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Abstract

Background Inflammation and oxidative stress play a key role in the development of bronchopulmonary dysplasia
(BPD), possibly contributing to persistent respiratory morbidity after preterm birth. We aimed to assess if inflammatory
markers were elevated in exhaled breath condensate (EBC) of infants born very prematurely (< 32 weeks gestation) at
12-16 corrected months of age, and if increased levels were associated with BPD diagnosis and respiratory morbidity.

Methods EBC samples and respiratory questionnaires were collected from 15 term-born infants and 33 preterm-
born infants, 12 with a neonatal BPD diagnosis. EBC samples were analysed for leukotriene B4 (inflammation) and
8-isoprostane (oxidative stress) concentrations using enzyme-linked immune-assays. Differences between groups
were analysed by Kruskal-Wallis Test with post-hoc comparisons, independent samples t-test or Mann-Whitney U test
depending on normality of the data.

Results Leukotriene B4 and 8-isoprostane levels were elevated in exhaled breath condensate of preterm-born
infants compared to those born at term (mean difference [95% CI]; 1.52 [0.45, 2.59], p=0.02; 0.77 [0.52, 1.02], p < 0.001,
respectively). Leukotriene B4 and 8-isoprostane levels were independent of BPD diagnosis and respiratory morbidity
over the first year of life.

Conclusions Infants born very prematurely exhibit elevated markers of airway neutrophilic inflammation and
oxidative stress beyond the first year of life, regardless of a neonatal diagnosis of chronic lung disease or respiratory
morbidity during infancy. These findings may have implications for future lung health.
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Background

Infants born very prematurely (<32 weeks gestation) are
often exposed to pro-inflammatory stimuli prior to and
following preterm birth. These pro-inflammatory stimuli
include chorioamnionitis, respiratory and systemic infec-
tions and lung injury from prolonged mechanical ven-
tilation or oxygen supplementation. Inflammation and
oxidative stress play a key role in the development of the
chronic lung disease of prematurity, known as broncho-
pulmonary dysplasia (BPD) [1-3]. Increased pro-inflam-
matory cytokines, chemokines, neutrophils and reactive
oxygen species are observed in the tracheal aspirates and
bronchoalveolar lavage of neonates who go on to develop
BPD and are associated with decreased pulmonary vas-
cularisation and more simplified alveoli [1, 3]. Early life
inflammatory events may predispose those born very
prematurely to persistent respiratory morbidity through-
out childhood, given recently described associations
between perinatal inflammation and airway obstruction
at 12 years old in those born preterm [4].

Several small studies suggest that pulmonary inflam-
mation may persist through childhood [5-7]. Sputum
samples obtained from children with BPD, born in the
pre-surfactant era, indicate a 16-fold increase in sputum
neutrophils and a 3-fold increase in sputum interleukin-8
[5]. Systemically, increased urinary leukotriene E4 [6]
has been detected in school-aged children born preterm
compared to those born at term. Finally, Filippone et al.
measured increased 8-isoprostane levels, a marker of oxi-
dative stress, in the exhaled breath condensate (EBC) of
preterm-born adolescents both with and without a neo-
natal diagnosis of BPD in comparison to term-born con-
trols [7].

We recently published a new, modified, method to
collect exhaled breath condensate in infants [8]. EBC is
a bio-fluid specific to the airways. Collection of EBC is
non-invasive and relatively easy, which is particularly
useful in an infant population [9]. Of particular interest,
our modified EBC collection method may allow the iden-
tification of airway inflammation during infancy in survi-
vors of preterm birth to detect those who may be at risk
of ongoing respiratory morbidity throughout childhood.

This study aimed to assess if markers of inflammation
and oxidative stress were elevated in the EBC of pre-
term-born infants compared to those born at term, and
to determine if these markers are associated with poorer
lung health in the first year of life. It was hypothesised
that inflammatory and oxidative stress markers will be
increased in EBC collected from preterm-born infants
compared to those born at term. It was also hypothe-
sised that increased inflammatory marker levels at 12-16
months are associated with a neonatal diagnosis of BPD,
increased neonatal respiratory support and increased
respiratory symptoms in the first year of life.
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Methods

Participants

Preterm-born infants between 12 and 16 months cor-
rected postnatal age (cPNA) attended Princess Mar-
garet (now known as Perth Children’s) Hospital as part
of the Preterm Infant Functional and Clinical Outcome
(PIFCO) follow-up study (ACTRN12613001062718)
[10], see Supplementary Fig. 1 (Additional File 1). All
preterm-born participants were born at 32 weeks ges-
tation or less between September 2013 and February
2017 and admitted to King Edward Memorial Hospital
(KEMH) in Perth, Western Australia. Participants born
preterm were classified as having bronchopulmonary
dysplasia if they received 28 days of oxygen supplementa-
tion or more, as assessed at 36 weeks postmenstrual age
[11]. At their study appointment, preterm-born partici-
pants underwent infant lung function testing, including
EBC collection, performed under sedation with 80 mg/kg
oral chloral hydrate [12]. A modified version of the Inter-
national Study of Asthma and Allergies in Childhood
(ISAAC) questionnaire [13] and general health ques-
tionnaire was completed by the infant’s parents which
asked about the infant’s birth information, feeding, diet
and respiratory health during the first year of life includ-
ing cough, wheeze, hay fever, infections, medications and
hospital admissions. The questionnaire also requested
information on the infant’s general health, family history
and exposure to respiratory irritants. Medical history was
obtained from hospital records.

Term-born healthy infants aged between 9 and 18
months were recruited from the community and their
study participation involved a home visit. At the home
visit, a general health questionnaire was completed by the
infant’s parents. EBC was collected during natural sleep
during their regular sleep time. Term-born participants
were born at or after 37 weeks gestation with no history
of wheeze and/or recurrent cough, doctor diagnosis of
respiratory disease or any neonatal respiratory disease.

Both term- and preterm- born infants were excluded
from the study if they had major congenital abnormalities
influencing cardiorespiratory function.

Ethics

Written informed consent was received from the par-
ents/guardians of the participants. The PIFCO follow-up
study was approved by the Child and Adolescent Health
Service (CAHS) HREC [Approval #2014083EP]. Sample
analysis was approved by Curtin University (HRE2020-
0097). Approval for the recruitment and sample collec-
tion from healthy term-born infants was obtained from
Curtin University (HRE2018-0407).
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EBC Collection

EBC was collected using an R-Tube collection device
(Respiratory Research Inc, Charlottesville, VA) adapted
for collection in neonates and infants by reducing dead-
space, as previously described by our group [8]. EBC was
collected with the infants in supine position during tidal
breathing. Infants breathed into the device through an
infant face-mask (size 1, Laerdal Medical AS, Stavanger,
Norway) placed over the infant’s nose and mouth to cre-
ate a leak-free seal. Collection took place over 10—15 min
of tidal breathing through the R-Tube [8]. After collection
was complete, the condensate was aliquoted into Eppen-
dorf tubes and stored at -80 degrees Celsius [8].

EBC Analysis

Samples were analysed for leukotriene B4 and 8-isopros-
tane concentrations using enzyme-linked immune-assays
(ELISA). Any samples with insufficient volume for both
assays were prioritised for 8-isoprostane analysis. ELISA
buffer, ELISA standards, samples, AChE tracers and
ELISA antiserums for leukotriene B4 and 8-isoprostane
were added to the assay plates according to the protocol
outlined by the Cayman Chemical Leukotriene B4 EIA
Kit (Item No. 520,111) and 8-Isoprostane EIA Kit (Item
No. 516,351). A standard curve was plotted using the
absorbance readings of the maximum binding, non-spe-
cific binding and standard wells. The standard curve was
then used to determine the concentrations of leukotri-
ene B4 and 8-isoprostane in the EBC samples. Measures
below the limit of detection were assigned a concentra-
tion of 0 pg/mL.

Statistical analysis

Normally distributed data are presented as means and
standard deviations. Non-normally distributed data are
presented as medians and interquartile ranges. To assess
differences in demographic and respiratory history data
between the term and preterm group, independent sam-
ples t-test or Mann-Whitney U test were used depend-
ing on normality of the data. Similarly, a sub-analysis
was conducted within the preterm group between those
with and without BPD. Mann-Whitney U test was used
to determine if the concentration of biomarkers was ele-
vated in those born preterm, compared to term. A sub-
analysis was conducted using the Kruskal-Wallis Test to
examine the differences between the term, preterm with
BPD and without BPD groups, with Bonferroni correc-
tion for multiple tests. Bivariate correlation (Spearman’s
rho) was used to assess associations between biomarker
levels and length of neonatal respiratory support, and
Mann-Whitney U Tests to determine whether biomarker
levels were elevated in the presence/absence of symp-
toms, hospitalisations, medication usage and respira-
tory diagnosis. Analysis was performed using SPSS for
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Windows [14]. A p-value of <0.05 was considered sig-
nificant for all analyses. Power analysis using G*Power
[15] found that 42 participants were required to achieve a
power>80% to detect whether markers of inflammation
were elevated in those born preterm, assuming a large
effect size using Cohen’s criteria (0.8) and significance
criterion of «=0.05.

Results

Exhaled breath condensate samples were collected from
15 term-born infants (mean age 14.4+2.9 months) and
33 preterm-born infants (mean age 14.4+1.0 months),
12 of whom had a neonatal diagnosis of BPD. Of those
with BPD, 7 were classified as moderate/severe BPD. All
infant EBC samples were analysed for 8-isoprostane, with
enough sample for leukotriene B4 analysis for 9 (60%)
term-born participants and 29 (87.9%) preterm-born
participants, 9 (75%) with BPD. 3 term infant samples
had levels below the limit of detection (2 for leukotri-
ene B4, 1 for 8-isoprostane), these values were imputed
as zero. Anthropometric, birth and respiratory history
information for infant participants are found in Table 1.

Leukotriene B4 and 8-isoprostane levels were elevated
in the exhaled breath condensate of preterm-born infants
compared to those born at term (mean difference [95%
CIJ; 1.52 [0.45, 2.59], p=0.02; 0.77 [0.52, 1.02], p<0.001,
respectively) (Fig. 1). Kruskal-Wallis Testing showed
that levels of leukotriene-B4 and 8-isoprostane were
elevated in both preterm infants with and without BPD
compared to term, however, no difference between those
born preterm with and without BPD was found (p=0.59
for leukotriene B4; p=0.64 for 8-isoprostane;). There
were also no associations found between biomarker lev-
els and those whose mother did or did not have chorio-
amnionitis, length of gestation, mechanical ventilation,
continuous positive airway pressure (CPAP) or oxygen
supplementation (Table 2).

Additionally, leukotriene-B4 and 8-isoprostane lev-
els were not different in preterm infants who did and
did not report a history of wheeze (mean difference
[95% CIJ; -0.01 [-1.66, 1.63], p=0.99; 0.31 [-0.11, 0.73],
p=0.13, respectively), asthma medication use (mean dif-
ference [95% CIJ; 0.89 [-0.53, 2.30], p=0.20; 0.14 [-0.24,
0.52], p=0.44, respectively), any respiratory events (such
as upper respiratory tract infections (URTI), bronchitis,
bronchiolitis, croup, pneumonia) (mean difference [95%
CJ; 0.03 [-1.50, 1.55], p=0.97; 0.10 [-0.25, 0.45], p=0.56,
respectively) or hospitalisations for respiratory reasons
(mean difference [95% CIJ]; 0.84 [-0.32, 2.00], p=0.15;
0.07 [-0.29, 0.44], p=0.68, respectively) (Fig. 2).
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Table 1 Demographic, anthropometric and respiratory history information for term and preterm-born infants
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Term Preterm Infants Preterm, no BPD Preterm
Controls with BPD
Participants, n 15 33 21 12
Corrected age (months) 144429 144+10 142410 14.7+0.9
Male, n (%) 9 (60) 25(75.7) 18 (85.7) 7(58.3)
Weight (kg) 98+14 99+14 98+10 102+19
Gestational age at birth (w) 39+1.2 27.7+2.2*% 290+14 255+1.3#
Birth weight (kg) 3.2(3.0-35) 0.96 (0.78-1.21)* 1.13(0.92-1.36) 0.82
(0.71-092)#
Birth weight centiles 56.8 55.0 (26.0-72.0) 40.0 (19.0-66.0) 68.0 (57.3-
(36.7-83.1) 85.3) #
Chorioamnionitis, n (%) n/a 15 (45.5) 6 (28.6) 9 (75)#
Days of ventilation n/a 0.53 (0.29-3.83) 0.38 (0-0.58) 13.6 (2.55—
42.5)#
Days of CPAP n/a 31.8 (6.25-49.8) 10.3 (5.42-30.3) 51.5(47.2—-
56.6) #
Days of oxygen n/a 417 (0.54-68.1) 0.75(0.25-2.54) 904 (64.3-
125.6) #
Wheeze ever, n (%) n/a 19 (57.6) 12 (57.1) 7 (58.3)
Asthma medication use ever, n (%) n/a 6(18.2) 2(9.5) 4(33.3)
Respiratory diagnosis ever (bronchiolitis, bronchitis, croup, whooping cough or n/a 17 (51.5) 11(524) 6 (50.0)
pneumonia), n (%)
Respiratory hospitalisation ever (post initial discharge from NICU), n (%) n/a 11(33.3) 7(33.3) 4(33.3)
EBC Leukotriene B, (pg/mL) 03(0.0-14) 19(1.2-3.3)* 19(1.1-3.2) 23
(15-2.7)
EBC 8-isoprostane (pg/mL) 0.2 (0.0-0.3) 0.9 (0.6-1.2)** 0.9 (0.6-1.3) 0.9 (0.7-1.0)
Data expressed as mean*SD, median (IQR) or number (percentage)
*significantly different between term and preterm-born groups (p<0.05)
**significantly different between term and preterm-born groups (p<0.01)
# significantly different between preterm infants with and without BPD (p<0.05)
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Fig. 1 8-isoprostane and leukotriene B4 levels detected in the exhaled breath condensate of term and preterm-born infants. Open circles denote those
born at term. Grey triangles denote infants born preterm without a neonatal diagnosis of BPD and black triangles denote infants with a neonatal diagnosis
of BPD. The horizontal bar corresponds to the median value of each group. *significantly different between term and preterm-born groups (p < 0.05)
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Table 2 Association between gestational age, indicators of postnatal respiratory support and EBC markers of inflammation and

oxidative stress in very preterm infants

Leukotriene B4 (pg/mL) 8-isoprostane (pg/mL)

Spearman’s rho Sig. (2-tailed) N Spearman’s rho Sig. (2-tailed) N
Gestational age (weeks) -0.198 0.303 29 0.157 0382 33
Duration of ventilation (hours) 0.123 0.524 29 —0.335 0.056 33
Duration of CPAP (hours) 0.183 0.342 29 -0015 0.932 33
Duration of HHF (hours) 0.211 0.273 29 -0257 0.149 33
Duration of supplemental oxygen (hours) 0.116 0.573 26 0.028 0.882 30

Discussion

This study shows that very preterm-born infants at 12-16
months corrected postnatal age (cPNA) have persistent
airway inflammation evidenced by elevated leukotriene
B4 and 8-isoprostane in EBC of the preterm infants com-
pared to those born at term. No associations were found
between biomarker levels and neonatal diagnosis of BPD,
increased neonatal respiratory support or increased
respiratory symptoms in the first year of life.

The increased levels of leukotriene B4, a marker of neu-
trophilic inflammation [16], and 8-isoprostane, a marker
of oxidative stress [17], in EBC from preterm-born
infants may be indicative of persisting lung injury from
premature birth, subsequent intervention [18] or other
insults during the first year of life. Leukotriene B4 is a
potent neutrophil chemoattractant [16], while 8-isopros-
tane is a mediator and marker of oxygen radical injury
[17]. Neutrophilic inflammation and oxidative stress are
associated with altered lung development which can lead
to BPD diagnosis, with preterm neonates also lacking
anti-inflammatory and antioxidant defences [1, 2]. The
presence of increased concentration of these markers in
the exhaled breath of preterm-born infants aged 12 to 16
months ¢cPNA suggests these inflammatory and oxida-
tive stress processes continue beyond the first year of life.
Neutrophil apoptosis is suppressed in the airways of pre-
term-born infants [19, 20], which may result in dysregu-
lated inflammatory processes and contribute to chronic
inflammation, possibly explaining the presence of neu-
trophilic inflammation into the first years of life.

The finding of elevated neutrophilic inflammation
markers at 12—16 months in infants born very preterm
is concerning. Elevated inflammation causes lung injury
and alters development in the neonatal intensive care
unit (NICU) period [21], and airway neutrophilia is asso-
ciated with increased infection severity in diseases such
as chronic obstructive pulmonary disease (COPD) [22].
The presence of elevated airway neutrophilic inflamma-
tion may increase the susceptibility of preterm-born chil-
dren to more severe respiratory infections, which in turn
may contribute to the higher rate of respiratory hospitali-
sations observed in the first years of life in this popula-
tion [23]. Alveolar development continues throughout
the early years of life [24] but may be disrupted when

it occurs in the presence of inflammation and oxidative
stress [25]. A recent study in mice found that neutrophilic
inflammation during lung development prevents the nor-
mal assembly of elastin fibres around terminal airspaces
leading to alveolar simplification and predisposing adult
mice to COPD [26]. Increased neutrophilic inflamma-
tion and oxidative stress with normal or reduced eosino-
philic inflammation is often observed in COPD, leading
to protease imbalance and alveolar cell apoptosis [27].
These biomarkers may indicate a predisposition to COPD
development in those born very preterm when consid-
ered in the context of evidence of structural lung dam-
age on computed tomography and low and declining lung
function observed during childhood in those born pre-
term [28-30]. Indeed, increased rates of COPD in those
born preterm were reported recently [31]. Alternatively,
elevated neutrophilia and oxidative stress markers may
indicate a pathway to the development of neutrophilic
asthma [32], particularly when considering the higher
rates of asthma diagnosis in childhood in those born
preterm compared to those born at term [33]. Addition-
ally, recurrent infection, an altered immune response and
airway microbiota play a role in neutrophilic/non-eosin-
ophilic asthma, and these factors are similarly altered
in those born preterm [34—36]. In the context of what
is known about respiratory conditions like non-eosin-
ophilic asthma and COPD, in addition to respiratory
morbidity in preterm-born children, elevated markers
of neutrophilic inflammation and oxidative stress may
indicate the underlying disease process in this group. As
such, clinical respiratory follow up of this population is
warranted after discharge from the NICU, with the aim
of identifying individuals at risk of persistent or progres-
sive lung disease. Indeed, a recent European Respiratory
Society guideline on the long-term management of chil-
dren with BPD recommends monitoring this population
with lung function [37]. This guideline also noted the
urgent need for airway pathophysiological studies in this
population in order to improve the evidence for clinical
management guidelines for children with BPD [37]. As
yet, there remains little co-ordinated respiratory follow-
up for those surviving preterm birth.

Our study found no direct correlations of biomarker
levels with gestational age, neonatal factors or respiratory
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Fig. 2 8-isoprostane and leukotriene B4 levels in exhaled breath condensate from preterm-born infants aged 12-15 months who did and did not report
a history of wheeze, asthma medication use, respiratory events in the first year of life (either bronchiolitis, bronchitis, croup or pneumonia) or respiratory
hospitalisation. There was no significant difference (p>0.05) in 8-isoprostane or leukotriene B4 levels between those who did and did not report a history

of respiratory symptoms, medication use or hospitalisations

symptom history, and no difference in biomarker levels
between those with and without BPD. The absence of a
direct association between EBC biomarkers at 12-16
months and indicators of early life respiratory morbidity
may indicate that regardless of BPD diagnosis, preterm-
born infants exhibit ongoing lung inflammation and oxi-
dative stress. These findings are similar to those reported
by Filippone et al. who found elevated 8-isoprostane in

preterm-born adolescents both with and without BPD
[7]. However, concentrations of 8-isoprostane in our
study were lower than those reported by Filippone et al.,
which may be explained by differences in EBC collection
devices [38]. Although reference ranges of 8-isopros-
tane in exhaled breath condensate from adults exist [38],
none exist for leukotriene B4 or 8-isoprostane in exhaled
breath condensate from infants, therefore a clinically
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relevant value cannot be defined. Additionally, EBC col-
lection in infants occurs with nasal breathing rather than
oral breathing as in older children and adults [8]. Moeller
et al. found that oral EBC collection in infants yielded a
greater sample volume than nasal EBC [39], however it is
unknown if this effects biomarker concentration as well.
The similarity of biomarker levels between those with and
without BPD may also indicate a need for more objective,
non-retrospective definition of BPD, such as those sug-
gested more recently in several publications [40—42].

The lack of correlation with neonatal factors or symp-
toms may be explained by the inability to normalise EBC
for variable dilution of airway surface liquid in water
vapour, including by minute ventilation which previous
studies have shown is associated with EBC volume in
infants [39]. The variability in biomarker levels that we
observed may suggest that aside from BPD diagnosis, any
interruption of normal fetal lung development may result
in chronic inflammation. Additionally, factors beyond
the neonatal period, such as type, frequency and sever-
ity of respiratory infections in the first year of life are dif-
ficult to adjust for and may have a more pronounced or
cumulative influence on persistent lung inflammation.
Inflammation may be independent of BPD diagnosis or
initial severity of lung disease. The parent-reported ques-
tionnaire only indicates the presence, rather than sever-
ity, of respiratory symptoms, where a more objective
measure of respiratory morbidity would be more useful.
Thes inability to normalise EBC markers may result in
inexact quantification of biomarkers [43], which in turn
may mask any associations with a more severe neonatal
course or respiratory morbidity. Obtaining longitudinal
lung health information from these infants would allow
us to assess if exceeding a threshold concentration of
these markers in EBC is associated with future respira-
tory morbidity. Additionally, further standardisation
of EBC analysis will allow for more reliable biomarker
quantification. Our study had limited sample numbers
and larger studies would be more adequately powered
to better establish an estimate of the true effect, define
the clinically relevant differences and assess associa-
tions with potential predictors of inflammatory marker
levels, including BPD status. Despite these limitations,
increased inflammation and oxidative stress in the air-
ways of infants born preterm regardless of BPD diagno-
sis may be an important contributor to the high rates of
recurrent respiratory infection and hospitalisation in the
first years observed in this population.

Conclusions

Together, the results of the present study reinforce emerg-
ing evidence that neutrophilic inflammatory and oxida-
tive stress processes persist in the airways of survivors
of preterm birth regardless of BPD diagnosis. Although
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inflammatory biomarker levels were not directly associ-
ated with indicators of respiratory morbidity in the first
year of life in this study, the elevation of these markers in
survivors of preterm birth beyond 12 months of age may
indicated increased risk of future respiratory morbidity
as previously observed in the preterm-born population.
Interventions that target neutrophilic inflammatory and
oxidative stress processes may be useful in ameliorating
the respiratory morbidity observed in survivors of pre-
term birth. The identification of elevated airway neutro-
philic inflammation and oxidative stress at 9-16 months
in those born preterm provides some insight into the
pathogenesis of long-term respiratory morbidity in this
population and identifies potential targets for interven-
tion to preserve lung health in these children.
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COPD chronic obstructive pulmonary disease
CPAP continuous positive airway pressure

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512887-023-04210-y.

[ Supplementary Material 1 J

Acknowledgements
Not applicable.

Authors’ Contributions

RU collected data, carried out the analyses and drafted the initial manuscript.
RNC collected data and reviewed and revised the manuscript. NH helped
design the data collection instruments, collected data, and reviewed and
revised the manuscript. AW, JJP, GH and SS conceptualized and designed

the study, obtained funding, coordinated and supervised data collection,
and critically reviewed the manuscript for important intellectual content.

All authors approved the final manuscript as submitted and agree to be
accountable for all aspects of the work.

Funding

This study was supported by an NHMRC Project grant (GNT1047689 to JJP);
an NHMRC Centre of Research Excellence grant (GNTO157514 to JJP) and a
Rebecca L Cooper Foundation grant (PG2018147 to SJS) as well as funding
from an Imogen Miranda Suleski Fellowship (to SJS), a West Australian
Near-miss Award (WANMA) (to SJS), an NHMRC Senior Research Fellowship
(GNT1077691 to JJP) and a Research Training Scholarship, Curtin University (to
RU).

Data Availability

Deidentified datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request
to researchers who provide a methodologically sound proposal and have
appropriate ethical and institutional approval.

Declarations

Ethics approval and consent to participate
Written informed consent was received from the parents/guardians of the
participants. The PIFCO follow-up study, including exhaled breath condensate


https://doi.org/10.1186/s12887-023-04210-y
https://doi.org/10.1186/s12887-023-04210-y

Urs et al. BMC Pediatrics

(2023) 23:386

collection and analysis protocols, was approved by the Child and Adolescent
Health Service (CAHS) HREC [Approval #2014083EP]. Sample analysis was
approved by Curtin University (HRE2020-0097). Recruitment, exhaled

breath condensate sample collection and analysis from healthy term-born
infants was obtained from Curtin University (HRE2018-0407). All methods
and experimental protocols were carried out in accordance with relevant
guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 19 January 2023 / Accepted: 24 July 2023
Published online: 05 August 2023

References

1.

14.
15.

Speer C. Pulmonary inflammation and bronchopulmonary dysplasia. J Perina-
tol. 2006;26(S1):57.

Speer CP, Groneck P. Oxygen radicals, cytokines, adhesion molecules and
lung injury in neonates. Seminars in Neonatology. 1998;3(3):219-28.
Perrone S, Tataranno ML, Buonocore G. Oxidative stress and bronchopulmo-
nary dysplasia. J Clin neonatology. 2012;1(3):109.

Hagman C, Bjorklund LJ, Bjermer L, Hansen-Pupp |, Tufvesson E. Perina-

tal inflammation relates to early respiratory morbidity and lung func-

tion at 12 years of age in children born very preterm. Acta Paediatr.
2021;110(7):2084-92.

Teig N, Allali M, Rieger C, Hamelmann E. Inflammatory markers in induced
sputum of school children born before 32 completed weeks of gestation. J
Pediatr. 2012;161(6):1085-90.

Halvorsen T, Skadberg BT, Eide GE, Roksund O, Aksnes L, Oymar K. Charac-
teristics of asthma and airway hyper-responsiveness after premature birth.
Pediatr Allergy Immunol. 2005;16(6):487-94.

Filippone M, Bonetto G, Corradi M, Frigo AC, Baraldi E. Evidence of unex-
pected oxidative stress in airways of adolescents born very pre-term. Eur
Respir J. 2012;40(5):1253-9.

Urs R, Stoecklin B, Pillow JJ, Hartmann B, Hall GL, Simpson SJ. Collecting
exhaled breath condensate from non-ventilated preterm-born infants: a
modified method. Pediatr Res. 2021;91(4):717-9.

Rosias PP, Dompeling E, Hendriks HJ, Heijnens JW, Donckerwolcke RA, Jobsis
Q. Exhaled breath condensate in children: pearls and pitfalls. Pediatr Allergy
Immunol. 2004;15(1):4-19.

Svedenkrans J, Stoecklin B, Jones JG, Doherty DA, Pillow JJ. Physiology and
predictors of impaired gas exchange in infants with bronchopulmonary
dysplasia. Am J Respir Crit Care Med. 2019;200(4):471-80.

Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care
Med. 2001;163(7):1723-9.

ChoiYJ, Stoecklin B, Hemy NR, Hall GL, Doherty DA, Simpson SJ, et al. Pulmo-
nary Gas Exchange improves over the First Year in Preterm Infants with and
without Bronchopulmonary Dysplasia. Neonatology. 2021;118(1):98-105.
Asher M, Keil U, Anderson H, Beasley R, Crane J, Martinez F, et al. International
Study of Asthma and Allergies in Childhood (ISAAC): rationale and methods.
Eur Respir J. 1995;8(3):483-91.

SPSS for Windows. Version 26.0 ed. Chicago, IL: SPSS Inc; 2005.

Faul F, Erdfelder E, Lang A-G, Buchner A. G* power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences.
Behav Res Methods. 2007;39(2):175-91.

Yokomizo T, Izumi T, Shimizu T. Leukotriene B4: metabolism and signal trans-
duction. Arch Biochem Biophys. 2001,385(2):231-41.

van't Erve TJ, Kadiiska MB, London SJ, Mason RP. Classifying oxidative stress
by F2-isoprostane levels across human diseases: a meta-analysis. Redox Biol.
2017;12:582-99.

Speer CP. Inflammation and bronchopulmonary dysplasia: a continuing story.
Semin Fetal Neonatal Med. 2006;11(5):354-62.

Kotecha S, Mildner R, Prince L, Vyas J, Currie A, Lawson R, et al. The role of
neutrophil apoptosis in the resolution of acute lung injury in newborn
infants. Thorax. 2003;58(11):961-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 8 of 9

QeiJ, Lui K, Wang H, Henry R. Decreased neutrophil apoptosis in tracheal
fluids of preterm infants at risk of chronic lung disease. Archives of Disease in
Childhood-Fetal and Neonatal Edition. 2003;88(3):F245-F9.

Kallapur S, Jobe A. Contribution of inflammation to lung injury and
development. Archives of Disease in Childhood-Fetal and Neonatal Edition.
2006,91(2):F132-F5.

Papi A, Bellettato CM, Braccioni F, Romagnoli M, Casolari P, Caramori G, et al.
Infections and airway inflammation in chronic obstructive pulmonary disease
severe exacerbations. Am J Respir Crit Care Med. 2006;173(10):1114-21.
Greenough A, Alexander J, Burgess S, Chetcuti P, Cox S, Lenney W, et al. Home
oxygen status and rehospitalisation and primary care requirements of infants
with chronic lung disease. Arch Dis Child. 2002;86(1):40-3.

Burri PH. Structural aspects of postnatal lung development-alveolar forma-
tion and growth. Neonatology. 2006;89(4):313-22.

Smith LJ, McKay KO, van Asperen PP, Selvadurai H, Fitzgerald DA. Nor-

mal development of the lung and premature birth. Paediatr Respir Rev.
2010;11(3):135-42.

Benjamin JT, Plosa EJ, van der Sucre JM, Dave S, Gutor S et al. Neutrophilic
inflammation during lung development disrupts elastin assembly and
predisposes adult mice to COPD. J Clin Investig. 2021;131(1).

Fischer BM, Pavlisko E, Voynow JA. Pathogenic triad in COPD: oxidative stress,
protease—antiprotease imbalance, and inflammation. Int J Chronic Obstr
Pulm Dis. 2011;6:413.

Simpson SJ, Logie KM, O'Dea CA, Banton GL, Murray C, Wilson AC, et al.
Altered lung structure and function in mid-childhood survivors of very
preterm birth. Thorax. 2017;72(8):702-11.

Simpson SJ, Turkovic L, Wilson A, Verheggen M, Logie KM, Pillow JJ, et al.
Lung function trajectories throughout childhood in survivors of very preterm
birth: a longitudinal cohort study. The Lancet Child and Adolescent Health.
2018;2(5):350-9.

Doyle LW, Adams A-M, Robertson C, Ranganathan S, Davis NM, Lee KJ, et al.
Increasing airway obstruction from 8 to 18 years in extremely preterm/low-
birthweight survivors born in the surfactant era. Thorax. 2017;72(8):712.

Bui DS, Perret JL, Walters EH, Lodge CJ, Bowatte G, Hamilton GS, et al. Associa-
tion between very to moderate preterm births, lung function deficits, and
COPD at age 53 years: analysis of a prospective cohort study. The Lancet
Respiratory Medicine; 2022.

Esteban-Gorgojo |, Antolin-Amérigo D, Dominguez-Ortega J, Quirce S. Non-
eosinophilic asthma: current perspectives. J asthma allergy. 2018;11:267.
Korhonen P, Laitinen J, Hyoudynmaa E, Tammela O. Respiratory outcome

in school-aged, very-low-birth-weight children in the surfactant era. Acta
Paediatrica. 2004;93(3):316-21.

Pramana IA, Latzin P, Schlapbach LJ, Hafen G, Kuehni CE, Nelle M et al. Respi-
ratory symptoms in preterm infants: burden of disease in the first year of life.
(clinical report). 2011;16(5):223-30.

Melville JM, Moss TJ. The immune consequences of preterm birth. Front
NeuroSci. 2013;7:79.

Pammi M, Lal CV, Wagner BD, Mourani PM, Lohmann P, Luna RA, et al. Airway
microbiome and development of bronchopulmonary dysplasia in preterm
infants: a systematic review. J Pediatr. 2019,204:126-33. e2.

Duijts L, van Meel ER, Moschino L, Baraldi E, Barnhoorn M, Bramer WM et

al. European respiratory society guideline on long-term management of
children with bronchopulmonary dysplasia. Eur Respir J. 2020;55(1).

Shoman 'Y, Wild P, Hemmendinger M, Graille M, Sauvain J-J, Hopf B. Reference
ranges of 8-isoprostane concentrations in exhaled breath condensate (EBC):
a systematic review and meta-analysis. Int J Mol Sci. 2020;21(11):3822.
Moeller A, Franklin P, Hall GL, Horak F Jr, Wildhaber JH, Stick SM. Measuring
exhaled breath condensates in infants. Pediatr Pulmonol. 2006;41(2):184-7.
Jensen EA, Dysart K, Gantz MG, McDonald S, Bamat NA, Keszler M, et al.

The diagnosis of bronchopulmonary dysplasia in very preterm infants. An
evidence-based approach. Am J Respir Crit Care Med. 2019;200(6):751-9.
Stoecklin B, Simpson SJ, Pillow JJ. Bronchopulmonary dysplasia: rationale for
a pathophysiological rather than treatment based approach to diagnosis.
Paediatr Respir Rev. 2019,32.91-7.

Higgins RD, Jobe AH, Koso-Thomas M, Bancalari E, Viscardi RM, Hartert TV, et
al. Bronchopulmonary dysplasia: executive summary of a workshop. J Pediatr.
2018;197:300-8.

Hunt J. Exhaled breath condensate: an evolving tool for noninvasive evalua-
tion of lung disease. J Allergy Clin Immunol. 2002;110(1):28-34.



Urs et al. BMC Pediatrics (2023) 23:386 Page 9 of 9

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Elevated leukotriene B4 and 8-isoprostane in exhaled breath condensate from preterm-born infants
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Ethics
	﻿EBC Collection
	﻿EBC Analysis
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


