CLDs¢ (ref = No) -0.124

Covariables presented as Beta value and SE

Standard error Significance
0.044 <0.000
Odds Ratio Significance
(95% confidence interval)
1.80 (1.07, 3.04) 0.028
0.88 (0.45, 1.72) 0.716

. Beta value and Odds Ratios with (95%Cl) presented for all factors.
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3.4.5 Summary of results

Preterm-born children with a current %FEV;: <85% showed evidence of significant lung
function deficits when compared to preterm- and term-born controls who had comparable
lung function measures. A greater proportion of children with a %FEV; <85% had evidence
of ongoing Th2 driven eosinophilic inflammation and were 7 times more likely to have a
positive BDR compared to term-born controls and 5 times more likely when compared with

preterm-born controls.

Exploratory analysis of significant early life factors associated with lung function deficits in
childhood suggested that the predictive value of CLD is limited whilst gestational age at birth
and IUGR may be superior predictors of a %FEV; <85% in childhood.

Despite the %FEV; identifying those with lung function deficits, only 29% of these children
had a positive BDR and 23% had evidence of a FeNO >35ppb. This suggests there may be
distinct respiratory phenotypes within this population, who have different underlying lung
pathologies. Identification of different respiratory phenotypes may help identify those who
should respond to currently available treatments. Further exploration into the phenotypes
of lung function deficits in the preterm-born population and response to inhaled treatments

was undertaken.
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3.5 Defining respiratory phenotypes in preterm-born children with lung
function deficits

Analysis of %FEV; in preterm-born school-aged children has provided a clear delineation
between those with and without lung function deficits, with preterm-born children with
%FEV1>85% and term-born controls having comparable spirometry, response to

bronchodilator and similar proportions with FeNO >35ppb.

| further divided those with lung function deficits into obstructive and non-obstructive
respiratory phenotypes. In the absence of a TLC measurement, | used the LLN for FEV;/FVC
ratio in males and females between 7 and 12 years of age as a proxy measurement that could
be easily applied to all participants in my study to identify those with obstructive and non-
obstructive respiratory phenotypes (Table 3-14). Consequently, preterm-born children with
a %FEV1<85% and FEV1/FVC ratio <0.8 were classified as obstructive and those with baseline
%FEV: <85% and FEV:/FVC ratio 20.8 were classified as non-obstructive. Despite the NICE
guidelines suggesting FEV1/FVC of 0.7 as the cut-off to identify children with obstructive
disease, this recommendation is not based on robust evidence (NICE 2017a). To my

knowledge this is the first occasion that this strategy has been used.
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Table 3-14 FEV:/FVC Lower Limits of Normal in males and females by age

Age Male Female
LLN LLN FEV./FVC
FEV1/FVC
7 0.78 0.8
8 0.77 0.79
9 0.76 0.79
10 0.76 0.78
11 0.75 0.78
12 0.75 0.78

LLN calculated from GLI reference ranges. Whole ages, Caucasian ethnicity and heights based
on 50" percentile from UK-WHO growth charts for males and females were used for
calculation purposes.

Despite questioning the value of CLD as a predictor for reduced %FEV1, there is evidence that
CLD is associated with airflow obstruction (Doyle et al. 2006; Kotecha et al. 2013). It was
therefore decided to examine whether CLD has a role in different phenotypes in those with
a low %FEV;. | hypothesised that those with obstructive patterns of lung function deficits
would have a greater response to inhaled bronchodilator and that children with a history of

CLD have higher incidence of obstructive lung function deficits.

3.5.1 Characteristics of children with obstructive and non-obstructive respiratory
phenotypes

A total of 141 preterm-born children had a %FEV; <85% and were included in the analysis of

different respiratory phenotypes. Fifty-eight children (41%) were classified as obstructive

P and 83 (59%) as non-obstructive (P .
(Piow()) ( ) (Piow(no))

A higher proportion of the Piow(o) group had a history of CLD (40% vs 22%, p<0.05) and NEC
(16% vs 5%, p<0.05) compared to the Ppwno) group. There were no other significant
differences in neonatal characteristics between those in the Piow(o) and Piowno) groups (Table

3-15).

There were significant differences in the occurrence of respiratory illness in
infancy/childhood, current symptoms, and treatment between the two groups. Those in the
Piow(o) group reported higher incidence of viral-induced wheeze (24% vs 10%, p<0.05),
wheeze-ever (79% vs 52%, p<0.01), wheeze in the last 12 months (52% vs 22%, p<0.001),
diagnosis of asthma (39% vs 16%, p<0.01) and inhaler use (40% vs 11%, p<0.001) compared
to the Piowno) group (Table 3-16)

110 | Page



Chapter Three

Irrespective of whether the observed lung function deficits were obstructive or non-
obstructive, those in the CLD groups were born earlier and smaller and had greater neonatal
illness than the No-CLD groups. Whilst a higher proportion of children without CLD in the
non-obstructive phenotype (No-CLDiow(no)) had IUGR (19%) compared to those with CLD in
the non-obstructive phenotype (CLDiow(no)) (6%), this finding was not statistically significant

(Table 3-15).

Respiratory symptoms and illness were similar between the obstructive and non-obstructive
respiratory phenotypes irrespective of CLD status. The obstructive groups in both those with
CLD (CLDiow(o)) and without CLD (No-CLDiow(o)) had greater illness and respiratory symptoms

compared to the non-obstructive groups.

Despite similar incidence of respiratory illness and symptoms, fewer of the CLDiow(0) group
had been prescribed inhalers compared to those in the No-CLDiow(0) group (22% vs 51%,
p<0.05). There were also fewer children in the CLDiow(0) group who had been subsequently
diagnosed with asthma compared to those in the No-CLDow(0)group, although this difference

was not significant (Table 3-16).

CLD did not have a dominant impact on the characteristics of either obstructive or non-
obstructive groups. However, a higher proportion of those with CLD (56%) had an
obstructive pattern of lung function deficits compared to those with No-CLD (35%). Children
with a low %FEV: who had a history of CLD had an OR of 2.37 (95% ClI 1.13 to 4.98) of
developing obstructive lung function deficits compared to those who did not have CLD

(Figure 3-6).
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Table 3-15 Characteristics of preterm-born children with obstructive and non-obstructive respiratory phenotypes

Piow n =141 Preterm-born population with % predicted FEV; <85% (Pjow) N = 141.
CLDjow n =41 No-CLDjow n = 100
Piow(no) Piow(0) CLDjow(no) CLDjow(0) No-CLDiow(no) No-CLDjow(0)
FEV1/FVC ratio <0.8 FEV1/FVC ratio <0.8 FEV1/FVC ratio <0.8 FEV1/FVC ratio <0.8 FEV1/FVC ratio <0.8 FEV1/FVC ratio <0.8
(Non-obstructive) (Obstructive) (Non-obstructive) (Obstructive) (Non-obstructive) (Obstructive)
Subjects (n) 83 (59%) 2 58 (41%) 2 18 (44%) b 23 (56%) b 65 (65%) © 35 (35%) ©
Male 37/83 (45%) 27/58 (47%) 9/18 (50%) 11/23 (48%) 28/65 (43%) 20/35 (57%)

Current Age (y) (95% Cl)
Current Height (95% Cl)
Current Weight (kg) (range)
Current BMI (range)

9.9 (9.6 to 10.2)
141.3 (139.1 to 143.5)
32.3(18.2 t0 62.8)
16.2 (12.2 to 26.3)

10.0 (9.6 to 10.3)
139.9 (137.5 to 142.4)
32.5(19.4 to 61.3)
17.0 (13.3 to 28.0)

10.3 (9.7 to 11.0)
142.8 (137.6to 147.9)
35.8(20.4 to0 56.1)
16.8 (13.3 to 26.3)

10.1 (9.5 to 10.7)
139.3 (134.7 to 143.8)
34.1(19.4 to 58.3)
17.6 (13.9 to 24.3)

9.8 (9.5 to 10.2)
140.9 (138.3 to 143.4)
31.6 (18.2 to 62.8)
16.0 (12.2 to 25.8)

9.9 (9.4 to0 10.3)
140.4 (137.4 to 143.4)
32.4 (21.4 t0 61.3)
16.6 (13.3 to 28.0)

Neonatal History
Gestational Age (wks) (range)*
Birth weight (g) (range)*
Birthweight Adj.Z-score (95%
)

IUGR

PROM

C/S delivery

A/N corticosteroids

P/N corticosteroids

CLD

CLD28

CLD36

Home oxygen

ROP

Chest drain

IVH

NEC

PDA

Combined lliness

31 (24 to 34)
1503 (500 to 2930)
0.053 (-0.250 to 0.355)

13/83 (16%)
26/81 (32%)
51/83 (61%)
72/81 (89%)
3/79 (4%)
18/83 (22%) 8
8/83 (10%)
10/83 (12%)
3/82 (4%)
8/83 (10%)
6/83 (7%)
17/83 (21%)
4/80 (5%)
7/82 (9%)
22/82 (27%)

30 (24 to 34)
1333 (482 to 2608)
-0.286 (-0.627 to 0.054)

15/58 (26%)
25/56 (45%)
28/58 (48%)
50/54 (93%)
3/52 (6%)
23/58 (40%)
7/58 (12%)
16/58 (28%)
6/56 (11%)
5/58 (9%)
6/55 (11%)
9/58 (16%)
9/57 (16%)
7/56 (13%)
19/57 (33%)

26 (24 to 31) =
906 (710 to 1502) 3
-0.006 (-0.468 to 0.480)

1/18 (6%)
4/18 (22%)
8/18 (44%)
16/18 (89%)
3/18 (17%)

8/18 (44%)
10/18 (56%)
3/18 (17%)
5/18 (28%)3
1/18 (6%)
7/18 (39%) 3
2/17 (12%)
6/18 (33%) %
10/18 (56%)

27 (24 to 31) Www
910 (482 to 2300) Wuwu
-0.179 (-0.760 to 0.403)

5/23 (22%)
10/23 (44%)
11/23 (48%)
23/23 (100%)
3/18 (17%) W

7/23 (30%)
16/23 (70%)
6/22 (27%) Ww
4/23 (17%)
2/22 (9%)
6/23 (26%)
6/23 (26%)
6/23 (26%) W
13/23 (57%) ww

31 (26 to 34)
1701 (500 to 2930)
0.066 (-0.304 to 0.435)

12/65 (19%)
22/63 (35%)
43/65 (66%)
56/63 (89%)
0/61 (0%)

0/64 (0%)
3/65 (5%)
5/65 (8%)
10/65 (15%)
2/63 (3%)
1/64 (2%)
12/64 (19%)

2% of preterm-born with low lung function, b % of preterm-born with CLD and low lung function, ¢ % of preterm-born without CLD and low lung function. Results are expressed as mean (95% Cl), unless specified.
€p<0.05, €€p<0.01, €€€p<0.001 NO-CLDju(no) V NO-CLD)ow(0)

Piow(no) V Piow(o)
v NO-CLDjou(o0)

§p<0.05, §§p<0.01, §§§p<0.001
Wp<0.05, WWp<0.05, WWWp<0.001

CLDjow(no) V CLDjow(0)

Xp<0.05, XXp<0.01, XXXp<0.001. CLDouno)V NO-CLDjowino) 3p<0.05, 33p<0.01, 333p<0.001

32 (27 to 34)
1842 (850 to 2608)
-0.357 (-0.795 to 0.080)

10/35 (29%)
15/33 (46%)
17/35 (49%)
27/31 (87%)
0/34 (0%)

0/34 (0%)
1/35 (3%)
4/33 (12%)
3/35 (9%)
3/34 (9%)
1/33 (3%)
6/34 (18%)

CLDyow(o)

Abbreviations: IUGR = intrauterine growth restriction, PROM = prolonged rupture of membranes, C/S = caesarean section delivery, CLD = Chronic lung disease, ROP = retinopathy of prematurity, NEC = necrotising enterocolitis requiring treatment, PDA = patent

ductus arteriosus requiring medical or surgical treatment, Combined Iliness = IVH or ROP or NEC in the neonatal period, Chest drain = insertion to treat pneumothorax, A/N = antenatal and P/N = postnatal, FH = family history.
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Table 3-16 Family history and respiratory symptoms in preterm-born children with obstructive and non-obstructive respiratory phenotypes

Piow n =141

Preterm-born population with % predicted FEV; <85% (Piow) n = 141.

CLDjow n =41 No-CLDjow n =100
Piow(no) Piow(0) CLDiow(no) CLDiow(0) No-CLDiow(no) No-CLDiow(o)

FEV,/FVC ratio <0.8 FEV,/FVC ratio <0.8 FEV,/FVC ratio <0.8 FEV,/FVC ratio <0.8 FEV./FVC ratio <0.8 FEV./FVC ratio <0.8

(Non-obstructive) (Obstructive) (Non-obstructive) (Obstructive) (Non-obstructive) (Obstructive)
Subjects (n) 83 (59%) @ 58 (41%) @ 18 (44%) b 23 (56%) b 65 (65%) © 35 (35%) ©
Family History
A/N Maternal Smoking 8/82 (10%) 6/56 (11%) 3/18 (17%) 4/23 (17%) 5/64 (8%) 2/33 (6%)
P/N Maternal smoking 8/83 (10%) 8/57 (14%) 1/18 (6%) 6/23 (26%) 7/65 (11%) 2/34 (6%)
F/H Asthma 48/83 (58%) 35/57 (61%) 10/18 (56%) 11/23 (48%) 38/65 (59%) 24/34 (71%)
F/H Hay fever 43/82 (52%) 29/56 (52%) 8/17 (47%) 10/22 (46%) 35/65 (54%) 19/34 (56%)
F/H Eczema 32/82 (39%) 27/56 (48%) 5/17 (29%) 11/22 (50%) 27/65 (42%) 16/34 (47%)
F/H Allergies 34/82 (42%) 18/56 (32%) 5/17 (29%) 6/22 (27%) 29/65 (45%) 12/34 (35%)
Infant/Child History
Bronchiolitis 22/83 (27%) 17/58 (29%) 7/18 (39%) 7/23 (30%) 15/65 (23%) 10/35 (29%)
Viral-induced wheeze 8/83 (10%) 5 14/58 (24%) 0/18 (0%) 5/23 (22%) 8/65 (12%) 9/35 (26%)
Pneumonia 6/83 (7%) 7/58 (12%) 2/18 (11%) 3/23 (13%) 4/65 (6%) 4/35 (11%)
Wheeze-ever 42/81 (52%) $5 45/57 (79%) 10/18 (56%) 18/23 (78%) 32/63 (51%) ¥¥ 27/34 (79%)
Wheeze last 12 months 18/83 (22%) %5% 30/58 (52%) 2/18 (11%) ¢ 10/23 (44%) 16/65 (25%) ¥¥ 20/35 (57%)
Inhalers last 12 months 9/83 (11%) 556 23/58 (40%) 0/18 (0%) 5/23 (22%) W 9/65 (14%) ¥¥¥ 18/35 (51%)
Diagnosed Asthma 13/83 (16%) 55 22/57 (39%) 2/18 (11%) 5/23 (22%) 11/65 (17%) ¥¥ 17/34 (50%)

2% of preterm-born with low lung function, b % of preterm-born with CLD and low lung function, ¢ % of preterm-born without CLD and low lung function. Results are expressed as mean (95% Cl), unless specified.
£p<0.05, £€p<0.01, £8€p<0.001 No-CLDjgu(no) V NO-CLDjou(o)

Piow(no) V Piow(0)

§p<0.05, §§p<0.01, §§§p<0.001

CLDjow(o) V NO-CLDjow(0)  Wp<0.05, WWp<0.05, WWWp<0.001
Abbreviations: IUGR = intrauterine growth restriction, PROM = prolonged rupture of membranes, C/S = caesarean section delivery, CLD = Chronic lung disease, ROP = retinopathy of prematurity, NEC = necrotising enterocolitis requiring treatment, PDA =
patent ductus arteriosus requiring medical or surgical treatment, Combined Iliness = IVH or ROP or NEC in the neonatal period, Chest drain = insertion to treat pneumothorax, A/N = antenatal and P/N = postnatal, FH = family history.

CLDyow(no) V CLDjow(0)

Xp<0.05, XXp<0.01, XXXp<0.001. CLDou(no)V NO-CLDjowno) 3P<0.05, 33p<0.01, 333p<0.001
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3.5.2 Lung function and respiratory phenotypes

Of the 141 children with a %FEV; <85%, 134 completed both pre- and post-spirometry
measures. 6 children (7%) in the Piw(o) group and 1 child (2%) in the Piwno) group did not
complete post-bronchodilator spirometry. Attrition between CLD groups were comparable

irrespective of respiratory phenotype.

17 children with baseline spirometry were unable to complete FeNO testing: 9 (16%) children
in the Piow(o) group and 8 (10%) children in the Piow(noy group. In those with CLD, 6 (26%) of the
CLDiow(0) group and 1 (6%) of those in the CLDiow(no) group did not complete FeNO testing. This
compares with 3 (9%) of those in the No-CLDjow(0) group and 7 (11%) of those in the No-
CLDiow(no) 8roup.

Details of lung function testing are shown in Figure 3-6 and Table 3-17. Compared to the
Piow(no) group, the Piow(o) group had lower baseline %FEV1 (79.1 vs 70.5, p<0.001) and %FEFs.
75% (42.9 vs 66.8, p<0.001). Conversely, the Piowno) group had a lower %FVC (80.7 vs 87.6,
p<0.001).

The observation that children with an obstructive pattern of lung function deficits had lower
baseline spirometry measures except %FVC compared to those with non-obstructive pattern
was consistent across all groups irrespective of CLD status. In both obstructive and non-
obstructive groups, children with CLD had lower spirometry measures compared to those

without CLD. These findings were, however, not statistically different.

3.5.3 BDR and FeNO

Post-bronchodilator increases were observed in all spirometry measures in both the
obstructive and non-obstructive groups. The Piow(o) group had the largest mean increase in
%FEV: from 70.5% to 82.9% (mean change 12.4%, 95%Cl 9.9 to 14.8%) resulting in
comparable post-bronchodilator %FEV; measures between the Piowio) and Piowno) group
(82.9% vs 83.7%). Despite the Piow(o) group also having the largest increase in mean %FEF;s.
75% from 42.9% to 61.0% (mean change 18.2%, 95%Cl 15.5 to 20.9%), the post-bronchodilator
%FEF25.75% remained significantly lower than the Piowno) group (61% vs 79.8%, p<0.001). The
higher mean %FVC change from 87.6% to 92.7% (mean change 4.8%, 95%Cl 2.4 to 7.3%)
observed in the Piw(o) group compared with a change from 80.7% to 82.8% (mean change
1.6%, 95%Cl 0.56 to 2.7%) in the Piowno) group resulted in the difference in FEV1/FVC ratio

between groups remaining highly significant (0.79 vs 0.89,
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p<0.001). The increase in %FEV1, %FEF2s.75% and %FVC observed in the Piow(o) group after

inhalation of bronchodilator is consistent with reversible airways disease.

The higher proportion of those with a positive BDR in the Piow(no) group compared with
those in the Piowno) group (53% vs 12%, p<0.001) was consistent with the higher mean
change of %FEV: observed in the Piow(0) group. This increased proportion of children with a

positive BDR was observed in the two obstructive groups with and without CLD.

A higher proportion of those in the Piow(o0) group also had a FeNO >35ppb when comparing
to the Piowno) group (33% vs 16%, p<0.05). Interestingly, when prior CLD status was
considered, the proportions of those in the obstructive group with a FeNO >35ppb changed.
Whilst not statistically significant, the No-CLDjow(0) group had a higher proportion of children
with a FeNO >35ppb compared to those with the CLDjow(0) group (41% vs 18%) (Table 3-17).

115 | Page



Chapter Three

Figure 3-6 Respiratory phenotypes, CLD, BDR and FeNO levels

FEV < 85% 141 (26%)

Whole population 739

Preterm-born 544

%

Obstructive 58 (41%)

53%

—

Non-obstructive 83 (59%)

16°o
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CLD Obst 23 (40%) || No-CLD Obs 35 (60%)

Term-born 195 | 11% I

6%

FEV, > 85% 164 (84%) FEV, < 85% 31 (16%)
FEV, >85% 403 (74%)
CLD 67 (16%) No-CLD 336 (83%)

CLD 41 (29%) No-CLD 100 (71%)

8%

7%

CLD Non-Obs 18 (22%) | | No-CLD Non-Obs 65 (78%)
) () (6%)
][]
OR 2.37
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Table 3-17 Lung function by respiratory phenotype

Baseline spirometry
% predicted FEV,
% predicted FVC
FEV1/FVC ratio
% predicted FEFs — 75%

Post-BD spirometry
% predicted FEV,
% predicted FVC

FEV1/FVC ratio
% predicted FEFs — 75%

Mean Change in %
predicted spirometry #
FEV1
FV
FEV.1/FVC ratio

FEF2s5- 75%

Positive BDR
FeNO

FeNO >35ppb
FeNO>30ppb

Pow n =141
Mean age 9.9 years

PIcow(NO)
(Non-obstructive)
n=283
79.1 (78.0 to 80.2) 88
80.7 (79.3 to 82.2) 58§
0.86 (0.85 to 0.87) 838
66.8 (64.4 to 69.3) 55§

n=77
83.7 (81.9 to 85.0)
82.8 (80.8 to 84.3) 558
0.89 (0.88 to 0.90) %55
79.8 (76.3 to 83.2) 558

n=77

4.6 (3.3 10 6.0) 558
1.6 (0.56 t0 2.7)
0.031 (0.021 to 0.041) 558
13.5 (10.9 to 16.1)5

9 (12%) 558
n=75
12 (16%) §
12 (16%) 5

PIow(O)
(Obstructive)
n =58
70.5 (67.5 to 73.5)
87.6 (84.2 to 89.3)
0.71 (0.69 to 0.73)
42.9 (39.9 to 46.0)

n=57
82.9 (79.9to 85.8)
92.7 (88.8 t0 94.6)
0.79 (0.77 to 0.81)
61.0 (57.2to 64.7)

n=57

12.4 (9.9 to 14.8)
4.8(2.4t07.3)
0.084 (0.069 to 0.099)
18.2 (15.5 to 20.9)

30 (53%)
n=49
16 (33%)
18 (37%)

Preterm-born population with % predicted FEV; <85% (Piow) N = 141. Mean age 9.9 years
No-CLDjow n =100

CLDjow n =41
Mean age 10.2 years

CI-Dlow(NO)
(Non-obstructive)
n=18
77.4 (74.3 to 80.5) ¢
79.6 (75.5 to 83.6)
0.85 (0.83 to 0.87) ¢t
64.2 (59.6 to 68.5) e

n=17
81.9 (76.3 t0 87.6)
81.9(77.2 to 86.6) &
0.87 (0.84 to 0.91) ¢2¢
74.4 (65.7 to 83.0) ¢

n=17

4.5(1.1to 8.0)¢
2.1(-0.2 to 4.5)
0.023 (-0.006 to 0.052) ¢
10.2 (4.2 to 16.3) ¢

3 (18%)°®
n=17
1(6%)
1(6%)

CI-Dlow(O)
(Obstructive)
n=23
68.6 (63.5 to 73.8)
84.1 (80.3 to 87.9)
0.71 (0.68 to 0.74)
41.1 (36.0 to 46.3)

n=23
81.7 (77.7 to 85.8)
90.9 (86.6 to 95.2)
0.79 (0.76 to 0.82)
59.0 (54.3 to 63.7)

n=23

13.1 (9.5 to 16.8)
6.8 (2.2 to 11.4)
0.078 (0.055 to 0.101)
17.9 (14.4 to 21.3)

12 (52%)
n=17
3 (18%)
4 (24%)

95% confidence intervals or percentages shown in brackets. # Mean change in spirometry readings based on all children with pre- and post-BD spirometry

Plow(No) V Plow(0)
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§p<0.05, §8p<0.01, §§§p<0.001
CLDjowino) V' NO-CLDjowino) 3P<0.05, 33p<0.01, 333p<0.001

CLDjow(no) V CLDjow(0)
CLDjow(0) V NO-CLDjow(0)

£p<0.05, £8p<0.01, £€8p<0.001
Wp<0.05, WWp<0.05, WWIWp<0.001

Mean age 9.8 years

No'CLDIow(NO)
(Non-obstructive)
n =65
79.6 (78.4 to 80.8) ¥¥¥
81.1 (79.5 to 82.6) ¥¥¥
0.86 (0.85 to 0.88) ¥¥¥
67.6 (64.7 to 70.5) ¥¥¥

n =60
84.2 (82.5 to 85.9)
82.7 (80.9 to 84.6) ¥¥¥
0.89 (0.88 to 0.90) ¥¥¥
81.3 (77.6 to 85.1) ¥¥¥

n =60

4.7 (3.2 t0 6.1)¥¥¢
1.5 (0.26 t0 2.7)
0.033 (0.022 to 0.044) ¥¥¥
14.5 (11.6 to 17.3)

6 (10%) ¥¥¥
n=58
11 (19%) ¥
11 (19%) ¥

NO-CLDjouwno) V NO-CLDjow(o) XP<0.05, XXp<0.01, XX¥Xp<0.001

No-CLDiow(0)
(Obstructive)
n=35
71.8 (68.0 to 75.6)
88.5 (85.0 to 92.0)
0.71 (0.68 to 0.73)
44.1 (40.1 to 48.1)

n=34
83.6 (79.3 to 87.9)
92.3 (88.2 to 96.4)
0.79 (0.76 to 0.82)
62.3 (56.6 to 67.9)

n=34

11.8 (8.5 to 15.2)
3.5(0.76 to 6.3)
0.088 (0.068 to 0.110)
18.4 (14.3 to 22.5)

18 (53%)
n=32
13 (41%)
14 (44%)
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3.5.4 Early life factors associated with different respiratory phenotypes in preterm-born
children
The use of the FEV1/FVC ratio has helped me describe two respiratory phenotypes in children
with a %FEV; <85% . This is a strategy which can easily be used in routine clinical practice
where hand-held spirometry is readily accessible - including in GP practices. Having
previously demonstrated that CLD is a poor predictor of lung function deficits in childhood,
it is of interest that — in those with a %FEV; <85% — children with CLD are 2.37 times more
likely to have lung function deficits that are obstructive in nature than those without CLD.
Modelling to further understand the impact of CLD on the development of obstructive lung
function deficits and identify significant early life factors that may predispose preterm-born

children to obstructive and non-obstructive respiratory phenotypes was undertaken.

Initial univariable logistic regression included significant demographic variables or early life
factors felt to be clinically relevant. Using the binary outcome of FEV;/FVC <0.8 or 20.8,
modelling was performed separately for both non-obstructive and obstructive lung function
deficit groups with preterm-born children with a %FEV1>85% used as the control group (PTC).
These early life factors for both non-obstructive and obstructive phenotypes are detailed in
Table 3-18 and Table 3-19 respectively. CLD (all cases), CLD3s and CLD,s were separately
analysed to evaluate their association with both obstructive and non-obstructive respiratory

phenotypes.

A significant inverse relationship with gestational age was observed in both obstructive (Beta
-0.165, p<0.001) and non-obstructive (Beta -0.144, p<0.001) groups. Those with obstructive
lung function deficits had significant associations with additional early life factors; IUGR (OR
2.58, 95%Cl 1.33 to 4.99), PDA (OR 2.50, 95%Cl 1.01 to 6.18), NEC (OR 3.89, 95%CI 1.65 to
9.11) and CLD (OR 3.30 95%CI 1.83 to 5.93). On further analysis CLD3s was a significant
covariate (OR 3.27 95%Cl 1.70 to 6.33), but CLD»s was not, suggesting those with more severe

disease have greater risk for obstructive lung function deficits.
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Table 3-18 Univariable analysis of predictors for non-obstructive lung function deficits

Participants n=83

Covariables Beta Standard error Significance
Gestation -0.144 0.044 0.001
Factors Beta Odds Ratio Significance
(95% confidence interval)

IUGR (ref = No) 0.317 1.37 (0.71to 2.67) 0.349
CLD (ref = No) 0.328 1.39 (0.77 to 2.49) 0.271
CLD3¢ (ref = No) 0.163 1.18 (0.57 to 2.45) 0.663
PDA (ref = No) 0.489 1.63 (0.67 to 3.98) 0.282
NEC (ref = No) 0.840 1.09 (0.36 to 3.30) 0.882
CLDs (ref = No) 0.478 1.61(0.70 to 3.71) 0.261

FH asthma* (ref = No) 0.180 1.20(0.74 to 1.93) 0.460
Sex (ref = Female) -0.312 0.73 (0.46 10 1.18) 0.198
AN maternal smoking* -0.249 0.78 (0.35t0 1.72) 0.536
(ref = No)

PN maternal smoking* -0.467 0.63 (0.29t0 1.37) 0.241
(ref = No)

PROM* (ref = No) -0.267 0.77 (0.46 to 1.27) 0.304
LSCS* (ref = No) 0.200 1.22 (0.75to 1.98) 0.418

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95%Cl) presented for all factors.

Table 3-19 Univariable analysis of predictors for obstructive lung function deficits

Participants n=58

Covariables Beta Standard error Significance
Gestation -0.165 0.049 0.001
Factors Beta Odds Ratio Significance
(95% confidence interval)

IUGR (ref = No) 0.948 2.58 (1.33 t0 4.99) 0.005
CLD (ref = No) 1.193 3.30(1.83 t0 5.93) <0.001
CLD36 (ref = No) 1.186 3.27 (1.70 to 6.33) <0.001
PDA (ref = No) 0.915 2.50(1.01 to 6.18) 0.048
NEC (ref = No) 1.355 3.89 (1.65 t0 9.11) 0.002
CLDys (ref = No) 0.730 2.08 (0.85 to 5.04) 0.107

FH asthma* (ref = No) 0.329 1.39(0.79 to 2.45) 0.257
Sex (ref = Female) 0.044 1.05 (0.60 to 1.81) 0.876
AN maternal smoking* -0.145 0.87 (0.35to 2.13) 0.752
(ref = No)

PN maternal smoking* -0.041 0.96 (0.43 to 2.13) 0.920
(ref = No)

PROM* (ref = No) 0.267 1.31(0.74 to 2.30) 0.354
LSCS* (ref = No) -0.335 0.72 (0.41 to 1.24) 0.234

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95%Cl) presented for all factors.
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Subsequent multivariable modelling was undertaken including early life factors with a
significance level of <0.10 on univariable analysis using the enter method. Due to the lack of
multiple significant covariables in the non-obstructive group, further multivariable analysis
to identify associations with the development of lung function deficits was limited to the
obstructive group. To ensure greater understanding of the impact of disease severity on the
development of obstructive lung function deficits, CLD (all cases) and CLD3;s were used in

separate models.

Binary logistic regression was undertaken using significant early life factors identified during

univariate analysis using CLD (all cases) and CLDs (Table 3-20, Table 3-21).

Table 3-20 Multivariable modelling for predictors of obstructive lung function deficits with
all cases of CLD (ENTER method)

Participants n=461 (CLD n = 90)

Covariables Beta Standard error Significance
Gestation -0.089 0.078 0.252
Factors Beta Odds Ratio Significance
(95% confidence interval)
IUGR (ref = No) 0.688 1.99 (0.97 to 4.08) 0.061
CLD (ref = No) 0.776 2.05 (0.81to 5.22) 0.132
NEC (ref = No) 0.717 2.17 (0.84 to 5.60) 0.109
PDA (ref = No) -0.247 0.78 (0.26 t0 2.32) 0.657

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95% Cl) presented for all factors.

Table 3-21 Multivariable modelling for predictors of obstructive lung function deficits in
those with CLD3¢ (ENTER method)

Participants n=461 (CLD3s h = 58)

Covariables Beta Standard error Significance
Gestation -0.142 0.069 0.041
Factors Beta Odds Ratio Significance
(95% confidence interval)
IUGR (ref = No) 0.682 1.98 (0.96 to 4.07) 0.064
CLDs¢ (ref = No) 0.309 1.36 (0.53 to 3.54) 0.525
PDA (ref = No) -0.202 0.82 (0.26 to 2.53) 0.727
NEC (ref = No) 0.848 2.34 (0.91 to 6.02) 0.079

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95% Cl) presented for all factors.
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Children with CLD3s and obstructive lung function deficits had a significant association with
gestational age (Table 3-21). However, when analysing children in the obstructive group with

CLD (all cases) there were no significant covariables identified (Table 3-20).

Early life factors with a significance level of <0.10 on univariable analysis were further
modelled using the forward method. This showed that when including the variable CLD (all
cases), the only significant early life factor associated with obstructive lung function deficits
was CLD (Table 3-22). Conversely modelling limited to those with CLD3;s showed a significant
association between gestation at birth and IUGR and obstructive lung function deficits but

did not show any significant association with CLDss (Table 3-23).

Table 3-22 Multivariable modelling for predictors of obstructive lung function deficits using
all cases of CLD (FORWARD method)

Participants n=461 (CLD n = 90)

Factors Beta Odds Ratio Significance
(95% confidence interval)
CLD 1.270 3.56 (1.96 to 6.47) <0.001

Beta value and Odds Ratios with (95% Cl) presented for all factors.

Table 3-23 Multivariable modelling for predictors of obstructive lung function deficits using
CLD3s (FORWARD method)

Participants n=461 (CLD3s n = 58)

Covariables Beta Standard error Significance

Gestation -0.185 0.050 <0.001

Factors Beta Odds Ratio Significance
(95% confidence interval)

IUGR (ref = No) 0.743 2.10 (1.04 to 4.27) 0.039

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95% Cl) presented for all factors.

Additional exploratory modelling comparing early life factors between obstructive with non-
obstructive respiratory phenotypes using the enter method was also undertaken. Early life
factors with a significance level of <0.10 on univariable analysis in the obstructive group were
used in the modelling. CLD and CLDss were analysed separately to identify whether disease
severity has any association with the development of the obstructive respiratory phenotype.

Details of the modelling are in Table 3-24 and Table 3-25.
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Table 3-24 Multivariable analysis of early life factors, including all CLD, associated with
obstructive lung function deficits compared with non-obstructive lung function deficits
(ENTER method)

Participants n= 141 (CLD n=41)

Covariables Beta Standard error Significance
Gestation 0.153 0.095 0.105
Factors Beta Odds ratio (95% confidence Significance
interval)
IUGR (ref = No) 0.608 1.84 (0.73 to 4.73) 0.208
CLD (ref = No) 1.650 5.21 (1.50 to 18.04) 0.009
NEC (ref = No) 0.999 2.72 (0.72 to 10.24) 0.140
PDA (ref = No) -0.290 0.75 (0.21 to 2.70) 0.660

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95% Cl) presented for all
factors.

Table 3-25 Multivariable analysis of early life factors, including CLD3s, associated with
obstructive lung function deficits compared with non-obstructive lung function deficits
(ENTER method)

Participants n= 141 (CLDs¢ n= 26)

Covariables Beta Standard error Significance
Gestation 0.062 0.077 0.422
Factors Beta Odds ratio (95% confidence Significance
interval)
IUGR (ref = No) 0.369 1.45 (0.58 to 3.64) 0.431
CLD36 (ref = No) 1.295 3.65 (1.14 to 11.74) 0.030
NEC (ref = No) 1.025 2.79 (0.76 to 10.27) 0.140
PDA (ref = No) -0.219 0.80 (0.21 to 3.05) 0.748

Covariables presented as Beta value and SE. Beta value and Odds Ratios with (95% Cl) presented for all
factors.

Comparison of early life factors in those with obstructive lung function deficits to those with
non-obstructive deficits showed a significant association between CLD and obstructive lung
function deficits. Children with a %FEV; <85% who had any historical diagnosis of CLD were
over 5 times more likely to develop obstructive lung function deficits (OR 5.21, 95%Cl 1.50
to 18.04, p 0.009). Those with the more severe disease (CLD3s) were significantly more likely
to develop obstructive lung function deficits compared with those who develop non-

obstructive lung function deficits (OR 3.65, 95%Cl 1.14 to 11.74, p 0.03).
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3.5.5 Summary of results

| have used the FEV1/FVC ratio to delineate preterm-born children with a %FEV; <85% into
two respiratory phenotypes - obstructive and non-obstructive. | have described how
preterm-born children with evidence of obstructive lung function deficits have the lowest
spirometry measures and the highest proportions of those with a positive BDR. | have also
described how a higher proportion of the obstructive group had a FeNO >35ppb compared
to the non-obstructive group. Furthermore, 41% of those in the obstructive group who did
not have CLD had a FeNO >35ppb compared with only 18% of those in the obstructive group
with CLD.

| have demonstrated that obstructive lung function deficits in this preterm-born population
are associated with a greater response to bronchodilator compared to those with non-
obstructive lung function deficits and that there are different early life factors associated
with each respiratory phenotype. One of those early life factors is CLD. Whist in isolation CLD
is not a good prognostic factor for childhood lung function deficits, in those with reduced
%FEV,, it is associated with obstructive lung function deficits. Unlike those without CLD who
have evidence of ongoing Th2 driven eosinophilic inflammation which may be attributed to

“classical” asthma, those with CLD did not.
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3.6 Spirometry and FeNO testing to identify respiratory phenotypes in
preterm-born children

The use of %FEV; in assessing airflow limitation and reversibility is well established. The
negative correlation between baseline %FEV: and change in %FEV; post-bronchodilator in
preterm-born children has previously been described (Brostrém et al. 2010). To my
knowledge, the correlation between other baseline measures and airflow limitation

reversibility have not been explored in the preterm-born population.

In addition to continuous spirometry measurements, | also used pragmatically chosen cut-
off points - which are readily accessible in the community setting - to further assess the
impact that preterm birth has on childhood lung function, to identify different respiratory

phenotypes and describe their response to inhaled bronchodilator.

The use of cut-off values for diagnosing respiratory disease is well established in adult
populations with asthma and COPD. More recently, NICE guidelines have supported the use
of the same FEV;/FVC value for use in diagnosing paediatric asthma (NICE 2017a). However,
the use of FEV1/FVC of 0.7 in the paediatric population has no evidence base and has been
heavily criticised (Murray et al. 2017). Diagnosis of asthma incorporates the use of
spirometry testing in conjunction with comprehensive history taking and respiratory
symptoms assessment and as such, arbitrary cut-off values may be of little consequence.
However, it may help to identify persistent lung function deficits in a preterm-born
population who do not always recognise or report respiratory symptoms which can

negatively impact on lifelong respiratory health.

There is a need to evaluate the relationship between baseline spirometry and response to
bronchodilator, to identify optimum spirometry cut-off values in the preterm-born
population which can inform community screening programmes to identify those with
ongoing lung function deficits. Further use of spirometry to classify children into different
respiratory phenotypes may help identify those who will benefit from inhaled treatments

and enable targeted treatments.

| have used baseline spirometry measures of %FEV: <85% to classify those with significant
lung function deficits. Further combined use of baseline %FEV;, <85% with FEV:/FVC ratio
<0.8 to define obstructive and >0.8 non-obstructive has enabled me to describe two
respiratory phenotypes in the preterm-born population. A greater proportion of the

obstructive respiratory phenotype compared with the non-obstructive respiratory

124 |Page



Chapter Three

phenotype had a positive BDR (53% vs 12%, p <0.001) and FeNO >35ppb (33% vs 16%,
p<0.05). Thus, suggesting spirometry may be a useful tool to identify different respiratory
phenotypes who have different underlying lung pathologies and therefore, have different

responses to inhaled medications.

FeNO measurement has become an important complementary part of objective lung
function assessment in adults and children with respiratory symptoms. The use of FeNO has
been proven useful in the diagnosis of asthma in the paediatric population (Murray et al.
2017) and, alongside spirometry, is a central component of asthma diagnosis in children

(NICE 2017a).

Whilst acknowledging that preterm-born children have higher incidence of lung function
deficits than their term-born counterparts, there is no evidence to suggest these are related
to familial atopy associated with asthma (Edwards et al. 2016). Thus, the increased incidence

of lung function deficits cannot simply be attributed to asthma.

The association between %FEV: and FeNO has previously been described in asthmatic
children (Fielding et al. 2019). Whilst there are studies which suggest that FeNO levels in the
preterm-born population are either lower or similar to their term-born counterparts (Baraldi
et al. 2005; Course et al. 2019), the association between spirometry measures and FeNO
levels, and the diagnostic value of FeNO in identifying those who will respond to inhaled

bronchodilator is unclear.

In addition to using scatter plots to identify associations between different spirometry
measures and the response to bronchodilator, correlation analysis was undertaken to
describe the relationships between baseline spirometry measures, and both change in %FEV:
and FeNO in preterm-born participants. Assessment of effect size (r) was assessed as: small
0.10, medium 0.30 and large 0.50. Area Under the Receiver Operator Characteristic curves
(AUROC) were used to evaluate the diagnostic value of spirometry measures in identifying
those who have a positive BDR. This process was also used to assess the diagnostic value of
FeNO in identifying those who are most likely to have a positive BDR. Using the binary
outcome of a positive BDR (defined as an absolute increase of %FEV: 210%) as the gold
standard outcome measure for airflow reversibility, analyses of the discriminatory value of

baseline spirometry measures and FeNO were undertaken.

Definitions of the diagnostic value of baseline spirometry and FeNO based on the AUC are

detailed in Table 3-26. Additional use of Youden’s J statistic enabled identification of the
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optimal cut-off point for each measure in terms of optimal balance of sensitivity and

specificity.

Table 3-26 Definitions of the diagnostic value of a test based on AUC

AUC Diagnostic value
0.5-0.6 Fail
0.6-0.69 Poor
0.7-0.79 Fair
0.8-0.89 Good
09-1.0 Very good

3.6.1 BDRin those with obstructive and non-obstructive respiratory phenotypes

Figure 3-7 details the change in %FEV; following 400mcg inhaled salbutamol in preterm-born
children with non-obstructive and obstructive respiratory phenotypes. Using a cut-off point
of >10% change in %FEV; as the indicator of a positive BDR, a higher proportion of children
in the obstructive group had evidence of reversible air flow limitation, with a greater

proportion of the non-obstructive phenotype observed to have fixed air flow limitation.

Whilst it would be easy to conclude that the combination of %FEV; and FEV:/FVC is the
optimal strategy to identify those who are most likely to respond to inhaled bronchodilator,
the scatter plot identifies four groups of children; those with obstructive lung function
deficits who have airflow limitation that is reversible or fixed, and those with non-obstructive
lung function deficits who have airflow limitation that is reversible or fixed. Further analysis
of baseline spirometry is required to understand if using a combination of %FEV; <85% and

FEV1/FVC <0.8 is the optimal strategy to identify those most likely to have a positive BDR.
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Figure 3-7 BDR in those with obstructive and non-obstructive respiratory phenotypes.

Vertical dotted line delineates obstructive and non-obstructive phenotypes. Horizontal
dotted line at 10% mean %FEV: change delineates those with and without a positive BDR.
Four groups of children identified a. obstructive with reversible airways disease, b. non-
obstructive with reversible airways disease, c. obstructive with fixed airflow limitation, d.
non-obstructive with fixed airflow limitation.
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3.6.2 Spirometry measures and BDR in the whole preterm-born population

Highly significant negative correlations between baseline %FEV; (p<0.001), %FEF2s.75%
(p<0.001) and FEV1/FVC (p<0.001) with post-bronchodilator change in %FEV; were found in
the whole preterm-born group (Table 3-27). Baseline FEV1 and %FEF;s.7s% had medium effect
size (Pearson (r) -0.338 (95%Cl -0.446 to -0.213) and -0.460 (95%Cl -0.539 to -0.373)
respectively). Baseline FEV;/FVC had a large effect size (Pearson (r) -0.521, 95%Cl -0.609 to -
0.416) and the highest R? value of all measures. In contrast, there was no linear relationship
between baseline %FVC and change in %FEV,, with little effect size (Pearson (r) 0.014, 95%ClI
-0.119 to 0.092).

Table 3-27 Correlation between baseline spirometry measures and change in %FEV, in
preterm-born children after bronchodilator.

Baseline spirometry Pearson’s Correlation Coefficient R?
measure (r)
%FEV, -0.338 (-0.446 t0 -0.213) *** 0.114
%FVC -0.014 (-0.119 to 0.092) N/A
FEV./FVC -0.521 (-0.609 to -0.416) *** 0.271
%FEF25.75% -0.460 (-0.539 to -0.373) *** 0.211

Significance *p<0.05, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)

Analysis of the diagnostic ability of baseline spirometry measures to identify a positive BDR
in the whole preterm-born population are detailed in Figure 3-8 and Table 3-28. Mirroring
the findings from the correlation analysis, baseline %FEV; was a fair test (AUC of 0.758; 95%Cl
0.694 to 0.822). Using a cut-off level of 85.5%, the baseline %FEV: had a 79% sensitivity and
59% specificity. Baseline FEV1/FVC and %FEFs.75% were both good tests (AUC 0.816, 95%ClI
0.755 to 0.877 and AUC 0.825, 95%CI 0.772 to 0.878 respectively). The baseline FEV;/FVC
cut-off level of 0.815 had high sensitivity (76%) and specificity (77%). A cut-off point for
baseline %FEFs.75% of 68.5% also resulted in high sensitivity and (71%) and specificity (80%)
for positive BDR. As expected, baseline %FVC was a poor test (AUC 0.576, 95%Cl 0.498 to
0.654).
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Figure 3-8 ROC Curves of spirometry measures to identify BDR in all preterm-born children.

Table 3-28 Sensitivity, specificity, and optimum cut-off levels for baseline spirometry measures
and positive BDR

Baseline Area under the curve Sensitivity Specificity Youden’s J Statistic for
spirometry (95% Cl) optimum cut-off level
measure
%FEV1 0.758 (0.694 to 0.822) 0.789 0.591 85.5%
%FVC 0.576 (0.498 to 0.654) 0.902 0.273 81.5%
FEV1/FVC 0.816 (0.755 to 0.877) 0.756 0.773 0.815
FEF25-75% 0.825 (0.772 to 0.878) 0.707 0.803 68.5%
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3.6.3 Spirometry measures and BDR in preterm-born children with a low %FEV;

Further analysis of baseline spirometry measures in those with a %FEV: <85% was
undertaken. Thus, evaluating the benefit of combining spirometry measures to identify those
who have reversible airflow limitation and those who may benefit from inhaled

bronchodilator.

The correlation between baseline spirometry measures and change in %FEV; in those with a
%FEV; <85% were consistent with results observed in the whole preterm-born population
(Table 3-29). There continued to be a highly significant negative correlation between
baseline %FEV: and change in %FEV; following bronchodilator (p<0.001) with a medium
effect size (Spearman’s (r) -0.331, 95%CI -0.482 to -0.158). Both baseline FEV;/FVC and
%FEF2s.75% also had significant negative correlations (p<0.001) but with a large effect size
(Spearman’s (r) -0.546, 95%Cl -0.669 to -0.398 and -0.530, 95%Cl -0.654 to -0.382
respectively). As expected, poor correlation between baseline %FVC and post-bronchodilator
change in %FEV: was observed with a non-significant p value and Spearman’s (r) 0.156

(95%Cl -0.04 to 0.295).

Table 3-29 Correlation between baseline spirometry measures and post-bronchodilator
change in %FEV; in preterm-born children with a %FEV; <85% .

Baseline spirometry Spearman’s Correlation Coefficient
measure (r)
%FEV, -0.331 (-0.486 to -0.153) **
%FVC 0.156 (-0.04 to 0.295)
FEV:/FVC -0.546 (-0.679 to -0.400) ***
%FEF25.75% -0.530 (-0.649 to -0.380) *kk

Significance *p<0.5, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)

The diagnostic value of baseline spirometry measures in preterm-born children with a %FEV:
<85% showed that baseline %FEV; became less useful, with an AUC 0.683 (95%CI 0.578 to
0.786). Using a cut-off value of 70.5%, baseline %FEV: continued to have high sensitivity
(85.3%) but much lower specificity (41.0%). With an AUC of 0.775 (95%Cl 0.689 to 0.861),
the mid-expiratory flow measurement, baseline %FEF,s.75%, was found to be a fair test. Like
the baseline %FEV,, it also had a high level of sensitivity (85.5%) with lower specificity
(56.4%). Overall, baseline FEV1/FVC was the optimal test (AUC 0.805; 95%Cl 0.725 to 0.885)
with a high level of sensitivity (75%) and specificity (72%). As expected, baseline FVC
continued to be an unhelpful test with an AUC 0.435 (95%CI 0.320 to 0.550) (Table 3-30).
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Table 3-30 Sensitivity, specificity, and optimum cut-off levels for baseline spirometry
measures and positive BDR in those with a %FEV; <85%,

Baseline Area under the curve Sensitivity Specificity Youden’s J Statistic for
spirometry (95% Cl) optimum cut-off level
measure
%FEV1 0.683 (0.578 to 0.786) 0.853 0.410 70.5%
%FVC 0.435 (0.320 to 0.550) 0.274 0.513 86.5%
FEV1/FVC 0.805 (0.725 to 0.885) 0.747 0.769 0.785
%FEF25.75% 0.775 (0.689 to 0.861) 0.853 0.564 47.5%

3.6.4 Spirometry measures in obstructive and non-obstructive respiratory phenotypes
| have demonstrated that - compared with %FEV:, %FVC and %FEF;s 755 - the FEV1/FVC ratio
is the optimal spirometry measure to identify those most likely to have a positive BDR in

children with a %FEV; <85%.

The optimal cut-off points identified in the ROC curve analysis for both %FEV; (85.5%) and
FEV1/FVC (0.79) are like previously used pragmatically chosen cut-off levels to characterise
obstructive and non-obstructive respiratory phenotypes. Thus, suggesting that the use of
baseline %FEV; <85% and an FEV1/FVC of <0.8 and >0.8 to identify those with lung function
deficits and delineate into obstructive and non-obstructive respiratory phenotypes may

more accurately identify those who would benefit from inhaled bronchodilator.

To further test this suggestion, analysis to more accurately describe the relationship
between baseline spirometry measures and BDR in both obstructive and non-obstructive
respiratory phenotypes was performed. Correlation analysis of baseline spirometry
measures and change in %FEV; post-bronchodilator for children in each phenotype was

undertaken (Figure 3-9, Table 3-31).

The obstructive group had significant negative correlations with medium effect size between
baseline %FEV; (p<0.01, Spearman’s (r) -0.371, 95%CI -0.605 to -0.213), %FEV:1/FVC (p<0.01,
Spearman’s (r) -0.355, 95%Cl -0.588 to -0.082), %FEFs.75% (p<0.01, Spearman’s (r) -0.403,
95%Cl -0.628 to -0.125) and post-bronchodilator change in %FEVi. In the non-obstructive
group, only the baseline %FEV:/FVC had a significant negative correlation with the change
in %FEV; post-bronchodilator with a small effect size (p<0.05, Spearman’s (r) -0.281, 95%Cl
-0.485 to 0.041).
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Figure 3-9 Baseline spirometry measures and correlation with mean change in %FEV; in
preterm-born children with non-obstructive and obstructive respiratory phenotypes.
a. Baseline %FEV;, b. Baseline FVC, c. Baseline %FEFs.75%, c. Baseline FEV1/FVC.

Table 3-31 Correlation between spirometry measures and respiratory phenotypes

Non-obstructive Group (n=77) Obstructive Group (n=57)
Baseline Spearman’s Correlation Baseline Spearman’s Correlation
spirometry Coefficient spirometry Coefficient
measure (r) measure (r)

%FEV; -0.069 (-2.86 to 0.158) %FEV, -0.371 (-0.605 to -0.213)**
%FVC 0.118 (-0.135 to 0.360) %FVC -0.204 (-0.449 to 0.061)
FEV./FVC -0.281 (-0.485 to 0.041) * FEV./FVC -0.355 (-0.588 to -0.082)**
%FEF35.75% -0.223 (-0.431 to 0.006) %FEF3s5.75% -0.403 (-0.628 to -0.125)**

Significance *p<0.05, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)
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Further AUROC analysis shows poor test diagnostic ability across all baseline spirometry

measures once baseline %FEV; and FEV:/FVC have been used to delineate obstructive and

non-obstructive phenotypes (Table 3-32 and Table 3-33).

Table 3-32 Sensitivity, specificity, and optimum cut-off levels for baseline spirometry
measures to predict a positive BDR in the non-obstructive respiratory phenotype.

Baseline Area under the curve
spirometry (95% Cl)
measure
%FEV1 0.530(0.330to 0.731)
%FVC 0.446 (0.251 to 0.642)
FEV1/FVC 0.606 (0.432 to 0.781)
%FEF 0.670 (0.498 to 0.842)

25-75%

Sensitivity

0.412

0.529
0.618

0.500

Specificity

0.778

0.556
0.667

0.778

Youden’s J Statistic for
optimum cut-off level

81.5%

81.5%
0.835

65.5%

Table 3-33 Sensitivity, specificity, and optimum cut-off levels for baseline spirometry
measures to predict a positive BDR in the obstructive respiratory phenotype.

Baseline Area under the curve
spirometry (95% Cl)
measure
%FEV, 0.643 (0.498 to 0.788)
%FVC 0.577 (0.426 t0 0.727)
FEV,/FVC 0.640 (0.495 to 0.785)
%FEF 0.659 (0.517 to 0.800)

25-75%

Sensitivity

0.778

0.852
0.630

0.926

Specificity

0.533

0.400
0.667

0.367

Youden’s J Statistic for
optimum cut-off level

70.0%

81.5%
0.735

34.5%

Whilst the delineation of preterm-born children into obstructive and non-obstructive

phenotypes identifies a clear difference in correlation between spirometry measures and

response to bronchodilator, ROC curve analysis suggests that once placed into a respiratory

phenotype, baseline spirometry measures lose their value as a diagnostic test for a positive

BDR. Thus, there is no benefit in using additional baseline spirometry measures to identify

those who will have a positive BDR.
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3.6.5 Spirometry measures and FeNO in the preterm-born population

Having described the correlation between spirometry measures and post-bronchodilator
change in %FEV; in the preterm-born population, this section describes FeNO in the preterm-
born population compared with term-born controls, explores the relationship between
baseline spirometry measures and FeNO, and evaluates the role of FeNO as a diagnostic tool

for identifying those who have a positive BDR.

3.6.5.1 FeNO measures in the preterm-born population

Table 3-34 outlines mean FeNO levels and proportions of children with a FeNO >35ppb
between preterm-born children with different levels of lung function and term-born
controls. No significant differences were found between the TC and PT groups when
comparing mean FeNO (18.3ppb vs 17.3ppb respectively) or the proportion of children with
a FeNO >35ppb (11% vs 13% respectively). Children in the Piow group had the highest mean
FeNO level (21.8ppb) compared with the PTC (16.0 ppb) and TC (18.3ppb) groups. Whilst the
difference in mean FeNO levels between the PTC and Piow groups was statistically (p,0.01) ,
the difference between the TC and Pow groups was not. The P, group had a significantly
higher proportion (23%) of children with a FeNO >35ppb, compared to the PTC group (9%,
p<0.001), and TC group (11%, p<0.01).

Further analysis of FeENO measures between the obstructive and non-obstructive groups
showed a notable, but non-significant difference in mean FeNO levels, with the obstructive
group having a higher mean FeNO (25.8ppb) than the non-obstructive group (19.3ppb). A
significant difference was also found when comparing the proportions of children in each
group with a FeNO >35ppb, with 17% more of the obstructive group than the non-obstructive

group having a FeNO >35ppb (p<0.05).
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Table 3-34 FeNO levels in preterm- and term-born children

Preterm-born population with % predicted FEV, <85%
(Piow) N =124

Piow(No) Piow(0)
FEV,/FVC ratio <0.8 FEV,1/FVC ratio <0.8
(Non-obstructive) (Obstructive)

FeNO n=75 n=49

FeNO >35ppb 12 (16%) § 16 (33%)

FeNO Mean 19.3 (14.2 to 24.4) 25.8 (19.8 to 31.9)

Preterm-born population (<34/40)

(PT) n =474
<34/40 <34/40 control
% predicted FEV, <85 % predicted FEV; >85
(Piow) (PTC)
n=124 n =350
28 (23%) ®O=== 33 (9%)

21.8 (17.9 to 25.7)

oo

16.0 (14.3t0 17.7)

<34/40 >37/40
Preterm-born (PT) Term-born control
(TC)
n=474 n =183
61 (13%) 20 (11%)

17.5(15.9t019.2)  18.3 (15.5to 21.1)

95% confidence intervals or percentages shown in brackets. Significance - PT vs TC Vp<0.05, VVp<0.01, V¥Vp<0.001. Piow V PTC ©0p<0.05, e220p<0.01, c0c2e2p<0.001. Pi,w v TC 6p,0.05, 66p<0.01, 666p<0.001,

>TC v TC xp<0.05, xxp<0.01, xxxp<0.001. Piow(r) V Piow(o) §p<0.05, §8p<0.01, §§8p<0.001.
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3.6.5.2 The relationship between baseline spirometry and FeNO levels

There was no tangible relationship between baseline spirometry measures and FeNO in the
whole preterm-born group. Despite this, baseline FEV:/FVC was observed to have a
significant negative correlation with FeNO (p<0.05). However, the effect size was small
(Spearman’s (r) -0.102, 95%Cl -0.197 to -0.010). No significant correlations were found

between all other baseline measures and FeNO level (Table 3-35).

Analysis of the preterm-born group with a %FEV1<85% showed no significant correlation
between baseline %FEV1, %FVC, FEV1/FVC or %FEF,s.7s% and FeNO level (Table 3-36). There
were also no significant correlations between baseline spirometry measures and FeNO in

both obstructive and non-obstructive respiratory phenotypes (Table 3-37).

Table 3-35 Correlation between baseline spirometry and FeNO in all preterm-born children

Baseline spirometry measure Spearman’s Correlation Coefficient
(r)
%FEV, -0.047 (-0.136 to 0.051)
%FVC -0.022 (-0.114 to 0.069)
FEV./FVC -0.102 (-0.197 to -0.010) *
Y%FEF25.75% -0.023 (-0.108 to 0.064)

Significance *p<0.05, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)

Table 3-36 Correlation between baseline spirometry measures and change in %FEV; in
preterm-born children with air flow impairment.

Baseline spirometry measure Spearman’s Correlation Coefficient
(r)
%FEV, -0.018 (-0.199 to 0.158)
%FVC 0.035 (-0.142 to 0.223)
FEV./FVC -0.173 (-0.356 to 0.022)
Y%FEF25.75% -0.063 (-0.258 to 0.133)

Significance *p<0.05, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)

Table 3-37 Correlation between baseline spirometry measures and FeNO level in different
respiratory phenotypes.

Non-obstructive Correlation (n=77) Obstructive Correlation (n=57)
Baseline Spearman’s Correlation Baseline Spearman’s Correlation
spirometry Coefficient spirometry Coefficient
measure (r) measure (r)
%FEV, 0.064 (-0.004 to 0.105) %FEV, -0.050 (-0.336 to 0.233)
%FVC 0.063 (-0.116 to 0.236) %FVC -0.066 (-0.334 to 0.218)
FEV./FVC -0.061 (-0.267 to 0.154) FEV:/FVC -0.071 (-0.351 to 0.208)
%FEF25.75% 0.123 (-0.093 to 0.317) %FEF25.75% -0.050 (-0.331 to 0.239)

Significance *p<0.05, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)
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3.6.5.3 FeNO and BDR in the preterm-born population

Despite the absence of correlation between baseline spirometry and FeNO level, a
scatterplot detailing the relationship between FeNO and change in %FEV: post
bronchodilator shows that a greater proportion of those with the obstructive phenotype had
a positive BDR and a FeNO>35ppb. This suggests a greater proportion of those with the
obstructive phenotype have reversible lung function deficits which may be due to Th2 driven

eosinophilic inflammation compared to those with non-obstructive phenotype (Figure 3-10).

Further analysis demonstrated a highly significant positive correlation between post-
bronchodilator change in %FEV; and highest FeNO in those with obstructive lung function
deficits with a medium effect size (Spearman’s (r) 0.399, 95%Cl 0.119 to 0.621). Conversely,
there was no significant correlation observed in those with non-obstructive lung function

deficits (Table 3-38).
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Figure 3-10 Relationship between FeNO levels and change in %FEV; in the preterm-born
population.
Positive BDR defined as change in %FEV: of >10%. FeNO >35ppb (as per ATS guidelines).
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Table 3-38 Correlation between change in %FEV: and FeNO >35ppb in two respiratory
phenotypes

Non-obstructive Correlation (n=70) Obstructive Correlation (n=48)
Spearman’s Correlation Spearman’s Correlation
Coefficient Coefficient
(r) (r)
FeNO 0.139 (-0.130 to 0.396) FeNO 0.399 (0.119to0 0.621)**

Significance *p<0.05, **p<0.01, ***p<0.001, (Bias-corrected and accelerated (BCa) bootstrap 95%Cl)
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Mirroring the previous correlation analysis, both AUROC curve analysis demonstrate the poor
diagnostic value of FeNO in identifying preterm-born children who will have a positive BDR
in the whole preterm-born population enrolled in the study (AUC 0.659, 95%Cl 0.571 to
0.746). Similar results were also observed in preterm-born children with a %FEV; <85% (AUC
0.693, 95%Cl 0.578 to 0.808) and those with the non-obstructive respiratory phenotype (AUC
0.593, 95%Cl 0.349 to 0.837). In those with the obstructive respiratory phenotype, FeNO
measurement was a fair test to identify those who will have a positive BDR (AUC 0.729, 95%ClI
0.584 to 0.874) with a high sensitivity (76%) but less useful specificity of 35% (Figure 3-11,

Table 3-39). The optimal cut-off point in the obstructive respiratory phenotype was 12.5ppb.

o
@
1
o
@
1

Sensitivity
Sensitivity

00 02 04 o5 o8 10 00 02 04 o6 o8 10
1 - Specificity 1 - Specificity

Sensitivity
Sensitivity

T T T T 0.0+ T T T T
00 0z 04 08 08 10 0.0 02 04 08 08 1.0

1 - Specificity 1 - Specificity

Figure 3-11 ROC curves of FeENO measurement to predict a positive BDR in preterm-born
children.

a. Whole preterm-born population, b. Preterm with a %FEV: <85%, c. Obstructive lung
function deficits, d. Non-obstructive lung function deficits
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Table 3-39 AUC analysis of FeNO and BDR in preterm-born children

Population

Whole preterm-born
population
Preterm-born lung
function deficits
Obstructive
respiratory phenotype
Non-obstructive
respiratory phenotype
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Area under the
curve
(95% ClI)

0.659
(0.571 to 0.746)
0.693
(0.578 to 0.808)
0.729
(0.584 t0 0.874)
0.593
(0.349 t0 0.837)

Sensitivity

0.436

0.274

0.760

0.500

Specificity

0.125

0.134

0.348

0.194

Youden’s J
Statistic for
optimum cut-
off level
27.5ppb

25.5ppb

12.5ppb

21.5ppb
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Summary of findings

Except for %FVC, all baseline spirometry measures obtained from preterm-born children in
this large cohort had significant negative correlation with the change in %FEV; following
inhalation of a bronchodilator. Thus, there is an inverse relationship between baseline
spirometry measures and increase in %FEV: following bronchodilator in preterm-born

children.

The combined use of baseline %FEV; and FEV1/FVC improved identification of those more
likely to have a positive BDR, irrespective of the presence of respiratory symptoms. The
combined use of these baseline spirometry measures has helped to identify at least two
respiratory phenotypes who have a different response to bronchodilator in the preterm-
born population. Using ROC analysis and Youden’s J statistic, | have also described the ideal
cut-off values for both FEV; and FEV3/FVC in this population. These analyses support the

earlier pragmatic values | chose to use.

With no difference in the FeNO levels between preterm- and term-born children, it is unlikely
that the increased lung function deficits observed in the preterm-born population is entirely
due to Th2 driven inflammation. However, there is some evidence that children with the
obstructive respiratory phenotype have a greater risk for a FeNO >35ppb. Furthermore, there
is some limited evidence that in children with a low %FEV;, FEV1/FVC and a FeNO >35ppb are
more likely to have a positive BDR, and therefore more likely to benefit from inhaled

therapies.

141 |Page



Chapter Four

4 Discussion

This chapter summarises the pertinent findings from my studies in the context of the existing
literature. After reporting my findings, and discussing the strengths and limitations of my
work, | will consider the implications of my findings for practice and future directions for

research.

4.1 Findings

This section discusses my findings and addresses the hypotheses and specific aims outlined

in chapter one of this thesis. Information is presented for of each hypothesis.

4.1.1 Preterm-born children have greater lung function deficits than term-born children.
| have accurately described lung function in a large population of children aged 7 — 12 years
of age born at <34 weeks’ gestation and compared them with term-born controls of

equivalent age.

Despite the inclusion of moderately preterm-born children, at school-age these children
continue to have lower spirometry measures and a greater response to a single dose of
inhaled salbutamol than term-born controls, confirming the hypothesis that preterm-born

children have greater lung function deficits compared to term-born children.

These findings are consistent with the existing research and suggest that - despite being born
in an era of routine maternal antenatal corticosteroid administration, postnatal exogenous
surfactant installation, judicious oxygen use and gentler ventilation techniques - prematurity
continues to be associated with impaired lung function in childhood (Fawke et al. 2010;

Kotecha et al. 2013; Verheggen et al. 2016; Simpson et al. 2017).

Whilst the preterm-born population had lower spirometry measures compared with term-
born controls, measures for the whole preterm-born population were within normal limits.
This suggests that there is a need to identify those in the preterm-born group who have
clinically relevant lung function deficits. Using a %FEV1 of <85% as a proxy for the LLN,
preterm-born children had a higher incidence of significant lung function deficits and a

greater proportion had evidence of a positive BDR compared with term-born controls.

In addition to lower gestation at birth, several demographic details differed between the

preterm- and term-born groups. As expected, those born preterm had lower birthweight and
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poorer neonatal health. They also had greater incidence of CLD, IUGR, delivery by caesarean
section, maternal antenatal and postnatal smoking, and experienced higher levels of

deprivation.

IUGR and delivery by caesarean section have both been associated with reduced lung
function in childhood (Kotecha et al. 2010; Kotecha et al. 2016; Ronkainen et al. 2016).
Maternal antenatal smoking has been associated with the development of IUGR (Lawder et
al. 2019), whilst postnatal exposure to environmental smoke is associated with early life
respiratory illness and wheeze (Vanker et al. 2017). The elevated incidence of maternal
antenatal smoking in the preterm-born group may have contributed to the higher incidence

of IUGR, birth by caesarean section, and respiratory illness observed in the preterm-born

group.

Whilst a higher proportion of preterm-born children were born prior to the introduction of
the Welsh smoking ban compared with term-born controls, nearly 70% were born after this
time. Data demonstrates that despite smoking in Wales decreasing since 2007, those in the
most deprived WIMD quintile continue to have higher rates of smoking compared to those
in the least deprived quintile (29.2% vs 12%)(PHW 2020). It is likely that the greater levels of
deprivation observed in the preterm-born group had a greater influence on maternal
smoking than the recruitment of children born prior to the introduction of the smoking ban
to the study. Deprivation has also been associated with preterm delivery and poor long-term

health outcomes (Taylor-Robinson et al. 2011; Wickham et al. 2016; Wilding et al. 2019).

The increased prevalence of respiratory illness in early childhood in the preterm-born group
is also consistent with prior studies (Been et al. 2010; Edwards et al. 2015). The observed
decrease in the proportion of preterm-born children reporting wheeze in the last 12 months
compared with wheeze-ever suggests there may be improvement in respiratory symptoms
with ascending age. This is consistent with prior studies who also describe resolution of early

wheeze in preterm-born children (Kotecha et al. 2019 Edwards et al. 2016).

It is of concern that, despite a higher proportion of the preterm-born group experiencing
respiratory symptoms in the last 12 months, only 60% of these children had received inhaled
treatments. Although studies are contradictory, this finding has been previously described
(Hennessy et al. 2008; Fawke et al. 2010). The lack of evidence into the efficacy of
bronchodilator use in the preterm-born population has been widely acknowledged and may

explain the observed proportion of preterm-born children in this study with current
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respiratory symptoms who were not receiving any appropriate treatment (Kotecha et al.

2015; Duijts et al. 2020; Cristea et al. 2021)

In summary, spirometry results in my study have demonstrated that there continues to be a
significant proportion of preterm-born children with persisting significant lung function

deficits that are poorly understood and potentially under-treated.

There is a need to provide more robust information to help identify preterm-born children
at risk for significant lung function deficits and to understand how to provide targeted

treatments and advice for individual children.

4.1.2 Preterm-born children with a history of CLD in infancy have greater incidence of
lung function deficits compared to term- and preterm-born children with no
history of CLD.

Twenty percent of preterm-born children were noted to have CLD in infancy. Whilst this is

within the reported international incidence of CLD of between 15% and 32% in children born

24*%t0 31*° weeks’ gestation, it is lower than the UK incidence of 32% (Shah et al. 2016). The
development of CLD is inversely related to gestation at birth, the inclusion of children born

beyond 31*® weeks’ gestation in my study most likely explains this finding.

The CLD group had the lowest spirometry measures compared to both the No-CLD and TC
groups. Thus, confirming the hypothesis that preterm-born children with a history of CLD
have greater incidence of a %FEV; <85% compared to term- and preterm-born children with
no history of CLD. However, | also found that the No-CLD group had evidence of reduced
spirometry compared with the TC group. Several similar studies have previously identified
that, whilst preterm-born children with CLD have the lowest spirometry measures, many
without CLD also have reduced spirometry measures when compared to term-born controls
(Fawke et al. 2010; Kotecha et al. 2013; Simpson et al. 2017). Despite the findings in these
studies, the authors did not gather any further details about these children, limiting
understanding of which group of preterm-born children are at greatest risk for significant

lung function deficits in childhood.

Using %FEV1<85% as a pragmatic cut off to identify the incidence of significant lung function
deficits, | identified that the CLD group were three times more likely than term-born controls
and twice as likely as preterm-born children without CLD to have a %FEV:1 <85%. Preterm-

born children without CLD were also one and a half times more likely to have a %FEV; <85%
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than term-born controls. With 62% of children with CLD having normal lung function it is
reasonable to suggest that CLD may not be the optimal predictor of lung function deficits in

the preterm-born population.

Twenty six percent of all preterm-born children - 38% with CLD and 23% children without
CLD - and 16% of term-born controls had a %FEV1 £<85% . This finding is consistent with Doyle
et al who, despite using a lower %FEV1(<75%) in a more limited preterm-born population
(<28 weeks’ gestation or <1000 grams), showed that 19.7% preterm-born children had lung
function deficits. 27.3% of those had CLD and 15.2% did not (Doyle 2006). Similarly, in a
population of school-aged children born at <32 weeks’ gestation, Simpson et al described
how 46.8% of those with CLD and 13.5% without CLD and had lung function deficits (Simpson
et al. 2017).

My data also showed that the CLD group required longer periods of supplemental oxygen
therapy, were born at the earliest gestational age and had the lowest birthweight. They also
suffered from poorer health during the neonatal period and reported greater incidence of
respiratory illness in infancy compared to both the No-CLD and TC groups. In addition to CLD
diagnosis, several studies have also identified that duration of oxygen therapy, lower
gestation, low birthweight, and poor neonatal health are associated with childhood lung
function deficits in the preterm-born population (Halvorsen et al. 2006; Fawke et al. 2010;
Simpson et al. 2017). It is reasonable to suggest that CLD may be one of many factors that

influences childhood lung function.

The CLD group reported increased incidence of wheeze-ever and bronchiolitis in infancy.
However, wheeze in the last 12 months, asthma diagnosis and inhaler use were similar
between the No-CLD and CLD groups. Brostrom et al noted that - despite children with CLD
having a reduced %FEV; - only 8 out of 19 reported symptoms (Brostrom et al. 2010). The
lack of reported respiratory symptoms in preterm-born children with CLD with significant
lung function deficits was also noted by Nordlund et al who suggest that — children with CLD
may have a lack of perception due to lung compromise being ever-present as opposed to
episodic symptoms associated with asthma (Nordlund et al. 2017). This lack of perception
may explain the similar reported respiratory symptoms and treatment between the No-CLD
and CLD group. Conversely, with evidence that lung development continues beyond the
neonatal period (Narayanan et al. 2013) it is also reasonable to suggest that CLD may be a
marker for respiratory health limited to the neonatal and infancy periods and that lack of

symptoms may reflect improvements in respiratory health. Whether the lack of reported
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respiratory symptoms is due to lack of perception or due to CLD being a poor prognostic
factor for childhood lung function deficits, there is a need to consider ongoing lung function
testing - such as community-based spirometry - to identify children with persistent lung

function deficits.

Following inhalation of salbutamol, all groups had increases in spirometry measures. The CLD
group had the greatest increases in %FEV1, %FVC and FEV:/FVC compared to the PTC and TC
groups. Despite this, all post-bronchodilator spirometry measures, except %FVC, remained
significantly lower than the No-CLD and TC groups. In contrast, the No-CLD group had post-
bronchodilator spirometry measures comparable with the TC group. Fawke et al describe
similar findings in an extremely preterm-born cohort where those with CLD had the lowest
baseline spirometry and largest increase in %FEV: compared with those without CLD and
term-born controls. They also describe how the post-bronchodilator %FEV; in all preterm-
born children remained below term-born controls but did not differentiate between CLD and

No-CLD (Fawke et al. 2010).

Using an absolute increase in %FEV; of >10% to indicate reversibility of airflow limitation, it
was clear that a higher proportion of preterm-born children in both CLD and No-CLD groups
showed evidence of reversibility when compared to term-born controls. However, despite
38% of the CLD and 23% of the No-CLD groups having a %FEV: <85%, a lower proportion of
both groups (19% and 11% respectively) had a positive BDR, suggesting a proportion of

children have a degree of irreversible or fixed airflow limitation.

With 108 children with CLD, there was an opportunity for additional analysis of the impact
of the severity of CLD. Children with CLDss had the lowest spirometry measures and largest

response to bronchodilator, although these differences were not statistically significant.

Both the CLD2s and CLDss groups had lower baseline spirometry measures compared to the
No-CLD and TC groups. Whilst the CLDss group had the lowest baseline measures of all
groups, measures were not significantly lower than those in the CLD,s group. Following
400mcg salbutamol, the CLD,s group had comparable spirometry measures with the No-CLD
group. The CLDss group continued to have reduced %FEV:, FEV:/FVC and %FEF;s 7%
compared with the No-CLD and TC groups. However, there were no statistically significant

differences in the proportion of children in each group with a positive BDR.

The proportion of children with a %FEV; <85% in both the CLD2s and CLDss groups was

comparable, with 38% of children having a %FEV1 <85%. It may be reasonable to suggest that
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- whilst both CLD sub-groups have the same proportion of children with a %FEV; <85% - those
with a %FEV; <85% in the CLDss group had larger lung function deficits than those with a
%FEV1<85% in the CLD,s group. There were additional early life factors that differed between
the groups: the CLDss group had greater incidence of IUGR, neonatal respiratory
compromise, higher use of postnatal corticosteroids and home oxygen use — suggestive of

longer duration of oxygen therapy.

Whilst my findings did not show that any significant differences in lung function based on
severity of CLD, prior studies have reported the negative impact that severity of CLD has on
spirometry measures. Um-Bergstrom et al reported a relationship between reduced
spirometry measures (%FEV1, FEV1/FVC, %FEF,s.75%) and severity of CLD (Um-Bergstrém et al.
2017). Halvorsen et al also described associated reductions in %FEV; with increasing severity
of CLD (Halvorsen et al. 2006). However, both studies have limitations: Um-Bergstrém et al
had limited numbers of recruits and lacked clarity about which recruits had received
surfactant. Similarly, whilst Halvorsen et al’s study included two groups - one born in the pre-
and one in the post-surfactant era - only 49% of those in the post-surfactant era had received
surfactant as rescue therapy. Additionally, maternal antenatal corticosteroids were only
administered in 44% of cases in the latter group. The benefits of administration of maternal
antenatal corticosteroids and postnatal installation of surfactant for RDS have been
described (Roberts et al. 2017; Sweet et al. 2019) and have resulted in their routine
administration in preterm-born infants. Children enrolled into my study were born in an era
when surfactant and antenatal maternal steroid administration were routine care and

therefore the different populations studied may have different underlying lung pathologies.

In summary, whilst children with CLD had the lowest baseline spirometry measures and
greatest incidence of a %FEV: <85%, children without CLD also had evidence of significant
ongoing lung function deficits compared to term-born controls. Disease severity did not

impact the proportion of children with a %FEV; <85%.

There is a need to examine the preterm-born population with evidence of lung function
deficits irrespective of CLD status to improve understanding of early life factors that may

negatively impact on childhood lung function.

4.1.3 CLD is the optimal predictor of lung function deficits in preterm-born school-aged
children.

Analysis of early life factors associated with a %FEV; <85% suggested that, whilst CLD was a
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significant factor in the univariable modelling, in multivariable modelling, gestation at birth
and IUGR were significant and CLD was not. Thus, IUGR and low gestational age may be
superior to CLD as predictors of lung function deficits in preterm-born school-aged children.
The inverse relationship between gestation at birth and lung function deficits has previously
been described (Fawke et al. 2010). In appreciating that birth before 28 weeks’ gestation
requires respiration to occur at the very beginning of the development of the respiratory
units when both epithelial cell differentiation and development of the capillary networks are
occurring, it is unsurprising that structural alterations which impact on future respiratory

function occurs at a higher incidence.

The association between IUGR and childhood spirometry has also been previously
documented. Kotecha et al described how school-aged children with a history of IUGR had
greater spirometry deficits compared with counterparts born with appropriate birthweight
(Kotecha et al. 2010). Maternal antenatal smoking is known to be a contributor to the
development of IUGR (Horta et al. 1997). It is interesting that the PTC group had the highest
reported maternal antenatal and postnatal smoking. This is contrary to the increased
incidence of IUGR rate found in the Piow group. There may be alternative causes of IUGR such
as impaired placental function that are responsible for the increased incidence in those with
lung function deficits. However, the discordance between self-reported antenatal maternal
smoking and urine cotinine has been previously reported — with 35% women who denied
smoking having a positive urine cotinine (Britton et al. 2004). Thus, the reliability of parent-

reported maternal smoking incidence in my study may be limited.

| have shown that children with a history of CLD were born at the earliest gestations and had
the highest incidence of IUGR. They also had the lowest birthweights and reported greater
respiratory illness in the neonatal and infancy periods. This raises the question of whether
CLD is a confounding factor and should be viewed as an indicator of neonatal and infant

illness rather than the optimal predictor of lung function deficits in childhood.

Whilst appreciating results are based on exploratory analysis, further in-depth examination
of the predictive value of CLD in identifying those at risk for persisting lung function deficits

is required.

4.1.4 Lung function deficits in preterm-born children can be classified as either
obstructive or non-obstructive

| have accurately identified preterm-born children with lung function deficits and classified
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them into obstructive and non-obstructive airway disease using a combination of %FEV; and

FEV1/FVC.

Twenty six percent of preterm-born children compared with 16% of term-born controls had
a %FEV; <85%. As expected, preterm-born children with a %FEV; <85% (Piow) had significant
deficits across all baseline spirometry measures and the greatest response to bronchodilator
compared with both control groups. In contrast, the PTC group had comparable spirometry
to term-born controls. This suggests that utilising a cut-off of %FEV1<85% is useful in

identifying those with significant lung function deficits.

The Piow group were born at a lower gestational age and had a higher incidence of IUGR -
early life factors | have identified to be associated with lung function deficits. They reported
higher incidence of respiratory illness in infancy, diagnosis of asthma and - whilst not
significantly different - they also reported greater incidence of current respiratory symptoms.
This suggests that children who develop persistent lung function deficits have a more

complicated course in the neonatal period and infancy.

Despite having the largest spirometry increases, post-bronchodilator measures in the Piow
group remained significantly lower than both control groups. Simpson et al demonstrated
that 92% of children born at <32 weeks’ had structural abnormalities which correlated with
lung function measures (Simpson et al. 2017). It is reasonable to suggest that children in this
study - bornin the canalicular or saccular period of embryonic lung development - could have
some degree of irreversible altered structural lung development which may have a lasting

impact on childhood lung function.

Twenty three percent of the Pow group had a positive BDR. These findings are consistent with
Vom Hove et al who reported that 25% of preterm-born children with evidence of lung
function deficits - irrespective of CLD status - had a positive BDR (Vom Hove et al. 2014).
Similarly, in their study of preterm-born children born at <25* weeks’ gestation, Fawke et al
also found that 27% of children with abnormal baseline %FEV; had a positive BDR (Fawke et
al. 2010).

Despite 29% of the Pow group having a positive BDR, 71% did not. This suggests the possibility

of different respiratory phenotypes within the group which need further identification.

Using the FEV1/FVC ratio to delineate preterm-born children with a %FEV; <85% into two

respiratory phenotypes - obstructive and non-obstructive - | have described how preterm-
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born children with evidence of obstructive lung function deficits have the lowest spirometry
and the highest proportions of those with a positive BDR. These findings concur with the
hypothesis that lung function deficits in preterm-born children can be classified

pragmatically as either obstructive or non-obstructive in nature.

Using an FEV1/FVC ratio of <0.8 to identify obstructive lung function deficits in preterm-born
children and an FEV3/FVC ratio of >0.8 to identify non-obstructive lung function deficits |
demonstrated that 41% of preterm-born children with a %FEV1 <85% had obstructive lung
function deficits and 59% had non-obstructive lung function deficits. The proportion of
preterm-born children with obstructive lung function deficits observed is consistent with
several prior studies. However, the observed proportion of children with non-obstructive
lung function deficits in these studies was much lower. In a population of children born at
<32 weeks’ gestation, Choukroun et al found that 47% of preterm-born children with a
baseline %FEV1<88% had obstructive lung function deficits, whilst they suggest that only 11%
had restrictive or mixed lung function deficits (Choukroun et al. 2015). Similar findings in a
population born at <26 weeks’ gestation were described by the EPICure group, with 45% of
those with lung function deficits being described as obstructive and 11% as restrictive (Lum

et al. 2011).

These earlier and smaller studies used additional lung function testing methods not routinely
available in the community setting. In addition to spirometry, both studies used the gold
standard estimation of TLC to identify those with restrictive lung function deficits within their
respective cohorts (Pellegrino et al. 2005). It is of interest that neither author discusses those
who were not ascribed to either obstructive or restrictive patterns of disease. Neither did
they identify whether those with obstructive or restrictive lung function deficits gained
greatest benefit from inhaled bronchodilator. Lum et al identified that 27% of children had a
positive BDR but did not identify whether these children were attributed to either
obstructive or restrictive groups, whilst Choukroun et al analysed positive BDR across groups

defined by prior CLD status only (Lum et al. 2011; Choukroun et al. 2015).

To my knowledge, this is the first time the FEV:/FVC ratio has been used to define two
respiratory phenotypes in school-aged preterm-born children with a reduced %FEV;.
Limitations of community spirometry testing, especially the inability to measure TLC, meant
| could not be more specific about those with restrictive lung function deficits. Dividing the
preterm-born population into obstructive and non-obstructive patterns of lung function

deficits may have resulted in children with both restrictive and mixed patterns of lung
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function deficits being classified as non-obstructive. However, the lower baseline %FEV;and
%FEF2s5.75% observed in the obstructive group and lower %FVC in the non-obstructive group
suggest that this binary separation is reasonable. It is also reasonable to suggest that further
enhanced lung function testing in the non-obstructive group will help differentiate between

those with restrictive and mixed lung function deficits.

Regression modelling identified that early life factors associated with each respiratory
phenotype were also different. The non-obstructive phenotype was only associated with low
gestation at birth as opposed to the obstructive phenotype, which was associated with low

gestation at birth, IUGR, CLD and NEC.

The association between low gestation at birth and childhood lung function deficits is well
established (Fawke et al. 2010; Simpson et al. 2017). Therefore, it is no surprise that it is a

significant factor for both respiratory phenotypes.

The observed association between IUGR and greater response to bronchodilator in the
obstructive group is consistent with the “Generation R” study which demonstrated a link
between IUGR, airway remodeling and increased airway resistance (Sonnenschein-van der
Voort et al. 2016). Altered growth patterns of the fetus have been associated with altered
structural development of the lung and potential for dysgenesis (Pike et al. 2012; Duke et al.
2018). Furthermore, with the suggestion of immune system maladaptation in preterm-born
children, it is reasonable to suspect that the inflammation linked with CLD and NEC may well
be a contributing factor to the development of obstructive lung function deficits (Kunzmann

et al. 2013).

The observed differences in early life factors and lung function measures between the two
respiratory phenotypes support the assertion that the FEV:/FVC ratio can be used to identify
the two different respiratory phenotypes. It is also reasonable to suggest that the underlying
respiratory pathophysiology and subsequent response to inhaled medication associated with

each phenotype is likely to be different between the two groups.

Interestingly, having previously questioned the predictive value of CLD, modelling of early
life factors in both the obstructive and non-obstructive phenotypes revealed that children
with a history of CLD who continue to have lung function deficits are 5 times more likely to
have obstructive patterns of disease, suggesting a possible third respiratory phenotype. The
association between CLD and obstructive patterns of lung function deficits in childhood has

been previously described (Brostrém et al. 2010; Thunqvist et al. 2018). Additional evidence
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also suggests that lung function progressively worsens with age (Um-Bergstrém et al. 2017),
and persist into adulthood (Gough et al. 2012). In contrast, Hirata et al described progression
of obstructive lung function deficits in all ELBW children irrespective of CLD status (Hirata et

al. 2017).

In view of the increased incidence of obstructive lung function deficits in those with CLD, it
is disappointing to see that - despite reporting similar incidence of wheeze in the last 12
months - they have significantly lower diagnosis of asthma and use of inhalers compared to
those without CLD. Sub-optimal prescribing of inhaled medications in those with CLD despite
a diagnosis of asthma has previously been described (Hennessy et al. 2008). There is a need
to further understand this phenomenon and ensure appropriate prescribing of medications

to optimise respiratory health.

Whilst my data demonstrates an association between CLD and obstructive lung function
deficits, there was no association with severity of CLD. Prior studies have described those
with the most severe CLD having the highest spirometry deficits and greatest evidence of
reversible obstruction (Brostrom et al. 2010; Um-Bergstrom et al. 2017). The small numbers
in my study may have produced a type 2 error resulting in an underrepresentation of the
association between severity of CLD and development of obstructive lung function deficits.
Further investigation of the impact of severity of CLD on the development of obstructive lung

function deficits is required.

Despite similar proportions of children with obstructive disease demonstrating a positive
BDR in those with and without a history of CLD, a higher proportion of children with a FeNO
>35ppb were observed in those without CLD. This suggests different mechanisms of
obstructive lung function deficits between preterm-born children with and without a history

of CLD and further supports the suggestion of the presence of other respiratory phenotypes.

In summary, | have demonstrated that assessing lung function of all preterm-born children
by %FEV; identifies children with significant lung function deficits, they were born at earlier
gestations, had lower birthweight and had higher incidence of IUGR. They also report more
respiratory symptoms. Using the FEV1/FVC, | have shown that preterm-born children with a
%FEV: <85% can be further classified into obstructive and non-obstructive respiratory
phenotypes. Comparison of both groups showed differences in spirometry measures and
each group was associated with different early life factors. Children with a history of CLD

with evidence of ongoing lung function deficits were more likely to have obstructive lung
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function deficits. Further understanding of the response to inhaled treatments will help to

identify if this delineation is clinically useful.

4.1.5 Preterm-born children with obstructive lung function deficits have a greater
response to a single dose of bronchodilator than those with non-obstructive lung
function deficits

The obstructive group had lower baseline spirometry and the greatest increases in

spirometry measures post-bronchodilator compared with the non-obstructive group. A

much higher proportion of children in the obstructive group also had a positive BDR. These

findings support the hypothesis that preterm-born children with obstructive lung function
deficits have a greater response to 400mcg salbutamol than those with non-obstructive lung

function deficits.

Exploration of baseline spirometry measures to identify those most likely to have a positive

BDR showed that FEV;/FVC ratio and %FEF,s.75% were good tests and %FEV; was a fair test.

Whilst it would be reasonable to use FEV1/FVC as the initial identifier, recruitment of children
participating in the study included those with and without known lung function deficits.
%FEV: has long been viewed as a reliable and reproducible measure to identify air flow
limitation (Jat 2013) and is also associated with long-term outcomes. Therefore, | chose to

use %FEV as the initial measure to identify those with airflow limitation in the first instance.

The use of %FEF;s.75% as an independent measure of obstruction has been discouraged by
some authors due to its high inter- and intra-subject variability, whilst others suggest it is
useful in identifying early lung function deficits (Simon et al. 2010; Quanjer et al. 2012; Eke
Gungor et al. 2019). Further evidence suggests a high correlation between %FEF,s.75% and
both %FEV: and FEV1/FVC meaning that %FEF,s.75% has little to add to the interpretation of
spirometry measures (Quanjer 2014a; Boutin et al. 2015; Lukic and Coates 2015). My analysis
showed the diagnostic value of %FEF;s.7s% decreased from good in the whole preterm-born
population to fair in those with a %FEV; <85%, thus not adding further to the use of %FEV;

as the primary outcome measure.

It is of interest to note that an FEF,s.75%4 of 68.5% as the optimal level to identify those who
had a positive BDR is close to the LLN for %FEF2s.75% in children (67%) (Quanjer 2014a). The

additional usefulness of %FEF.s.75% in this population requires further examination
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Further analysis demonstrated that a combination of %FEV: and FEV:/FVC was the optimal
method of identifying preterm-born school-aged children with persisting lung function
deficits to recognise those most likely to benefit from inhaled bronchodilator. Interestingly,
the optimal cut-off value for identifying those most likely to have a positive BDR for %FEV;
was 85.5% and for FEV1/FVC was 0.79. These values are very similar to the pragmatically
chosen values of 85% and 0.8 used throughout the study to delineate between obstructive

and non-obstructive respiratory phenotypes.

The optimal FEV1/FVC cut-off 0.79 differs from the current NICE guidance of 0.7 in asthmatic
children which is based on cut-off values for adults (NICE 2017a). However, it offers high
sensitivity and specificity in this group of children who may have different underlying lung
pathologies. These findings further strengthen the assertion that lung function deficits in
preterm-born children can be classified as either obstructive or non-obstructive in nature,

and that those classified as obstructive will have the greatest response to bronchodilator.

Despite increases in spirometry measures post-bronchodilator, the mean %FEV; in both
groups remained <85%, suggesting that whilst bronchodilator inhalation may improve
airflow limitation, there may be a proportion of children for whom its effect may be limited.

It would be useful to understand whether some of these children have classical asthma.

| have shown that children classified as having obstructive lung function deficits had a greater
response to bronchodilator. There is a need to understand whether these children all have

classical asthma or another prematurity-associated disease process.

4.1.6 Lung function deficits in preterm-born children are independent of Th2 driven
eosinophilic asthma.

There was no evidence of any difference between preterm- and term-born children in either

mean FeNO or the proportions of children with a FeNO >35ppb. Thus, supporting the

hypothesis that lung function deficits in preterm-born children are independent of Th2

driven eosinophilic asthma.

This finding is consistent with previous studies and suggests that the cause of prematurity-
associated lung function deficits differ to Th2 eosinophilic driven inflammation often
associated with asthma (Cazzato et al. 2013; Fortuna et al. 2016). However, having
demonstrated there may be different respiratory phenotypes in the preterm-born

population, | chose to further examine FeENO measurements in specific groups of preterm-
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born children. | also examined the relationship between spirometry and FeNO and whether

FeNO has any diagnostic value in identifying those most likely to have a positive BDR.

Despite a greater proportion of children with CLD having a %FEV1 <85%, no difference was
observed in FeNO levels when the CLD group was compared with the preterm-born and
term-born controls. Existing published evidence related to FeNO and CLD is conflicting.
Baraldi et al and Nordlund et al describe how preterm-born children with and without CLD
have lower FeNO levels compared to term-born children with and without asthma (Baraldi
et al. 2005; Nordlund et al. 2017). However, most studies concur with my findings and
identify no difference between children with and without CLD compared with term-born

controls (Cazzato et al. 2013; Vollsaeter et al. 2013; Course et al. 2019).

Examination of FeNO levels in preterm-born children by current %FEV; status did reveal
some differences. Whilst there was no evidence of correlation between baseline spirometry
and FeNO levels in this group, children with a %FEV;1 <85% were observed to have a higher
mean FeNO levels. They also had a higher proportion of children with FeNO >35ppb (23%)
compared to preterm- and term-born controls. These findings suggest that a small number
of preterm-born children with a %FEV: <85% have ongoing Th2 driven eosinophilic driven

inflammation.

Further division of those with a %FEV; <85% into obstructive and non-obstructive respiratory
phenotypes showed 33% of the obstructive group had a FeNO >35ppb. This proportion is
higher than the non-obstructive group (16%) and the 11% observed in term-born controls,
which is comparable with the reported incidence of childhood asthma in the UK of 10%
(Scholes and Mindell 2019). Thus, suggesting that a higher proportion of children with
obstructive lung function deficits have ongoing Th2 driven eosinophilic linked inflammation.
Correlation analysis supported this assertion. It identified that the only baseline spirometry
measure observed to have a significant correlation with FeNO was FEV;/FVC. However, the
effect size was small. Further correlation between FeNO level and change in %FEV; in

response to bronchodilator was also only observed in the obstructive group.

Whilst 33% of the obstructive group had a FeNO >35ppb, over 53% had a positive BDR. This
observation suggests that approximately 60% of reversible air flow limitation in the
obstructive group can be attributed to Th2 driven eosinophilic inflammation. Correlation was
found between FeNO levels and the change in %FEV; post-bronchodilator in those with the

obstructive respiratory phenotype. This association was not observed in those with the non-
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obstructive respiratory phenotype. This finding also been described in children with allergic
asthma, with an optimal cut-off level of 34ppb (Ciprandi et al. 2013). With this knowledge, it
is reasonable to suggest that some of these children may have classical asthma but others

will have a disease process associated with prematurity.

On further analysis, a higher proportion of children with obstructive lung function deficits
without CLD had a FeNO >35ppb compared with those with CLD. With evidence of increased
neutrophils and its chemoattractant IL-8 in induced sputum in preterm-born children with
CLD, it is reasonable to suggest that alternative inflammatory processes may be a
contributing factor in children with obstructive lung function deficits who have a history of

CLD (Kotecha et al. 2003; Teig et al. 2012; Chakraborty et al. 2013).

A smaller proportion of those in the non-obstructive group had a positive BDR and FeNO
>35ppb. It is of interest that the proportion of these children who use inhaled medications
(11%) was very similar to those who exhibited a positive BDR (12%), and the proportion of
children diagnosed with asthma (16%) was the same as those observed to have elevated
FeNO levels. With a similar level of children reporting wheeze in the last 12 months (22%), it
could be suggested that there are a small number of children in the non-obstructive group
who have an element of reversible airflow obstruction that could be attributed to asthma.
These children require further lung function testing, including assessment of their lung

volumes, gas exchange, airways resistance, response to exercise.

The diagnostic value of FeNO to identify those who are likely to have a positive BDR was poor
for all groups except the obstructive phenotype, for which it was a fair test with a good level
of sensitivity. However, its poor specificity would risk many false positives. The optimal cut-
off in this group being 12.5ppb - which is below the 20ppb suggested as evidence of absence
of Th2 driven eosinophilic driven inflammation (Dweik 2011). It is, therefore, reasonable to
suggest that, whilst FeNO may have an association with those likely to have a positive BDR
in an extremely limited group of children, its use as a diagnostic tool requires caution. There

is a need to further examine its diagnostic value in the preterm-born population.

4.2 Strengths and limitations

The RHINO study is a large MRC funded study designed to address various aspects of lung
function in preterm-born school-aged children. | have been able to focus on the findings
gathered during the community testing phase of the study. This has enabled me to gather

robust high-quality data from 739 children (544 preterm- and 195 term-born). The large
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number of participants in the study have enabled a study which is well-powered. It also

makes it one of the largest studies of its type in preterm-born children.

Additional data collected as part of the RHINO study will be used to address some of the
questions raised by my analysis and inform clinicians about the optimal treatment options

for these children, thus improving future respiratory outcomes.

4.2.1 Recruitment

A notable strength of this study is the recruitment of a large number of preterm-born
children who have received care in an era where antenatal maternal corticosteroid
administration and neonatal installation of exogenous surfactant are routine. The inclusion
of term-born controls as a comparison group further strengthens the data and subsequent
reported findings. Whilst clear inclusion criteria enabled a consistent approach to
recruitment and reduced recruiters biasing participant selection, the nature of self-selection

associated with the study design will inevitably lead to a level of self-selection bias.

In a bid to reduce non-responder bias, | used high-quality information leaflets and employed
a repeat mailing strategy of participation invites which resulted in a positive response rate
of 23% of preterm- and 25% term-born children. Further parental choice of a home visit or
appointment at the hospital for testing at a convenient time for each family further ensured
recruitment opportunities were maximised and bias reduced. Comparison of demographic
details of both preterm- and term-born responders and non-responders showed those who
did not respond were from greater areas of deprivation. The link between poor health
outcomes and deprivation are well documented (Pillas et al. 2014). It is likely that the
enrolment of those from the non-responders’ group would only serve to strengthen my

findings.

The decision to recruit children born at <34 weeks’ contrasts with most of the prior research
which have limited recruitment to those born at lower gestational ages. However, with
emerging evidence of persisting lung function deficits being experienced by those born at
later gestations, | believe that it was important to include those born moderately preterm

(Kotecha et al. 2012a; Edwards et al. 2015; Thunqvist et al. 2016).

The parity of observed demographic details and lung function testing results between my
population of preterm-born recruits and prior published evidence increases confidence in

the results being representative of a wider preterm-born population, increasing the
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generalisability of findings beyond children born in South Wales.

4.2.2 Data collection and analysis

Use of spirometry in isolation does not identify all lung function abnormalities. However, it
is recognised as the lung function test which offers the greatest discrimination with children
and represents the most feasible tool for community use (Kirkby et al. 2008; Lum et al. 2011).
The application of ATS/ERS guidelines, validated reference ranges (GLI), and robust quality
assessment systems of spirometry performance strengthened the internal validity of data
collected. Specific training of personnel undertaking the testing, clear protocols requiring
staff to initially demonstrate tests and use animations where available, also strengthened
data collection and testing success. Ninety-three percent of enrolled children performed
acceptable baseline spirometry. This is higher than previous studies which show that 74% of
children between 4 and 17 years old performed acceptable spirometry providing assurance
of robust data collection (Loeb et al. 2008). Whilst a proportion of children did not provide
post-bronchodilator spirometry, proportions were similar in all analysis groups. Thus,
reducing the impact of attrition bias on the results. FeNO collection proved to be more
difficult for some preterm-born children with 3% more preterm-born children unable to
perform FeNO compared to term-born controls. Children with CLD had the greatest
proportion of children who could not perform FeNO and therefore, results of the impact of

CLD on FeNO levels should be viewed with caution.

Some of the challenges with interpretation of FeNO in the paediatric population have been
discussed throughout this thesis. To overcome the challenges associated with non-
parametric distribution of FeNO results, the ATS suggested using a cut-off point to represent
presence of Th2 driven eosinophilic inflammation and increased likelihood of response to
inhaled corticosteroids. The recommended cut-off level was generated by evidence in adult
studies into FeNO levels and the presence/absence of eosinophils in the sputum of adults
(Shaw et al. 2007). Whilst my results comply with current recommended cut-off levels, it is
reasonable to acknowledge that the optimum level is based on moderate quality evidence.
Further work is required to evaluate optimal cut-off values for FeNO levels in comparison

with eosinophils in sputum in the paediatric population.

The inherent bias in all retrospective cohort studies is recall bias. The use of a validated
respiratory questionnaire alongside the review of data in the questionnaire at the time of

visit were employed to reduce the impact of missing data and recall bias. Parental recall for
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birthweight has been found to be reliable (Shenkin et al. 2017). However, the reliability of
parent recall of neonatal health events is less well understood. Examination of medical notes
was employed to improve the quality of information related to neonatal events included in
the data analysis. Despite this, it is important to recognise the data presented is reliant on

the accuracy of these two sources of information.

The definition of CLD has been a hotly debated topic since Northway et al described this
respiratory disease in a selected mature population. There have been several suggested
definitions of CLD, with new criteria evolving as medical and technical knowledge develops.
The most recent criteria for defining CLD was published after this study commenced and
includes assessment of chest radiography alongside more extensive accommodation of
various forms of respiratory support and oxygen requirement (Higgins et al. 2018). This new
method of assessment has been criticised for being over complicated and at risk of leading

to incorrect diagnoses (Bancalari et al. 2019; Stoecklin et al. 2019).

Due to the limitations associated with retrospective data collection and the introduction of
Higgins et al classification after commencing the study, | used the more established Jobe and
Bancalari’s classification of CLD. Defined as an oxygen requirement at 28 days of age in all
preterm-born children with disease severity determined at 36 weeks’ gestation for those <32
weeks’ gestation and 56 days of age or discharge in those >32 week’s gestation (Jobe and
Bancalari 2001). This strategy is consistent with several studies examining childhood lung
function in similar populations (Brostrom et al. 2010; Cazzato et al. 2013; Simpson et al.

2017).

Despite a proportion of children born >32 weeks’ and <34 weeks’ gestation having lung
function deficits, none had CLD. Due to limitations in available information from medical
notes and parent reported information, | chose to combine those with moderate/severe CLD.
Whilst limiting the analysis of impact of disease severity on lung function, this strategy has
been used in other studies, largely due to the small numbers of children with moderate and

severe CLD.

Whilst some studies advocate using 12% increase in %FEV: after administration of
bronchodilator as evidence of a positive BDR, whether this should be absolute or relative is
also unclear. In addition, Tse et al found that an 8% increase was superior to 12% in

diagnosing asthma in children (Tse et al. 2013). Therefore, | believe that my choice to use an
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absolute increase in %FEV; of 10% was a reasonable point for identifying a significant post-

bronchodilator increase in %FEV;.

The use of fixed cut-off points as opposed to LLN for assessing lung function has been
criticised on the basis that it leads to greater misdiagnosis of COPD in those who are over 70
(Swanney et al. 2008). However, further adult studies have suggested that fixed FEV1/FVC
ratio was superior to LLN in the diagnosis of adults in early-stage lung disease (Mohamed
Hoesein et al. 2011; Hoesterey et al. 2019). In accepting that both strategies have limitations
and that there may be an argument for using the LLN in my analysis (Sylvester et al. 2020),
the community spirometry testing was designed to identify children who could participate in
the second stage of the RHINO study — the randomised controlled trial of different inhaled
therapies (Goulden et al. 2022). Fixed cut-off values were selected above LLN for use in the

study as they are easily accessible in a community setting.

Later analysis of the optimal cut-off values for %FEV, and FEV1/FVC ratio for identifying those
who were most likely to respond to inhaled bronchodilator were consistent with those
pragmatically chosen. Ultimately, | believe this supports my assertion that the chosen cut-
off values can be used in community screening to assess lung function, assist in the selection
of children who could benefit from inhaled bronchodilator, support referrals for in-depth

lung function testing, and enable targeted health promotion.

Whilst acknowledging that the gold standard test for diagnosing restrictive disease requires
measurement of TLC, this measurement is unavailable for use in a community setting. Some
adult studies have attempted to use spirometry measures, such as FEVe/FVC as a proxy for
TLC (Vandevoorde et al. 2008; D'Aquino et al. 2010). These results are not transferrable to
the paediatric population. The choice to use FEV;/FVC ratio as proxy for TLC in those with a
reduced %FEV; to delineate between those with obstructive and non-obstructive disease
does represent potential for bias. However, my findings suggest that this combination of
%FEV: and FEV1/FVC identifies two groups of children with different respiratory symptomes,
response to bronchodilator and FeNO levels. Thus, this strategy could be employed in a
community setting to identify those with the obstructive and non-obstructive respiratory
phenotypes with a view that further, more sophisticated lung function testing, would help

to identify those who have mixed lung function deficits.

Whilst findings related to disease severity in those with CLD and analysis of those in

phenotype groups help towards improved understanding of lung function deficits in the
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preterm-born population, the study was powered for multi-variable regression analysis of
early life factors for a %FEV; <85% in the whole preterm-born population. Thus, there is a
need to acknowledge that the small numbers in these analysis groups may have led to a type
two error. The preterm-born population continues to be relatively small. There is a need for
greater collaboration to ensure larger numbers can be analysed to provide optimal evidence
of the existence of respiratory phenotypes in the preterm-born population and their

different responses to inhaled medications.

4.3 Importance of thesis findings, implications for practice and future
directions for research

There are several key findings in this thesis which require further consideration as they have

implications for both clinicians and researchers.

4.3.1 Importance of thesis findings

Preterm-born school-aged children born continue to have lung function deficits compared
to term-born school-aged children. Despite administration of maternal antenatal
corticosteroids, neonatal exogenous surfactant treatment, and greater use of lung protective
ventilation strategies being routine neonatal care, 26% of preterm-born children had
significant lung function deficits. There is a need to more accurately identify these children
and understand optimal treatments to improve future respiratory health. Failure to do this
risks a generation of preterm-born adults developing significant and life-limiting respiratory

disease.

Children with CLD continue to have the lowest spirometry measures. However, not all
children with CLD had lung function deficits. Indeed, 62% of children with CLD had normal
lung function. Conversely, 23% of children without CLD had significant lung function deficits.
This suggests that CLD may not be the optimal early life factor for lung function deficits in
childhood and that, perhaps, the continued focus on CLD may result in poor understanding

of the real nature of lung function deficits in the preterm-born population.

My data showed that IUGR and gestation at birth were superior predictors of lung function
deficits in a general population of preterm-born children. There is a need for researchers and

clinicians to re-appraise the importance of CLD in lung function beyond the neonatal period.

Using basic spirometry, | have described the presence of at least two respiratory phenotypes

— obstructive and non-obstructive. Whilst acknowledging the limitations of this method of
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lung function testing, children classified as obstructive reported greater respiratory
symptoms, had lower spirometry measures, greater response to bronchodilator and had

higher FeNO levels compared to children classified as non-obstructive.

Having questioned the value of CLD as a predictor of lung function deficits in childhood, the
observation that children with CLD had a greater risk for obstructive lung function deficits
suggests that it may be an important factor for the development of obstructive lung function
deficits. The additional observation that this group had lower FeNO levels suggests the
underlying mechanisms of lung function deficits in this population are different from those

without CLD.

These findings suggest that lung function deficits in the preterm-born population are not
homogenous. There is a need to understand the role of respiratory phenotypes, their
underlying lung pathologies and whether they are more likely to respond to different

treatments.

4.3.2 Implications for clinical practice

Duijts et al suggest that children with CLD require respiratory follow-up and treatment of
lung function deficits (Duijts et al. 2020). Having demonstrated that preterm-born children
without CLD also have significant lung function deficits, it is reasonable to suggest that this

strategy should extend beyond those with CLD to include all preterm-born children.

Spirometry is low-cost easily accessible lung function test which, with adequate training and
support, can be reliably implemented in the community setting to identify significant lung
function deficits in children. Routine screening/surveillance with community spirometry in
the preterm-born children is a cost-effective way of identifying those with significant lung

function deficits and can enable clinicians to initiate and monitor treatment.

Results from the RCT part of the RHINO trial (part 2) have demonstrated that a 3-month
treatment with a combination of LABA and ICS significantly improved respiratory function in
preterm-born school-aged children (Goulden et al. 2022). The relatively small numbers in
this study did not allow further analysis of whether there are specific respiratory phenotypes
who are more likely to respond to these treatments. My data suggests that there are at least
two respiratory phenotypes who respond differently to 400mcg salbutamol. Further
assessment of these respiratory phenotypes in a clinical trial of LABA/ICS is required. In the

meantime, it is reasonable to suggest that children identified to have significant lung function
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deficits received a 3-month trial of LABA/ICS with further lung function testing to assess for

improvements.

4.3.3 Directions for future research
With the knowledge that some preterm-born children continue to have significant lung
function deficits, there is a need to further understand who is at greatest risk for lung

function deficits and their response to inhaled treatments.

Whilst my exploratory analysis of early life factors suggests that IUGR and low gestation at
birth are superior predictors of lung function deficits than CLD, the analysis is limited, and
recently published evidence has described different results. In a combined cohort of
Australian children bornin 1991-2, 1997, and 2005, Doyle et al suggest that moderate/severe
CLD is independently associated with lung function deficits at 8 years old (Doyle et al. 2022).
However, there were several significant differences between this cohort and mine. Firstly,
Doyle et al’s cohort was limited to children born between 22 and 27 weeks’ gestation thus
limiting the ability to assess the effect of gestational age. Only 66% of their cohort received
surfactant suggesting that surfactant use was not routine practice. Furthermore, only 7% of
their cohort had growth restriction - as opposed to 14% in my cohort leaving their analysis
of the impact of IGUR vulnerable to a type 2 error. It is reasonable to suggest that the
differences in results reported by Doyle et al is due to their examining a different population
of children. Further in-depth analysis to fully understand the impact of early life factors —
including CLD — on childhood lung function is required. Thus, improving the ability to target

screening towards the most appropriate children.

Goulden et al recognise the need to replicate the RCT part of the RHiNO trial to confirm their
findings in a larger preterm-born population (Goulden et al. 2022). However, there is also a
need to determine which children gain the greatest benefit of inhaled therapies and how
clinicians can identify them. This requires further exploration of the existence of different

respiratory phenotypes and their response to inhaled treatments.

There is a need to look at the underlying mechanisms of any observed phenotypes.
Examination of the mechanisms of the obstructive and non-obstructive phenotypes
described in my study including proteomics, metabolomics and cytokines in blood, urine,

exhaled breath and, if possible, BAL is needed.
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Using the FEV:/FVC to separate those with a %FEV: <85% into obstructive and non-
obstructive respiratory phenotypes, | have demonstrated how this delineation identifies
children with different respiratory symptoms and lung function measures. The use of
FEV1/FVC >0.8 to delineate non-obstructive respiratory phenotype is not a validated proxy
for TLC which is the gold standard measure for diagnosing non-obstructive disease. However,
this group had less respiratory symptoms, a smaller proportion with a positive BDR and FeNO
>35ppb, compared with those in the obstructive phenotype - suggesting the nature of lung
function deficit in this group is different. Further studies into the validity of using FEV1/FVC
as a proxy for TLC would help in developing lung function testing that is accessible to all

preterm-born children.

This study has assessed the lung function in a population of preterm- and term-born school-
aged children at a set point in time. There is an opportunity for this large cohort of children
to participate in further longitudinal assessment of respiratory health to understand the

impact of preterm birth on respiratory health in adolescence and adulthood.

Greater collaborative working in the scientific community in response to the COVID
pandemic resulted in the production of high-quality evidence, developments of new
treatments and adaptations in clinical practice at rapid speed which inevitably saved many
lives. There is an opportunity to mitigate the challenges associated with researching
outcomes in this relatively small population by sharing existing data from different cohorts
of preterm-born children to improve understanding about the nature and management of

lung function deficits in the preterm-born population beyond the neonatal period.

44 Thesis summary

This thesis has used readily accessible community lung function tests to accurately describe
the lung function of a large cohort of school-aged preterm- and term-born children born in

the modern era of neonatal care.

| have shown that 26% of preterm-born children born <34 weeks’ gestation had significant
lung function deficits. | described how CLD was not an optimal predictor for childhood lung
function deficits in a general population of preterm-born children, but IUGR and gestation at
birth were superior. However, | also discovered that lung function deficits observed in
children with CLD were more likely to be obstructive in nature. This suggests that, whilst the
predictive value of CLD may be limited, it may be more useful in identifying specific

respiratory phenotypes. There is a need to reappraise the value of CLD and other early life
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factors for childhood lung function.

To my knowledge this is the first occasion when a combination of FEV; and FEV1/FVC has
been used to identify preterm-born children with lung function deficits and classify them into
different respiratory phenotypes. | believe that this strategy was successful and provides a
basis for further research into whether respiratory phenotypes have a different response to
treatments. The use of community-based lung function testing in this thesis demonstrates
how preterm-born children can be successfully monitored in a cost effective and accessible
way to ensure that lung function deficits can be understood, and optimal respiratory health

achieved.
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