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Background: The relationship between early life factors 
and childhood pulmonary function and structure in pre-
term infants remains unclear.
Purpose: This study investigated the impact of bronch-
opulmonary dysplasia (BPD) and perinatal factors on 
childhood pulmonary function and structure.
Methods: This longitudinal cohort study included pre-
term participants aged ≥5 years born between 2005 and 
2015. The children were grouped by BPD severity according 
to National Institutes of Health criteria. Pulmo nary func-
tion tests (PFTs) were performed using spirometry. Chest 
computed tomography (CT) scans were obtained and 
scored for hyperaeration or parenchymal lesions. PFT 
results and chest CT scores were analyzed with perinatal 
factors.
Results: A total 150 children (66 females) aged 7.7 years 
(6.4–9.9 years) were categorized into non/mild BPD (n=68), 
moderate BPD (n=39), and severe BPD (n=43) groups. The 
median z score for forced expiratory volume in 1 second 
(FEV1), forced vital capacity (FVC), FEV1/FVC ratio, and 
forced midexpiratory flow (FEF25%–75%) were significantly 
lower in the severe versus non/mild BPD group (-1.24 vs. 
-0.18, -0.22 vs. 0.41, -1.80 vs. -1.12, and -1.88 vs. -1.00, res-
pectively; all P<0.05). The median z scores of FEV1, FEV1/
FVC, and FEF25%–75% among asymptomatic patients were 
also significantly lower in the severe versus non/mild BPD 
group (-0.82 vs. 0.09, -1.68 vs. -0.87, -1.59 vs. -0.61, res-
pectively; all P<0.05). The severe BPD group had a higher 
median (range) CT score than the non/mild BPD group (6 
[0–12] vs. 1 [0–10], P<0.001). Prenatal oligohydramnios was

strongly associated with both low pulmonary function 
(FEV1/FVC<lower limit of normal; odds ratio, 3.54) and 
high CT score (median difference, 2.54).
Conclusion: School-aged children with severe BPD show-
ed airflow limitations and structural abnormalities despite 
no subjective respiratory symptoms. These results suggest 
that patients with a history of prenatal oligohydramnios or 
prolonged mechanical ventilation require extend ed follow-
up.
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Key message
Question: Is bronchopulmonary dysplasia (BPD) associated 
with functional/structural abnormalities later in life?

Finding: School-aged children with severe BPD had abnorma-
lities on pulmonary function tests and lung computed tomo-
graphy despite no subjective respiratory symptoms; however, 
only prenatal oligohydramnios and prolonged ventilator use 
were associated with abnormal lung function.

Meaning: Long-term monitoring of preterm infants’ lung 
health is essential, especially for those with prenatal oligohy-
dramnios or prolonged ventilator use.

Introduction

Preterm birth rates have increased globally, and accord-
ing to a recent estimate, preterm births account for 10.6% of 
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live births.1) In Korea, the survival rate of infants with very 
low birth weight more than doubled, increasing from 38.3% 
in the 1980s to 84.8% in 2014, while that of infants with 
extremely low birth weight increased more than fivefold, 
from 12.3% in the 1980s to 69.6% in 2014.2) Therefore, there 
is a growing emphasis on the healthy growth of preterm 
infants beyond their survival.

Lung volume and function reach the maximum values in 
the late 20s and, then decline steadily with age. However, in 
patients who experienced an early lung injury or maldevelop-
ment during infancy, respiratory symptoms may appear ear-
lier, which can lead to reduced peak lung growth.3) Several 
cohorts of patients with preterm lung growth have been 
established to track the respiratory functions of prematurity 
survivors. Impaired pulmonary function, pre dominantly 
obstructive patterns, or structural alteration of the lungs 
have been reported in cohorts of very preterm- or extremely 
preterm-born children aged 5–11 years in the US, UK, 
Australia, and Italy.4-8)

Our recent study, using large-scale nationwide claims 
data, revealed that bronchopulmonary dysplasia (BPD) is 
associated with high respiratory morbidity in terms of re-
hospitalization rates, intensive care rates, and childhood as-
thma prevalence in recent survivors with respiratory distress 
syndrome (RDS).9) However, considering the na ture of the 
claims data, it was difficult to accurately determine the ef-
fects of prematurity and BPD associated with respiratory 
morbidity. Therefore, the impact of BPD on pulmonary func-
tional and structural changes in school-aged preterm-born, 
surfactant-treated individuals needed to be investigated. In 
this context, we established the LONGitudinal cohort study of 
the population born preTERM (LONGTERM) to investigate 

serial lung development in preterm-born children from 
preschool age to adulthood; to the best of our knowledge, 
this is the first such study in Korea. In this interim data 
analy sis from the LONGTERM cohort, we reported the 
functional and structural statuses of the participants. We 
also investigated whether BPD and other perinatal factors 
are associated with abnormal func tion in school-aged pre-
term-born children. 

Methods

1. Participants
Children aged ≥5 years who were born prematurely, ad-

mitted to the Severance or Gangnam Severance Hospital 
neonatal intensive care units (NICU), and treated with 
pulmonary surfactants owing to RDS between 2005 and 
2015 were recruited into the LONGTERM cohort. Patients 
who died, had congenital cardiopulmonary anomalies or 
neurologic impairments that made it challenging to perform 
pulmonary function tests (PFTs), or whose personal infor-
mation could not be obtained were excluded. Among the 
preterm-born children with RDS (N=1,207), 57.8% (N=700) 
were eligible for enrollment in the LONGTERM cohort. We 
contacted 353 patients between November 2019 and August 
2021, of whom 150 (48.1%) completed their visits; these 
patients’ data were analyzed (Supplementary Fig. 1). The 
participants were then classified into 3 groups: non/mild, 
moderate, and severe BPD. This study was conducted in ac-
cordance with the principles of the Declaration of Helsinki. 
All participants and their parents were fully informed of 
the purpose and procedures of the study, and the parents 
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provided their written informed consent before enrollment. 
The Institutional Review Board (IRB) of Severance Hospital 
(IRB No. 4-2019-0914) and Gangnam Severance hospital 
(IRB No. 3-2020-0195) reviewed and approved the study 
protocol.

2. Study design
Maternal and neonatal data were collected from the 

medical records of each hospital. Prior and current respira-
tory health status, environmental exposures, parental his-
tory of allergic diseases, and socioeconomic status data 
were obtained through questionnaires that were answered 
by parents. All participants underwent PFTs. Chest com-
puted tomography (CT) and laboratory studies were per-
formed after obtaining additional consent from the parents 
and children.

3. Definition of BPD
BPD was defined as at least 28 days of supplemental 

oxygen requirement and was graded as mild, moderate, or 
severe, according to the definitions of National Institutes 
of Health criteria proposed by Jobe and Bancalari10) More 
specifically, the severity of BPD was graded according to 
the respiratory support at 36 weeks postmenstrual age: 
mild BPD if room air was sufficient, moderate BPD if <30% 
oxygen was required, severe BPD if ≥30% oxygen or positive 
pressure was required.

4. Demographics
Maternal and neonatal data; gestational age, birth weight, 

sex, small for gestational age, delivery mode, twin birth, 
antenatal/postnatal steroid use, maternal risk factors (preg-
nancy-induced hypertension, chorioamnionitis, oligohydra-
mnios, premature rupture of membrane), use of surfactant, 
the duration and mode of respiratory support, and comor-
bidities were collected from medical records. The height and 
weight of the patients were measured at the time of the visit 
for the PFT.

5. Asymptomatic patients
Based on medical records and questionnaire, participants 

were classified as “asymptomatic” when they fulfilled the 
following requirements: (1) no regular respiratory check-ups; 
(2) absence of subjective respiratory symptoms (e.g., cough, 
sputum, and dyspnea); and (3) no significant lower respiratory 
tract infections (LRIs) in the past year. Significant LRI was 
defined as an infection requiring medication for >1 week or 
hospital admission within the past 1 year.

6. Pulmonary function test
All tests were performed per the American Thoracic 

Society guidelines.11) Forced expiratory volume in 1 second 

(FEV1), forced vital capacity (FVC), FEV1/FVC ratio, and 
forced midexpiratory flow (FEF25%–75%) were measured 
before and after inhalation of a bronchodilator. All para-
meters were calibrated according to age, sex, height, weight, 
and ethnicity.12) Estimates were obtained using the refer-
ence values of the Global Lung Function Institute (GLI).13) 
A z score ≤-1.64 was considered below the lower limit of 
normal (LLN). Bronchodilator response (BDR) was con-
sidered positive compared with baseline data when FEV1 
increased by ≥12% after inhaling salbutamol compared 
with baseline data.

7. Chest CT
A pediatric radiologist with 18 years of experience in 

pediatric chest CT performed the semiquantitative assess-
ment of disease severity using CT images. We modified a 
previously reported scoring system based on lobes rather 
than lung segments.14) The presence (score 1) or absence 
(score 0) of lung lesions, including 2 categories of hyperaera-
tion and parenchymal lesions, was evaluated for each lung 
lobe. The left lingular segment was considered one lobe. The 
hyperaeration score (range, 0–6) referred to the number of 
lobes showing areas of reduced lung attenuation, mosaic 
attenuation pattern, or bullas/blebs. The parenchymal le-
sion score (range, 0–6) referred to the number of lobes 
with linear lesions, segmental atelectasis, consolidation, or 
architectural distortion. The sum of these 2 scores was used 
as the CT severity score assigned to each patient. CT severity 
was compared based on the severity of BPD (non/mild, 
moderate, or severe BPD) and PFT results (below the LLN or 
above the LLN for each parameter).

8. Laboratory studies
General health information, including leukocyte counts 

with differential; platelet counts; and hemoglobin, aspar tate 
aminotransferase, alanine aminotransferase, blood urea 
nitrogen, creatinine, and C-reactive protein level measure-
ments, was obtained for each participant from their labora-
tory studies. Total serum immunoglobulin E (IgE) levels 
were measured using the ImmunoCAP assay (Thermo 
Fish er Scientific, Uppsala, Sweden), and specific IgE levels 
were measured using a multiple antigen simultaneous test 
immunoblot assay for 61 inhalants (AdvanSure Alloscreen; 
LG Life Science, Seoul, Korea). Atopy was defined as a speci-
fic IgE level of ≥2 against >1 allergen or a total IgE level of 
150 IU/mL.

9. Statistical analysis
Data were analyzed using R (ver. 4.1.1; R Foundation 

for Statistical Computing, Vienna, Austria) and IBM SPSS 
Statistics ver. 24.0 (IBM Co., Armonk, NY, USA). Catego-
rical variables are presented as frequency (%) for each group 
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and continuous variables are presented as the me dian 
with interquartile range (IQR). PFT and CT score data are 
presented as median (ranges). The values were compared 
among the 3 BPD groups using Fisher exact test for the 
categorical variables and the Kruskal-Wallis test, followed 
by Bonferroni post hoc analysis for the continuous variables. 
The 2-sample t test was used to compare values between the 
groups with PFT results below or above the LLN. The values 
of asymptomatic and symptomatic patients were compared 
using the Mann-Whitney U test for the con tinuous vari-
ables and Fisher exact test for the categorical variables. Uni-
variate and multivariate logistic regression analyses were 
used to analyze the influence of independent perinatal risk 
factors on PFT results. Univariate and multivariate quantile 
(median) regression analyses were used to assess the influ-
ence of independent perinatal factors on chest CT scores. 
Variables that showed statistical significance in the univa-
riate analysis were selected as covariates for the multivariate 
regression. Statistical significance was set at P<0.05.

Results

1. Participant demographics
The median (IQR) gestational age was 28.8 weeks (27.2– 

30.1 weeks); 51 participants (34.0%) were born at a gesta-
tional age ≤27 weeks. The median birth weight was 1,145 
g (range, 910–1,423 g), and 53 (35.3%) and 65 partici pants 
(43.3%) had birth weights of <1,000 g and 1,000–1,500 g, 
respectively. Non/mild, moderate, and severe cases of BPD 
were observed in 68 (45.3%), 39 (26.0%), and 43 patients 
(28.7%), respectively. Participants’ clinical characteristics at 
the time of NICU discharge are summarized in Table 1. The 
severe BPD group had significantly lower gestational age and 
birth weight and higher rates of maternal chorioamnionitis 
than the moderate and non/mild BPD groups. Moreover, the 
median durations of respiratory support and mechanical 
ventilation were 2.5 and 4.5 times longer in the severe BPD 
group than in the non/mild groups, respectively (Table 1).

Supplementary Table 1 summarizes participants’ clinical 
characteristics at the time of the visit. The median (IQR) 

Table 1. Participants’ perinatal/neonatal characteristics

Variable
BPD group

Non/mild (N=68) Moderate (N=39) Severe (N=43) P value

GA (wk) 29.9 (28.9–30.9) 28.0 (26.6–28.9) 27.2 (26.1–28.9) <0.001b,c)

Birth weight (g) 1,388 (1,200–1631) 998 (852–1,190) 940 (773–1,080) <0.001b,c)

Female sex 24 (35.3) 17 (43.6) 25 (58.1) 0.061
SGA 6 (8.8) 8 (20.5) 7 (16.3) 0.215
C-sec 49 (72.1) 32 (82.1) 29 (67.4) 0.311
Twin birth 27 (39.7) 15 (38.5) 14 (32.6) 0.739
Antenatal steroid treatment 26 (38.2) 18 (46.2) 21 (48.8) 0.434
PIH 11 (16.2) 11 (28.2) 8 (18.6) 0.326
Chorioamnionitis 11 (16.2) 5 (12.8) 15 (34.9) 0.012b)

Oligohydramnios 6 (8.8) 4 (10.3) 5 (11.6) 0.757
PROM 25 (36.8) 13 (33.3) 17 (39.5) 0.630
Surfactant treatment 68 (100) 39 (100) 43 (100) -
No. of surfactant treatments 1 (1–1) 1 (1–2) 1 (1–2) 0.089
Use of systemic steroids 1 (1.5) 11 (28.2) 12 (27.9) <0.001b)

Respiratory support
The total duration of respiratory supporta) (day) 30.3 (14.8–41.3) 72.0 (60.0–79.0) 90.0 (74.0–121.0) <0.001b,c,d)

Duration of NIV (day) 6.5 (0–15) 16.5 (0.3–30.0) 11.0 (4.5–28.0) 0.019b)

Duration of MV (day) 9.4 (2–12.3) 26.0 (14.0–38.0) 42.0 (19.0–67.0) <0.001b,c,d)

Comorbidities
PDA-treated 15 (22.1) 20 (51.3) 19 (44.2) 0.010c)

PDA-surgically treated 7 (10.3) 8 (20.5) 9 (20.9) 0.014c)

Sepsis 0 (0) 0 (0) 2 (4.7) 0.088
PVL 2 (2.9) 1 (2.6) 4 (9.3) 0.218
IVH 13 (19.1) 10 (25.6) 14 (32.6) 0.243
NEC 1 (1.5) 2 (5.1) 1 (2.3) 0.532

Values are presented as median (interquartile range) or number (%).
BPD, bronchopulmonary dysplasia; GA, gestational age; SGA, small for gestational age; C-sec, cesarean section; PIH, pregnancy-induced hypertension; PROM, 
premature rupture of membranes; NIV, noninvasive ventilation; MV, mechanical ventilation; PDA, patent ductus arteriosus; PVL, periventricular leukomalacia; IVH, 
intraventricular hemorrhage; NEC, necrotizing enterocolitis.
a)Duration of mechanical ventilation, noninvasive ventilation, and supplemental oxygen. b)Non/mild BPD vs. severe BPD. c)Non/mild BPD vs. moderate BPD. d)

Moderate BPD vs. severe BPD.
Boldface indicates a statistically significant difference with P<0.05.
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age at the visit was 7.7 years (6.4–9.9 years). Body weight 
was lower in the severe BPD group than in the moderate 
and non/mild BPD groups, while height and proportion of 
asymptomatic patients did not differ among the groups. 
The rate of significant LRIs was higher in the severe BPD 
group than in the non/mild BPD group (P=0.045). The fre-
quency of asthma diagnosis was higher in the severe BPD 
group than in the non/mild BPD group (P<0.001). However, 
the prevalence of allergic diseases, total IgE levels, pre-
sence of atopy, and eosinophil counts did not differ among 

the groups. Family history of allergic diseases and environ-
mental factors were also not different.

2. Pulmonary functions according to BPD severity
Among all study participants, the severe BPD group had 

a significantly higher proportion of patients with FEV1/
FVC and FEF25%–75% below the LLN than the non/mild BPD 
group (Fig. 1). FEV1/FVC was most frequently below the 
LLN (60.5%) among the pulmonary function parameters in 
the severe BPD group. PFT results were compared between 
asymptomatic and symptomatic patients. The z scores of 
FEV1, FEV1/FVC, and FEF25%–75% were significantly lower 
in symptomatic patients than in asymptomatic patients 
(-1.25 vs. -0.3, -2.39 vs. -1.18, -2.09 vs. -0.98, all P<0.001, Sup-
plementary Table 2). However, among the asymptomatic 
patients, 36.1% had FEV1/FVC below the LLN, and 29.6% 
had FEF25%–75% below the LLN (Supplementary Table 2). 
According to the BPD severity in asymptomatic patients, the 
median z scores of FEV1, FEV1/FVC, and FEF25–75% results 
remained significantly lower in the severe BPD group than 
in the non/mild BPD group. (-0.82 vs. 0.09, P=0.008; -1.68 vs.-
0.87, P=0.038; and -1.59 vs. -0.61, P=0.005, respectively; Table 
2). The proportion of patients with FEV1/FVC and FEF25%–

75% below the LLN was also significantly higher in the severe 
BPD group than in the non/mild BPD group (53.3% vs. 
25%, P=0.013; and 46.7% vs, 19.2%, P=0.035, respectively; 
Table 2). In contrast, the proportions of patients with BDR 
≥12% did not differ among the groups. The PFT results of all 
patients are presented in Supplementary Table 3.

3. Pulmonary structures according to BPD severity
Chest CT was performed on 90% of the participants (N= 

Fig. 1. Proportion of patients with pulmonary function below the 
LLN.  The proportion of participants with pulmonary function 
below the LLN tended to increase as BPD severity increased. The 
proportion of participants with FEV1/FVC (60.5% vs. 33.8%, P=0.02) 
and FEF25%–75% (53.5% vs. 30.9%, P=0.048)<LLN was significantly 
higher in the severe than non/mild BPD group (*P<0.05). LLN, lower 
limit of normal; BPD, bronchopulmonary dysplasia; FEV1, forced 
expiratory volume in one second; FVC, forced vital capacity; FEF25–

75%, forced midexpiratory flow.

Table 2. Pulmonary function test results in asymptomatic patients by BPD severity
Pulmonary function test Non/mild BPD (n=52) Moderate BPD (n=26) Severe BPD (n=30) P value

FEV1 (%pred) 102.7 (76.2–130) 94.3 (66.3–117.2) 93.0 (61.9–107.4) 0.003a)

FEV1 (z score) 0.09 (-2.03 to 2.93) -0.41 (-3.56 to 0.89) -0.82 (-3.39 to 0.38) 0.008a)

FEV1 < LLN 6 (11.5) 4 (15.4) 7 (23.3) 0.368
FVC (%pred) 100.4 (73.0–129.5) 98.9 (69.7–115.1) 94.8 (80.3–113.8) 0.051
FVC (z score) 0.68 (-2.12 to 3.96) 0.60 (-4.07 to 2.31) -0.29 (-2.07 to 2.30) 0.052
FVC < LLN 5 (9.6) 2 (7.7) 4 (13.3) 0.771
FEV1/FVC (%) 85.5 (66.5–95.6) 82.7 (64.4–91.2) 79.6 (58.0–95.3) 0.024a)

FEV1/FVC (%pred) 100.2 (77.7–112.6) 96.7 (75.6–106.8) 93.7 (67.6–113.1) 0.013a)

FEV1/FVC (z score) -0.87 (-3.35 to 1.32) -1.19 (-3.50 to 0.95) -1.68 (-3.80 to 1.53) 0.038a)

FEV1/FVC <LLN 13 (25.0) 10 (38.5) 16 (53.3) 0.035a)

FEF25%–75% (%pred) 72.8 (24.1–88.7) 70.7 (31.2–103.3) 64.0 (21.1–106.0) 0.265
FEF25%–75% (z score) -0.61 (-3.84 to 1.54) -1.00 (-3.25 to 0.84) -1.59 (-3.67 to 0.74) 0.005a)

FEF25%–75% <LLN 10 (19.2) 8 (38.5) 14 (46.7) 0.035a)

BDR ≥12% 7 (13.5) 5 (19.2) 5 (16.7) 0.794
Values are presented as median (range) or number (%).
BPD, bronchopulmonary dysplasia; FEV1, forced expiratory volume in 1 second; LLN, lower limit of normal; FVC, forced vital capacity; FEF25%–75%, forced mid-expiratory 
flow; BDR, bronchodilator response.
a)P<0.05, severe vs. non/mild BPD.
Boldface indicates a statistically significant difference with P<0.05.
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135). Among asymptomatic patients, differences in the 
median (range) CT scores among non/mild, moderate, and 
severe BPD groups were significant; (1 [0–10], 2 [0–12], and 
5 [0–12], respectively; severe vs. non/mild BPD, P<0.001) 
(Fig. 2A). In all patients, the median (range) CT scores in 
the non/mild, moderate, and severe BPD groups were 1 
(0–10), 4 (0–12), and 6 (0–12), respectively (severe vs. non/
mild BPD, P<0.001) (Fig. 2B). The comparison of CT scores 

be tween the groups with PFT results below and above the 
LLN yielded the following results: 6 vs. 2, P<0.001 for FEV1; 
6 vs. 3, P=0.059 for FVC; 6 vs. 1, P<0.001 for FEV1/FVC; and 
7 vs. 1, P<0.001 for FEF25%–75% (Fig. 3A–D).

4. Perinatal factors associated with airflow limitation 
and structural abnormalities
According to the univariate analysis, gestational age, birth 

Fig. 2. Chest CT scores by BPD severity. (A) Among asymptomatic patients, the median (range) CT scores 
of the non/mild (n=49), moderate (n=24), and severe (n=25) BPD groups were 1 (0–10), 2 (0–12), and 5 
(0–12), respectively; non/mild versus severe BPD, P<0.001. (B) Among all patients, the median (range) 
CT scores in the severe (n=35), moderate (n=36), and non/mild (n=64) groups were 1 (0–10), 4 (0–12), 
and 6 (0–12), respectively (non/mild vs. severe BPD, P<0.001; non/mild vs. moderate BPD, P<0.01). Chest 
CT studies were performed in 90% of the entire study population (n=98 of 108 asymptomatic patients, 
n=135 of 150 overall patients). CT, computed tomography; BPD, bronchopulmonary dysplasia; ns, not 
significant. **P<0.01. ***P<0.001. ****P<0.0001.

Fig. 3. Chest CT scores by PFT results. CT scores of groups with PFT results below versus above the LLN: (A) 
6 vs. 2, P<0.001 for FEV1; (B) 6 vs. 3, P=0.059 for FVC; (C) 6 vs. 1, P<0.001 for FEV1/FVC; and (D) 7 vs. 1, P<0.001 
for FEF25%–75%. CT, computed tomography; PFT, pulmonary function test; LLN, lower limit of normal; FEV1, 
forced ex piratory volume in 1 second; FVC, forced vital capacity; FEF25%–75%, forced midexpiratory flow; ns, 
not significant. ***P<0.001. ****P<0.0001.
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weight, oligohydramnios, diagnosis of BPD or severe BPD, 
duration of respiratory support, and duration of mechanical 
ventilation were associated with FEV1/FVC below the LLN. 
However, differences in the diagnosis of BPD or severe BPD 
were insignificant after controlling for gestational age, birth 
weight, and sex. Moreover, only oligohydramnios (odds ratio 
[OR], 3.54) and longer duration of mechanical ventilation 
(OR, 1.03) were associated with FEV1/FVC below the LLN 

(Table 3). The result of the quantile regression analysis of 
the perinatal factors associated with the chest CT score is 
presented in Table 4. Oligohydramnios (median difference, 
2.54) and longer duration of mechanical ventilation (median 
difference, 0.04) were significantly associated with higher 
chest CT scores according to multivariate regression, but 
not with the diagnosis of BPD or severe BPD.

Table 3. Perinatal factors associated with FEV1/FVC results

Variable >LLN (n=82) <LLN (n=68)
Univariate analysis Multiple logistic regression

OR (95% CI) P value OR (95% CI) P value

GA (wk) 29.3 (27.9–30.6) 28.1 (26.6–29.8) 0.79 (0.67–0.93) 0.005 0.90 (0.62–1.31) 0.896
Bwt (g) 1.215 (999–1.531) 1.003 (841–1,307) 0.99 (0.99–1.00) 0.006 1.00 (0.99–1.01) 0.825
Female sex 37 (45.1) 29 (42.6) 0.90 (0.47–1.73) 0.761 0.61 (0.25–1.49) 0.613
SGA 9 (11.0) 12 (17.6) 1.74 (0.69–4.41) 0.241 1.92 (0.40–9.36) 0.418
Antenatal steroids 33 (40.2) 32 (47.1) 1.37 (0.71–2.64) 0.347 - -
PIH 14 (17.1) 16 (23.5) 1.50 (0.67–3.36) 0.320 - -
Chorioamnionitis 14 (17.1) 17 (25.0) 1.73 (0.77–3.86) 0.180 - -
Oligohydramnios 4 (4.9) 11 (16.2) 4.07 (1.23–13.50) 0.015 3.54 (1.08–11.55) 0.036
PROM 30 (36.6) 25 (36.8) 1.13 (0.57–2.22) 0.732 - -
Diagnosis of BPD 58 (70.7) 59 (86.7) 2.71 (1.16–6.33) 0.021 - -
Diagnosis of severe BPD 17 (20.7) 26 (38.2) 2.37 (1.15–4.88) 0.018 0.92 (0.34–2.51) 0.866
Use of systemic steroids 9 (11.0) 15 (22.1) 2.31 (0.94–5.68) 0.064 - -
Total duration of respiratory supporta) (day) 42 (21–73) 69 (47–87) 1.02 (1.01–1.03) 0.002 - -
Duration of MV (day) 11 (3–27.5) 26 (8–47) 1.03 (1.01–1.04) 0.001 1.03 (1.00–1.05) 0.047
PDA-treated 29 (35.4) 25 (36.8) 1.06 (0.54–2.08) 0.859 - -
Values are presented as median (interquartile range) or number (%).
FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; LLN, lower limit of normal; CI, confidence interval; GA, gestational age; Bwt, birth weight; 
SGA, small for gestational age; PIH, pregnancy-induced hypertension; PROM, premature rupture of membranes; BPD, bronchopulmonary dysplasia; MV, 
mechanical ventilation; PDA, patent ductus arteriosus.
a)Sum of mechanical ventilation, noninvasive ventilation, and supplemental oxygen durations.
Boldface indicates a statistically significant difference with P<0.05.

Table 4. Perinatal factors associated with chest computed tomography score

Variable
Univariate analysis Quantile (median) regression

Median (95% CI) P value Median (95% CI) P value

GA (wk) -0.77 (-1.17 to 0.377) <0.001 0.11 (-0.58 to 0.79) 0.760
Bwt (g) -0.00 (-0.01 to 0.00) <0.001 -0.00 (-0.01 to 0.00) 0.071
Female sex 0.00 (-2.12 to 2.12) 1.000 0.54 (-0.97 to 2.05) 0.483
SGA 1.00 (-2.02 to 4.02) 0.514 1.30 (-1.22 to 3.81) 0.309
Antenatal steroids -2.00 (-3.78 to 0.23) 0.028 -0.13 (-1.58 to 1.33) 0.864
PIH 0.00 (-2.63 to 2.63) 1.000 -
Chorioamnionitis -3.00 (-5.58 to 0.42) 0.023 1.18 (-0.77 to 3.11) 0.233
Oligohydramnios -5.000 (-8.31 to 1.69) 0.003 2.54 (0.20 to 4.89) 0.034
PROM 0.00 (-1.81 to 1.81) 1.000 -
Diagnosis of BPD 3.00 (1.33–4.67) <0.001 -
Diagnosis of severe BPD 4.00 (2.00–6.00) <0.001 1.22 (-0.93 to 3.36) 0.264
Use of systemic steroids 3.00 (0.04–5.96) 0.047 -0.10(-3.16 to 1.17) 0.365
Total duration of respiratory supporta) (day) 0.05 (0.038–0.07) <0.001 -
Duration of MV (day) 0.07 (0.04–0.10) <0.001 0.04 (0.00–0.08) 0.044
PDA-treated -1.00 (-3.23 to 1.23) 0.377 -
Values were analyzed for 135 of 150 patients (90%) in the FEV1/FVC >LLN and <LLN groups.
FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; LLN, lower limit of normal; CI, confidence interval; GA, gestational age; Bwt, birth weight; 
SGA, small for gestational age; PIH, pregnancy-induced hypertension; PROM, premature rupture of membranes; BPD, bronchopulmonary dysplasia; MV, 
mechanical ventilation; PDA, patent ductus arteriosus.
a)Sum of mechanical ventilation, noninvasive ventilation, and supplemental oxygen durations.
Boldface indicates a statistically significant difference with P<0.05. 
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Discussion

To our knowledge, this is the first study to investigate 
objective pulmonary functional and structural changes in 
preterm children using a longitudinal cohort in Korea. This 
study demonstrated that school-aged children with severe 
BPD had significantly impaired pulmonary function in 
terms of FEV1/FVC and FEF25%–75% compared with those 
with moderate or non/mild BPD. The median z score or 
%pred of FEV1 and FVC in the severe BPD group were lower 
than those of the non/mild and moderate BPD groups; 
however, they still fell within the normal range. Chest CT 
showed structural lung abnormalities in the severe BPD 
group. The presence of abnormalities on chest CT was 
also significantly higher in the severe BPD group than the 
non/mild BPD group in asymptomatic patients. However, 
after adjusting for multiple perinatal factors, severe BPD 
was not independently associated with poor pulmonary 
function. Prenatal oligohydramnios and a longer duration 
of ventilator care were strongly associated with a risk of 
FEV1/FVC below the LLN, and a higher chest CT score.

Data from previous cohort studies of pulmonary function 
in preterm-born children showed impaired lung function at 
8–12 years of age, mainly in the form of airflow obstruction 
(decreased FEV1), which was seen in children with BPD and, 
to a lesser degree, in children without BPD. Levin et al.7) 
explained that this obstructive pattern suggests dysanaptic 
or differential growth of the airways and lung paren chyma. 
Narayanan et al.15) reported lower z-FEV1 in preterm in-
fants born at <32 weeks of gestation, more domi nantly in 
those with BPD, and similar alveolarization in preterm 
and term infants through a helium-3 magnetic resonance 
scan study. Our data also demonstrated an ob structive 
pattern of pulmonary function, although the FEV1 trend 
was relatively normal, and the FEV1/FVC was significantly 
reduced, demonstrating the airflow limitation is the main 
pathophysiology of these population.

Notably, impaired pulmonary function was found even in 
asymptomatic patients. Among patients without subjective 
respiratory symptoms, 36% and 30% had FEV1/FVC and 
FEF25%–75% below the LLN, respectively. Moreover, one-
third of the patients with non/mild BPD had FEV1/FVC 
and FEF25%–75% below the LLN. These findings indicate the 
presence of significantly impaired pulmonary function, 
even in preterm children without oxygen dependency at a 
postmenstrual age of 36 weeks and in asymptomatic pre-
term- born children.

Arroyas et al.16) reported that preterm birth at <32 weeks 
of gestation was an independent risk factor for asthma in 
adolescence. In the present study, asthma was diagnosed 
more frequently in the severe BPD group than in the other 
groups. However, the proportion of participants with 

BDR ≥12% and allergic sensitization did not differ among 
the groups. This can be attributed to a fixed or structural 
component (dysanpasis) of BPD, although the obstructive 
component of BPD may also be due to airway inflammation 
and smooth muscle hypertrophy, which are responsive to 
standard asthma management.17)

Structural analysis of preterm-born children has been 
performed in a few single-center cohort studies. One study 
from Australia showed parenchymal structural changes 
using chest CT at age 9–11 years; these resulted from sig-
nificant abnormalities in 92% of children born at ≤32 weeks 
of gestation.18) In the same study, air trapping observed 
on CT scans was associated with an early gestational age 
and increased continuous positive airway pressure dura-
tion. However, lung volumes were generally not different 
between preterm children with and without BPD. Exten-
sive remodeling of the lungs leads to changes in lung ar-
chitecture with regional heterogeneity, showing features 
such as lung hyperinflation and abnormal parenchymal 
lesions.19) Our data showed that the semi-quantitative chest 
CT score correlated with BPD severity and low pulmonary 
function (FEV1, FEV1/FVC, and FEF25%–75%).

BPD is often defined as a developmental disorder, with 
its pathogenesis being linked to underdeveloped lungs, in-
flammation, barotrauma or volutrauma due to mechanical 
ventilation, and oxidative stress due to respiratory treatment 
of immature lungs.20) The lungs of prematurity survivors 
with and without BPD show abnormal parenchymal and 
vascular growth, with frequent respiratory infections in 
the first 2 years of life.21) In addition, some of these patients 
fail to reach optimal peak lung function in early adulthood. 
Furthermore, many studies have shown abnormalities in 
lung function and structures in patients with BPD; these 
persist throughout childhood, adolescence, and young 
adulthood in patients with BPD.19) Moreover, studies have 
shown mixed results regarding whether children with a 
history of very low birth weight and BPD exhibited any 
difference in lung function compared with those with a 
history of very low birth weight without BPD.3) However, as 
these studies used different criteria for gestational age and 
birth weight and different definitions of BPD, it is difficult 
to compare the results. Reportedly, 20%–25% of patients 
with chronic obstructive pulmonary disease (COPD) have 
never smoked.22,23) Early life events are also associated with 
the development of chronic airway obstruction.24) Notably, 
few longitudinal studies have been conducted after early 
adulthood; however, preterm infants may be at an increased 
risk of developing COPD later in life.25)

According to our multivariate analysis, oligohydramnios 
and duration of ventilator care, but not BPD, were inde-
pendently associated with both low lung function and ab-
normal structure. This is consistent with the conclusions of 
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other recent large-scale studies. Hart et al.26) suggested that 
gestational age and intrauterine growth restriction, but not 
BPD, were significantly associated with poor lung function 
in preterm-born children aged 7–12 years. De velopmental 
restriction of alveolar and vascular structures in utero and 
further insults after birth might be the underlying patho-
geneses of chronic lung disease in preterm infants. These 
results also disprove that traditional BPD diagnostic criteria 
cannot predict long-term respiratory prognosis di rectly.

New etiologies for COPD were recently proposed, and 
COPD due to abnormal lung development was reclassified 
as COPD-D (COPD due to abnormal lung development was 
reclassified as COPD-D).27) Through longitudinal follow-ups 
of preterm-born children through adulthood, functional 
and structural changes will be serially monitored, allowing 
individualized therapeutic or preventive strategies for im-
paired lung func tion to be provided. In addition, we plan 
to explore early prediction models for risk stratification in 
preterm infants by combining perinatal and environmental 
data related to pulmonary function with imaging data from 
a larger number of participants. Furthermore, assessing 
more re cent patients is essential when evaluating the long-
term outcomes of the recently introduced ventilator stra-
tegy (noninvasive ventilator care from early life) and en-
hanced general supportive care of preterm infants.

Our study has some limitations. First, children whose care-
givers were concerned about their respiratory health may 
have been more likely to participate in the study. This may 
have led to a selection bias, particularly among asymptomatic 
individuals. Second, some patients with severely declining 
respiratory function may have been less likely to be included 
in our study cohort because we excluded children who could 
not undergo PFTs owing to neurologic impairment. However, 
patients with severe BPD had significantly lower body weight 
for their age at the time of PFT compared with those om 
the other 2 groups; therefore, there is possibility that being 
underweight may have influenced the PFT results. Third, we 
used the internationally accepted GLI scores as the standard 
reference for our cohort instead of a control group. Finally, 
the extent of the chest CT findings is likely to be limited by 
the insensitivity of the scoring method because it does not 
account for multiple presentations within the same lobe, as 
observed in previous studies.

In conclusion, preterm-born children, especially those 
with severe BPD, are at a high risk of pulmonary functional 
and structural abnormalities at school age. Of note, oligohy-
dramnios and the duration of mechanical ventilation after 
birth can be prenatal and postnatal independent risk factors 
for low lung function and abnormal structure, respectively. 
Therefore, longitudinal follow-ups and screening for lung 
function and adequate interventions are warranted in pre-
term infants, including those who are asymptomatic.
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