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Abstract

Introduction: Infants born prematurely are at high risk for morbidities, including lung disease 

(bronchopulmonary dysplasia [BPD]). Little is known regarding environmental factors that can 

impact outcomes in BPD. We sought to assess the role of traffic-related air pollution (TRAP) on 

respiratory outcomes in BPD.

Methods: A total of 784 subjects were included from the Johns Hopkins BPD clinic. Caregivers 

completed questionnaires on environmental exposures and respiratory outcomes (acute care use 

and chronic symptoms). Distance to the nearest major roadway was derived from subjectsʼ 
geocoded residential addresses.

Results: Approximately half of the subjects (53.8%) lived within 500m of a major roadway. 

Subjects who lived within 500m of a major roadway were more likely to be non-white (P = .006), 

have a lower estimated household income (P < .001) and live in more densely populated zip codes 

(P < .001) than those who lived further than 500m away. For every 1 km increase in distance 

between residence and roadway, the likelihood of activity limitations decreased by 35% (P = .005). 

No differences in acute care use were seen with proximity to major roadways.

Conclusions: Proximity to a major roadway was associated with chronic respiratory symptoms, 

such as activity limitations (eg, dyspnea), and tended to be associated with nighttime symptoms as 

well. Self-reported minorities and families with lower estimated household incomes may be more 

likely to be exposed to TRAP. Further research is necessary to define the effects of TRAP versus 

other sources of indoor and outdoor air pollution as well as to determine the best ways of 

combatting pollution-related respiratory morbidities.
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1 | INTRODUCTION

Approximately 10% of births annually in the U.S. are premature.1 Survivors are subject to a 

variety of complications including respiratory disease. The most common respiratory 

presentation is bronchopulmonary dysplasia (BPD), characterized by alveolar, airway, and 

pulmonary vascular dysplasia or dysfunction.2 Based on the 2001 NHLBI definition,3 it is 

estimated that nearly 50 000 infants per year in the U.S. develop BPD and depending on 

severity of lung disease, chronic symptoms range from mild intermittent tachypnea or 

wheezing to chronic respiratory failure requiring home mechanical ventilation.4 In addition 

to potentially requiring respiratory support in the home setting, infants and children with 

BPD often are on complex medication regimens with frequent subspecialty outpatient 

follow-up.5 These infants and children also suffer from respiratory exacerbations requiring 

acute care; up to 50% of preterm infants with BPD may be re-hospitalized in the first 2 years 

of life for respiratory illnesses.6

Given the burden of disease these infants and children face, it is critical to identify 

modifiable risk factors that could exacerbate symptoms. Some factors associated with 

potentially worse outcomes in BPD include daycare attendance,7 secondhand smoke 

exposure,8 and aspiration.9 In particular, secondhand smoke exposure has been associated 

with rehospitalization and activity limitation among infants and young children with BPD,8 

suggesting an effect on the preterm respiratory disease by particulate matter. Particulate 

matter exposure for respiratory diseases is not limited to secondhand smoke and can include 

other sources of indoor air pollution, as well as outdoor sources (fossil fuel combustion, 

industrial processes, forest fires, etc). For example, traffic-related air pollution (TRAP), 

which includes both particulate matter and gaseous air pollutants (ozone, carbon monoxide, 

nitrogen oxides, sulfur dioxide, and volatile organic compounds) is associated with 

wheezing and respiratory tract infections during infancy and early childhood,10,11 decreased 

lung function,12 and the development of asthma.13 Similarly, in cystic fibrosis, proximity to 

major roadways in Southern California has been associated with a higher frequency of 

respiratory exacerbations.14 There are no published studies assessing the role of TRAP in 

infants and children with a history of BPD. It has been suggested that infants and young 

children are more susceptible to these toxic exposures given the immaturity of their immune 

and respiratory systems.15 Proposed mechanisms by which particulate matter adversely 

affects the pulmonary system include oxidative stress, impaired respiratory tract defense 

mechanisms, and altered lung function leading to injury, inflammation, and infection (US 

EPA, Integrated Science Assessment for particulate matter, December 2009).

We hypothesized that air pollution-related to traffic is associated with increased acute care 

use and more frequent chronic symptoms in a population of preterm infants and children 

with a history of BPD. We assessed the role of TRAP in a population of 784 infants and 

young children recruited from our outpatient BPD clinic between 2008 and 2018 by 

assessing the proximity of the nearest major roadway to their residence using geocoding. 

Possible confounders including the severity of the respiratory disease, race or ethnicity, 

socioeconomic status, and secondhand smoke exposure were also assessed.
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2 | METHODS

2.1 | Study population

Subjects were recruited from the outpatient Johns Hopkins Bronchopulmonary Dysplasia 

Clinic (Baltimore, MD) between January 2008 and November 2018 (n = 784). This clinic 

receives referrals from every level III and IV neonatal intensive care unit in the state of 

Maryland, including subjects residing in urban, suburban, and rural areas. Inclusion criteria 

were being born preterm (≤32 weeks gestation) as well as being diagnosed with BPD by a 

pediatric pulmonologist or neonatologist per national institute of child health and human 

development (NICHD) criteria.3 This study was approved by the Johns Hopkins University 

Institutional Review Board (Protocol#: NA_00051884), and oral informed consent was 

obtained from parents or guardians.

2.2 | Demographics or clinical data

Health insurance coverage, the presence of gastrostomy tubes ± Nissen fundoplication, 

tracheostomies, ventricular shunts, home oxygen or ventilator use, and inhaled corticosteroid 

use, as well as discharge age, were obtained through chart review and denote status at the 

time of discharge. Median household income and population density were derived from 

2010 U.S. census tract data using residential zip codes (U.S. median household income: $50 

502; State of Maryland median household income: $70 004). Birth weight percentiles reflect 

birth weights corrected for gestational age.16 Race or ethnicity was self-reported; for the 

purposes of analysis, any subjects that were reported to have any non-white ancestry were 

coded as non-white. Secondhand smoke exposure was assessed through questionnaires.

2.3 | Respiratory outcomes

Acute respiratory outcomes (eg, emergency department visits and hospitalizations for 

respiratory symptoms, steroid courses, antibiotic courses for respiratory illnesses over the 

preceding 2 months) and chronic respiratory symptoms (eg, cough, congestion, wheezing, 

coughing with feeds, nighttime cough, use of short-acting beta-agonists at home, tolerance 

of physical activity over the past week) were collected as a convenience sample via 

questionnaire from caregivers at routine clinic visits, which were not necessarily at 

scheduled intervals. Only data obtained before 3 years of age were used in this study. 

Oxygen weaning was not based on any specific protocol.

2.4 | Geocoding

Residential addresses of subjects (from the record in the medical chart as ascertained 

between June 2017 and November 2018) were geocoded using Google Maps (Mountain 

View, CA) location application programming interface. Addresses were not updated to 

account for moving during the study. Roadway data were obtained from available online 

census data (https://www.census.gov/cgi-bin/geo/shapefiles/index.php?

year=2018&layergroup=Roads). Distance to the nearest major primary or secondary 

roadway (as defined by the U.S. Census to be divided limited-access highways [primary] or 

main arteries with one or more lanes of traffic in each direction [secondary]) to the residence 
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was calculated using Alteryxʼs (Irvine, CA) Distance Tool; identical results were achieved in 

Python.

2.5 | Statistical methods

The χ2 tests and the t tests were used to identify demographic and clinical characteristics 

associated with proximity to a roadway. Following multivariate logistic regressions (adjusted 

for demographic/clinical characteristics associated with distance to a roadway in the prior 

step) were used to identify specific respiratory outcomes (dependent variables) associated 

with the distance between the nearest major roadway and the residence (independent 

variable). Kaplan-Meier methodology was used to analyze the age of weaning from home 

supplemental oxygen delivered via nasal cannula. As caregivers may have completed 

outcomes questionnaires at several clinic visits, the logistic regressions accounted for the 

possibility of more than one questionnaire per subject using generalized estimating 

equations methodology (clustered by subject).17 STATA IC 15 (StataCorp LP, College 

Station, TX) was used for analyses. P < .05 were considered statistically significant.

3 | RESULTS

3.1 | Study population

A total of 784 subjects were geocoded for analysis, many of whom (53.8%) lived with 500m 

of a major roadway, a majority of whom (81.3%) lived within 1 km of a major roadway, and 

all within 5 km (Figure 1). The study population was 42% female, 66.3% self-described as 

non-white, and born at a mean gestation of 26.6 ± 2.3 weeks with a mean birth weight of 

905 ± 324 grams (Table 1). Subjects who lived within 500 meters of a major roadway were 

more likely to be non-white (70.6% vs 61.3%; P = .006), have a lower estimated household 

income ($60 753 vs $68 340; P < .001) and live in more densely populated zip codes (1757 

persons/sq. km vs 1302 persons/sq. km; P < .001) than those who lived further than 500m 

away. Among the entire population, 28.7% were exposed to secondhand smoke, an 

important indoor pollutant, and this exposure did not differ by distance to the nearest 

roadway (P = .78). There were no other differences in distance to the nearest major roadway 

by sex, birth weight, gestational age, or clinical characteristics.

3.2 | Respiratory outcomes

A total of 1598 questionnaires capturing respiratory outcomes were completed for 697 

subjects on separate encounters. Clustered logistic regression was used to determine if acute 

and chronic respiratory outcomes were associated with the mapped distance to the nearest 

major roadways. All regressions were adjusted for demographic/clinical factors associated 

with distance to the nearest roadway, namely race/ ethnicity, estimated median household 

income, and population density as well as age at the time of form completion. We observed 

for every 1 km increase in distance between residence and roadway, the likelihood of 

activity limitations decreased by 35% (n = 680; P = .005) and the likelihood of nighttime 

symptoms trended towards a decrease of 22% (n = 686; P = .12) (Table 2). Examining these 

outcomes in only those subjects on home respiratory support, we observed similar findings 

in that likelihood of activity limitations trended towards a decrease of 31% (n = 270; P 
= .09) and the likelihood of nighttime symptoms trended towards a decrease of 39% (n = 
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272; P = .06) for every 1 km increase in distance between residence and roadway. There 

were no other outcomes associated with distance to the nearest roadway.

3.3 | Oxygen weaning

Of the 784 subjects in this study, 24 were on home ventilators, 9 had a tracheostomy without 

ventilator use, and 281 were on supplemental oxygen via nasal cannula. Of the 281 subjects 

on home oxygen, the date of weaning off of oxygen was known for 256. Of the remaining 

25, 13 were still on oxygen at their last clinical encounter and 12 had been lost to follow-up. 

The median age for weaning off of oxygen was 10.8 months (Figure 2). There was no 

difference in the age of supplemental oxygen weaning between those subjects living within 

500m of a major roadway versus those who lived further from the roadway (rank-sum P 
= .24). No association was seen between roadway proximity (as a continuous variable) and 

age of supplemental oxygen weaning in a Cox regression adjusted for race or ethnicity, 

income, and population density as well (coefficient P = .88).

4 | DISCUSSION

Both indoor and outdoor air pollution have been documented to have detrimental effects on 

existing respiratory disease. In our study of preterm infants with BPD, we found that 

proximity to a major roadway, a source of outdoor traffic-related air pollution, was 

associated with more chronic respiratory symptoms, such as activity limitations (eg, 

dyspnea), and tended to be associated with nighttime symptoms as well. As would be 

expected, subjects living in more densely populated zip codes tended to live closer to major 

roadways, but we also observed that self-reported non-white subjects and those with lower 

estimated household incomes also were more likely to live near major roadways. The closer 

proximity to major highways in minority children could be a contributory factor to long-

term disparities in respiratory health outcomes as previous studies have found that minority 

children are more likely to have asthma and emergency room visits compared with non-

Hispanic white children.18,19

In contrast to what has been shown in asthma,20 we did not see any association between 

TRAP and acute care use in our study population. This may be related to the nature of BPD 

respiratory exacerbations, which are largely related to respiratory tract infections as opposed 

to asthma, which can have a variety of environmental triggers. General population studies of 

infants and children have only seen a modestly increased risk of hospitalization for 

respiratory infections associated with TRAP or outdoor air pollution.21,22 In addition, 

infants with BPD may not have the same degree of TRAP exposure as older children and 

adults with asthma as infants spend over almost 90% of their time indoors.23

It has also been demonstrated that early childhood illnesses and exposures can have effects 

on the respiratory system that can last into adulthood. For example, prospective data from 

the Tucson Childrenʼs Respiratory Study demonstrated that lower respiratory infections 

within the first 3 years of life were associated with later lung function impairment and the 

development of asthma.24 In a Swedish birth cohort study by Schultz et al,25 traffic-related 

air pollution exposure in the first year of life was associated with decreased lung function at 
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16 years of age. The long-term consequences of ambient air pollution exposure in our 

specific population of infants with BPD are not yet known.

We did not observe any association between proximity to a major roadway and age of 

weaning supplemental oxygen for subjects who were on nasal cannula oxygen in the home 

setting. This is not surprising as the limited published data on particulate matter exposures 

and pulse-oximetry would suggest that the magnitude of the effect size is small. Pope et al26 

found little evidence of pollution-related hypoxia in 90 elderly subjects in Utah, and Gong et 

al27 found a 0.5% decrease in oxygen saturation in healthy and asthmatic volunteers exposed 

to particulate matter from a Los Angeles suburb compared with the same volunteers 

breathing filtered air.

The primary limitation of our study is measuring exposure by proximity to major roadways. 

Proximity does not capture traffic density, the presence of heavier polluting vehicles, such as 

trucks, or actual pollutant concentrations (eg, fine particulate matter [PM2.5] or nitrogen 

dioxide [NO2]) and so there is potential for exposure misclassification.10 There are however 

several other studies that have used road proximity as a surrogate for measuring traffic-

related pollution exposure and health outcomes.28–30 We also did not capture the presence of 

other sources of air pollutants, such as fossil fuel power stations. In addition, most infants 

and young children spend a high proportion of time indoors,23 and while we did assess for 

secondhand smoke exposure, we did not assess for other forms of indoor air pollution, such 

as combustion byproducts from gas stoves or heat. Other studies completed locally in 

Baltimore have shown that indoor levels of pollution are often higher than simultaneously 

measured ambient concentrations.31,32 Our analysis also assumes that subjects spent their 

time at their listed residence and does not account for time spent at other relativesʼ homes or 

daycare. Another substantial limitation is that our study does not account for subjects 

moving within the follow-up period, which could certainly change their exposure. Although 

we adjusted for estimated income, income is likely a strong predictor of poor outcomes in 

BPD, including mortality, with multiple overlapping factors that may not be entirely 

accounted for in our models33; also, our method of income ascertainment was performed on 

the postal zip code level, which may not be as accurate as census tract-level data. Finally, we 

did not assess prenatal exposure to particulate matter; one Polish study has documented a 

reduction in birth weight and length in late preterm and term infants with increasing 

exposure to fine particulate matter.34 However, birth weight percentile in our population was 

not associated with proximity to roadway, with proximity admittedly measured after 

delivery; maternal location during pregnancy may not be the same.

Preterm infants are subject to a variety of complications secondary to their preterm birth, 

including potentially debilitating respiratory disease, such as BPD. Given the burden that 

BPD and other respiratory complications of preterm birth impose on patients, their families, 

and society, it is important to identify modifiable factors that impact outcomes. In our study, 

we found that proximity to a major roadway was associated with more chronic respiratory 

symptoms, such as activity limitations (eg, dyspnea), and tended to be associated with 

nighttime symptoms as well. Our results may not be restricted to U.S.-based populations 

since the World Health Organization reports that traffic-related air pollution accounts for 

12% to 70% of air pollution, with low- and middle-income countries experiencing this 

Collaco et al. Page 6

Pediatr Pulmonol. Author manuscript; available in PMC 2020 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disproportionately due to old or inefficient vehicles and lack of public transportation 

services. (https://www.who.int/sustainable-development/transport/health-risks/air-

pollution/en/) Similarly, preterm birth is also a worldwide health issue with an estimated 

14.9 million babies being born preterm worldwide in 2010; the estimated rate of 11.1% is 

similar to that seen in the U.S.35 Further research is necessary to define the effects of TRAP 

versus other sources of indoor and outdoor air pollution as well as to determine the best 

ways of combatting pollution-related respiratory health morbidities (eg, household 

interventions, such as air purifiers, policy interventions, such as emission and mileage 

standards for vehicles, etc).
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FIGURE 1. 
Histogram of distance from residence to the nearest major roadway
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FIGURE 2. 
Kaplan-Meier plot of time to wean from oxygen. NC, nasal cannula
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