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Abstract

Background: The pathogenesis of bronchopulmonary dysplasia (BPD) is multifactorial, and
there are limited data about prenatal exposures and risk of BPD.

Study Design: Our study performed parallel analyses using a logistic regression model in a
cohort of 4527 infants with data from a curated registry and using a phenome wide association
study (PheWAS) based on ICD9/10-based phecodes. We examined 20 prenatal exposures from a
neonatal intensive care unit (NICU) curated registry database related to pregnancy and maternal
health as well as 94 maternal diagnosis phecodes with a PheWAS analysis.

Result: In both the curated registry and PheWAS analyses, polyhydramnios was associated with
an increased risk of BPD (OR 5.70, 95% Cl 2.78-11.44, p=1.37 x 1075).

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Address correspondence to: Jennifer M. S. Sucre, MD, Monroe Carell Jr. Children’s Hospital at Vanderbilt University Medical
Center, 2200 Children’s Way, 11111 DOT, Nashville, TN 37232-0005, Telephone: 615-322-3476, Facsimile: 615-936-4968,
jennifer.sucre@vumc.org.

Author contributions: M.S.C., J.M.S.S., and L.A.B. were involved in the inception of the project and study design, aided with data
collection, cleaned and validated the database. J.H.W. supervised data collection for the registry. M.S.C., J.M.S.S., L. A.B., and M.A.A.
performed or reviewed the statistical analysis and interpreted the data. M.S.C. and J.M.S.S. drafted the initial manuscript. L.A.B.,
S.L.V,ELS,R.L.L,MAA,JG., and M.AR. provided interpretation of data, critically reviewed and revised the manuscript for
intellectual content, and all authors approved the final manuscript.

Disclosure statement: The authors have no conflicts of interest relevant to this article to disclose.
Category of study: Clinical research article
Consent statement: Patient consent not required


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Campbell et al.

Page 2

Conclusion: Our data suggest that polyhydramnios may be a clinical indicator of premature
infants at increased risk for bronchopulmonary dysplasia. Combining curated registry data with
PheWAS analysis creates a valuable tool to generate hypotheses.

Introduction

Methods

Despite tremendous advances in neonatal care, bronchopulmonary dysplasia (BPD) remains
a leading complication in survivors of preterm birth12, Even with the use of synchronized
ventilation and postnatal surfactant therapy, BPD affects approximately half of all infants
born extremely preterm (gestational age <28 weeks), with infants at higher risk for

BPD the earlier their gestational age3#. We have limited understanding of the role of

many antenatal exposures in the pathophysiology of BPD. Antenatal factors such as
chorioamnionitis, premature rupture of membranes, maternal diabetes, and others have been
variably associated with increasing the risk of BPD®. The identification of antenatal risk
factors prior to delivery could be used to identify infants at highest risk for BPD, with a goal
of developing targeted therapies to mitigate this risk.

To study the effects of environmental exposures on the risk of BPD, we employed

the clinical database from the Mildred Stahlman Division of Neonatology at Vanderbilt
University Medical Center (VUMC) from infants born between 2005-2017, and integrated
this database with the electronic health record (EHR) using a phenome-wide association
study (PheWAS) approach®”. PheWAS methodology was designed to study phenotype and
genotype associations in genetic epidemiology studies, however recently the approach has
expanded to evaluate associations between phenotypes and agentic clinical exposures8:.
This study represents a new application of PheWAS to evaluate the associations between
antenatal exposures and maternal health factors with BPD. Our overall goal is to generate
new hypotheses employing the robust nature of PheWAS methodology in order to identify
modifiable factors that could be used to lower the incidence of BPD or translate into novel
therapeutics.

Study Design for Curated Registry Model

We conducted a retrospective case-control observational study of preterm infants to evaluate
the association of antenatal exposures with BPD. Inclusion criteria were infants born
between 22-34 weeks gestation. This study was reviewed and approved by the institutional
review board of VUMC, Nashville, Tennessee. For both cases and controls, we excluded
infants who died prior to 28 days of age or who were transferred to VUMC after 14 days of
life (due to high rates of incomplete maternal data). We defined BPD based on a modified
National Institutes of Health consensus definition: requirement for supplemental oxygen at
28 days of life or at 36 weeks postmenstrual age*19,

Study Population and Data Sources in the Registry Model

We used a prospectively ascertained database of 270 variables for all neonates admitted to
the tertiary care neonatal intensive care unit (NICU) at Vanderbilt from 2005-2017, and for
the purposes of this study, pulled out the 20 variables related to prenatal exposure. Data were
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collected by trained research coordinators, who manually gather maternal data and prenatal
history for infants born at VUMC and the referring hospital records for transferred infants.
We inspected the data for inconsistencies, and a minimum and maximum value was assigned
to screen for each variable assigned based on physiologic plausibility, with values outside
this range reconciled by manual chart review. We used the linked EHR data to reconcile or
fill in data from the registry that was missing, conflicting, or implausible. All babies born
before 34 weeks without BPD and babies without BPD who were sent home on oxygen were
manually reviewed to validate BPD status. Gestational age and demographic information
from the registry were cross checked with EHR forms. By combining the database with

the EHR, there was a minimal amount of missing data. In total, 9 variables on which the
model was based had some missing data, and the EHR search reconciled data in 5 of

these 9 variables, including gestational age, birth weight, and maternal age (eTable 1 in
Supplement). In addition, manual review identified 49 infants who died prior to 28 days of
age but who were not flagged as deceased by the curated registry.

PheWAS Study Design and Data Sources

The PheWAS analysis was conducted on a subset of neonates who were born less than 34
weeks and survived more than 28 days, whose mothers received prenatal care at VUMC
during the pregnancy (n=1961). We required that the mothers have at least 3 unique billing
days at VUMC during the pregnancy on which the PheWAS was conducted, including the
delivery encounter. Phenotypes were ascertained using phecodes, or validated phenotype
definitions based on billing and diagnostic codes in the EHR, using an alpha version of

the revised phecodes classification similar to the previously published version!!. We used
this alpha version because it includes more granular concepts for conditions diagnosed in
pregnancy. Phecode definitions are available at the website phewascatalog.org. For each
phecode, exposures of interest (e.g., maternal co-morbidities, pregnancy complications, etc.)
were defined as those patients having at least one instance of that phecode during the
pregnancy while unexposed patients were defined as those who had no instances of that
phecode. Only phecodes with at least 100 exposed patients were used in the analysis (n=94),
supplemental eTable 2.

Statistical Analysis

Data were summarized with descriptive statistics in Table 1. Twenty maternal factors
pertaining to delivery, maternal diagnoses and maternal demographics were first evaluated
for associations with BPD in univariable logistic regression models using registry data. We
developed a base multivariable logistic regression model consisting of known associations
with BPD, including: gestational age (days), birth weight (g), infant sex,12 as well as
precision variables which included maternal race, birth year and birth center location (inborn
vs outborn), to help improve the performance of the model, as shown by the ROC curve
(eFigure 1 in Supplement). Each novel maternal factor was added independently to the base
model and evaluated for statistical significance, defined as a Bonferroni-corrected p-value
of < 0.002. Adjusted odds ratios (aOR) with 95% confidence intervals and p-values are
reported. The PheWAS analysis'! used a logistic regression with BPD as the dependent
variable and included covariates for gestational age, birth weight, sex, maternal race, and
birth year. With 94 phenotypes included, we calculated the Bonferroni correction threshold
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for p<0.05 (5.3 x 1074) and a false discovery rate (FDR) g<0.1 (9.9 x 1074). PheWAS results
of 94 phenotypes are in eTable 2 of the Supplement.

Of 17077 infants in the NICU database (registry model), 4527 met inclusion criteria,
including 1385 BPD cases and 3142 controls (Figure 1). Of the 4527 infants, 1961 were
born to women with 3 or more billing encounters during the pregnancy, meeting inclusion
criteria for PheWAS analysis. Of the 1961 infants in the PheWAS analysis, 531 had BPD.
For the registry model, the mean birth weight and gestational age were 745 grams and 30
weeks, respectively (Table 1). Most of the infants were born at VUMC (77.5%), and 53.9%
of the infants were male. The majority of mothers in this study were white (60.0%). Using
a dichotomized diagnosis of BPD status, 1385 (30.6%) infants developed BPD, and 3142
(69.4%) infants did not develop BPD (Table 1). Multivariable logistic regression confirmed
known significant associations with BPD, such as low gestational age, low birth weight and
male sex. African American race showed a protective effect (Table 2). Consistent with prior
studies, there was no association found for antenatal steroid use (Table 3)13. There was no
association with birth year and the development of BPD (Table 2).

Of the 20 antenatal exposures examined in logistic regression models (Supplement eTable
3), we found a strong association for the relationship between BPD and the following
known risk factors for BPD: oligohydramnios, diabetes, cesarean section, and duration

of rupture of membranes (Table 3)1415.16.17 ‘We also identified a new association
between polyhydramnios and the risk of developing BPD (aOR 5.70, p=1 x 1075),
While diabetes is associated with polyhydramnios in the third trimester, the association
between polyhydramnios and BPD persisted even when we controlled for maternal
diabetes (Supplement eTable 4), and after controlling separately for other congenital
anomalies (Supplement eTable 5). Likewise, the significant association between BPD and
polyhydramnios remained when we applied robust standard error estimation to account for
correlations between births in multiple gestations (Supplement eTable 6).

PheWAS analysis of 94 maternal diagnoses revealed significant associations of BPD with
polyhydramnios, problems associated with the amniotic cavity or membranes, and known
or suspected fetal abnormality affecting management of the mother (Bonferroni corrected
p<0.05) (Figure 2). While not crossing the Bonferroni threshold, both maternal history
of asthma and oligohydramnios were significant with false discovery ratio (FDR) g¢< 0.1
(Figure 2). Polyhydramnios had the strongest association with BPD of all of the prenatal
factors tested. The diagnosis “problems associated with the amniotic cavity” includes

the diagnoses of polyhydramnios and oligohydramnios. Six of the variables tested in
registry-based analysis were also tested using EHR based phecodes (Supplement eTable
7). Polyhydramnios and oligohydramnios were significantly associated with BPD using
both modeling approaches, and odds ratios from the PheWAS analysis were within the
95% confidence intervals of the registry analysis. The remaining four associations were
non-significant (p > 0.05) in both analyses (Supplement eTable 7).
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Discussion

PheWAS is a method first described in 2010 to look at the relationships between phenotypes
in large human datasets8. We have adapted this approach to our own large registry of
neonatal and perinatal data, the first use of a PheWAS approach in this population. We used
a large curated cohort combined with maternal EHR data to generate hypotheses regarding
the relationship between perinatal factors and BPD. This study demonstrates that registries
and EHRs, both common sources of data for observational studies, are stronger when they
are used together. The EHR data allowed us to fill in data that were missing from the registry
and validate our outcome variable of BPD through manual review. Additionally, using EHR
data, we were able to expand the number of maternal phenotypes beyond what was available
in the registry. The PheWAS analysis leveraged billing code data with ICD-9 and 1CD-10
codes. As such, it is likely less precise than the manually curated data in the registry’.
Nevertheless, our results from this high throughput PheWAS analysis were strikingly similar
to what we found with the registry data. Of the six variables available in both the registry
and as phecodes, the associations results were consistent: both significant associations from
the registry (polyhydramnios and oligohydramnios) were confirmed in the PheWAS with
consistent effect sizes, and the four remaining non-significant associations (p > 0.05) were
similarly non-significant in the PheWAS. The only difference in significance between the
registry model and the PheWAS is with maternal diabetes, which may be explained by the
registry grouping all diabetes together, whereas the phecodes used have small numbers of
patients in specific diabetes subtypes. Our study suggests in large datasets, PheWAS could
be used to look for associations of perinatal exposures with other neonatal morbidities.

Our logistic regression and PheWAS analysis both identify polyhydramnios as a perinatal
exposure strongly associated with BPD, and our registry model confirmed prior known
associations with BPD including sex, gestational age, birthweight, and maternal diabetes.
While the association of BPD with oligohydramnios16, cesarean section, duration of
membrane rupture, and diabetes® has been described in prior datasets with smaller
numbers, the finding of an association of BPD with polyhydramnios is novel. The finding
of polyhydramnios suggests new hypotheses about the role of excess amniotic fluid in
lung development. Low levels of lung fluid and prolonged membrane rupture have been
associated with pulmonary hypoplasia in both animal models and human studies?:19,
however, the relationship between excess amniotic fluid and abnormal lung development
has received less attention. In our dataset, the relationship between polyhydramnios and
BPD persisted even after controlling for major congenital anomalies and maternal diabetes,
known causes of polyhydramnios2? (eTable 4 and eTable 5 in Supplement).

Prior work in term infants have shown that infections can result in polyhydramnios?1:22,
Based upon this work, we speculate that polyhydramnios may be a marker of subclinical
inflammation in the second trimester. Work in animal models has shown that inflammation
alone is sufficient to perturb normal lung development, and the creation of intrauterine
inflammation via lipopolysaccharide (LPS) injection is used to model BPD /n vive?3.
While inflammation may lead to both polyhydramnios and abnormal lung development,

it is also possible that the excess amniotic fluid alone results in primary lung injury due

to abnormal hydrostatic pressure in the lung. Indeed, previous work in an animal model of
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fetal tracheal occlusion has shown that increased pressure in the lung results in fewer type 2
pneumocytes and decreased surfactant production?4. Additional work in preclinical models
is needed to test the speculation that both oligo- and polyhydramnios result in abnormal lung
development. In addition, future studies to assess the content of the amniotic fluid in infants
with second-trimester polyhydramnios and association with placental pathology may also
provide insight into the pathophysiology linking polyhydramnios with the development of
BPD.

Twin studies estimate that between 50-80% of the variance in BPD risk is genetic25:26 with
the understanding that many of the genetic risk factors are only manifest in the setting of
preterm birth. The link between a maternal history of asthma and BPD is interesting as it
suggests a potentially heritable relationship between one form of chronic lung disease and
the risk of developing BPD after preterm birth. Notably, a previous study in California with
a larger cohort of preterm infants showed no relationship between maternal asthma and BPD
risk?’, however this study looked at asthma diagnoses coded at the time of hospital discharge
rather than at any time during the pregnancy, as was the case with our PheWAS analysis.
Further, only 2.5% of mothers in this study were coded as having asthma, whereas 7.5% of
the mothers in our population had a history of asthma, a percentage more consistent with

the described 7.7% incidence of asthma among adults in the United States?8. Additional
detailed EHR data with a larger cohort could also explore the relationship between maternal
history of chronic lung diseases and asthma with the abnormal lung development seen in
infants with BPD. Prospective studies of high-risk pregnancies could also correlate maternal
asthma status during pregnancy and other indicators of maternal lung function and disease
with infant risk of BPD.

While this study contains a large group of preterm infants and uses a richly curated clinical
database combined with EHR and PheWAS analysis, there are some limitations. All of the
infants in this study were cared for at a single center, and the definition of BPD did not
stratify the outcome into mild, moderate, and severe forms of the disease. In addition, this
is a retrospective study that relies on EHR data from one institution without an independent
validation cohort. This study, however, does generate the hypothesis that polyhydramnios
may be associated with the development of BPD. Future work will use a more granular
definition of the staging of BPD based on degree of respiratory support. A larger sample
size would also allow for the study of whether infants with polyhydramnios have a greater
clinical response to postnatal corticosteroids.

Taken together, our data suggest that the PheWAS method can be applied to this population
to look for links between maternal exposures and neonatal outcomes. We speculate that
preterm polyhydramnios may be a clinical indicator of placental inflammation (even in the
absence of obvious infection), and that polyhydramnios could be used to identify which
infants are at the highest risk of developing BPD after preterm birth. The data from these
analyses has generated a new hypothesis that can be tested by future mechanistic studies

into the role of polyhydramnios and lung development after preterm birth. Additional studies
in preclinical animal models and in observational-cohort clinical studies are needed to

test these hypotheses, with a goal of identifying infants at highest risk for BPD and in
identifying infants who may respond to targeted treatments after birth.
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Impact:

. Polyhydramnios was significantly associated with bronchopulmonary

dysplasia in both a curated registry and by ICD coding analysis with a
phenome wide association study (PheWAS).

. Preterm polyhydramnios may be a clinical indicator of infants at increased

risk for developing bronchopulmonary dysplasia after preterm birth.

. Combining curated registry with PheWAS analysis creates a valuable tool to

generate hypotheses about perinatal risk factors and morbidities associated
with preterm birth.
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Curated Registry:
17,077 NICU Infants
born between 2005-2016

/\

12,550 GA >34 weeks
or died before 28 days
or transferred after 14 days

4,527 GA <34 weeks
and survived >28 days
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-

A 4

PheWAS Study:
1961 infants (from curated registry)
with PheWAS data available

o

3,142 infants without BPD

1,385 infants with BPD

1430 infants without BPD

531 infants with BPD

Figure 1.

Schematic of how infants were enrolled in the study and how many had bronchopulmonary

dysplasia (BPD).
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Figure 2.
This Manhattan plot shows the significance of association between bronchopulmonary

dysplasia and 94 different maternal phenotypes. The Phecode “problems associated with
the amniotic cavity and membranes” includes polyhydramnios, oligohydramnios, premature
rupture of membranes, and infection of the amniotic cavity. The Phecode “known or
suspected fetal abnormality affecting management of the mother” includes the following
diagnoses: 1) abnormality in fetal heart rate or rhythm, 2) central nervous system
malformation affecting management of the mother, 3) chromosomal abnormality in fetus
affecting management of the mother, 4) decreased fetal movements affecting management
of the mother. Clusters of maternal phenotypes are shown on the x-axis. The y-axis displays
the —log10(p)-value for each phenotype. The red horizontal line indicates a threshold the
Bonferroni corrected p-value < 0.000532.
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Table 1:

Descriptive statistics for infants in the study

All subjects (N=4527)

Birthweight Mean (range)? 1494 (340-39609)

Gestational age Mean (range)b 30 weeks (22-33weeks)

Sex Male: 2440 (53.9%)
Female: 2087 (46.1%)

Birth center Number (%) Inborn: 3508 (77.5%)

Outborn: 1019 (22.5%)

Birth year Mean (range) 2011 (2005-2017)

.. C White, non-Hispanic | 2713 (60.0%)
Maternal race/ethnicity African-American 915 (20.2%)
Hispanic 382 (8.4%)
Other 155 (3.4%)
Unknown 362 (8.0%)

%575t percentile: 1080-1870g
bweeks = weeks estimated post-menstrual age at birth

c -,
maternal race/ethnicity as self-reported
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