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Abstract

Rationale: Bronchopulmonary dysplasia (BPD) is a major complication of premature birth and the most common cause of

chronic lung disease in infancy. Previous studies have shown that children with a history of BPD have impaired lung function

in childhood compared to their term counterparts. However, little is known about potential modifiable factors that alter lung

function trajectories and subsequent respiratory morbidity in this population. Objectives: To identify potential modifiable risk

factors for the development of impaired lung function in patients with a history of prematurity and BPD. Methods: Growth

parameters (birth, 2yo, 6yo) and pulmonary function testing (6yo) were retrospectively reviewed for subjects (n=598) recruited

from an outpatient BPD clinic who were born [?]36 weeks gestation and were [?]5 years of age. Results: Of the 598 recruited

subjects, 88 (14.7%) performed adequate pulmonary function testing at approximately six years of age. The mean FEV1%

predicted was 84.5% with lower values associated with lower median household income, Nissen fundoplication, and higher weight

percentiles at 2yo. The mean FVC % predicted was 94.2% with lower values associated with higher amounts of oxygen required

at time of initial hospital discharge, Nissen fundoplication, and higher weight percentiles at 2yo. Conclusions: Our study found

that children with BPD have different long-term pulmonary trajectories than full-term controls. Supplemental oxygen, lower

income, and Nissen fundoplication at discharge were associated with lower lung function at 6 years of age. Prospective studies

should focus on modifiable risk factors that could minimize the impact of BPD on later lung function.

INTRODUCTION

Preterm birth, defined as birth at less than thirty-seven weeks gestation, is the leading cause of mortality
in children under five years of age and an important cause of morbidity, associated with prolonged hospi-
talizations and multisystem complications that persist throughout childhood and into adulthood1. Rates
of preterm birth have increased globally over the past twenty years and currently preterm births account
for more than 11% of livebirths2-3. Bronchopulmonary dysplasia (BPD) is a major complication of preterm
birth and the most common cause of chronic lung disease in infancy. Based on the 2001 National Heart,
Lung, and Blood Institute (NHLBI) definition4, it is estimated that up to 50,000 infants develop BPD each
year in the United States5-6. While advances in neonatal care and technology, such as gentler ventilation
strategies, exogenous surfactant, and the widespread use of postnatal steroids, have led to improved survival
and outcomes for these infants, the incidence of BPD, which is defined as the need for supplemental oxygen
for at least twenty-eight days after birth, has remained unchanged6.

Several previous studies, including a meta-analysis by Kotecha et al. 7, have shown that preterm patients,
and especially those with BPD, display significant lung function impairment later in life compared to their
term peers. These individuals are at an increased risk of respiratory morbidity later in childhood, with
increased respiratory symptoms, structural abnormalities, and decreased lung function, primarily character-
ized by airway obstruction, altered peripheral lung mechanics, and hyperinflation8. A study of two hundred

1



P
os

te
d

on
A

u
th

or
ea

12
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

25
37

99
.9

36
64

92
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. preterm children in Australia, including 126 with BPD and 74 without BPD, demonstrated that lung function
trajectories in survivors of preterm birth are impaired and those with BPD, ongoing respiratory symptoms,
or findings on chest computed tomography (CT) have the poorest trajectories, and are at the greatest risk
of developing significant lung disease in adulthood8. Similar results were appreciated in a longitudinal ob-
servational study of the EPICure cohort9, a cohort of extremely low birth weight infants which showed that
individuals displayed impaired lung function and increased respiratory morbidity that persisted into middle
childhood, defined as eleven years of age, with findings especially notable in infants with BPD. Interestingly,
this impairment was appreciated in infants born in both the pre-surfactant era as well as the modern era
during which new management techniques have been employed10-11. These findings all suggest that long-
term follow-up is especially important in this population given the concern for chronic obstructive pulmonary
disease during adult life. This population has remained steady and even grown in size in the past several
years12, and as a result, the global burden of lung disease following preterm birth is set to rise which has
significant implications for adult providers and the health care system as a whole.

Overall, however, little is known about the potential modifiable predictors of lung function in this population
specifically during the first two years of life, a period of postnatal life in which alveolar growth occurs most
rapidly13. One retrospective study of 322 preterm infants with BPD showed that the initial severity of
an individual’s BPD was an important predictor of pulmonary function abnormalities (at eight years old
and then subsequently at fifteen years old) as well as health care usage during childhood14. The aim of
this study was to investigate demographic and clinical characteristics as well as growth measurements at
birth and at two years of age to determine what factors are most strongly predictive of lung function at six
years of age. We hypothesized that in the outpatient setting, socioeconomic factors, growth parameters, and
need for respiratory support would influence lung function at 6 years of age in children with a history of
bronchopulmonary dysplasia.

METHODS

Population and Study Design :

A retrospective chart review was performed using patients (n=598) who were recruited from an outpatient
BPD clinic between January 2008 and February 2020 and were at least five years of age as of February 2020.
All subjects were born at less than or equal to 36 weeks gestation and presented with respiratory symptoms.
BPD severity was defined by the 2001 NHLBI workshop definition4. While at the time of enrollment in
the study, all subjects were outpatients at a single center, they received their neonatal care at a variety
of neonatal intensive care units (NICUs) across the state prior to referral to the outpatient BPD clinic for
follow-up. All caregivers were consented per study protocol as approved by the Johns Hopkins University
Institutional Review Board (Protocol NA 00051884).

Clinical Data :

Clinical data were obtained through chart review for birth parameters, clinical characteristics, growth pa-
rameters at both two and six years of age, and pulmonary function testing data obtained at six years of age.
Bronchopulmonary dysplasia was defined as the need for oxygen supplementation for twenty-eight days of life
and a “physiologic” assessment of the oxygen requirement at thirty-six weeks corrected age for determining
severity4. Percentile for birth weight was corrected for gestational age using national norms15, and later
height, weight, and body mass index measurements were expressed as quantitative data and percentile-for-
age measurements based on CDC norms.

Pulmonary Function Testing :

Patients performed spirometry at approximately six years of age at a routine clinic visit when well and without
symptoms of an acute respiratory tract infection. Testing was performed using MedGraphics Platinum Elite
Series Plethysmograph at two different clinic locations and according to the American Thoracic Society
(ATS) and European Respiratory Society (ERS) standards16. Patients were adequately instructed and
trained before proceeding with testing. Forced vital capacity (FVC) and forced expiratory volume in 1 second
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. (FEV1) were recorded and adjusted for age, height, and race per protocol. Quantitative measurements as
well as percent predicted values were recorded17. Spirometry measurements were accepted if they met the
acceptability and repeatability criteria of the ATS and ERS16. All spirometry performed and used in analysis
was interpreted by an attending board-certified pediatric pulmonologist.

Statistical Methods :

Chi-square and t -tests were used to compare demographic and clinical features between the portion of the
population with pulmonary function testing data available, deemed the study population, and the remain-
der of the registry population to determine whether the study population was representative of the entire
population of children presenting to BPD clinic. Linear regression analysis was performed employing both
FEV1% predicted and FVC% predicted as dependent variables and individual predictors as independent
variables in univariate models. Predictors were selected based on prior literature. Multivariate regression
analysis was performed by dropping non-significant predictors identified as significant in univariate analysis
in a stepwise fashion. STATA IC 14 (StatCorp LP, College Station, TX) was used for analyses. P -values
<0.05 were considered statistically significant.

RESULTS

Demographics and Clinical Characteristics :

Of the 598 subjects in the registry who were older than five years of age, 88 (14.7%) patients performed
adequate pulmonary function testing at a clinic visit between the ages of five and seven years old and thus were
included in the study population. The study population was 45.5% female and had an average gestational
age of 26.8 ± 2.9 weeks. 63.6% of subjects identified as non-white race/ethnicity. The mean median household
income was $63,000 ± $180,800, and 62.5% had public insurance. 14.5% of subjects reported second hand
smoke exposure, and 64.5% reported a family history of asthma. A total of 38 patients (43.2%) required
supplemental oxygen at the time of discharge from the NICU with an average amount of 0.35 ± 0.27 liters
per minute. Seventy-eight (88.6%) patients had data available that allowed them to be classified according
to the severity of their BPD with 11.5% with chronic lung disease of prematurity (no BPD), 7.7% with
mild BPD, 33.3% with moderate BPD, and 47.4% with severe BPD. Of the study population, 34.1% had a
gastrostomy tube placed, 22.7% underwent Nissen fundoplication, and 18.2% had pulmonary hypertension.
In terms of growth parameters, subjects had an average birthweight of 980 ± 518 grams with a percentile
of 41 ± 25 corrected for gestational age. At two years of age, subjects had an average weight percentile
for age of 30% ± 31%, an average height percentile for age of 24% ± 26%, and an average BMI percentile
for age of 49% ± 31%. The study population had an average FEV1 of 84.5% predicted ± 22.7% and an
average FVC of 94.2% predicted ± 26.5%. See Table 1 for additional demographic characteristics of the
study population. Additional analysis illustrated that the study population was not significantly different
from the entire registry population in terms of demographic characteristics, clinical characteristics, or growth
parameters (Supplemental Table 1 ).

Predictors of Forced Expiratory Volume in 1 second (FEV1) :

On average, the study population had a FEV1 % predicted of 84.5% ± 22.7%. Of the demographic characteri-
stics included, in univariate regression analysis, only higher median household income (2.9 +/- 1.4, p=0.044)
was significantly associated with an improvement in FEV1% predicted. There was no significant association
between sex (p=0.55), gestational age (p=0.54), race/ethnicity (p=0.1), use of public insurance (p=0.36),
secondhand smoke exposure (p=0.74), and family history of asthma (p=0.99) and FEV1% predicted at six
years of age. The need for supplemental oxygen at the time of NICU discharge (-11 ± 5.1, p=0.035) and
a greater amount of oxygen required at discharge (-23.7 ± 9.9, p=0.02), the presence of gastrostomy tube
(-14.5 ± 5.2, p=0.007), history of Nissen fundoplication (-19.6 ± 5.6, p=0.001), and higher weight percentile
at two years of age (p=0.026) were all associated with significantly lower FEV1% predicted at six years of
age. However, there was no significant association between a diagnosis of severe BPD (p=0.051), presence
of pulmonary hypertension (p=0.44), personal diagnosis of reactive airway disease or asthma in childhood
(p=0.61), or prescription for inhaled corticosteroid (p=0.92) and FEV1% predicted at age 6. Weight percen-
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. tile at age two was shown to be negatively associated with FEV1% predicted at age six (-0.2 ± 0.1, p=0.026)
but no association was seen between birth weight percentile (p=0.63), height percentile for age at age two
(p=0.07), or BMI percentile for age at age two (p=0.10) and FEV1% predicted.

Multivariate analysis was performed using the variables found to have association with FEV1% predicted
in univariate analysis. After adjusting for severity of BPD, a positive association was seen between median
household income (2.6 ± 1.3, p=0.04) with FEV1% predicted whereas a negative association was noted
between Nissen fundoplication (-17.9 ± 6.2, p=0.005) and weight percentile for age at age 2 (-0.2 ± 0.1,
p=0.011) and FEV1% predicted. Severe BPD was adjusted for in the model but was not found to be significant
(-5.3 ± 5.5, p=0.34).

Predictors of Forced Vital Capacity (FVC) :

On average, the study population had a FVC% predicted of 94.2% ± 26.5%. In univariate regression none of
the demographic characteristics were shown to have a significant association with FVC% predicted including
sex (p=0.55), gestational age (p=0.54), race/ethnicity (p=0.1), median household income (p=0.25), use of
public insurance (p=0.36), secondhand smoke exposure (p=0.74), and family history of asthma (p=0.99).

In terms of clinical characteristics, a requirement for supplemental oxygen at the time of discharge from
the NICU (-14 ± 5.4, p=0.012) and the amount of oxygen required (-36.7 ± 10.2, p=0.001) were both
found to be negatively associated with FVC% predicted at six years of age. Additionally, the presence of a
gastrostomy tube (-12.5 ± 5.7, p=0.031) and Nissen fundoplication (-19.7 ± 6.1, p=0.002) were also found
to be negatively associated with FVC% predicted.

No significant association was seen between FVC% predicted at six years of age and severity of BPD (p=0.08),
pulmonary hypertension (p=0.17), personal diagnosis of reactive airway disease or asthma (p=0.28), or
prescription for inhaled corticosteroids (p=0.57). A significant negative association was found between weight
percentile for age at two years of age (-0.2 ± 0.1, p=0.016) and FVC% predicted at six years of age but no
significant association was seen with the other growth parameters analyzed including birth weight percentile
(p=0.86), height percentile for age at age two (p=0.11), and BMI percentile for age at age two (p=0.12) and
FVC% predicted.

Multivariate analysis was performed using the variables found in univariate analysis to have an association
with FVC% predicted. The amount of oxygen required at the time of discharge from the NICU (-26.7 ± 10.8,
p=0.016), the presence of Nissen fundoplication (-14.9 ± 6.8, p=0.031), and weight percentile for age at age
2 (-0.2 ± 0.1, p=0.005) were found to be negatively associated with FVC% predicted at six years of age.
Severe BPD was adjusted for in the multivariate model but was not found to have a significant association
with FVC% predicted (0.2 ± 6.1, p=0.98).

DISCUSSION

This study explores several early predictors of pulmonary function via spirometry at six years of age in a
group of premature patients with bronchopulmonary dysplasia. Following initial hospital discharge, we found
that both the need for supplemental oxygen and the presence of a Nissen fundoplication was associated with
lower FVC% predicted at six years of age. At two years of age, lower median household income and higher
weight percentile, but not height percentile, were associated with lower FEV1% predicted at six years of age.
This study demonstrates that several factors at hospital discharge and at 2 years of age are associated with
lung function at 6 years of age. This difference could be attributed to reduced lung growth rates, early-onset
or faster decline in lung function, or a combination of both factors.

The traditional model of lung growth and development suggests that lung growth begins in utero and
continues through early adulthood, with maximal FEV1 and FVC values occurring around twenty-five years
of age followed by a slow decline throughout the remaining lifespan18. For individuals born premature
as with term infants, postnatal alveolar “catch up” growth is thought to occur most rapidly in the first
two years of life, around the time when most children with bronchopulmonary dysplasia are able to wean
from supplemental oxygen13. For healthy term individuals who do not smoke and avoid other sources of
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. lung damage, normal decline in lung function occurs with age but seldom is associated with significant
morbidity or disability. Our data supports previous studies that have reported lower lung function in select
groups of individuals, including those with a history of prematurity19-20. Indeed, a study from Bui et al.
20, found that individuals with lower lung function in childhood continued to have lower lung function
during adult life. While our results cannot comment on the potential for continued accelerated lung function
decline in preterm children with BPD, our findings do suggest that these children are at an increased risk
for not achieving optimal peak lung function values in their twenties. This highlights the importance of
close pulmonary monitoring and follow-up for preterm patients and especially those with bronchopulmonary
dysplasia throughout childhood and into adulthood.

Our data also found that airflow obstruction, represented by a reduced FEV1% predicted, was associated
with a lower median household income. This finding suggests that children born into lower income households
are more likely to have airflow obstruction, similar to an asthma phenotype. This could be attributed to an
increase in environmental allergen exposures, potential second-hand smoke exposure, and a more crowded
living environment, factors that can adversely affect lung function, particularly in children born premature.
Exposure to such environmental insults has been suggested to complicate, and potentially prolong, the
resolution of bronchopulmonary dysplasia and prolong risks of pulmonary morbidity21-22. Additionally, non-
white ethnicity was associated with an increased use of public insurance (p < 0.0001) and lower median
household income (p < 0.0001), surrogate markers of lower socioeconomic status, suggesting that non-white
children with BPD may be disproportionately at risk for lower lung function in part due to their lower
socioeconomic status. The presence of a Nissen fundoplication at initial hospital discharge was also associated
with a lower FEV1% predicted at six years of age. The presence of a Nissen could be a marker for infants
with previous swallowing difficulties and microaspiration events; both comorbidities that can exacerbate lung
damage and interfere with lung injury repair during a critical period of lung growth.

A diminished lung volume or capacity, represented by decreased FVC% predicted, was associated with an
increase in the amount of supplemental oxygen required at discharge from the NICU. The need for higher
supplemental oxygen at initial hospital discharge likely represents that these children had more severe lung
injury than those requiring less or no supplemental oxygen. Interestingly, the severity of BPD, as defined
by supplemental oxygen requirement at 36 weeks post-menstrual age did not correlate with lung function
values at six years of age, indicating that the need for supplemental oxygen or respiratory support at time
of discharge is more predictive of lung function at six years of life. Alternatively, children discharged on
supplemental oxygen may be more susceptible to post-NICU home environmental exposures, thus preventing
adequate postnatal lung catch-up growth. Furthermore, exposure to a higher fraction of inspired oxygen
(FiO2) in children with BPD may impair alveolar growth during a rapid period of alveologenesis that occurs
during the first two years of life13,23. In addition to lower FEV1% predicted, the presence of a Nissen
fundoplication (NF) also predicted a decreased FVC% predicted.

Interestingly, a lower weight percentile for age at two years of age was associated with an improved FEV1%
predicted and an improved FVC% predicted. While childhood obesity has been associated with a decrease
in all lung function parameters24, it may not be the etiology of the observed association given the lack of
significance of body mass index, a better indicator of obesity in the pediatric population.

Limitations :

This study was limited by the use of an already recruited study population and clinical information obtained
primarily via chart review, some of which may have been missing. Additionally, it was limited by its relatively
low sample size (n=88) due to multiple patients who were lost to follow-up prior to age six. While there
was initially concern that the study population could be skewed towards a ‘healthier’ subset of the registry
population given that it includes only patients who are capable of performing pulmonary function testing,
the argument was also made that the study population may have captured a ‘more affected’ population
who are still being seen in follow-up in a Pediatric Pulmonary Clinic later in childhood. Overall, the study
population does not significantly differ from the registry population on any of the factors included in the
analysis (Supplemental Table 1 ).
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. There are several other factors that may influence lung function, especially in survivors of preterm birth, that
were not accounted for in this study due to its retrospective design including frequent respiratory infections
in early childhood which can result in airway inflammation and additional injury in an already compromised
lung and other potential damaging environmental insults including exposure to cigarette smoke in-utero, etc.

CONCLUSION

Our study illustrates that infants who are born premature and develop bronchopulmonary dysplasia have
significantly different long-term pulmonary trajectories than what would be expected of “healthy” controls.
A decreased FEV1 percent predicted, suggestive of airflow obstruction, was associated with a lower median
household income, presence of a Nissen fundoplication, and a lower weight percentile at two years of age
whereas a decreased FVC percent predicted, suggestive of decreased pulmonary reserve, was associated with
an increased amount of supplemental oxygen required at the time of discharge from the NICU, presence of
a Nissen fundoplication, and lower weight percentile at two years of age. Future prospective studies should
focus on further clarifying potential modifiable risk factors, particularly those that may be associated with
lower household income, that could prevent the development of disease or minimize its impact on later lung
function.
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