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Abstract

It is widely recognized that exogenous factors play an important role in the development of
hypertensive disorders of pregnancy (HDP). However, only a few external environmental factors
have been studied, often separately, with no attempt to examine the totality of the external
environment, or the external exposome. We conducted an external exposome-wide association
study (EXWAS) using the Florida Vital Statistics Birth Records including 819,399 women with
live births in 2010-2013. A total of 5,784 factors characterizing women’s surrounding natural,
built, and social environment during pregnancy from 10 data sources were collected, harmonized,
integrated, and spatiotemporally linked to the women based on pregnancy periods using 250m
buffers around their geocoded residential addresses. A random 50:50 split divided the data into
discovery and replication sets, and a 3-phase procedure was used. In phase 1, associations between
HDP and individual factors were examined, and Bonferroni adjustment was performed. In phase 2,
an elastic net model was used to perform variable selection among significant variables from phase
1. In phase 3, a multivariable logistic regression model including all variables selected by the
elastic net model was fitted. Variables that were significant in both the discovery and replication
sets were retained. Among the 528 and 490 variables identified in Phase 1, 232 and 224 were
selected by the elastic net model in Phase 2, and 67 and 48 variables remained statistically
significant in Phase 3 in the discovery and replication sets, respectively. A total of 12 variables
were significant in both the discovery and replication sets, including air toxicants (e.g., 2,2,4-
trimethylpentane), meteorological factors (e.g., omega or vertical velocity at 125mb pressure
level), neighborhood crime and safety (e.g., burglary rate), and neighborhood sociodemographic
status (e.g., urbanization). This is the first large external exposome study of HDP. It confirmed
some of the previously reported associations and generated unexpected predictors within the
environment that may warrant more focused evaluation.
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Introduction

Hypertensive disorders of pregnancy (HDP) are among the most common medical problems
encountered during pregnancy, affecting up to 10% of all pregnancies. These medical
problems are characterized by chronic hypertension or high blood pressure that develops
after 20 weeks of gestation because blood volume change during pregnancy leads to higher
demand on the cardiovascular system (American College of Obstetricians abd Gynecologists
2013; Yoder et al. 2009). HDP are important risk factors for increased neonatal and maternal
morbidity and mortality (Duley 2009; Lo et al. 2013). Maternal HDP are associated with
higher risks of small for gestational age, preterm delivery, low birthweight, and
hospitalization for a wide range of neonatal diseases (Pinheiro et al. 2016). Among mothers,
HDP is predictive of pitting edema, endothelial abnormalities, liver and renal dysfunction,
and increased risk of cardiovascular disease, stroke and Type Il diabetes later in life (Bauer
and Cleary 2009; Bellamy et al. 2007; Brown et al. 2013; Duley 2009; Garovic et al. 2010;
Lykke et al. 2009; McDonald et al. 2008; Tooher et al. 2016; Wang et al. 2012; Wu et al.
2017).

Similar to many other cardiovascular outcomes, HDP has large geographic disparities
(Gebreab et al. 2015; Hu et al. 2019; Organization 1988; Shoff 2012), suggesting that
environment may play an important role in its development. While previous studies have
identified multiple exposures associated with HDP in the natural, built, and social
environments (Clausen et al. 2006; Grazuleviciene et al. 2014; Hu et al. 2014; Messer et al.
2012; Morales et al. 2016; Osorio-Yanez et al. 2016; Strand et al. 2011; Tran et al. 2015;
Vinikoor-Imler et al. 2012), these studies only focused on a subset of preselected
environmental factors, and predominantly assessed these factors in isolation without
considering the totality of environment, or the exposome (Wild 2012).

The exposome includes internal (e.g. metabolism), specific external (e.g. pollutants), and
general external factors (e.g. social capital) (Wild 2012). In this study, we focused on the
specific and general external environmental factors as the ones most plausibly amenable to
modification. We conducted an external exposome-wide association study (ExXWAS) of HDP
using the Florida Vital Statistics Birth Records. The term EXWAS is increasingly used given
its more comprehensive nature compared with the environment-wide association study
(Juarez and Matthews-Juarez 2018; Nieuwenhuijsen et al. 2019), or EWAS, which was first
introduced by Patel et al. (2010), borrowing the idea from genome-wide association studies
(GWADS) that identify genetic factors associated with diseases. Unlike genetic factors which
are stable and unmodifiable, environmental factors have large spatiotemporal variability and
can be modified at multiple levels such as behavior changes at the individual level and policy
changes at the community level. Therefore, putative environmental factors identified by
EXWAS can be used not only for understanding disease risk factors, but potentially for
disease prevention or intervention as well. In this study, we analyzed Florida Vital Statistics
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Birth Records to examine the association between the external exposome and risk of HDP
by integrating data on a wide range of environmental factors characterizing women’s
surrounding natural, built, and social environment. Using the agnostic and hypothesis-free
EXWAS approach with integration of multi-source environmental big data, we aimed to
identify novel environmental factors associated with HDP.

Materials and Methods

Study population

Individual records of all registered live births in Florida between 2010 and 2014
(n=1,064,604) were obtained from the Florida Department of Health (Jacksonville, Florida,
http://www.floridahealth.gov/certificates/certificates/). Births with maternal residential
addresses unsuccessfully geocoded (n=704) or outside Florida (n=5,292) were excluded. To
avoid fixed cohort bias (Barnett 2011), we included women based on estimated conception
date instead of delivery date, and a total of 846,579 records with conception date between
January 1, 2010 and December 31, 2013 were included. For women with multiple births,
only one record was randomly chosen and retained for each pair and duplicate records were
excluded (n=13,232). We then excluded women with pre-pregnancy hypertension
(n=12,178) or missing information on HDP (n=1,770), and 819,399 women were included in
the analyses. The research protocol for this study was approved by the Institutional Review
Boards at the University of Florida (IRB201701782) and the Florida Department of Health
(2017-43-UFL).

Outcome assessment

Diagnoses of pre-pregnancy hypertension, gestational hypertension or preeclampsia, and
eclampsia obtained from the Florida Vital Statistics Birth Record data. Similar to previous
environmental studies on HDP (Hu et al. 2014), HDP included gestational hypertension,
preeclampsia, or eclampsia. HDP was assessed aggregately since the Florida Vital Statistics
Birth Record data combined gestational hypertension and preeclampsia together.

External Exposome Measures

Data on a variety of natural, built, and social environment measures were obtained from ten
different sources and spatiotemporally linked to each woman to assess their external
exposome during pregnancy. Several different temporal exposure windows were used in the
linkage, depending on the type and temporal scale of environment measures. These windows
include the first trimester, the second trimester, and the first and second trimesters. For
environment measures with a temporal scale less than 1-year, all three windows were used in
the linkage. For those with a temporal scale greater than or equal to 1-year, only the first and
second trimesters was used in the linkage. All measures were spatially linked to each woman
using a 250m buffer around each woman’s geocoded residential address at delivery based on
area-weighted averages. Table 1 shows a summary of the external exposome measures. A
total of 5,784 variables covering 10 categories were finally included.

Natural environment—Air toxicant measures were generated using data from the
National Air Toxic Assessment (NATA). Concentration estimates of 119 air toxicants are
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available at the census tract level for 2005, 2011, and 2014. Linear interpolations were
performed to construct measures in 2010 and 2012-2013. We excluded 30 air toxicants with
missing data exceeding 5%, and a total of 89 air toxicants were included. In addition, data
on fine particulate matter and ozone were obtained from the US Environmental Protection
Agency (EPA) and Center for Disease Control and Prevention (CDC)’s National
Environmental Public Health Tracking Network (U.S. EPA 2014). A Bayesian space-time
downscaler model is used to fuse daily PM> 5 and O3 monitoring data from the National Air
Monitoring Stations/State and Local Air Monitoring Stations (NAMS/SLAMS) with 12 km
gridded output from the Models-3/Community Multiscale Air Quality (CMAQ) model (EPA
2016). Daily estimates were obtained at census tract level for 2010-2014. Furthermore, we
obtained meteorological measures from the National Centers for Environmental Prediction’s
North American Regional Reanalysis (NARR) (Environmental Modeling Center 1979). The
NARR provides a high-resolution meteorology database with a daily temporal resolution and
a 32km spatial resolution. A total of 279 meteorological measures were obtained. We further
excluded 20 measures with missing data exceeding 5% and 2 measures with only one unique
value (i.e. all of the values for the measure were the same). A total of 257 meteorological
measures were included.

Built environment—Food access measures were obtained from USDA’s Food Access
Research Atlas (USDA 2014). The data were available in 2010 and 2015, and linear
interpolation was conducted to construct measures in 2011-2014. A total of 44 measures
were included. Green space was measured using the Normalized Difference Vegetation
Index (NDVI) from the NASA’s TERRA/MODIS, which has been shown to be effective in
measuring neighborhood greenness for epidemiological studies (Rhew et al. 2011). The data
have a 16-day temporal resolution and a 250-meter spatial resolution. Walkability
information were obtained from the Walk Score API, which measures walkability on a scale
from 0-100 based on walking routes to destinations including grocery stores, schools, parks,
restaurants, and retail stores (Brewster et al. 2009). The data are available with a 0.0015
decimal degrees spatial resolution.

Social environment—Sociodemographic status and housing measures were generated
using data from the American Community Survey (ACS) 5-year estimates at the 2010
census block group level. Since block group level estimates were only available from the 5-
year estimates data, we used the middle-year of the 5-year period as the index year in the
linkage. A total of 3,459 variables that are available during 2008-2012 and 2012-2016 ACS
were obtained using the “totalcensus” package in R, and we included 3,242 variables with
nonmissing values. All the included variables were count variables which we used to
calculate proportions. A total of 5,650 proportion variables were generated. We assigned 0 to
proportions where the denominator is 0. We excluded 24 measures with only 1 unique value.
Pairwise Pearson correlations were computed, and we further excluded 696 measures with
absolute correlations>0.99 with another measure. A total of 4,930 measures were included.
Deprivation indices such as the neighborhood deprivation index (Messer et al. 2006) and the
area deprivation index (University of Wisconsin School of Medicine and Public Health
2015) were not included since we aimed to examine the association between each social
environmental factor and HDP. Address vacancy measures at the 2010 census-tract level in
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2010-2014 were obtained from the US Department of Housing and Urban Development
(HUD) aggregated USPS administrative data. A total of 122 measures were included. In
addition, ten social capital measures were constructed using the Census Business Pattern
data based on the North American Industry Classification System (NACIS) codes
(Rupasingha et al. 2006) at the 2010 census 5-digit ZIP code tabulation area (ZCTAb5) level.
Furthermore, seven county-level annual crime measures (i.e. forcible sex offenses, murder,
robbery, aggravated assault, burglary, larceny, and motor vehicle theft rate) were obtained
from the Uniform Crime Reporting Program in 2010-2014 (Barnett-Ryan 2007).

Women’s age at delivery was categorized into six groups, with 5-year increments for women
aged 20-40 years old and two additional groups for <20 and =40 years old. Race/ethnicity
was categorized as non-Hispanic White, non-Hispanic Black, Mexican American, Puerto
Rican, Cuban American, Haitian American, and others. In addition, education (<high school,
high school or equivalent, some college, college graduate, or >college), marital status (not
currently married or currently married), and status of the Special Supplemental Nutrition
Program for Women, Infants, and Children (WIC, which is a program for low-income
families in the US) were also obtained. Pregnancy smoking status was categorized into two
levels: non-smokers or smokers. Pre-pregnancy body mass index (BMI) was categorized into
four levels: underweight (<18.5), normal (18.5-24.9), overweight (25.0-29.9), and obese
(=30.0). Parity (nulliparous or parous), season [warm (June-November) or cool (December-
May)] and year (2010, 2011, 2012, or 2013) of conception were also included.

Statistical analysis

Normalization transformations of all continuous environment variables were performed
using the bestNormalize package in R (Peterson 2018), which implements several
transformation methods including the log, square root, exponential, arcsinh, Box Cox, and
Yeo-Johnson transformations. The best transformation was determined based on the Pearson
P statistics. Supplemental Tables 1 and 2 shows the chosen transformations and parameters
for all the environment variables. All continuous variables were also z-score standardized
(mean=0 and standard deviation=1). Pairwise Pearson correlation coefficients were
calculated. For every pair of perfectly correlated variables (absolute value of correlation
coefficients >0.99), we excluded one of the variables. A total of 443 variables were
excluded, and 5,784 variables were included in the external EXWAS. Supplemental Table 3
shows the excluded variables and corresponding included variables.

Missing data for all external exposome factors and covariates were imputed using the
chained equations method by the mice package in R. We did not impute HDP since previous
study showed that there is no gain in power from imputing the outcome variable (White et
al. 2011). A variables was considered as a predictor in the imputation model if its proportion
of nonmissing values among women with missing values in the variable to be imputed was
larger than 40% and they were correlated (i.e. with the absolute correlation value>0.4) with
the variable to be imputed or the probability of the variable being missing. HDP was forced
in as a predictor in the imputation model, and we allowed the number of predictors in the
imputation model to be 25 at maximum (Van Buuren 2018). We imputed a single dataset
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given the minimal impacts of the imputation procedure due to the large sample size and
small fractions of missing data.

The analyses procedure in this external EXWAS was designed based on the results from a
simulation study by Agier et al. (2016) which compared the performance of several
statistical methods in assessing exposome-health associations, including the EWAS approach
(Patel et al. 2010), EWAS followed by a multivariable regression step including the
identified hits (EWAS-MLR) (Patel et al. 2013), elastic net (Zou and Hastie 2005), sparse
partial least squares (SPLS) regression (Chun and Keles 2010), the Graphical Unit
Evolutionary Stochastic Search (GUESS) algorithm (Bottolo et al. 2013), and the deletion/
substitution/addition (DSA) sequential algorithm (Sinisi and Van Der Laan 2004). While
GUESS and DSA provided marginally better balance between sensitivity and false discovery
proportions (FDP), they are more compute-intensive and are not feasible to be applied in the
current study with a total of 5,784 exposome factors among 819,399 women (Agier et al.
2016). Instead, a three-phase procedure was used to maximize the strengths of the EWAS,
elastic net, and EWAS-MLR approaches. We randomly split the data into discovery (50%)
and replication (50%) sets and conducted the same analyses in Phases 1 to 3 separately in
the two sets. In Phase 1, we used the EWAS method because it has been shown to have the
highest sensitivity among all the methods compared (Agier et al. 2016; Shoff 2012).
Specifically, we considered all the 5,784 environment variables for associations with HDP
after accounting for multiple comparisons. Logistic regression models were fitted for each
environment measure after adjusting for all the covariates. To account for the multiple
testing, we set the significance threshold as 0.86 x 10~/ using Bonferroni adjustment (Dunn
1961). To account for the high FDP of the EWAS method (Agier et al. 2016), in Phase 2,
elastic net model was used for variable selections among significant variables from Phase 1.
All covariates included in Phase 1 were also included in the elastic net model. Elastic net
model has been shown to have substantially low FDP compared with the EWAS method
(Agier et al. 2016). Hyper-parameters of the elastic net model were tuned based on 5-fold
cross-validated AUC. In Phase 3, we used the EWAS-MLR approach to estimate the effect
sizes by fitting a multivariable logistic regression model including all selected variables from
Phase 2 as well as all the covariates. Previous simulation study has shown that the EWAS-
MLR approach performs well in estimating the true predictor coefficient values (Agier et al.
2016). Odds ratios (ORs) and 95% confidence intervals (95% CIs) were reported. Variables
remained significant in Phase 3 from both the discovery and replication sets are considered
as validated. We further generated a correlation heatmap showing the pairwise Pearson
correlations of the validated variables. Figure 1 shows the flow chart summarizing the
external EXWAS methods employed in this study. To examine the robustness of the results,
sensitivity analyses were conducted by additionally adjusting for insurance (i.e. Medicaid,
private, or self-pay) and prenatal care within the first 2 trimesters (i.e. yes or no) in all
models. All analyses were performed using R statistical software (version 3.6; R
Development Core Team).

Of the 819,399 women included in this study, 42,746 (5.2%) had HDP identified in the birth
record. Table 2 shows the distribution of women’s characteristics by HDP status. Women
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with HDP were older and more likely to be non-Hispanic Black, unmarried, WIC recipient,
parous, and have higher BMI, confirming known predictors.

Figure 2 shows the volcano plot summarizing results from Phase 1. After accounting for
multiple comparisons using the Bonferroni adjustment, a total of 528 and 490 variables were
significantly associated with HDP in the discovery and replication sets, respectively. Among
them, 374 variables were significant in both the discovery and replication sets. Supplemental
Tables 1 and 2 shows the ORs, 95% Cls, and p-values for each of the 5,784 environment
variables from Phase 1.

Among the 528 and 490 significant variables in Phase 1, a total of 232 and 224 were further
identified by the elastic net model in Phase 2 from the discovery and replication sets,
respectively. Supplemental Tables 4 and 5 show the estimated coefficients from the elastic
net model.

In Phase 3, all variables identified in Phase 2 were simultaneously included in a
multivariable logistic regression model after adjusting for the covariates, and 67 and 48
variables remained statistically significant in the discovery and replication sets, respectively
(Supplemental Tables 4 and 5). A total of 12 variables were significant in both the discovery
and replication sets and were considered as validated.

Figure 3 shows the pairwise correlations of the 12 validated variables. The strongest
correlation was observed between omega at 125mb pressure level during the first two
trimesters and omega at 100mb pressure level during the second trimester, with a Pearson
correlation coefficient of 0.67. All other correlation coefficients have absolute values below
0.5.

Table 3 shows the adjusted ORs and 95% Cls (for each standard deviation increase) for these
variables. Six of the 12 variables were air toxicants, including exposure to 2,2,4-
trimethylpentane (ORpjscovery: 1.15, 95% CI: 1.08, 1.23), acrolein (ORpjscovery: 1.09, 95%
Cl: 1.05, 1.13), 1,1,1-tricholorethane (ORpjscovery: 1.06, 95% CI: 1.01, 1.11), maleic
anhydride (ORpiscovery: 1.04, 95% CI: 1.01, 1.06), propylene oxide (ORpjscovery: 1.02, 95%
Cl: 1.01, 1.04), and methyl tert-butyl ether (ORpjscovery: 0-90, 95% CI: 0.85, 0.94) during
the first two trimesters. Two were crime and safety measures, including burglary rate
(ORpiscovery: 1.07, 95% CI: 1.05, 1.09) and forcible sex offense rate (ORpjscovery: 1.03, 95%
Cl: 1.01, 1.06) during the first two trimesters. Two were sociodemographic variables,
including proportion of individuals living in a census defined place (i.e. a concentration of
population which has a name such as a city, town, or village) among workers 16 years and
over (ORpiscovery: 1.05, 95% CI: 1.01, 1.10), and proportion of individuals who speak
English very well among those aged 18-64 years who speak Spanish (ORpjscovery: 0.98,
95% CI: 0.96, 0.99) during the first two trimesters. The other two were meteorology
variables, including omega at 125mb pressure level during the first two trimesters
(ORDpiscovery: 1.13, 95% CI: 1.04, 1.23) and omega at 100mb pressure level during the
second trimester (ORpjscovery: 0.91, 95% CI: 0.87, 0.96).

Consistent results were observed in the sensitivity analyses which additionally adjusted for
insurance and prenatal care in all models. Supplemental Table 6 shows the number of
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variables retained in each phase. The same 12 validated variables were found in the
sensitivity analyses. Supplemental Table 7 shows the ORs and 95% Cls of the 12 validated
variables in Phase 3 from the original analyses and the sensitivity analyses.

Discussion

To our knowledge, this is the largest external EXWAS that has been conducted to date with
numerous factors in the natural, built, and social environment included. This is also the first
study to agnostically and comprehensively assess and identify external exposome factors
associated with HDP. We assessed the association of 5,784 external exposome variables with
HDP using a multi-phase procedure. After accounting for multiple testing and high
correlations among the exposures, 12 variables characterizing the natural (i.e., air toxicants
and meteorology)and social environment (i.e., sociodemographic status and housing, and
crime and safety) were identified to be significantly associated with HDP.

Previous studies have found that exposure to air pollution during pregnancy may be
associated with HDP (Hu et al. 2014). However, most studies focused on criteria pollutants,
and little is known on other air toxicants. We identified 6 novel air toxicants that were
associated with HDP. Five of them were positively associated with HDP, which were mainly
presented in gasoline (i.e. 2,2,4-trimethylpentane and acrolein), used as solvent to dissolve
other substances (i.e. 1,1,1-trichloroethane), or for the production of polymers (i.e. maleic
anhydride and propylene oxide) (National Toxicology Program 2019). While the biological
mechanisms underlying these associations are largely unknown, they may share the same
potential pathways for other air pollutants such as PM; 5 (Hu et al. 2020), including
inflammation, oxidative stress, endothelial dysfunction, and DNA methylation (Abraham et
al. 2018). One air toxicant that was negatively associated with HDP, methyl tert-butyl ether,
was also present in tobacco(National Toxicology Program 2019), suggesting that it may
share some common mechanisms underlying the reduced risk of HDP observed among
women with tobacco use during pregnancy (Wikstrém et al. 2010).

Meteorology has been linked to the risk of HDP (Beltran et al. 2014; Tran et al. 2015).
However, previous studies predominantly focused on temperature, humidity, and
precipitation (Beltran et al. 2014), and scarce evidence is available for other meteorological
factors. In this external EXWAS, in addition to these widely studied factors, we examined
many other meteorological factors. We found that vertical velocity measured by the omega
equation was associated with HDP. Most high impact weather occurs when vertical velocity
increases (Dostalek et al. 2017). The observed positive association between vertical velocity
during the first two trimesters and HDP is consistent with previous studies. Yackerson et al.
(2007) found that number of days with strong wind is associated with preeclampsia, and
Haelterman et al. (2007) found that exposure to extreme weather in the first 20 weeks of
pregnancy is associated with increased risk of HDP. We also observed a negative association
between vertical velocity during the second trimester and HDP in the multivariable models,
suggesting that early pregnancy might be a critical window of exposure to extreme weather.
Previous studies showed mixed findings on the association between temperature, humidity,
and precipitation (Beltran et al. 2014). In this external EXWAS, precipitation is not
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significantly associated with HDP, and temperature and humidity are only significantly
associated with HDP in Phase 1.

Built environment and HDP have also been examined in previous studies. Pregnancy
exposure to an environment with better food quality and quantity (Morales et al. 2016),
sidewalks/trails (Messer et al. 2012), and parks/recreational services (Grazuleviciene et al.
2014) has been associated with reduced risks of HDP, while no association was found
between green space and HDP (Laurent et al. 2013; Young et al. 2016). In this external
ExXWAS, we found that social capital, food access, walkability, and green space were
significantly associated with HDP in only the discovery set or the replication set, and no
significant associations were found in both the discovery and replication sets.

Living in a neighborhood with disadvantaged social environment has been associated with
hypertension and cardiovascular diseases in the general population (Agyemang et al. 2007;
Cozier et al. 2007; Cubbin et al. 2000; Cubbin et al. 2006; Morenoff et al. 2007; Mujahid et
al. 2008; Roux et al. 2001). However, only a few studies have investigated the relationship
between social environment and HDP and conflicting results have been observed
(Agyemang et al. 2009; Clausen et al. 2006; Gudmundsson et al. 1997; Messer et al. 2012;
Vinikoor-Imler et al. 2012). In this external EXWAS, we found that urbanization and
acculturation are associated with HDP. The observed positive association between
proportion of individuals living in a census defined place (i.e. a concentration of population
which has a name such as a city, town, or village) among workers 16 years and over and risk
of HDP is consistent with the elevated risk of HDP observed in urban areas (Callaway et al.
2006; van Middendorp et al. 2013). In addition, women living in neighborhoods with higher
proportion of individual who speak English well among those who speak Spanish had lower
risk of HDP. Furthermore, burglary and forcible sex offenses rates were associated with
increased risk of HDP, which is consistent with a previous study in Chicago (Mayne et al.
2018).

Similar to GWAS, many of the statistically significant associations observed in this external
EXWAS have small effect sizes. There are two main contributors to the small effect sizes in
the context of EXWAS: 1) the potential exposure misclassifications, which may bias the
estimates toward the null, and 2) the high correlations among the exposures, which lead to
attenuated effect sizes in multivariate models. Such small effect sizes are well below the
usual levels that are informative for etiologic studies. However, it is possible that some
exposures may share common or similar etiologic mechanisms. Populations are usually
exposed to a mixture of these exposures, and the additive contributions from exposures with
small effect sizes may be large.

Our study has several strengths. By using the agnostic EXWAS approach, we included a
variety of external exposome measures, which addressed limitations of previous studies that
assessed only a small fraction of these factors separately. To the best of our knowledge, only
three external EXWAS have been conducted (Lynch et al. 2017; Mooney et al. 2017,
Nieuwenhuijsen et al. 2019). Two of them used cross-sectional designs focusing on prostate
cancer and physical activity (Lynch et al. 2017; Mooney et al. 2017), and only
Nieuwenhuijsen et al. (2019) considered temporal information when assessing external
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exposome factors associated with birth weight. In addition, none of these studies
simultaneously considered natural, built, and social environment. In this external EXWAS,
we were able to spatiotemporally link data characterizing natural, built, and social
environment to each woman to account for the temporal dynamic nature of environment
exposures. Furthermore, by using the Florida Vital Statistics Birth Records, we were able to
obtain an extremely large sample size with minimal selection bias and multiple individual-
level confounders adjusted. Finally, the findings from this study also suggest that
environmental factors have the potential to be used to identify women at high risk of HDP,
which can guide targeted early pregnancy interventions such as administrations of aspirin
(Rolnik et al. 2017).

Several limitations also need to be noted. The accuracy and detail on HDP based on the birth
certificate alone is known to be subject to misclassification and precludes examination of the
subsets of hypertensive disorders that may have differing etiologies (Lydon-Rochelle et al.
2005; Milic et al. 2018; Stuart 2018). Previous studies showed that HDP determined by the
birth certificate has very high specificity (>0.99) (Dietz et al. 2015; DiGiuseppe et al. 2002;
Lydon-Rochelle et al. 2005), suggesting that the misclassification may not cause substantial
bias in estimating the associations (Rothman et al. 2008). We treated HDP as an aggregate
outcome. However, it is recognized that HDP with different subtype, onset, and severity
have distinct pathogenic mechanisms as well as maternal and fetal complications (Valensise
et al. 2008). Therefore, although they may share many risk and protective factors in
common, specific risk and protective factors may exist. Studies in the future are warranted to
consider the subtype, onset, and severity of HDP. We did not consider nonlinear association
and potential interactions, lacked information on daily mobility and residential history
during pregnancy, and many of the exposures considered are subject to potential
measurement error. In addition, although many environment factors have been included to
characterize the external exposome, this list is not exhaustive, and continuing efforts are
needed to further improve measurement of the external exposome. Furthermore, only
internal validation was performed.

Conclusion

This external EXWAS provides new insights into the role of the external exposome in HDP
and has implications for precision health studies by incorporating information beyond
omics. We confirmed some of the previously reported associations (i.e. crime rate, and
urbanization), and identified novel factors associated with HDP, including vertical velocity
(assessed by the omega equation), neighborhood acculturation, and air toxicants such as
2,2,4-trimethylpentane, acrolein, 1,1,1-trichloroethane, maleic anhydride, propylene oxide,
and methy!| tert-butyl ether, and meteorological factor. Future studies are also warranted to
confirm the novel associations identified by this study with improved measurements and to
better understand the mechanisms underlying these associations.
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Table 2.

Women’s characteristics by HDP status among women with conception date during 2010-2013 in Florida,
USA [n(%)].

Maternal characteristics HDP No HDP Total
42,746 (5.2) 776,653 (94.8) 819,399 (100.0)

Age (years)
<20  3328(5.6) 56,500 (94.4) 59,828 (7.3)
20-24 9,796 (5.0) 186,213 (95.0) 196,009 (23.9)
25-29 11,901 (5.1) 223,468 (94.9) 235369 (28.7)
30-34 10,256 (5.0) 193,451 (95.0) 203,707 (24.9)
35-39 5641 (5.7) 93,702 (94.3) 99,343 (12.1)
>40  1,824(7.3) 23,308 (92.7) 25,132 (3.1)
Missing 0(0.0) 11 (100.0) 11 (0.0)
Race/ethnicity
Non-Hispanic White 19,782 (5.3) 353,486 (94.7) 373,268 (45.6)
Non-Hispanic Black ~ 10,248 (6.8) 140,833 (93.2) 151,081 (18.4)
Mexican 1,774 (3.7) 46,344 (96.3) 48,118 (5.9)
Puerto Rican 1,998 (4.4) 43,653 (95.6) 45,651 (5.6)
Cuban 2,267 (4.8) 44,624 (95.2) 46,891 (5.7)
Haitian 1,947 (6.2) 29,461 (93.8) 31,408 (3.8)
Others 4,730 (3.8) 118,251 (96.2) 122,981 (15.0)
Missing 0(0.0) 1 (100.0) 1(0.0)
Education
<High school 5,665 (4.7) 115,720 (95.3) 121,385 (14.8)
High school or equivalent 13,372 (5.3) 240,268 (94.7) 253,640 (31.0)
Somecollege 9,210 (5.8) 148,858 (94.2) 158,068 (19.3)
College graduate 11,212 (5.2) 205,648 (94.8) 216,860 (26.5)
>College 3,049 (4.7) 61,845 (95.3) 64,894 (7.9)
Missing 238 (5.2) 4,314 (94.8) 4,552 (0.6)
Marital Status
Not currently married 21,090 (5.4) 368,475 (94.6) 389,565 (47.5)
Currently married 21,653 (5.0) 408,137 (95.0) 429,790 (52.5)
Missing 3(6.8) 41(93.2) 44 (0.0)
WIC
No 19,404 (5.1) 360,971 (94.9) 380,375 (46.4)
Yes 23,103 (5.3) 410,954 (94.7) 434,057 (53.0)
Missing 239 (4.8) 4,728 (95.2) 4,967 (0.6)
Smoking during pregnancy
No 40,474 (53) 726,332(94.7) 766,806 (93.6)
Yes  2,195(4.3) 48,820 (95.7) 51,015 (6.2)
Missing 77 (4.9) 1,501 (95.1) 1,578 (0.2)
Pre-pregnancy BMI (kg/m?)
Underweight (<18.5) 932(2.6) 35599 (97.4) 36,531 (4.5)
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Maternal characteristics HDP No HDP Total
42,746 (5.2) 776,653 (94.8) 819,399 (100.0)
Normal (18.5-24.9) 12,450 (3.3) 360,687 (96.7) 373,137 (45.5)
Overweight (25.0-29.9) 10,982 (5.6) 185,610 (94.4) 196,592 (24.0)
Obese (230.0) 15,473 (9.3) 151,636 (90.7) 167,109 (20.4)
Missing 2,909 (6.3) 43,121 (93.7) 46,030 (5.6)
Parity
Nulliparous 30,664 (5.1) 573,730 (94.9) 604,394 (73.8)
Parous 11,932 (5.6) 199,447 (94.4) 211,379 (25.8)
Missing 150 (4.1) 3,476 (95.9) 3,626 (0.4)
Season of conception
Warm (June-November) 21070 (5.3) 379,545 (94.7) 400,615 (48.9)
Cool (December-May) 21,676 (5.2) 397,108 (94.8) 418,784 (51.1)
Year of conception
2010 10,386 (5.1) 194,205(94.9) 204,591 (25.0)
2011 10,648 (5.3) 192,038 (94.7) 202,686 (24.7)
2012 11,073 (5.4) 192,759 (94.6) 203,832 (24.9)
2013 10,639 (5.1) 197,651(94.9) 208,290 (25.4)

Page 21

Abbreviations: BMI, body mass index; HDP, hypertensive disorders of pregnancy; WIC, the Special Supplemental Nutrition Program for Women,

Infants and Children.
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