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Abstract:

Many survivors of preterm birth will have abnormal lung development, reduced peak lung function,
and potentially an increased rate of physiological lung function decline; each of which places them at
increased risk of chronic obstructive pulmonary disease (COPD) early in life. Current rates of preterm
birth indicate that by the year 2040, around 50 years since the beginning of the surfactant era, over
700 million individuals will have been born prematurely — a number that will continue to compound
by ~15 million annually. This Personal View aims to put this emerging health crisis on the radar for
the respiratory community. We also detail the potential underlying mechanisms of prematurity-
associated lung disease and propose a novel way of considering lung disease after preterm birth,
utilising a multidimensional model to determine individual phenotypes of lung disease.

Key Messages:

o Worldwide, ~15 million infants are born preterm each year. While their survival rates are
increasing, not enough is known about their life-long respiratory health, particularly for those
born extremely preterm (EP; <28 weeks’ gestation). The first large groups of survivors born EP
since the introduction of exogenous surfactant into clinical practice in the early 1990s are only
now approaching mid-adulthood.

e Cohort studies show that survivors of preterm birth have more expiratory airflow deficits
during childhood than their term-born peers and fail, on average, to reach normal “peak”
lung function during early adulthood.

e Poorly reversible airflow obstruction is a common characteristic in this population, and
consequently, chronic obstructive pulmonary disease (COPD) is now considered a potential
major outcome of preterm birth.

e Survivors of preterm birth have limited evidence-based treatment options available for
improving pulmonary health following discharge from the neonatal intensive care unit. Current
therapies, such as inhaled corticosteroids and long-acting bronchodilators, show some
promise, but robust clinical trials are required. Research focusing on the development of early
and effective interventions is required to prevent an avalanche of lung disease in the near
future.

e A detailed understanding of the mechanisms underpinning prematurity-associated lung
disease is currently lacking. For example, we do not know if lung disease after preterm birth
represents a current active (inflammatory) airway disorder, compounding any previous
structural injuries. Elucidating the underlying mechanisms remains a priority.

o We propose the existence of clinical phenotypes of prematurity-associated lung disease, which
can be described using a multidimensional “wheel-and-spoke” model. The model describes
phenotype profiles of an indeterminate number of traits, each represented by a spoke in the
wheel, which can be expanded or discarded as new evidence comes to light.

e (linical phenotyping may be the first step toward appropriate treatment of prematurity-
associated lung disease and could alter the trajectory of the disease. This approach may be
particularly important for those at a higher risk of developing premature chronic airflow
obstruction.

Search strategy: References for this review were identified through a Scopus search for articles
published between January 1990 and March 2023 by use of the search terms (TITLE-ABS-KEY ( preterm
) OR TITLE-ABS-KEY ( bronchopulmonary AND dysplasia)) AND ( TITLE-ABS-KEY ( lung AND function
) OR TITLE-ABS-KEY ( pulmonary AND function ) OR TITLE-ABS-KEY ( respiratory AND function )).
Articles were also identified through the authors personal files. Searches were limited to the English
language.




Introduction:

Worldwide, ~15 million infants are born preterm each year (< 37 weeks’ gestation).! Over 80% of
preterm births are moderate to late preterm born (MLP; 32 to < 37 weeks); fewer are very preterm
born (VP; 28 to < 32 weeks) and even fewer are extremely preterm born (EP; < 28 weeks’ gestation).
Due to modern perinatal care practices, a larger proportion of these infants now survive to discharge
than in previous generations.? Even amongst the highest-risk infants, those born EP, survival rates
approach 90% if intensive care is offered after birth.? Despite the significant advances in management,
preterm birth remains the second most common cause of neonatal death across the world. In
addition, preterm survivors experience a broad range of morbidities throughout their lives, including
conditions of the central nervous, metabolic, and cardiopulmonary systems, at significantly higher
rates than those born at term (> 37 weeks’ gestation). Consequently, gestational age is inversely
associated with mortality from infancy to mid-adulthood. # Relative to full-term birth, the adjusted
hazard ratios for mortality associated with gestational age in a Swedish national cohort study were
2:04 (0-92-4-55) for extremely preterm, 1-48 (1-:17-1-87) for very preterm, and 1-22 (1-07-1-39) for late

preterm, at ages 30-45 years.*

The economic burden on healthcare systems and families is also substantial. The total lifetime
healthcare costs for each EP infant surviving to discharge is estimated to be more than US S 500,000,
with 72% incurred after the “acute” first year of life.> Limited evidence points to considerable
respiratory morbidity across the lifespan in preterm survivors, including respiratory symptoms,
structural abnormalities of the lung, and suboptimal lung function. Indeed, preterm birth is gaining

increasing recognition as a significant contributor to the early origins of adult lung disease.®

Here, we review our current understanding of the respiratory problems that affect survivors of
preterm birth, placing a significant subset of individuals at risk of poor lung health across their lifespan.
We also review current interventions with potential to alter their lifelong respiratory trajectories. In
doing so, we propose the existence of clinical phenotypes of prematurity-associated lung disease (PLD)
for those discharged from the neonatal intensive care unit (NICU). Further, we propose that
determining an individual’s PLD phenotype is the key to designing optimal clinical management
approaches to prevent later adult respiratory disease in survivors of preterm birth. Finally, we consider
the clinical implications of prematurity over the lifespan of preterm birth survivors. We identify areas
in need of urgent multidisciplinary investigation to drive the field forward and improve the lung health

trajectories for those born too soon.

Risk factors of poor long-term lung health



Most research towards understanding the long-term respiratory outcomes of preterm birth has, thus
far, been focused on bronchopulmonary dysplasia (BPD; also called chronic lung disease of
prematurity, CLD). BPD is a major respiratory complication in the NICU for infants born preterm. BPD
was first described in 1967 by Northway, reporting respiratory outcomes of 13 preterm infants born
at a (relatively mature) mean gestation of 34 weeks, and mean birthweight of 2234 g.” These infants
exhibited lung fibrosis and emphysematous changes. BPD has evolved dramatically since then, being
now predominantly observed in those born EP or extremely low birthweight (ELBW; <1000 g
birthweight). The evolution in BPD pathology was brought about by substantial improvements in
clinical practice during the 1980s and 1990s, including antenatal maternal administration of
corticosteroids, exogenous surfactant after birth to treat respiratory distress, and gentler forms of
mechanical ventilation. These improvements translated to substantial increases in survival rates,
particularly for those born EP/ELBW; the survival rate to two years of age for those born ELBW in the
state of Victoria in 1979-80 was only 25%, rising to 73% by 1997, less than 20 years later.

Currently, there is no specific test to diagnose BPD. Rather it is a classification determined by the
degree of respiratory support required by an infant at certain time-points. For many vyears,
supplemental oxygen therapy for more than 28 days after birth and respiratory support at 36 weeks’
postmenstrual age (PMA) were used to define BPD and its severity.® Others have suggested using
respiratory support at 36 weeks PMA, or oxygen/respiratory support at 40 weeks PMA, as alternative
criteria for the diagnosis of BPD and its severity, based on predictive values of BPD for respiratory or

neurodevelopmental problems in early childhood.>°

Based on the definitions above, however, BPD is a diagnosis specific to the neonatal period, used to
identify infants with a particularly troublesome clinical course during their first few weeks and months
after birth. As such, BPD should be treated as a risk factor for later lung problems, while appreciating
that other early-life factors, such as allergic sensitisation,'! lower respiratory tract infections!? and
tobacco and air pollution exposure,®® drive gene-environment interactions and play an overtly

influential role in determining lung function and severity of respiratory disease across the lifespan.

It is worrying that BPD is still used to label a complex lung condition decades after survivors have left
the NICU, largely ignoring other risk factors. The extent to which BPD independently predicts more
important respiratory outcomes into school-age and beyond remains to be determined. Importantly,
many survivors born preterm who never developed BPD, particularly those born MLP, are increasingly
recognised to be at risk of developing future lung disease. Additional risk factors include male sex,
gestational age, intrauterine growth restriction, chorioamnionitis, maternal smoking during

pregnancy, passive smoke exposure through childhood, era of birth, and early or severe respiratory



viral infection. It is time to establish a nomenclature that adequately describes the lung disease
experienced by survivors of preterm birth across their entire lifespan. We urge the International
Respiratory Societies to act. Within this article, we will use prematurity-associated lung disease (PLD)
to described those with lung disease after preterm birth, regardless of BPD diagnosis. See Panel 1 for

definitions.
Potential lung health trajectories across the lifespan (The expiratory airflow trajectome)

When defined by expiratory airflow (FEV:1), normal lung function follows an established trajectory
throughout the lifespan; increasing during childhood and adolescence, reaching a peak in the early-
mid-20s, thereafter followed by a gradual physiological decline with age.'* The age-related decline in
expiratory airflow usually proceeds unrecognised in most people.?® This lifespan trajectory, however,
can vary between individuals and is influenced by multiple factors, including genetic predisposition,
antenatal fetal, maternal, or placental factors, early life exposures and airborne exposures (notably

tobacco smoke exposure).

Based on our understanding of the expiratory airflow trajectome, and its modifiers, we might

III

anticipate that the “normal” trajectome is altered in survivors of preterm birth, due to potential
modifiers occurring at all phases of the trajectome (See Figure 1), and in unique combinations for each
individual. Some key features of the altered trajectome across each developmental phase are detailed

below for survivors of preterm birth:

1) Genetic:

GETomics is a recently proposed concept that proposes inherited genetic variants and gene-
environment interactions to be drivers of later-life respiratory disease?® [ref]. These complex
interactions occur across the entire lifespan, with environmental exposures continuously
interacting with the genome through epigenetic modifications. It is possible that preterm
birth incurs detrimental epigenetic changes early in life, altering cellular trajectories and
subsequent lung development and aging.

2) Antenatal: Infants born preterm can be exposed to an adverse intrauterine environment,
including in-utero tobacco exposure from maternal smoking, chorioamnionitis and its
accompanying inflammation, or fetal growth restriction, which sometimes necessitates
preterm birth. Consequently, we may anticipate that the trajectome starts at a lower level in
some infants born preterm compared withinfants born at term who have been free of
antenatal complications. Antenatal conditions might, therefore, prime an alternate life-course

trajectome.



3) The Neonatal Intensive Care Unit (NICU): Preterm infants are often exposed to lifesaving, but
potentially injurious (and pro-inflammatory) treatments in the NICU, including supplemental
oxygen and mechanical ventilation. The increased use of non-invasive respiratory support
over recent decades has not improved long term respiratory outcomes.” Other NICU
exposures, such as disruption of the circadian rhythm, also potentially impact on normal lung
growth and development. Consequently, the trajectome of preterm infants further away
from that of infants not requiring any NICU interventions.®

4) Childhood: As a collective, children born preterm have expiratory flow limitation when
compared with term-born controls.'® Children born preterm often have additional exposures
during early life. For example, rehospitalisation rates for severe acute respiratory illnesses
(largely due to respiratory viruses) are ~7 times higher than for term-born infants, with
increased risk of infection-related rehospitalisation continuing until at least 18 years of age.?

5) Adolescence: Post-pubertal adolescents are a generally understudied group. The effect of
puberty on lung development together with risk factors described in “Childhood” above is
largely unknown for those born preterm. However, this is also a period of development often
associated with the initial uptake of smoking or vaping, which may further affect long term
lung trajectories.

6) Early adulthood: Evidence to date suggests that a significant proportion of this population
does not reach its expected peak of adult lung function, with most deficits observed amongst
those born VP and EP.2* With an abundance of early life exposures and altered lung growth, it
is entirely conceivable that expiratory airflow decline might start at a younger age for those
born preterm, compared with the general population. Indeed, approximately half of all COPD
cases are thought to arise from low peak and normal rate of decline.?

7) Late adulthood: For survivors of preterm birth, concrete evidence regarding the nature of
this decline-phase is lacking. However, a lifetime of adverse conditions may result in a steeper
decline in the expiratory airflow trajectome in those born preterm than the term-born
population. Even with a normal rate of decline over subsequent years, those born preterm are

likely destined for higher rates of COPD in later life than those born at term.

In addition to the points above, the impact of socioeconomic disadvantage cannot be understated as
an important modifier of the expiratory airflow trajectome across the entire lifespan in this
population. Socioeconomic disadvantage is associated with lower lung function across the wider
population. For example, at 45 years of age, an estimated 4-5 years of healthy lung function was lost
according to socioeconomic disadvantage in a recent European multicohort study.”® These

associations remained after controlling for respiratory health risk factors, including smoking,



sedentary behaviour, obesity and known cardiovascular and respiratory disease. Given that estimates
from Europe indicate an almost 50% higher prevalence of preterm birth among the least educated,
compared with most educated mothers, the role of socioeconomic disadvantage is likely to be

compounded among those born preterm.?*

Even today, the lifelong lung health trajectories after preterm birth remain uncharted territory, as the
first large groups of studied survivors are only now approaching mid-adulthood. This is particularly
true for infants born EP, where the rates of survival past the neonatal period have significantly
increased in the post-surfactant era.?>® The following sections will describe our current
understanding of i) the growth and development phase, ii) attainment of the peak, and iii) the
physiological aging phase of the expiratory airflow trajectome, as they it relate to survivors of preterm
birth. The vast majority of evidence to date is cross-sectional, and not longitudinal. Further, the most

available data are for those who developed BPD in infancy.
Expiratory airflow obstruction across the lifespan in survivors of preterm birth.
The growth phase of the trajectome: childhood and adolescence

Cross-sectional studies of lung function in children and adolescents surviving preterm birth
consistently report the presence of PLD, characterised by expiratory airflow obstruction with
reductions in FEV,, ratio of FEV; to forced vital capacity (FVC), and forced expiratory flows (e.g., FEF2s.
75). A recent systematic review and meta-analysis of these studies in both children and adults,
spanning the pre-and post-surfactant eras, showed that overall, % predicted FEV; was decreased by
an absolute 9.2% in the preterm group (N=8,294 preterm), compared with 17,700 term born
individuals.®® This study reported that FEV; deficit was constant with age, and therefore suggested

that the deficit is fixed in early life, with no relative deterioration of lung function with increasing age.

The limited longitudinal data available, however, suggest that children born VP may experience
increasing airway obstruction, as defined by a reduction in FEV1/FVC over time, and/or a reduced rate
of rise in FEV; throughout the growth phase of their trajectome. A longitudinal cohort of Australian
children born <32 weeks gestation during the surfactant era showed that all measures of expiratory
airflow obstruction (FEV1, FEV1/FVC and FEF;s.75) shifted at least -0.1 z-scores further away from the
normal healthy term trajectory annually between 4 and 12 years of age.?” Another Australian cohort,
an EP/ELBW group born on the cusp of the surfactant era, demonstrated increasing airway obstruction
between 8 and 18 years with a mean FEV:/FVC decrease of -0.27 (95% Cl -0.54 to -0.01) during this
period,?® but no further deterioration between 18 and 25 years.?° In contrast, longitudinally studied

cohorts from Norway suggest that lung function trajectories of EP survivors track in parallel with term



controls, albeit significantly lower than the term trajectories.?® A particular strength of these three
studies is the inclusion of (also serially measured) term born comparator groups to elucidate if growth
trajectories differ between preterm and control groups. Findings are, however, similar across studies
not including a term comparator group with consistent reports of increasing airway obstruction in
both Swedish and United States cohorts of preterm survivors throughout childhood and
adolescence.’'3? Throughout these longitudinal studies, several factors have been associated with
increased shift away from the normal growth trajectory over time including earlier gestation,
increased length of supplemental oxygen and mechanical ventilation in the NICU, neonatal BPD
diagnosis, passive or active cigarette smoking, and maternal asthma. Decreased rate of FEV; rise was
also noted in children from the United States with black African or Northeast Asian ancestry, compared
with European ancestry. Additionally, in a study including lung imaging, children with bronchial wall
thickening on chest CT (i.e. inflammatory changes) had an FEV; z-score decline of —-0-61 (95% CI —1-03
to—0-19; p=0-005) more than those without bronchial wall thickening, potentially suggesting an

ongoing inflammatory component to progressive PLD.?%’
The peak of the trajectome: young adulthood.

Most survivors of preterm birth do not reach their expected peak adult expiratory airflow. A recent
individual participant data meta-analysis derived from 11 studies of 935 survivors born either <32
weeks’ gestation or with birthweight <1500 g, compared with 722 controls born at term (237 weeks'
gestation) or of normal birthweight (>2499 g) reported expiratory flow rates at a mean age of 21
years.?! Mean z-scores for expiratory flow were reduced in the preterm group compared with controls
(e.g., FEV, mean difference —0-78 [95% confidence interval [CI] —0-96 to —0-61]). Moreover, 24% of
the preterm group had FEV; values in the clinically important range of <5 centile, compared with only
7% of the controls (odds ratio 4.16, 95% Cl 2.99 to 5.78). Of note, survivors born preterm who had
BPD in the newborn period had even lower expiratory flows than those who did not, by -0.88 SD (95%
Cl -1.05 to -0.78) for FEV:. Most of the survivors from these 11 studies had been born before 1990,
and only 15% had been treated with exogenous surfactant. Subsequent studies in adult populations
born preterm in the 1990s, when surfactant therapy was clinically available, have provided evidence
of similar findings. These studies have revealed even greater disparities in z-scores between preterm
and control groups in instances where the preterm group were more immature; specifically with
gestation <28 weeks, or with birthweight <1000 g (-0.97 (95% Cl -1.23 to -0.71 for FEV;) % or <26 weeks
(-1.31 (95% CI -1.61 to -0.98)) for FEV1.33In another recent report of expiratory airflow in adulthood of
survivors who were born <1500 g birthweight in 1986, before surfactant was available, the reduction
in FEV1 was less pronounced for the preterm group compared with controls (-0.54 SD (95% Cl -0.83 to

-0.26)).3* Interestingly, in these three latter studies, among the preterm groups, the mean difference

8



between those who had and those who did not have BPD was approximately the same (-0.66, -0.78,
and -0.85, respectively), and was similar to the differences between BPD and non-BPD groups in the
meta-analysis above. Moreover, even though differing criteria were used to define BPD between the
various studies listed above, it is still an important early marker for reduced expiratory airflow in early
adulthood. However, it is important to note that it is not only adults born preterm with a prior
diagnosis of BPD who experience reductions in expiratory airflow, as preterm survivors without BPD
also had a mean reduction in FEV; z-score ranging from -0.50 SD to -1.05 SD in the studies described
above.?t2%3334 |n young adults born preterm, childhood respiratory admissions (severe acute
respiratory infections) are associated with lower peak lung function (mean FEV1/FVC z-score -0.61;
95% Cl —1.02, -0.21) compared with those not hospitalised; this reduction was greatest in those with

BPD (-0.74 z-scores, 95% Cl -1.24, -0.24).1?

The decline phase of the trajectome: Beyond the 20s

We currently lack robust information about the decline phase for those born preterm and surviving
beyond early adulthood, since the first large groups of studied survivors are only now approaching
mid-adulthood. However, with such significant reductions in expiratory airflow at the expected peak
in the early 20s, development of early onset poorly reversible airflow obstruction characteristic of
COPD has long been postulated as an outcome for some of these young adults.?>3¢ Indeed, the Lancet
Commission towards the elimination of COPD recently defined a subtype of COPD related to early life
origins, particularly prematurity.® Longitudinal studies after preterm birth extending beyond the
fourth decade of life are needed to investigate this important question in more detail. To date, a
limited number of longitudinal studies have traced lung function after preterm birth beyond the early
20s. Some report tracking of lung function parallel to the normal trajectome, at lower volumes, while
others report deterioration of function compared with terms.'’3*37-39 Recently, Bérdsen et al. reported
expiratory airflow measures from 10 to 35 years of age based on data from three population-based
cohorts born EP in three consecutive decades. They noted parallel tracking to matched term-born
controls, albeit with significantly lower trajectories in the preterm-born group.®® Age-related decline
commenced at a similar age in preterm and term-born populations, and the rate of the decline
between 25 and 35 years did not differ between the term and preterm groups, although the BPD
group had a non-significant steeper decline. Notably, 44 (30%) of the EP group compared with 7 (5%)
of the term-born group fulfilled the spirometry criteria for COPD. Trachsel et al. followed 14 individuals
born at approximately 32 weeks’ gestation during the late 1960s/early 1970s and found that mean z-
scores for FEV; remained stable at -1.8 during the period from 18 to 38 years, but there was a tendency
for increasing hyperinflation. However, it should be noted that no term-controls were included in this

study.*°



It is not only individuals born at <32 weeks’ gestation who have reduced expiratory airflow, but also
those born MLP. Despite accounting for a large proportion of the global population, substantially less
research has been conducted on the long-term health outcomes of infants born MLP compared with
survivors of EP and VP birth. Although children born MLP were historically considered to be of similar
physiological maturity to their term-born peers, data from the last decade suggest that MLP birth is
associated with reductions in expiratory airflow, increased cardiometabolic risk and impaired
neurodevelopment.*** In 2022, a meta-analysis of long-term expiratory airflow data from 847
children and adults born MLP reported mean z-score reductions of -0.22, -0.11 and -0.27 for FEV;,
FEV1/FVC and FEF»s.75% when compared with 8,209 term-born controls; highlighting that even MLP

survivors as a group are also failing to attain peak expiratory airflow by early adulthood.*

Emerging data suggest that survivors of moderate preterm (32 to <35 weeks’ gestation) birth
experience accelerated decline in expiratory airflow trajectories during the fifth and sixth decade of
life. Investigators from the Tasmanian Longitudinal Health Study noted that FEV; and FEV1/FVC of
adults born moderate preterm declined annually by -8.7 ml (95% Cl -25.1 to 7.6 ml) and -0.21% (95%

Cl -0.50% to 0.08%) more than those born at term.*
“Other” lung function tests to understand prematurity-associated lung disease across the lifespan.

There is a paucity of data on pulmonary function outcomes beyond studies of expiratory airflow in
preterm populations (e.g., gas diffusion, oscillometry, static lung volumes and ventilation
inhomogeneity). However, the existing studies do show a tendency for reduced lung diffusing
capacity,*”*® altered peripheral respiratory system mechanics (i.e. a “stiffer” lung) and
hyperinflation,* with the most pronounced findings observed in those born at the earliest
gestations.? Conflicting results are, however, common but future systematic reviews collating current
published data may provide guidance on which tests may offer diagnostic and prognostic value for
those with PLD. One study has reported serial measurements of these techniques in a VP born
population. This longitudinal study showed deterioration in gas exchange (diffusing capacity of the
lungs for carbon monoxide; DLCO) and peripheral lung mechanics (respiratory system reactance; Xrss)

over time in childhood (between 4 and 12 years). ¥’

Lung imaging across the lifespan in survivors of preterm birth.

Imaging studies using high resolution CT techniques have suggested lasting structural injuries,
although the extent of the findings varies substantially, particularly between studies of survivors from
the pre- and post-surfactant eras.>>>! Linear and triangular subpleural opacities, areas of decreased
attenuation and bronchial wall thickening are the most commonly reported abnormalities in preterm

children, while some studies in adults have reported these findings in addition to substantially higher
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rates of emphysema.®? To date, there are no studies with serial chest CT scans in survivors of preterm
birth and so we remain uncertain about any potential resolution or deterioration of structural lung

damage over the lifespan.

MRI scanning, including with use of newly developed routines focused on ventilation and perfusion
defects and the inert gases helium and xenon, promise to evaluate the structure in far greater detail

than has been possible thus far.>*%

Current understanding of the mechanisms underpinning prematurity-associated lung disease.

A systematic review, in which 20/22 studies were from paediatric populations, suggested that those
born preterm were more responsive to bronchodilator than the term born population, particularly
those with neonatal BPD.> In short, approximately 30% of children born VP have a significant
bronchodilator response. However, studies assessing responsiveness to beta agonists in adults born
preterm generally report persistent airflow limitation (PAL).* This creates a significant challenge in
clinical practice since PAL meets the diagnostic criteria for COPD, yet COPD is a condition traditionally
defined by susceptibility to inhaled respiratory exposures and is associated with ongoing pulmonary
inflammation.>® At present, it is unclear if lung disease after preterm birth is a consequence of previous
structural injuries, and/or a current active (inflammatory) airway disorder, with bronchospasm playing

an important role.

In support of early injury, a wide range of molecular pathways driving neonatal lung disease have been

57-60

proposed (See figure 2), including dysregulated immune modulation, cellular injury and repair,®"

64-66 69-71

63 genetic polymorphisms,®* ¢ growth factor signalling,5”¢® and extracellular matrix remodelling.
However, further research is needed to better understand what risk factors, treatments or host

determinants trigger these molecular changes and how they interplay to result in PLD later in life.

Whilst neonatal injuries are likely to have strong implications for the future lung health of survivors
born preterm, recent reports of potential lung function decline suggest active mechanisms cannot be
disregarded. There is no evidence that allergy, atopy or eosinophilic inflammation are important
elements’? (as they often are in asthma), and studies including analyses of FeNO (a marker of
eosinophilic inflammation) generally report levels similar to term-born controls.334%7374 However,
recent data suggest that interventions with ICS can modulate FeNO in this population.”>”® Increased
pulmonary inflammatory markers and neutrophil counts have, however, been reported in some
studies highlighting that inflammation, if present, is generally considered to be neutrophilic rather
than eosinophilic.”®7”7® Oxidative stress may similarly be present, with elevated 8-isoprostane levels
in exhaled breath condensate in a small study of preterm born adolescents” and reports of systemic

mitochondrial dysfunction in adults.?° Tissue remodelling and fibrosis may occur consequent to or in
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parallel with inflammatory changes, resulting in worsening airway obstruction.! Um Bergstrgm et al.
found that young adults born preterm, with a history of neonatal BPD, have a T-cell subset pattern in
the airways resembling features of COPD, findings compatible with a hypothesis that CD3+CD8+ T-
cells also may be involved in mechanisms behind PLD, at least in a subset of individuals.®? Additional
proposed mechanisms underpinning active disease in survivors born preterm include altered immune
programming, microbiome dysbiosis, epithelial abnormalities, accelerated cellular ageing, and host
genetics.8288 External exposures, including tobacco smoke, air pollution and repeated viral respiratory
infections, may similarly initiate cellular injury and remodelling, resulting in worsening of existing lung

disease !

Limited data exist to draw firm conclusions about underlying mechanisms associated with PLD;
although it is clear that numerous active pathways and pathologies are implicated (see Figure 2 for
summary). Additional studies focusing on these pathways using relevant airway sampling, such as that
reported by Um- Bergstrom, are needed to enhance our understanding of PLD and will be crucial for

optimising future care and therapeutic management of this vulnerable population.

Prevention or treatment for prematurity-associated lung disease?

Prevention

Preventing prematurity, is clearly the best way to prevent long term respiratory sequalae from PLD
but has been an unrealistic goal to date, with rates of preterm births rising in many parts of the world.
“A recent Lancet series on “Small Vulnerable Newborns” offers promise on the way forward to
preventing preterm birth in low and middle-income countries.’> However, the interventions proposed
may not have much effect in reducing the rates of BPD in infants born VP, since most infants who

survive long enough to develop BPD are born in high-income countries.

Preventing BPD through using gentler techniques of respiratory support for infants born preterm is a
priority for neonatal paediatricians. However, thus far there is little evidence of success; rates of BPD

may be increasing and expiratory airflows deteriorating in survivors born EP in more recent eras.

Several treatments given soon after birth, including caffeine and postnatal corticosteroids, prevent
BPD, and also improve expiratory airflow in survivors in later childhood. However, studies of expiratory
airflow into adulthood are lacking to determine the longevity of these benefits. Moreover, there are
other complications associated with postnatal corticosteroids to prevent BPD that limit their

applicability.Treatment

To date, there are limited studies investigating treatment options for PLD. Recent guidelines on clinical

management of preterm graduates after discharge from the neonatal unit by the European
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),2 and American Thoracic Society (ATS),** highlighted the lack of objective

Respiratory Society (ERS
evidence on how to treat these individuals in both childhood and adulthood. Registry-based studies
show that 26% of preschool aged children and 13% of school-aged children who were born preterm
have been prescribed anti-asthmatic drugs.” However, there is wide variation with reported usage of
such drugs and some studies of those born VP report ~40 % of the population to be prescribed asthma
medications.?” Similarly, young adults born VP are more than twice as likely to have an inhaled
corticosteroid (ICS) prescribed, compared with those born at term.*® There is limited evidence on the
use of bronchodilators in those with PLD, resulting in both the ATS and ERS recommending inhaled
short-acting bronchodilators (SABA) only for the subgroup of patients that experience asthma-like

symptoms and/or had recurrent hospital visits. The use of long-acting B2-agonists (LABA) or

muscarinic antagonists (short-acting and long-acting, SAMA, LAMA) was not evaluated.

The evidence for the efficacy of ICS in children and adolescents born preterm is also limited. Outside
the context of a robust diagnosis of asthma, both the ERS and ATS guidelines recommend against
routine treatment with ICS, apart from a potential trial in those individuals with recurrent respiratory
symptoms. Since the publication of the separate ERS and ATS guidelines, two randomised controlled
trials have emerged. The first study compared ICS alone (N=18) or ICS in combination with LABA (N=17)
with placebo (N=13) in preterm-born school children with FEV; <85%.> A significant improvement in
%FEV: was noted in the group of patients treated with ICS and LABA vs. placebo, but not when
comparing ICS only to placebo. While no conclusions could be made regarding the usefulness of LABA
only (which does not have sufficient safety data in children), this study provides evidence that existing
treatments may be efficacious in children. The second study compared an ICS alone (N=87) to placebo
(N=83) in a non-selective groups of children (6 to 12 years) born < 32 weeks gestation. This study
showed only modestly improved FEV1 when treated with ICS for 12 weeks. However, clinically
relevant improvements were observed in a subset (23%) of children, particularly those with a pre-
treatment bronchodilator response.’® While ICS may improve short-term expiratory airflow for some
survivors of preterm birth, the long-term efficacy remains unknown. There is a clear need for
adequately powered clinical trials assessing existing drugs such as ICS and LABA in addition to others
such as azithromycin, which has crept into clinical practice to treat many preterm born survivors

without a shred of evidence for efficacy.

Further studies of potential treatments for those with already established PLD are essential. Other,
non-pharmaceutical interventions may offer some benefit too, such as exercise to improve
cardiopulmonary function, although none have yet been evaluated in this population. Further, as BPD
has been shown to be just one potential risk factor for future poor lung health, inclusion criteria for

trials need to extend beyond just BPD. On the same note, objective markers for treatment initiation
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beyond the presence of symptoms should be considered, as this patient group tend to be less likely
to report symptoms compared with individuals with asthma with the same level of lung function.®”-%
Given the heterogeneity of PLD, it is plausible that the choice of treatment regimens and the
evaluation of response should be based on the phenotype and underlying mechanisms rather than

one size fits all approach.
Phenotypes of lung disease following preterm birth

There has been a significant interest in attempting to define phenotypes of lung disease in survivors
of preterm birth to better understand the disease. Such definitions range extensively from
presentations of neonatal BPD, to the pathology and physiology observed throughout childhood and
into adulthood.®*°1 While there is variation in the description of these phenotypes, common
characteristics such as small airway obstruction, anatomical disturbances including emphysema,
peripheral lung disease, and pulmonary vascular disease are maintained. What is apparent from

physiological and imaging studies and histopathology samples!®?

is that survivors of preterm birth
often have multiple reported phenotypes occurring simultaneously, with specific phenotypes likely
interacting with one another, hampering the ability to describe an individual’s disease by a single
phenotype.’®® When considering how to approach this, there are valuable lessons to be learnt from
other major obstructive lung diseases, such as COPD and asthma. Both recent The Lancet commissions
on COPD and asthma have argued that the physiological definitions of COPD and asthma are outdated
due to the complex and varying mechanisms which underpin the morbidity and mortality associated
with the respective diseases.®'%* Further, the new COPD GOLD document for the first time includes a
COPD classification to recognise developmental influences on later COPD, particularly the influence of

preterm birth (COPD-D).22 We now argue that phenotypes of PLD should also be viewed with a

multidimensional model.

To elucidate these overlapping heterogeneous respiratory pathologies observed after preterm birth
we have adapted the “wheel-and-spoke” model, first proposed by Chapman et al.,, in asthma, to
identify phenotypes associated with PLD.2% This model (Figure 3) describes phenotype profiles of an
indeterminate number of traits, each represented by a spoke in the wheel, with the extent of
abnormality marked by the distance from the centre of the wheel. Time is placed on a z-axis to
acknowledge how these traits and profiles change over time. The overall phenotype profile is created
by considering the impact each trait has on the individual, and temporal changes are observed with
the dotted profile. The traits on the model presented in Figure 3 represent examples only, with any

number of spokes able to be added or removed as deemed relevant as more evidence is generated.

14



There are advantages of adopting such a model, which will increase our ability to understand and
manage the lung disease that follows preterm birth. For instance, currently no clear guidance exists
on which individuals warrant pulmonary follow-up after preterm birth. Indeed, most survivors of
preterm birth will not have expiratory airflow measured unless they are in research studies, since few
(if any) dedicated clinical services exist from childhood to adulthood for this at-risk group. If phenotype
profiles can be developed to identify which early life traits are linked to severe lung disease later in
life, we have the potential to identify at-risk individuals early, with an aim to optimise their subsequent

trajectories.

Profiles could also be created to provide tailored treatment options within this population, where
there is a limited understanding as to who may respond to therapeutic options currently available.”®
The concept of “treatable traits” is now widely used across asthma and COPD.'% Each spoke in our
model potentially represents a treatable trait, and could be used to target treatments to individuals
born preterm as more evidence about each trait as relevant to PLD comes to light. Additionally, as we
enter an era of precision medicine, where most of the new therapies for airway disease in the last
decade target mechanistic pathways, the potential exists to link profiles to certain underpinning
mechanisms, understanding how these endotypes translate into disease, and what pathways can be
targeted by future therapies. Such applications must be taken into consideration when directing
future research, recognising that a holistic approach which identifies factors outside of single

measures of lung function is necessary to advance our understanding of PLD.
Concluding remarks and future directions

PLD represents the earliest form of all chronic respiratory disease, with clear long-term health
implications in a large and growing population of individuals. Research studies have shown that adults
born preterm have substantial reductions in expiratory airflow in their early 20s, which is the age at
which expiratory airflow typically peaks. Even with a normal physiological rate of decline over
subsequent years, they are likely destined for higher rates of chronic respiratory disease in later life
compared with those born at term. As outlined in the Lancet Commission on COPD and international
GOLD guideline, non-tobacco related factors including preterm birth are set to overtake tobacco as
the leading cause of COPD within the next two decades. However, most adults who were born preterm
with reduced expiratory airflow are not under medical surveillance and would generally not have lung
function measured (unless participating in research studies). The lack of robust data makes it difficult
to generalise results to all survivors born preterm and as we have outlined in this opinion piece,
significant gaps remain in our knowledge. For example: Who is at highest risk of PLD? Which

modifiable risk factors can alter the trajectory of PLD? What mechanisms are driving the ongoing
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pathology? And, what are the best therapeutic options for this group? Even if reduced expiratory
airflow is observed in those surviving preterm birth, there are few evidence-based treatment
strategies, apart from avoiding noxious insults such as tobacco smoking and other environmental
pollutants, that will prevent later respiratory disease in adult life. It has been over a decade since the
World Health Organisation released its landmark report on preterm birth, recognising the extent of
preterm birth as a public health problem. Yet, despite this report, no targeted investment exists in

improving the health outcomes of this vulnerable population.

As the population of individuals surviving preterm birth continues to grow, we have a deep sense of
urgency to avoid an impending tidal wave of respiratory disease, as survivors of preterm birth enter
adult life. A unified, collaborative, and global approach is needed to target future research within this

field and to prioritise research questions.

The establishment of the European Respiratory Society’s PELICAN (Prematurity’s Effect on the Lungs
In Children and Adults Network) in 2020 offers an exciting future prospect.’” PELICAN is a network of
researchers, clinicians, and consumer advocates worldwide with the overarching objective to
understand the pulmonary consequences of surviving preterm birth and the natural history of lung
disease across the life course. PELICAN also aims to determine which modifiable factors are associated
with the progression of lung disease within this vulnerable population via data sharing to expedite the
collaborative research effort. The usefulness or otherwise of any such modifiable factors can then be

evaluated in randomised controlled trials, subject to adequate resources being available.

We must use lessons learnt over the past several decades in COPD and asthma to increase our
understanding of the consequences of preterm birth and pool our resources to improve our power to
answer these questions. Of course, none of this will be easy, but now is the time for the paediatric
and adult respiratory experts to acknowledge the impending problem and fund the required research.
Current preterm birth and survival rates indicate that approximately 14.5 million preterm birth
survivors will reach adulthood every year. By 2040, around 50 years since the beginning of the post-
surfactant era, it is anticipated that over 700 million adults will be at risk of preterm associated lung
disease —a number that will continue to compound annually. We need solutions before the epidemic
of adults born preterm with reduced expiratory airflow swamps the resources available to treat COPD

in later life.
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Panel 1: Key Terms and definitions. The following terms and definitions are proposed in this opinion
piece to describe and propose approaches to understanding the nature and origins of lung disease
after preterm birth.

Bronchopulmonary dysplasia (BPD):

Traditionally, a term used to describe the radiological changes seen in infants born preterm during
their neonatal intensive care stay. The contemporary diagnosis is most commonly defined by the
requirement for respiratory support at 36 weeks’ postmenstrual age, and severity can be graded
from mild to severe, determined by the level of respiratory support required at that time. Often used
interchangeably with chronic lung disease of prematurity.

Prematurity-associated lung disease (PLD):

A chronic lung disease that has occurred following preterm birth. PLD is characterised by abnormal
structural, physiological, clinical, and/or inflammatory respiratory phenotypes seen among survivors
of preterm birth. PLD encompasses the broad implications of preterm birth on later-life respiratory
health irrespective of bronchopulmonary dysplasia diagnosis during infancy.

Chronic obstructive pulmonary disease (COPD):

A clinical syndrome characterised by chronic respiratory symptoms (e.g. dyspnoea, cough, sputum
production and/or exacerbations) and structural (e.g. emphysematous) or functional pulmonary
abnormalities, or a combination of both, attributable to one or several underlying mechanisms that
may overlap with or differ from pathological mechanisms associated with bronchopulmonary
dysplasia and/or prematurity-associated lung disease. A hallmark of COPD is progressive airflow
obstruction.

The preterm expiratory airflow trajectome:

The range of potential expiratory airflow trajectories (FEV1) across the lifespan of a preterm survivor,
with attained peak and subsequent rate of decline dependant on pre- and post-natal factors common
to preterm birth - such as gestational age, intrauterine growth restriction, bronchopulmonary
dysplasia, prematurity associated lung disease, increased early life viral infections, tobacco and
environmental exposures.

Phenotype profile:

A disease attribute or combination of attributes that describe differences between patients. We
propose a multidimensional model of prematurity-associated lung disease, that takes into
consideration various measurable traits of disease, including structural, physiological, mechanistic and
clinical factors. This approach will allow the creation of a profile that describes the impact of the
disease on the individual and allows for characterisation of disease progression over time - thereby
accounting for potential changes in the relative contributions of these factors throughout an
individual’s lifespan.
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Figure 1. Potential expiratory airflow trajectomes for those born preterm. A series of potential
expiratory airflow trajectories are shown for those born preterm, compared to “normal” term (green)
over the lifespan. Many survivors of preterm birth will have abnormal lung development, reduced
peak lung function, and potentially an increased rate of decline; each of which places them at
increased risk of chronic respiratory disease.

Figure 2: Potential mechanisms underpinning our current understanding of prematurity-associated
lung disease. While we lack robust evidence about the mechanisms underpinning poor lung health in
those surviving preterm birth, there are likely to be both intrinsic factors and extrinsic factors, and
some interplay between them. For example, the underdeveloped lungs of preterm babies are often
subject to lung injury after preterm birth, which likely results in structural, molecular and systemic
changes. There is interaction between these factors, and this interaction will change over time and in
the presence of new exposures. Each individual’s expiratory airflow trajectory will be affected, either
positively or negatively, by their changes, influences and exposures.

Figure 3: Wheel-and-spoke model of phenotype profiles.

Spokes represent proposed components of a phenotype classification system with the magnitude of
impairment indicated by distance from centre of the wheel. Spokes can be added or subtracted as
new evidence emerges. Each spoke represents a potential treatable trait. A) 3-dimensional model
showing temporal changes in profiles with time on Z-axis. Hypothesised profiles are represented by
shaded areas and show three different time points. B) 2-dimensional models demonstrating
hypothetical phenotype profiles at different stages of life.
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