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ABSTRACT
Rationale Survivors of preterm birth are at risk of
chronic and lifelong pulmonary disease. Follow-up data
describing lung structure and function are scarce in
children born preterm during the surfactant era.
Objectives To obtain comprehensive data on lung
structure and function in mid-childhood from survivors of
preterm birth. We aimed to explore relationships
between lung structure, lung function and respiratory
morbidity as well as early life contributors to poorer
childhood respiratory outcomes.
Methods Lung function was tested at 9–11 years in
children born at term (controls) and at ≤32 weeks
gestation. Tests included spirometry, oscillatory
mechanics, multiple breath nitrogen washout and
diffusing capacity of the lung for carbon monoxide.
Preterm children had CT of the chest and completed a
respiratory symptoms questionnaire.
Main results 58 controls and 163 preterm children
(99 with bronchopulmonary dysplasia) participated.
Preterm children exhibited pulmonary obstruction and
hyperinflation as well as abnormal peripheral lung
mechanics compared with term controls. FEV1 was
improved by 0.10 z-scores for every additional week of
gestation (95% CI 0.028 to 0.182; p=0.008) and by
0.34 z-scores per z-score increase in birth weight (0.124
to 0.548; p=0.002). Structural lung changes were
present in 92% of preterm children, with total CT score
decreased by 0.64 (−0.99 to −0.29; p<0.001) for each
additional week of gestation. Obstruction was associated
with increased subpleural opacities, bronchial wall
thickening and hypoattenuated lung areas on inspiratory
chest CT scans (p<0.05).
Conclusions Abnormal lung structure in mid-childhood
resulting from preterm birth in the contemporary era has
important functional consequences.

INTRODUCTION
Bronchopulmonary dysplasia (BPD) is one of the
most significant complications of preterm birth.
BPD was described nearly 50 years ago in infants
suffering from severe respiratory distress syndrome
following prolonged treatment with mechanical
ventilation and high concentrations of inspired
oxygen (O2).

1 Infants with BPD had abnormal
chest radiographs, including areas of lung collapse
alternating with hyperinflation and severe emphy-
sema, as well as histopathological changes

consistent with interstitial thickening, lung fibrosis
and smooth muscle hypertrophy.1

Neonatal critical care has evolved considerably over
the past few decades: the implementation and stand-
ardisation of postnatal surfactant therapy, increased
use of antenatal maternal corticosteroids and the
development of less aggressive ventilation strategies
have altered both the nature of and the infant popula-
tion affected by BPD.2 Whereas the initial report of
BPD described an infant population with a mean ges-
tational age (GA) of 34 weeks,1 babies born in the
early saccular and even the late cannalicular stages of
lung development (ie, <28 weeks GA) now often
survive in middle-income and high-income countries.3

Thus, a ‘new’ BPD pathophysiology has emerged,
characterised by fewer, larger alveoli resulting in
reduced surface area for gas exchange and dysmorphic
pulmonary capillary growth.4 5

Survivors of preterm birth have a high burden of
respiratory disease in the first years of life.6 7

Key messages

What is the key question?
▸ What is the impact of contemporary preterm

birth on lung structure and lung function
during mid-childhood, and what factors predict
poorer outcomes for these children?

What is the bottom line?
▸ Infants born very preterm are at significant risk

of ongoing lung disease with considerable
structural abnormalities, lung function deficits
and consequent respiratory symptoms reported
in mid-childhood.

Why read on?
▸ These comprehensive data examining the lung

health of children born preterm, in the
contemporary era, raise concerns about the
long-term lung health of a subset of this
population. Structural lung abnormalities in
children born preterm were common and
associated with more obstructive lung function
and more severe respiratory symptoms and may
imply active lung disease. What this means for
the health of these children as they age must
be a priority for future investigations.
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Beyond infancy, existing follow-up data of new BPD largely
describe small or selected populations of children with the most
severe neonatal disease or survivors of extreme prematurity.8–10

Consequently, the lack of comprehensive and appropriately
powered assessments of lung structure and function across the
spectrum of preterm children render it difficult to determine if
the clinical course of contemporary prematurity differs from the
early descriptions of BPD.

This study aimed to evaluate lung function, lung structure
and the relationship between structure and function in a con-
temporary population of children born ≤32 weeks gestation.
Furthermore, we aimed to elucidate the impact of prematurity
and neonatal treatments on lung function and structure findings
to provide a comprehensive snapshot of the respiratory system
during mid-childhood following preterm birth. We hypothesised
that worse lung structure and function at mid-childhood would
be associated with a more severe neonatal course. Second, we
hypothesised that pulmonary function deficits would be under-
pinned by structural abnormalities of the lung.

METHODS
Participants
Preterm children, with and without a neonatal classification of
BPD, and healthy term-born controls were studied at 9–11 years
of age. Preterm and term children who had previously been
studied by our group at 4–8 years11 were prioritised for recruit-
ment to this study. The study was then supplemented with add-
itional participants living in the Perth metropolitan region.
Children born at King Edward Memorial Hospital (KEMH)
≤32 weeks gestation between 1997 and 2003 were recruited
from the KEMH neonatal database. BPD was defined as at least
28 days supplemental oxygen requirement as assessed at
36 weeks postmenstrual age.12 Healthy term controls were at
least 37 weeks completed gestation with no lifetime history of
cardiopulmonary disease or recurrent respiratory symptoms.
Written informed parental/guardian consent and child assent
were obtained prior to data collection. Approval was obtained
from the Princess Margaret Hospital for Children Ethics
Committee (EP1760).

Assessment of lung function
Assessment of lung function included spirometry, multiple
breath nitrogen washout, diffusing capacity of the lung for
carbon monoxide (Sensormedics Vmax, Yorba Linda,
California, USA) and the forced oscillation technique (FOT)
(I2M, Chess Medical, Ghent, Belgium). Lung function tests
were performed according to American Thoracic Society/
European Respiratory Society standards.13–16 Lung function
outcomes were expressed as z-scores to adjust for the relevant
anthropometric factors, with the exception of Lung Clearance
Index (LCI), residual volume (RV)/total lung capacity (TLC) and
functional residual capacity (FRC)/TLC that are independent of
anthropometrics.17–20

Assessment of lung structure
CT images of the chest were acquired in children born preterm
during both inspiration and expiration. Inspiratory images
spanned from the lung apex to diaphragm at 10 mm intervals.
Three expiratory images were collected at the anatomical points
of the tracheal carina and the midpoints between the tracheal
carina and the lung apex, and tracheal carina and diaphragm
(Philips Brilliance 64; Philips Medical Systems, the
Netherlands). The chest CT scans were consensus scored in the
same scoring session by a specialist paediatric thoracic

radiologist (CM) and a paediatric respiratory physician (ACW)
using the scoring system described by Aukland et al.21 Scorers
were blinded to severity of neonatal lung disease. Healthy con-
trols did not undergo chest CT.

Other assessments
Respiratory morbidity in the 3 months prior to the visit was
assessed via a questionnaire.22 Neonatal data extracted from the
KEMH neonatal database and patient medical records included
GA, birth anthropometrics, antenatal steroid exposure, con-
firmed sepsis during the birth admission, number of surfactant
doses, days of supplemental oxygen, mechanical ventilation and
CPAP.

Study power and statistical analysis
Normally distributed data are presented as means and SDs.
Non-normally distributed data are presented as medians and
IQR. Differences in lung function between groups were ana-
lysed by one-way analysis of variance with post hoc compari-
sons. The Mann-Whitney U test or independent samples t-test
was used for the assessment of differences between groups for
all other outcomes, depending on normality of the data. The
relationships between neonatal factors and lung function or
lung structure were initially assessed using univariate linear
regressions. Neonatal factors with significant univariate correl-
ation to structure/function outcomes were included in subse-
quent stepwise multiple linear regressions. Multicollinearities
between the neonatal predictors were identified and adjusted for
by using residuals of independent regressions of the collinear
variables. For example, the independent impact of mechanical
ventilation on lung structure/function was determined from the
residual of the regression between GA and mechanical
ventilation.

A minimum sample size of 75 preterm children provides at
least 80% power for a multiple linear regression to detect a 0.2
z-score difference in lung function with six predictors.
Significance is considered at the 5% significance level. All data
were analysed using SPSS (V.22; IBM, Chicago, Illinois, USA).

RESULTS
Study participants at follow-up visit
There were no anthropometric differences between the term
born controls (n=58) and preterm children (n=163) at the time
of the follow-up assessment (table 1). However, children with
BPD (n=99) were shorter (p<0.001) than term-born children
and lighter (p=0.001) than their term and preterm peers
without BPD. Parents reported respiratory symptoms such as
wheeze, shortness of breath and excessive cough without colds
in approximately half of all children born preterm in the
3 months prior to the visit (table 1).

The preterm cohort was born at a median (IQR) gestation of
28 (25.0, 29.6) weeks (table 2). As expected from the definition
of BPD, children with BPD required a longer duration of
oxygen supplementation and increased days of respiratory
support (p<0.001) during the neonatal period than preterm
children without BPD. The BPD group also had a lower GA and
birth weight (p<0.001); however, there was no difference
between birth weight z-score for preterm children with BPD
and with those without BPD (p=0.121).

Generalisability of participants to the preterm population
Between July 1998 and December 2003, 1316 children were
delivered at KEMH ≤32 weeks GA, with 371 (28.2%) of these
infants developing BPD. Preterm infants (no BPD) not recruited
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for this study were born at a median (IQR) GA of 30.4
(28.3, 31.3) weeks, with a birth weight of 1440 (1165, 1680) g
and required 1 (0, 3) day of supplemental O2. Infants develop-
ing BPD during this time were born at 26.6 (25.1, 28.0) weeks
GA, weighing 895 (705, 1055) g and required 75 (48, 98) days
supplemental O2. There was no difference in neonatal character-
istics for children recruited to this study (table 2), with the
exception that recruited preterm children without BPD had
slightly lower GA (29.8; 28.3, 31.0 weeks; p=0.004) than the
non-recruited cohort.

Lung function in preterm children
Forced flows and volumes: Preterm children had significantly
lower spirometry values (FEV1, FEF25–75 and FEV1/FVC) than
healthy control children (table 3), which were further decreased
in those with BPD (see online supplementary table S1).
Abnormally low lung function (defined as FEV1, FEV1/FVC or
FEF25–75≤−1.96 z-scores) was not observed in any of the
healthy children, but was observed in 7 (13.5%) of the preterm
group without BPD and 37 (46.8%) of the children with BPD.

Decreased GA and birth weight z-score were associated with
lower FEV1 and FVC z-scores in mid-childhood (see figure 1
and online supplementary table S2). Lower forced expiratory

flows and volumes (FEV1 and FEF25–75) were also observed in
children with higher durations of supplemental oxygen and con-
firmed septicaemia during the neonatal period. Multivariate
analysis (see online supplementary table S2) demonstrated that
FEV1 z-score was increased by 0.1 z-scores for every additional
week of gestation (B=0.105; 95% CI 0.028 to 0.182; p=0.008)
and improved by increasing birth weight z-score (B=0.336;
95% CI 0.124 to 0.548; p=0.002), accounting for 16.9% of
the variation in FEV1 in preterm children. Increasing days of
supplemental O2 remained the only weak (R2=0.070) inde-
pendent predictor of reduced FEF25–75 z-score in a multivariate
analysis such that each additional week of oxygen was associated
with a 0.056 decrease in mid-expiratory flows after accounting
for GA and days of mechanical ventilation (B=−0.008, 95% CI
−0.016 to −0.000; p=0.040).

Lung volumes by multiple breath washout: Very preterm chil-
dren had increased FRC z-score and FRC/TLC, suggestive of
hyperinflation (table 3). Univariate analysis demonstrated that
hyperinflation (increased FRC/TLC) was associated with low
birth weight z-score (B=−1.428; 95% CI −2.802 to −0.054;
p=0.042) and an increased duration of CPAP in the neonatal
period independent of other respiratory support (B=0.196;
95% CI 0.056 to 0.335; p=0.006) (see online supplementary

Table 2 Neonatal information about the preterm participants

Preterm

Preterm

No BPD BPD

Gestational age (PMA) 28.0 (25.0, 29.6) 29.8 (28.6, 31.0) 26.0 (24.4, 27.6)*
Birth weight (g) 955 (755, 1335) 1388 (1186, 1645) 825 (700, 955)*
Birth weight z-score (mean, SD) −0.14 (0.91) 0.00 (0.95) −0.22 (0.88)
Birth length (cm) 35.5 (33.0, 39.5) 40.0 (38.0, 42.0) 34.0 (32.0, 36.0)*
Duration of oxygen supplementation (days) 48 (2, 92) 1 (0, 3.8) 85 (59, 103)*
Duration of mechanical ventilation (days) 4 (0, 28) 0 (0, 1) 20 (5, 39)*
Duration of CPAP (days) 6 (1, 18) 1 (0, 3.7) 14 (4, 24)*
Surfactant administered, n (%) 115 (70.6) 27 (42.7) 88 (89.8)*
Antenatal steroids, n (%) 133 (81.6) 53 (82.8) 80 (81.6)

*Represents significant difference between the preterm groups with and without BPD (p<0.05).
Continuous neonatal variables are presented as median (IQR), except birth weight z-score (mean, SD). Binary variables are expressed as n (%).Birth weight z-score was calculated from
Fenton growth charts for preterm infants.23

BPD, bronchopulmonary dysplasia; PMA, postmenstrual age.

Table 1 Participant demographics at the time of follow-up visit

Term controls Preterm

Preterm

No BPD BPD

Participants, n 58 163 64 99
Males, n (%) 26 (45) 100 (61) 42 (65) 58 (59)
Age (year) 10.7 (0.9) 10.9 (0.6) 10.9 (0.6) 10.8 (0.6)
Height (cm) 146.6 (9.7) 142.0 (8.0) 143.3 (9.0) 140.6 (8.0)*
Weight (kg) 37.4 (8.3) 35.6 (10.6) 38.9 (13.6) 33.5 (7.4)*†
Symptoms in the 3 months prior to the test visit expressed as n (% of those completing questionnaire)
Asthma medication usage – 47 (32.0) 21 (38.9) 26 (28)
Respiratory symptoms at rest – 26 (17.0) 16 (26.2) 10 (11.9)†
Respiratory symptoms on exertion – 78 (51.0) 28 (47.5) 50 (53.2)
Any respiratory symptoms past 3 months – 80 (52.6) 29 (49.2) 51 (54.8)

Participant demographics at the time of testing are presented as mean (SD) unless otherwise indicated as number (% of population).
*Represents significant difference from the term controls (p<0.05).
†Represents significant difference between the preterm groups with and without BPD (p<0.05).
BPD, bronchopulmonary dysplasia.
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table S3). CPAP duration remained an independent predictor of
hyperinflation in a multivariate analysis (see online
supplementary table S3). Low birth weight z-score was also a
significant predictor of increased RV/TLC (another marker
of hyperinflation) such that RV/TLC (%) was increased by
1.83 units per z-score decrease in birth weight (95% CI −3.106
to −0.557; p=0.005)(see figure 1 and online supplementary
table S3).

Gas exchange: None of the measures of gas exchange (diffus-
ing capacity of the lung for carbon monoxide (DLCO)) were dif-
ferent between healthy children and those born preterm
regardless of BPD diagnosis (table 3). Higher DLCO z-score was
weakly predicted by increased duration of CPAP in the neonatal
period independent of other respiratory support in a univariate
analysis (B=0.038; 95% CI 0.006 to 0.070; p=0.022). No
other neonatal factors predicted impairment in gas exchange
(see online supplementary table S4).

Respiratory system mechanics (forced oscillation technique
(FOT)): Preterm children had worse peripheral lung mechanics
than the healthy control group, as indicated by more negative
respiratory system reactance at 8 Hz (Xrs8), increased area under
the reactance curve (AX) and increased resonant frequency (fres)
(see table 3 and online supplementary table S1). Increased days
of oxygen supplementation was associated with increased fres
(B=0.010; 95% CI 0.000 to 0.019; p=0.045) and AX
(B=0.009; 95% CI 0.001 to 0.018; p=0.035), where FOT out-
comes were increased by approximately 0.07 z-scores for each
week of supplemental oxygen exposure (see online
supplementary table S5).

Respiratory symptoms and lung function: Participants with
any reported respiratory symptoms in the 3 months prior to the
study visit (n=80) (see table 1) had worse respiratory mechanics
than those with no symptoms. Indeed, for every z-score increase
in AX and z-score decrease in Xrs8, the likelihood of reported
symptoms was increased 1.42 (95% CI 1.024 to 1.973;
p=0.036) times and 1.62 times (OR 0.619; 95% CI 0.417 to
0.919; p=0.017), respectively. There were no other differences
in lung function between the preterm children with recent
symptoms and those without.

Lung structure in preterm children
Structural abnormalities were present in 92% of all children
born ≤32 weeks gestation (table 4). Children with BPD had
more extensive structural lung disease on chest CT scan com-
pared with children without BPD (see table 3 for median
(IQR)), with total CT score ranging from 0 to 17 for the
preterm group and 0 to 26 for the BPD group out of a
maximum score of 50.21

Linear and triangular subpleural opacities were the most com-
monly identified abnormalities and were more severe in children
with BPD. Areas of collapse/consolidation and hypoattenuation
on the inspiratory CT scan were also more extensive in the BPD
group. No differences between the BPD and non-BPD groups
were observed for the other radiological findings (see figure 2
for examples of radiological abnormalities).

Children with recent respiratory symptoms (67 of 127 scans)
had significantly higher total CT scores (median=7; IQR=4–12)
than children without recent symptoms (4; 2–7; p=0.003),

Table 3 Lung function in healthy children and preterm children during mid-childhood

Term controls (reference) Preterm Mean difference (95% CI)

Forced flows and volumes (spirometry)
n successful 48 131
FEV1 z-score 0.04 (0.90) −0.72 (1.13) −0.76 (−1.12 to −0.40)**
FEV1/FVC z-score −0.27 (0.92) −1.25 (1.01) −0.98 (−1.33 to −0.63)**
FEF25–75 z-score −0.42 (0.90) −1.46 (1.11) −1.04 (−1.42 to −0.67)**
FVC z-score 0.17 (0.95) 0.13 (1.04) −0.04 (−0.40 to 0.33)

Lung volume and ventilation distribution (multiple breath washout)
n successful 50 140
LCI 6.14 (0.58) 6.33 (0.82) 0.19 (−0.06 to 0.44)
FRC z-score −0.09 (0.96) 0.42 (1.32) 0.51 (0.10 to 0.91)*
TLC z-score −0.16 (0.85) −0.05 (1.02) 0.11 (−0.21 to 0.42)
RV z-score −0.45 (1.10) −0.16 (1.23) 0.28 (−0.11 to 0.68)
FRC/TLC (%) 50.36 (6.65) 52.80 (7.49) 2.44 (0.07 to 4.81)*
RV/TLC (%) 21.29 (6.18) 22.79 (7.02) 1.50 (−0.73 to 3.72)

Gas exchange (DLCO)
n successful 38 74
DLCO z-score 0.10 (0.97) 0.28 (1.27) 0.17 (−0.29 to 0.64)
VA z-score −0.72 (1.16) −0.50 (1.33) 0.24 (−0.27 to 0.74)
KCO z-score −0.56 (0.86) −0.57 (0.98) −0.02 (−0.39 to 0.36)

Respiratory system mechanics (forced oscillation technique)
n successful 31 132
Rrs8 z-score 0.00 (0.94) 0.33 (1.04) 0.32 (−0.08 to 0.72)
Xrs8 z-score 0.14 (0.53) −0.43 (0.99) −0.57 (−0.94 to −0.21)*
AX z-score −0.44 (0.85) 0.29 (1.15) 0.72 (0.29 to 1.16)**
Fres z-score −0.18 (1.26) 0.64 (1.23) 0.82 (0.31 to 1.33)*

Data are presented as mean (SD) and unadjusted mean difference (95% CI) except for the number of successful tests.
*p<0.05; **p<0.001.
DLCO, diffusing capacity of the lung for carbon monoxide; FRC, functional residual capacity.
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largely owing to increased scores for hypoattenuated areas on
inspiration (0; 0, 2; p=0.027) and bronchial wall thickening
(1; 0, 3; p=0.021).

Lower GA, lower birth weight z-score, neonatal sepsis and
increased duration of respiratory support (oxygen supplementa-
tion and mechanical ventilation) were generally associated with
more extensive structural abnormalities (total CT score, linear
and triangular subpleural opacities, hypoattenuation on inspir-
ation and collapse/consolidation score) (see figure 3 and online
supplementary table S6). None of the neonatal clinical variables
explained the extent of hypoattenuated areas of the lung during
expiration or bronchial wall thickening.

Multivariate analysis suggested that each additional week of
gestation was associated with a 0.64-unit decrease in total CT
score (95% CI −0.99 to −0.29; p<0.001), resulting from
decreased scores for subpleural opacities (B=−0.330; 95% CI
−0.463 to −0.196; p<0.001) and hypoattenuation on

inspiration (B=−0.113; 95% CI −0.211 to −0.016; p=0.023).
Additionally, after accounting for GA each week of mechanical
ventilation was associated with a 0.55-unit increase in total CT
score (95% CI 0.015 to 0.142; p=0.078), largely a result of
increased liner/triangular subpleural opacity score (B=0.029,
95% CI 0.006 to 0.052; p=0.015). See online supplementary
table S6 for further details.

A random subset of CT scans (N=20) were rescored a mean
(SD) time of 6.1 (1.6) years after first scoring, by the same
observers. The intraobserver reliability was excellent with an
Intraclass Correlation Coefficient (ICC) of 0.81(95% CI 0.51 to
0.93) and an absolute agreement ICC of 0.76 (0.36 to 0.91).

Lung structure/function relationships in preterm children
Obstructive lung disease was evident in children with more
extensive structural abnormalities on CT scan. FEV1, FEV1/FVC
and FEF25–75 z-scores were decreased by approximately 0.1

Figure 1 Neonatal factors influencing lung function in preterm children at 9–11 years. Lung function is expressed as z-scores, except for functional
residual capacity (FRC)/TLC (%) and RV/TLC (%). Lung function is plotted against neonatal factors for children born preterm with a neonatal
classification of bronchopulmonary dysplasia (BPD) (black) and those without BPD (grey). Grey dashed lines indicate 1.96 z-scores.
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z-scores for each increase in linear/triangular subpleural opaci-
ties, bronchial wall thickening and hypoattenuation score during
an inspiratory chest CT (p<0.05) (see figure 4 and online
supplementary table S7).

Lung volumes were largely unaffected by chest CT abnormal-
ities with the exception of areas of lung collapse/consolidation
in preterm children that predicted reduced RV z-score
(B=−1.156; 95% CI −1.892 to −0.420; p=0.002) and RV/
TLC (B=−6.779; 95% CI −10.991 to −2.566; p=0.002) (see
online supplementary table S8). Additionally, increased TLC
was apparent in children with bronchiectasis (B=0.202; 95% CI
0.020 to 0.384; p=0.030).

KCO was decreased by 0.23 z-scores in preterm children for
each unit increase in hypoattenuation on an inspiratory chest
CT (B=−0.233; 95% CI −0.406 to −0.061; p<0.009) (see
online supplementary table S9). Altered respiratory system
mechanics was not independently predicted by structural lung
damage on chest CT (see online supplementary table S10).

DISCUSSION
This study provides the most comprehensive assessment to date
of lung structure and function in school-aged children born very
preterm (≤32 weeks gestation) during the surfactant era. We

show that preterm children have a significant burden of respira-
tory disease at mid-childhood with structural abnormalities
present in almost all preterm children and recent respiratory
symptoms reported in approximately half of the cohort. Lung
function is also lower in children born preterm, and is asso-
ciated with increased structural lung damage.

We show significant airway obstruction in children born very
preterm with reductions in FEV1, FEF25–75 and FEV1/FVC, and
further reductions in children with BPD. Increased airway
obstruction is in line with other studies that have measured spir-
ometry in preterm children with both new8 10 24 and old25 26

BPD. Findings of reduced forced expiratory flows and volumes
with stable FVC are suggestive of reduced airway calibre in this
population and likely results from chronic airway inflammation,
airway remodelling and/or reduced parenchymal tethering.
Almost half of the very preterm children in this study had evi-
dence of bronchial wall thickening on chest CT that we specu-
late reflects postinflammatory changes and/or ongoing airway
inflammation. Indeed, children with bronchial wall thickening
had significantly worse obstructive lung disease and more
respiratory symptoms than their peers, which may indicate that
closer monitoring of this group is warranted. Additionally, the
small airways may be particularly at risk from oxygen toxicity

Table 4 The presence and extent of chest CT abnormalities in children born very preterm

Preterm
Preterm without BPD
(n=50)

Preterm with BPD
(n=83)

Hodges-Lehman median
difference (95% CI)

Structural abnormalities on chest CT
Presence, n participants (%) 123 (92) 44 (88) 79 (95)
Extent (total CT score) 5 (3–9) 4 (1–7) 6 (4–11) 2 (1 to 4); p=0.008*

Linear/triangular subpleural opacities
Presence 112 (84%) 39 (78%) 73 (88%)
Extent 3 (1–5) 2 (1–3) 3 (2–6) 2 (1 to 2); p<0.001*

Decreased pulmonary attenuation—inspiration
Presence 40 (30%) 9 (18%) 31 (37%)*
Extent 0 (0–1) 0 (0–0) 0 (0–1) 0 (0 to 0); p=0.013*

Decreased pulmonary attenuation—expiration
Presence 58 (44%) 23 (46%) 35 (42%)
Extent 0 (0–2) 0 (0–2) 0 (0–2) 0 (0 to 0); p=0.926

Decreased bronchial: arterial ratio
Presence 2 (2%) 1 (2%) 1 (1%)
Extent 0 (0–0) 0 (0–0) 0 (0–0) 0 (0 to 0); p=0.708

Bronchiectasis
Presence 12 (9%) 4 (8%) 8 (10%)
Extent 0 (0–0) 0 (0–0) 0 (0–0) 0 (0 to 0); p=0.801

Bronchial wall thickening
Presence 58 (44%) 20 (40%) 38 (46%)
Extent 0 (0–3) 0 (0–2) 0 (0–3) 0 (0 to 0); p=0.473

Bullae
Presence 2 (2%) 0 (0%) 2 (2%)
Extent 0 (0–0) 0 (0–0) 0 (0–0) 0 (0 to 0); p=0.271

Emphysema
Presence 4 (3%) 0 (0%) 4 (5%)
Extent 0 (0–0) 0 (0–0) 0 (0–0) 0 (0 to 0); p=0.116

Collapse/consolidation
Presence 15 (11%) 1 (2%) 14 (17%)*
Extent 0 (0–0) 0 (0–0) 0 (0–0) 0 (0 to 0); p=0.008*

Presence indicates the number (%) of preterm children with the particular structural abnormality described. Extent scores were derived as described by Aukland et al,21 where each
parameter has a maximum score of 6 (according to the number of affected lobes) except for collapse/consolidation (maximum=2) leading to a possible total CT score of 50. Extent
scores are expressed as median (IQR). Difference in presence of abnormality between groups assessed using theχ2 test and difference in extent assessed using the Mann-Whitney U test.
*Represents significant difference between the preterm groups with and without BPD (p<0.05).
BPD, bronchopulmonary dysplasia.
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Figure 2 Chest CT abnormalities in contemporary bronchopulomary dysplasia. All images were acquired during inspiration. Images A and B are
from an 11-year-old male (27 weeks gestation) highlighting triangular subpleural (red) and linear (blue) opacities, areas of hypoattenuation/mosaic
perfusion (yellow) and emphysema (green). Image C is from an 11-year-old male (25 weeks gestation) and highlights bronchial wall thickening
(orange).

Figure 3 Neonatal factors influencing lung structure in preterm children at 9–11 years. Total CT score (max 50) and extent score for linear and
triangular subpleural opacities (max 6) are plotted against gestational age, and days of mechanical ventilation for children born preterm with a
neonatal classification of bronchopulmonary dysplasia (BPD) (black) and those without BPD (grey).
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during the neonatal period, with reduced midexpiratory flows
evident in those with longer exposures to oxygen.

The morphological changes in the lungs of children born very
preterm, such as larger simplified alveoli, suggest that changes in
lung volume and ventilation inhomogeneity should be observed
in this population. However, previous studies are inconclusive,
with some reporting a degree of air trapping (elevated RV/TLC)
in BPD27–29 and others failing to discriminate preterm children
from healthy controls.30 31 In this study, lung volumes were gen-
erally not different between preterm children with and without
BPD, although air trapping was associated with being born
small for GA and the increased duration of CPAP, perhaps indi-
cating that these children are more prone to airway collapse and
consequent gas trapping. Interestingly, those preterm children
with bronchiectasis and areas of lung collapse or consolidation
on chest CT had smaller lung volumes consistent with these
pathologies. Differences between studies may reflect the

heterogeneity of lung disease in preterm children and the
cohorts associated with each of these studies. By including parti-
cipants from a wide spectrum of GA and neonatal lung disease
severity, we may have dampened the signal when compared
with studies that highlight the extreme preterm phenotype such
as the EPICure data (≤25 weeks GA).27

Prematurity and lung injury during the neonatal period
impair growth, branching and distribution of the pulmonary
vasculature.32 33 Surprisingly, no gas transfer measures were dif-
ferent in children born preterm, likely indicating that diffusion
distances across the respiratory epithelium are similar between
term and preterm children. Additionally, DLCO outcomes were
not associated with neonatal factors that promote lung injury,
such as mechanical ventilation or exposure to supplemental
oxygen, or antenatal corticosteroid treatment which promotes
thinning of alveolar walls34 and potential increased efficiency of
gas exchange. The few studies of lung function in the

Figure 4 Relationships between lung function and lung structure in preterm children. Lung function, expressed as z-scores, is plotted against chest
CT outcomes for preterm children with (black) and without (grey) bronchopulmonary dysplasia.
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postsurfactant era portray conflicting results for DLCO: some
studies show decreased DLCO in preterm children with
BPD27 35 while others fail to detect a difference.31 Our findings
may be influenced by the difficulty obtaining acceptable and
repeatable DLCO measures in children with BPD compared
with the term and preterm without BPD groups. Children with
BPD who were born with low birth weight z-scores were less
likely to achieve acceptable DLCO results at school age and
were consequently under-represented in the analyses of gas
exchange, biasing the results. The inability to obtain acceptable
and repeatable DLCO in this population may be a manifestation
of the cognitive and behavioural deficits, such as hyperactivity,
inattention and dysfunction in executive functioning, known to
persist in very and extremely low birth weight infants (see ref.
36 for review).

In contrast to studies of young adults with old BPD,37 emphy-
sema was detected in only 5% of this cohort of preterm chil-
dren. However, almost half of the children in this study have
areas of decreased pulmonary attenuation on the chest CT scan
that may reflect pre-emphysematous changes to the lung (which
may be progressive). Alternatively, hypoattenuation may be
related to disrupted pulmonary vascularisation and reduced
alveolar complexity leading to decreased surface area for gas
exchange seen in postmortem specimens of infants and children
with BPD.38 Regardless, those children who have hypoattenu-
ated areas on inspiratory CT scan have more airway obstruction
(lower FEV1/FVC) and reduced KCO. Consequently, this specific
group of children may warrant follow-up to determine if their
lung disease is progressive.

We show that structural abnormalities are very common (92%)
in the lungs of children born preterm. Structural damage was
more extensive in children of lower GA who received more
oxygen and mechanical ventilation in the neonatal period, which
is consistent with the notion that more immature and fragile lungs
have increased susceptibility to injury. Only two small other
studies (of 32 and 26 subjects, respectively) report chest CT find-
ings in long-term survivors of preterm birth in the surfactant
era.24 39 Using the same methodology and scoring system,
Aukland et al reported lower median (IQR) total CT scores (3.0
(1.75–5.0)) in a cohort of preterm children born in 1991–1992
than the scores reported from our cohort. While developed specif-
ically for survivors of preterm birth, the extent of the chest CT
findings is likely to be limited by the insensitivity of the scoring
method since the scoring method does not allow for multiple pre-
sentations within the same lobe. Additionally, both studies per-
formed only limited slice scans to minimise the radiation dose and
therefore may have underestimated the extent of the lung abnor-
malities.40 We are also unable to comment on the likelihood of
observing any of these abnormalities in the healthy control popu-
lation. However, these abnormalities are, by definition, patho-
logical and unlikely to be present in the control population.

We show heterogeneous impairments in lung structure and
lung function at 9–11 years in children born ≤32 weeks gesta-
tion. Prolonged O2 dependence in the neonatal period alone
does not accurately predict which children will go on to have
increased pulmonary morbidity, despite underpinning the clin-
ical definition of BPD. Our data show that some infants with
BPD may have normal lung function and no respiratory symp-
toms. Conversely, respiratory symptoms and pulmonary func-
tion deficits may appear in children born preterm who did not
require prolonged ventilatory support during infancy.
Regardless, we have shown that structural and functional
respiratory limitations are evident in very preterm survivors
during mid-childhood. It remains unknown whether the

involvement of the peripheral lung is related to structural abnor-
malities due to preterm birth per se, such as fewer larger alveoli,
or whether the changes we observe are pre-emphysematous
changes. Determining whether the structural and functional
abnormalities are progressive and what the clinical implication
of such decline might mean for the health of these children as
they age remains a priority for future investigations.
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