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Abstract

Introduction: Infants and children diagnosed with BPD have a higher likelihood of recurrent hospitalizations and asthma-
like symptoms. Socio-environmental factors that influence frequency and severity of pulmonary symptoms in these children
during the pre-school age are poorly under-stood. In this study, we used the Area Deprivation Index (ADI) to evaluate the
relationship between the socio-environmental exposures in children with BPD and respiratory outcomes during the first few
years of life. Methods: A registry of subjects recruited from outpatient BPD clinics at Johns Hopkins University (n=909) and
the Children’s Hospital of Philadelphia (n=125) between January 2008 and October 2021 was used. Subjects were separated
into tertiles by ADI scores aggregated to ZIP codes. Care-giver questionnaires were used to assess the frequency of respiratory
morbidities and acute care usage for respiratory symptoms. Results: The mean gestational age of subjects was 26.8+2.6
weeks with a mean birthweight of 9094404 grams. The highest tertile (most deprived) of ADI was significantly associated
with emer-gency department visits (aOR 1.72; p=0.009), hospital readmissions (aOR 1.66; p=0.030), and activi-ty limitations
(aOR 1.55; p=0.048) compared to the lowest tertile. No association was seen with steroid, antibiotic or rescue medication use,
trouble breathing, or nighttime symptoms. Conclusion: In this study, children with BPD who lived in neighborhoods of higher
deprivation were more likely to be re-hospitalized and have ED visits for respiratory reasons. Identifying socio-environmental
factors that contribute to adverse pulmonary outcomes in children with BPD may provide opportunities for earlier interventions

to improve long-term pulmonary outcomes.

INTRODUCTION

Preterm birth accounts for approximately 10% of live births in the United States annually and is a leading
cause of mortality in children less than five years of age worldwide.! Among infants born preterm, the most
common serious complication is bronchopulmonary dysplasia (BPD), with almost 50,000 infants estimated
to be diagnosed in the US annually.? Although most infants with BPD will wean from respiratory support
during the first few years of life,® up to 50% will be re-hospitalized during that same period for pulmonary
exacerbations, with many going on to develop asthma and asthma-like symptoms.* Respiratory symptoms
and abnormalities on pulmonary function testing, including chronic obstructive pulmonary disease, have
been shown to persist into adulthood.?

With increasing numbers of preterm infants surviving into childhood and adulthood, identifying modifiable
socio-environmental factors that influence long-term health outcomes in the outpatient setting may help
optimize long-term clinical outcomes.® In particular, factors that increase respiratory inflammation (such as
infections, tobacco exposure, poor air quality, etc.) have been associated with worse lung function trajectories



in patients with BPD.”® Socioeconomic disparities may expose certain infants and children to more of these
risk factors. While individual risk factors can be assessed in isolation, many risk factors are co-related, with
a potentially cumulative effect. Composite indices of socioeconomic disadvantage may allow for assessment
of the cumulative risk associated with exposure to multiple community-level factors.

Various country-specific indices been used in previous studies to evaluate relationships between socioeconomic
status and pediatric health outcomes,” with significant associations being reported in a number of studies
spanning several countries. Increased neighborhood deprivation has been shown to increase a child’s risk
of fractures,'%!! obesity,'? abusive head trauma,'® and infant mortality.'# It has also been associated with
worse outcomes for children with appendicitis,?asthma, 618 cystic fibrosis,?diabetes,?? acute lymphoblastic
leukemia,?! and after liver and kidney transplantation.???3 In the United States, the Area Deprivation Index
(ADI) measures the socioeconomic context of census block groups, which correspond to neighborhoods. The
index is composed of 17 factors, including income, education, housing, and employment.’

Although previous research in BPD has evaluated outcomes based on single risk factors (e.g., insurance
status),?*2% a recent French study showed that patients with BPD living in neighborhoods with high socioe-
conomic disadvantage had a three-fold higher risk of respiratory hospitalization compared to those living in
affluent neighborhoods.?8 A similar study has not yet been conducted in the United States. We hypothesized
that greater neighborhood deprivation as quantified by the ADI would be associated adverse respiratory
outcomes in a U.S. regional registry of infants and young children with BPD.

METHODS

Study Population: This study was conducted using a retrospective review of a database of subjects re-
cruited from outpatient BPD pulmonary clinics at Johns Hopkins University (n=911) and the Children’s
Hospital of Philadelphia (n=125) between January 2008 and October 2021. Two subjects in the Johns Hop-
kins University registry were excluded as ADI scores were not available for their zip codes to yield a study
population of 1034 subjects. Inclusion criteria included prematurity (<37 weeks gestation) and a diagnosis
of BPD by NHLBI guidelines.?” This study was approved by the Johns Hopkins University Institutional Re-
view Board (Protocol #: NA_00051884; all caregivers consented) and the Children’s Hospital of Pediatrics
Institutional Review Board (IRB# 20-017614; determined to meet exemption criteria).

Demographic and clinical data: Clinical data were obtained through chart review. Race and ethnicity
were self-reported. Birth weight percentiles were derived from national U.S. data.?® Home oxygen and ven-
tilator use were defined as use at the time of initial NICU discharge. Pulmonary hypertension was defined
by the presence of pulmonary hypertension on echocardiogram on or after 36 weeks corrected age.? Acute
care for respiratory issues (occurrence of ER visits, hospitalizations, need for inhaled corticosteroids, and
antibiotic use) and chronic symptom outcomes (trouble breathing, need for rescue medications, shortness
of breath, nighttime symptoms) were collected through questionnaires at outpatient visits between ages 0-3
years.

Area deprivation scores: The 2019 ADI, created by the University of Wisconsin, is a validated measure
of the socioeconomic context for U.S. census block groups, proxies for neighborhoods.” The index (national
scale from 0-100, with higher scores indicating worse deprivation) is constructed from 17 variables in the
American Community Survey 5-year estimates. ADI scores for the study population were calculated using
residential 5-digit ZIP codes and employing the 9-digit ZIP code crosswalk built to correspond to Census
block groups. Median ADI scores were computed from all ADI values for block groups within each 5-digit
ZIP code, excluding post office boxes, businesses, or large footprint entities, as done previously.'?

Statistical methods: Subjects were separated into tertiles by median ADI scores for a zip code (ADI > 51.5
(n=345), ADI 32.5-51 (n=347), ADI =< 32 (n=342). Demographics and baseline clinical data of the highest
and lowest tertiles were compared using chi square tests and t-tests. Associations between ADI tertiles and
clinical outcomes were assessed using logistic regression mixed models adjusted for age at outcome data
collection and potential demographic/clinical confounders (subjects with missing confounding variables were
excluded from regression models); models were nested by individual and center. Sensitivity analyses were



conducted using mean ADI scores for a zip code. All statistical analyses were conducted using Stata 17
(StataCorp; College Station, TX). P values <0.05 were considered statistically significant.

RESULTS

Study population: Demographic and clinical characteristics for the study population (n=1034) are des-
cribed in Table 1 . The study population was 43.1% female, 62.8% self-identified as non-White, and 5.5%
self-identified as Hispanic. Mean gestational age at birth was 26.842.6 weeks, and mean birth weight was
9094403 grams. More than half (53.4%) of the subjects were classified as having severe BPD, 33.4% mode-
rate BPD, and 13.2% mild BPD. ZIP code ADI scores ranged from 5.5 to 93, with a mean of 42.4. There
were differences in race, public insurance, gestational age, and birth weight by ADI scores. Subjects in the
third ADI tertile (high deprivation) were more likely to be non-White (p <0.001) and have public insurance
(p <0.001) than subjects in the first ADI tertile (low deprivation). Subjects in the most deprived ADI tertile
also had earlier gestational age (p <0.001) and lower birth weight (p =0.007) than counterparts in the least
deprived ADI tertile, but did not have later discharge ages (p =0.12). The difference in birth weight by
area deprivation may be attributable to the difference in gestational age, as birth weight percentiles did
not significantly differ between ADI tertiles (p =0.49). No differences were seen between the first and third
ADI tertiles in terms of sex, ethnicity, birth weight percentile, BPD severity, and clinical characteristics at
the time of NICU discharge, including home oxygen use, tracheostomy, home ventilator use, inhaled corti-
costeroid use, pulmonary hypertension, gastrostomy tube placement, and Nissen fundoplication. In terms of
center differences, subjects receiving care at Johns Hopkins University had a lower median ADI (41.5+£18.6)
compared to subjects receiving care at Children’s Hospital of Philadelphia (48.5+24.2;p <0.001), but the
distribution of individuals in tertiles by center was not different (p =0.06).

Clinical Outcomes: Data were collected from a total of 1800 caregiver questionnaires that surveyed sub-
jects’ needs for acute care for respiratory issues and their chronic symptoms. Logistic regression mixed models
were used to determine the odds ratio of adverse outcomes for the most deprived versus the least deprived
ADI tertiles, adjusting for age at outcome data collection, race, insurance type, and gestational age (Table
2 ). Models were nested by center to account for center-level differences. Higher neighborhood deprivation
was significantly associated with emergency department visits (aOR 1.72;p =0.009), hospital readmissions
(aOR. 1.66; p =0.030), and activity limitations (aOR 1.55; p =0.048). No association was seen with steroid,
antibiotic or rescue medication use, trouble breathing, or nighttime symptoms.

Sensitivity Analyses: Sensitivity analyses were carried using ZIP code mean ADI rather than median ADI.
Similar to before, subjects receiving care at Johns Hopkins University had a lower mean ADI (42.0+17.6)
compared to subjects receiving care at Children’s Hospital of Philadelphia (48.2421.8; p <0.001), but the
distribution of individuals in tertiles by center was not different (p =0.11). Results were similar overall,
except a difference in discharge age and no difference in activity limitations between the first and third ADI
tertiles (Supplemental Tables 1 and 2, respectively).

DISCUSSION

Our study examined the relationship between area socioeconomic deprivation and respiratory outcomes for
infants with BPD using registry data. We found that infants and young children with BPD who lived in
disadvantaged areas were more likely to have adverse respiratory outcomes including emergency department
visits, re-hospitalizations, and activity limitations after adjusting for gestational age, race, and insurance
status. These findings are consistent with prior studies that have linked deprivation with worse outcomes for
a number of pediatric diseases.!%2® Compared to traditional socio-economic measures of individual income
or insurance status, a potential advantage of area-level indices such as the ADI is their ability to capture
community-level effects. Additionally, area-level indices provide an assessment of the joint effect of multiple
risk factors, and this composite measure may be less likely to be influenced by anomalies in a single variable.3°
Our study capturing multiple community-level factors assessed with the ADI illustrates that early-life com-
munity exposures are associated with poorer respiratory outcomes in preterm infants/children with BPD,
likely contributing to health disparities in the very young.



A French study using a socioeconomic deprivation index linked to census data found that the respiratory-
related re-hospitalization rate was almost 3-fold higher for infants living in deprived neighborhoods (adjusted
incidence rate ratio: 2.79;p <0.01).26 We observed a similar effect in our population (hospital readmissions
adjusted OR 1.66;p =0.030). Neighborhood deprivation has been associated with adverse outcomes in other
pediatric respiratory diseases as well. A national registry study found a significant association between ADI
and respiratory outcomes in pediatric cystic fibrosis, specifically finding that children residing in the most
deprived tertile had 2.8% lower forced expiratory volumes, 1.2 times more IV treatment nights, and a 20%
higher risk of having more than 2 pulmonary exacerbations when compared to counterparts in the least de-
prived tertile.!® Similarly, studies of pediatric asthma have demonstrated associations between neighborhood
deprivation and increased emergency calls for asthma exacerbations,'® and hospital readmissions for asthma,
although the latter association is modified by health insurance coverage.!”'® It should be noted that not all
studies of pediatric asthma have identified associations between the ADI and adverse outcomes.3!

The connection between area deprivation and poorer outcomes in BPD is likely multifactorial. Neighborhoods
with higher ADI scores may increase a patient’s exposure to environmental risk factors for poor air quality,
such as traffic pollution and tobacco smoke.3?33Lower household income has been associated with increased
risk for respiratory morbidities in prior studies.?* Income may be a limiting factor preventing families from
finding housing with quality air ventilation, the lack of which has been associated with respiratory disease.3*
Additionally, poverty, particularly inside cities such as Baltimore and Philadelphia, may be associated with
residential crowding, which increases a child’s potential exposure to respiratory diseases.?®36Neighborhood
deprivation may also be linked to decreased access to healthcare, which could make early outpatient in-
tervention more difficult, leading to higher chances of requiring emergency care or hospitalization. Further
studies will be necessary to delineate the pathophysiology behind this relationship.

In terms of factors that may play a role prior to NICU discharge, we found an association between deprivation
and gestational age, suggesting that living in an area with high deprivation may increase the risk of preterm
birth, similar to previous studies.?”3® There may also be NICU-level factors as well; although subjects
in the most deprived tertiles were born at earlier gestational ages and lower birth weights, the length of
initial hospitalization did not differ between first and third tertiles, nor did the frequency of use of medical
technologies. It is unclear whether the similar initial hospitalization length and use of medical technologies
reflects a “level playing field” at NICU discharge for all tertiles or whether subjects in the most deprived
tertile may have less support at discharge than they could require based on gestational age and birthweight.

Limitations: A potential disadvantage of area-level indices is that neighborhood averages may not reflect the
socioeconomic situation of families that may be outliers in their area, therefore individual patient situations
should always be considered in the clinical setting. Additionally, based on data availability, ADI scores were
aggregated to ZIP codes, with inevitable loss of geographic resolution and precision of estimates, especially
in areas where poor and affluent neighborhoods are in close proximity.?® Patients enrolled in this study
were from Baltimore and Philadelphia metropolitan areas, and results may not be generalizable outside of
these geographic regions, or to patients not residing in the catchment area of a metropolitan tertiary care
center. Our study population also has more severe respiratory disease (53% met definition for severe BPD)
compared to the preterm population as a whole (16% of NHLBI validation cohort met criteria for severe
BPD),*® which may limit generalizability.

Conclusions: We found that area-level socioeconomic deprivation is associated with several poor respiratory
outcomes in a contemporary cohort of infants and young children with BPD. Thus, assessment of area
deprivation using the ADI may be a useful screening tool in an outpatient setting to identify young children
with BPD at increased risk for adverse outcomes or to identify areas that would benefit from targeted public
health interventions to improve respiratory health.
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