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 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 (Җоп ǿŜŜƪǎΩ 

gestation) compared with those born at term (җот ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴ). I 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. 

I 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.  

I 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 %FEV1 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 %FEV1 and FEV1/FVC I have identified two different 

respiratory phenotypes: obstructive and non-obstructive. I 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. 

I 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. I 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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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. I 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 - т ǿŜŜƪǎΩύΣ ǇǎŜǳŘƻƎƭŀƴŘǳƭŀǊ όт - мт ǿŜŜƪǎΩύΣ ŎŀƴŀƭƛŎǳƭŀǊ όмт - нт ǿŜŜƪǎΩύΣ 

saccular (28 - ос ǿŜŜƪǎΩύ ŀƴŘ ŀƭǾŜƻƭŀǊ όос ǿŜŜƪǎΩ - 2 years) (Joshi and Kotecha 2007) (Figure 

1-1). 

 

 

Figure 1-1 Stages of human lung development.  
Figure shows the normal stages of development of lung structure alongside gestational age 
of the fetusΦ Lƴ ǘƘŜ ŦƛǊǎǘ т ǿŜŜƪǎΩ ƻŦ ǇǊŜƎƴŀƴŎȅ, lung development begins with the central 
airway structures including the bronchi which subsequently divide dichotomously. The 
ǊŜǎǇƛǊŀǘƻǊȅ ǳƴƛǘǎ όǘƘŜ ŀŎƛƴǳǎύ ŘŜǾŜƭƻǇ ŦǊƻƳ мт ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴ ƛƴ ǘƘŜ ŎŀƴŀƭƛŎǳƭŀǊ ǎǘŀƎŜΦ 
Development of the peripheral lung structures required for optimal gaseous exchange 
ŘŜǾŜƭƻǇ ƛƴ ǘƘŜ ǎŀŎŎǳƭŀǊκŀƭǾŜƻƭŀǊ ǎǘŀƎŜǎ ŦǊƻƳ ну ǿŜŜƪǎΩ ƻŦ ǇǊŜƎƴŀƴŎȅ ŀƴŘ 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 6th 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).  

²Ƙƛƭǎǘ ǊǳŘƛƳŜƴǘŀǊȅ ǊŜǎǇƛǊŀǘƻǊȅ ǳƴƛǘǎ ŀǊŜ ǇǊŜǎŜƴǘ ǇǊƛƻǊ ǘƻ ос ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴΣ ǘƘŜ ǇǊƛƳŀǊȅ 

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 weeksΩ ƎŜǎǘŀǘƛƻƴΣ 

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 FEV1 

(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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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.  
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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). PǊŜǘŜǊƳ ōƛǊǘƘ ŀǘ ғоо ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴΣ 

chronic lung disease (CLD) ŀǘ ос ǿŜŜƪǎΩ 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 

fetusΩ ƘŜŀƭǘƘ. 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 (Iacobelli 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)Φ .ŀǊƪŜǊΩǎ ƘȅǇƻǘƘŜǎƛǎ ƻŦ fetal ΨǇǊƻƎǊŀƳƳƛƴƎΩ ŘŜǎcribes the lasting negative 

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

ƛƴŘƛǾƛŘǳŀƭΩǎ ǊŜǎǇƛǊŀǘƻǊȅ ƘŜŀƭǘƘ ŀƴŘ ǿŜƭƭōŜƛƴƎΦ {ǘǊŀǘŜƎƛŜǎ ǘo 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 weeksΩ PMA (OR of 2.22, 95% CI 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 

ŦƻǳƴŘ ŀ ǇƻǎƛǘƛǾŜ ŀǎǎƻŎƛŀǘƛƻƴ ǿƛǘƘ /[5 ŀǘ ос ǿŜŜƪǎΩ ta! όhw нΦофΣ фр҈ /L мΦто ǘƻ оΦолύ (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 ōŜƎƛƴ ƛƴ ǘƘŜ мффлΩǎΦ 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% CI 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-1ʲ ŀƴŘ ¢ƘǊƻƳōƻȄŀƴŜ .н ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ƛƴ 

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 мр Ƴƛƭƭƛƻƴ ŎƘƛƭŘǊŜƴ ǿŜǊŜ ōƻǊƴ ōŜƭƻǿ от ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴ (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 ς extremely preterm (<28 

weeks), very preterm (28 to <32 weeks) and moderate to late preterm (32 to <37 weeks) 

(WHO 2012)Φ [ŀǘŜ ǇǊŜǘŜǊƳ ōƛǊǘƘ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ŘŜŦƛƴŜŘ ŀǎ оп ǘƻ от ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴ (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 

ǘƻ ну ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴ ōŜƛƴƎ ǘƘŜ Ƴƻǎǘ ǾǳƭƴŜǊŀōƭŜΦ .ƻǊƴ ŘǳǊƛƴƎ ǘƘŜ ŎŀƴŀƭƛŎǳlar 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.  

aƻǊŜ ǊŜŎŜƴǘƭȅΣ WƻōŜ ŘŜǎŎǊƛōŜŘ ŀ άƴŜǿέ ŦƻǊƳ ƻŦ /[5 ƻōǎŜǊǾŜŘ ƛƴ ƛƴŦŀƴǘǎ ōƻǊƴ ŀǘ ƳǳŎƘ ƭƻǿŜǊ 

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)Φ ¦Ǉ ǘƻ тр҈ ƻŦ ŎƘƛƭŘǊŜƴ ōƻǊƴ ŀǘ ғнс ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴ ŀǊŜ ŘƛŀƎƴƻǎŜŘ ǿƛǘƘ 

ǘƘƛǎ άƴŜǿέ ŦƻǊƳ ƻŦ /[5 (Costeloe et al. 2000). Using baboon models of CLD, Coalson et al 

demonstrated the architectural changes ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ άƴŜǿέ /[5 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. 

 

 

a) b) 

c) d) 
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¢ƘŜ ŎŀǳǎŜǎ ƻŦ ǘƘƛǎ άƴŜǿέ /[5 ƛƴ ǇǊŜǘŜǊƳ-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. 

 

 

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 weeksΩ 

gestation, oxygen requirement at 36 weeksΩ 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 ŀƴŘ ос ǿŜŜƪǎΩ ta! ǿŀǎ ŦǳǊǘƘŜǊ 

assessed during the development of NICCHD consensus guidelines in 2001. Data showed that 

oxygen for 28 days of age ǿŀǎ ǳǎŜŦǳƭ ŦƻǊ ǇǊŜŘƛŎǘƛƴƎ ƻȄȅƎŜƴ ŘŜǇŜƴŘŜƴŎȅ ŀǘ ос ǿŜŜƪǎΩ ta!Σ 

ǿƘƛƭǎǘ ŀǎǎŜǎǎƳŜƴǘ ŀǘ ос ǿŜŜƪǎΩ ta! ǿŀǎ ǳǎŜŦǳƭ ŦƻǊ ǇǊŜŘƛŎǘƛƴƎ ǘƘƻǎŜ ǊŜǉǳƛǊƛƴƎ ƻȄȅƎŜƴ ŀǘ ǘƘŜ 

time of discharge. The prediction of rehospitalisation with respiratory disease and 

medication use following discharge was similar for oxygen for 28 days of age ŀƴŘ ŀǘ ос ǿŜŜƪǎΩ 

PMA. Subsequent diagnostic criteria within the guidelines used supplemental oxygen for at 

least 28 days of age tƻ ŘƛŀƎƴƻǎŜ /[5Σ ŀƴŘ ƻȄȅƎŜƴ ǊŜǉǳƛǊŜƳŜƴǘ ŀǘ ос ǿŜŜƪǎΩ ta! ǘƻ 

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 ғон ǿŜŜƪǎΩ 
gestation 

Birth at җон ǿŜŜƪǎΩ 
gestation 

Time point of 
assessment  

ос ǿŜŜƪǎΩ ta! ƻǊ ŘƛǎŎƘŀǊƎŜ  >28 days of age but <56 days 
of age or discharge  

 Treatment with oxygen >21% for at least 28 days plus; 

Mild CLD Breathing room air at 36 
ǿŜŜƪǎΩ ta! ƻǊ ŘƛǎŎƘŀǊƎŜ 

Breathing room air by 56 
days or discharge 

Moderate CLD Need for <30% oxygen at 36 
ǿŜŜƪǎΩ ta! ƻǊ ŘƛǎŎƘŀǊƎŜ 

Need for <30% oxygen at 56 
days or discharge  

Severe CLD bŜŜŘ ŦƻǊ җ ол҈ ƻȄȅƎŜƴ 
and/or positive pressure at 
ос ǿŜŜƪǎΩ ta! ƻǊ ŘƛǎŎƘŀǊƎŜ 

bŜŜŘ ŦƻǊ җ ол҈ ƻȄȅƎŜƴ 
and/or positive pressure at 
56 days or discharge 

 

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

/ǊƛǘŜǊƛŀ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴŎŜ ŀƴŘ ǎŜǾŜǊƛǘȅ ƛƴ ƛƴŦŀƴǘǎ ōƻǊƴ ғон ŀƴŘ җон ǿŜŜƪǎΩ 
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 weeksΩ ta! ƛƴ ǘƘƻǎŜ ғон ǿŜŜƪǎΩ ŀnd at 8 weeksΩ 
ta! ƛƴ ǘƘƻǎŜ җон ǿŜŜƪǎΩ ƎŜǎǘŀǘƛƻƴΦ Lƴ ōƻǘƘ ƎǊƻǳǇǎ ǎŜǾŜǊƛǘȅ ƛǎ ŀǎǎŜǎǎŜŘ ŀǎ ƳƛƭŘ ς requiring no 
supplemental oxygen or respiratory support, moderate ς requiring <30% supplemental 
oxygen, severe ς 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 ς 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 

https://doi.org/10.1164/ajrccm.163.7.2011060
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neurological outcomes at 18-26 months. They suggest diagnosing CLD and assessing of 

disease severity at 36 weeksΩ 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 ƛƴ ŎƭƛƴƛŎŀƭ ǇǊŀŎǘƛŎŜΦ WŜƴǎŜƴΩǎ ŀǇǇǊƻŀŎƘ Ƙŀǎ ōŜŜƴ 

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

 

1.3 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 

IƴǾŜƴǘŜŘ ƛƴ ǘƘŜ муплΩǎ ōȅ ǎǳǊƎŜƻƴ WƻƘƴ IǳǘŎƘƛƴǎƻƴΣ {ǇƛǊƻƳŜǘǊȅ ƛǎ ŀƴ ŀŎŎŜǎǎƛōƭŜ ŀƴŘ ǊŜƭƛŀōƭŜ 

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 (Vt), Forced 
spirometry ς 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 (FEV0.5) and the volume in the first 0.75 second (FEV0.75) 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 FEV1 compared to FVC - by calculating the FEV1/FVC ratio - is 

used to identify those with obstructive lung function deficits. In adults, a ratio of <0.7 is used 

ƛƴ ǘƘŜ ŘƛŀƎƴƻǎƛǎ ƻŦ ƻōǎǘǊǳŎǘƛǾŜ ŘƛǎŜŀǎŜǎ ǎǳŎƘ ŀǎ ŀǎǘƘƳŀΤ ŀƴŘ ŀ Ǌŀǘƛƻ ƻŦ җлΦт ǳǎŜŘ ǘƻ ŘƛŀƎƴƻǎŜ 

restrictive diseases such as pulmonary fibrosis (NICE 2017a). Currently, there are no 

established parameters for FEV1/FVC ratio in children. Guidelines for assessment and 

diagnosis of asthma in children suggest utilising the adult FEV1/FVC ratio (NICE 2017a). 

However, the well documented physiological differences in respiratory function between 

b 
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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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a) 

 

b)      c) 

 

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 FEV1 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 FEV1 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 (FEF25ς75%) is thought to reflect the patency of the smaller airways. However, 

calculation of FEF25ς75% is dependent on the FVC and small changes in FVC can lead to high 

variability in FEF25ς75%. Thus, FEF25ς75% 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, FEF25-75% correlates well with bronchodilator response, and may provide useful 

information to supplement FEV1 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 

ƻŦ ʲ2-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 ς 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. LCI 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. 

LCI 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 LCI, 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 LCI was statistically higher in 

preterm-born children with CLD compared to term-born controls. There was no evidence of 

difference in LCI between preterm-born children without CLD and term-born children. 

(Sørensen et al. 2018). It is unclear why the available evidence does not conclusively 

demonstrate LCI 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 (Broström 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 

I) and endothelial (NOS III), and calcium independent inducible (iNOS) which is controlled by 

proinflammatory stimuli. NOS I and NOS III 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 (Th2) 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 Th2 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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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% CI 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 Broström et al 

who noted that - despite asthma like symptoms in those with CLD - there was no correlation 

with atopy (Broström et al. 2010).  

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

those with CLD being most affected. 




























































































































































































































































































































































