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Hypertensive disorders of pregnancy (HDP) is a common pregnancy 

complication which has been linked to adverse health outcomes in both mothers and 

infants. In the US, African Americans have a disproportionately high incidence of HDP, 

and an increasing trend in racial disparities related to it has been observed in recent 

years. Although a few risk factors have been identified, the biological mechanisms 

underlying HDP are largely unknown. More importantly, these known risk factors cannot 

explain the increasingly large racial disparities. To address these knowledge gaps, a 

population-based retrospective study was done using the Florida Vital Statistics Birth 

Record dataset to further examine the relationship between neighborhood environment 

and HDP and how neighborhood environment contributes to racial disparities in HDP. 

Firstly, the association between pregnancy, ozone (O3) and HDP was examined. 

Increased odds of HDP were observed with higher O3 exposure during the first two 

trimesters after adjusting for confounders. In the distributed lag models, elevated odds 

of HDP were observed with increased exposure to O3 during the 1st to 24th weeks of 

pregnancy, with higher odds observed during earlier pregnancy. 
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Secondly, the association between neighborhood socioeconomic status (SES) 

and HDP was assessed. Compared with women living in neighborhoods with higher 

SES, those living in neighborhoods with lower SES had significantly higher odds of 

HDP. In addition, living in neighborhoods with a lower percentage of residents at the 

same address as the previous year, a lower proportion of females working in 

professional occupations, lower median household values, and higher percentage of 

non-Hispanic Blacks were associated with increased odds of HDP. 

Finally, mediation analyses were done to examine how racial disparities in HDP 

are mediated by neighborhood environmental factors. Compared with women of other 

race/ethnicities, African American women had significantly higher odds of HDP; 35% of 

the racial disparities in HDP could be explained by neighborhood environmental factors 

including O3 exposure during the first two trimesters, neighborhood SES, urbanity, and 

racial residential segregation. 
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CHAPTER 1 
BACKGROUND 

Public Health Significance of Hypertensive Disorders of Pregnancy 

Hypertensive disorders of pregnancy (HDP) are the most common medical 

problems encountered during pregnancy, seen among up to 10% of all pregnancies 

(Duley 2009). The National High Blood Pressure Education Program Working Group on 

High Blood Pressure in Pregnancy classified HDP into four categories: chronic 

hypertension, preeclampsia-eclampsia, preeclampsia superimposed on chronic 

hypertension, and gestational hypertension (National High Blood Pressure Education 

Program 2000). These medical problems are characterized by high blood pressure, 

usually after 20 weeks of gestation because blood volume change during pregnancy 

leads to higher stress on the cardiovascular system (Yoder et al. 2009). Chronic 

hypertension is high blood pressure occurring either before pregnancy or diagnosed 

within the first 20 weeks of gestation, defined as systolic blood pressure higher than 140 

mm Hg or diastolic blood pressure higher than 90 mm Hg on 2 occasions more than 24 

hours apart (Mammaro et al. 2009). Gestational hypertension, also known as 

pregnancy-induced hypertension, is the development of hypertension after 20 weeks of 

pregnancy. Preeclampsia is characterized by the new onset of hypertension and 

proteinuria after 20 weeks of gestation, and eclampsia is characterized by the onset of 

convulsions (Mammaro et al. 2009).  

HDP is an important risk factor for increased neonatal and maternal morbidity 

and mortality (Duley 2009; Lo et al. 2013). Among mothers, HDP is associated with 

pitting edema, endothelial abnormalities, liver and renal dysfunction, and increased risk 

of cardiovascular disease, stroke and Type II diabetes later in life (Bauer and Cleary 
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2009; Bellamy et al. 2007; Duley 2009; Wang et al. 2012). Among infants, maternal 

HDP is associated with higher risks of small for gestational age, preterm delivery, low 

birthweight, and hospitalization for a wide range of neonatal diseases (Allen et al. 2004; 

Wu et al. 2009). In the United States, preeclampsia alone contributes to about 25% of 

all medically indicated preterm deliveries (Ananth and Vintzileos 2006; Goldenberg et al. 

2008).  

Theoretical Framework 

The Socio-Ecological Model (SEM) by Bronfenbrenner (2009) can be applied to 

the investigation of the risk of HDP. The SEM suggests that health outcomes can be 

influenced by numerous individual and environmental factors. Using SEM as the 

theoretical framework, risk factors of HDP can be categorized into two groups as shown 

in Figure 1-1: individual risk factors and environmental risk factors. Risk factors at the 

individual level include genetics and innate characteristics that are not part of the 

exogenous environment, while risk factors that are external to an individual are 

regarded as environmental risk factors. There are four subcategories underlying the 

environmental risk factors, including the biological environment (i.e. living organisms), 

the physical environment (i.e. physical attributes of the environment), the social 

environment (i.e. socioeconomic context), and the chemical environment (i.e. chemical 

substances).   

Compared with risk factors at the individual level, environmental risk factors are 

more amendable since interventions at both the individual level and the environmental 

level can be designed to improve health outcomes. In this dissertation, we assessed the 

association between neighborhood environment and HDP after controlling for individual 
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risk factors. Specifically, we focused on the social and chemical environment due to a 

lack of evidence linking risk factors at physical or biological environmental level to HDP.  

Risk Factors of Hypertensive Disorders Pregnancy 

Despite serious consequences, the biological mechanisms underlying HDP are 

largely unknown. Known risk factors for HDP include maternal factors such as new 

paternity, obesity, age 35 years or more, adolescent pregnancy, insulin resistance, pre-

pregnancy hypertension or diabetes mellitus, pregnancy-related factors such as multiple 

gestation, placental abnormalities, weight gain, and gestational diabetes mellitus 

(GDM), family history of pre-eclampsia as well as African American race (Wolf et al. 

2004). To reduce the continuously increasing incidence of HDP since the 1990s in the 

US (Wallis et al. 2008), more modifiable risk factors for HDP need to be identified. 

The associations between neighborhood environment and adverse birth 

outcomes have been widely reported. Previous studies have consistently observed the 

association between air pollution exposure during pregnancy and adverse birth 

outcomes such as preterm delivery, low birthweight, small-for-gestational age, and birth 

defects (Hansen et al. 2009; Ritz et al. 2002; Šram et al. 2005). Since it is biologically 

plausible that the underlying pathways linking air pollution to these adverse birth 

outcomes may be similar to the potential mechanisms between air pollution and 

pregnancy complications, recent studies started to focus on pregnancy complications 

and found pregnancy air pollution exposure to be associated with higher risk of HDP 

and GDM (Hu et al. 2014; Hu et al. 2015; Malmqvist et al. 2013). In addition to the 

physical environment, other environmental factors have also been linked to adverse 

outcomes in pregnancy. In the US, women living in neighborhoods with low 

socioeconomic status have higher risk of preterm birth (Holzman et al. 2009; Messer et 



 

17 

al. 2008; O'Campo et al. 2008), low birthweight (Nkansah-Amankra et al. 2010; 

Schempf et al. 2009), small-for-gestational age (Elo et al. 2009; Farley et al. 2006), and 

neural tube defects (Grewal et al. 2009; Wasserman et al. 1998). Consistent findings 

were reported in other areas of the world (Agyemang et al. 2009; Gray et al. 2008; 

Gudmundsson et al. 1997; Janghorbani et al. 2006; Vrijheid et al. 2000). However, only 

a few studies have examined the effects of neighborhood social environment on HDP 

(Agyemang et al. 2009; Clausen et al. 2006; Gudmundsson et al. 1997; Messer et al. 

2012; Vinikoor‐Imler et al. 2012), and inconsistent findings were reported. Furthermore, 

racial disparities in HDP exist in the US (Tanaka et al. 2007) with racial residential 

segregation regarded as the fundamental cause of racial disparities in health (Williams 

and Collins 2001). While the association between racial residential segregation and 

adverse birth outcomes has  been extensively reported (Anthopolos et al. 2014; Mason 

et al. 2009; Messer et al. 2010; Walton 2009), little is known about its effects on HDP.  

Air Pollution and Hypertensive Disorders of Pregnancy 

The adverse health effects of ambient air pollution on mortality and morbidity 

have been extensively studied in both adults and children across different geographic 

areas of the world (Barnett et al. 2006; Bell et al. 2004; Dominici et al. 2003; Gold et al. 

1999; Hung et al. 2012; Jerrett et al. 2005; Lai et al. 2013; Middleton et al. 2008; Pope 

et al. 1991; Pope and Kanner 1993; Pope 1999; Raaschou-Nielsen et al. 2013; Samoli 

et al. 2007; Wietlisbach et al. 1996). Considerable consistency across studies has been 

observed for many health endpoints including total mortality, cardiopulmonary mortality 

and morbidity. More importantly, ambient air pollution has also been linked to 

hypertension (Coogan et al. 2012; Dong et al. 2013; Foraster et al. 2014). Compared 

with men, studies around the world have suggested that women may be more 



 

18 

susceptible to the negative effects of air pollution (Bell et al. 2014; Park and Wang 

2014). Recent studies have also consistently linked air pollution exposure to adverse 

birth outcomes including intrauterine growth restriction, low birth weight, premature 

delivery and birth defects (Ha et al. 2014; Lai et al. 2013; Smarr et al. 2013; Vinikoor-

Imler et al. 2014; Vrijheid et al. 2011). Given the potential shared biological mechanisms 

underlying these birth outcomes and pregnancy complications, there are recent 

concerns that air pollution may also play a role in the development of adverse 

pregnancy complications such as GDM and HDP (Hu et al. 2014; Hu et al. 2015; 

Malmqvist et al. 2013).   

The biological mechanism underlying air pollution and HDP is largely unknown. 

However, several potential pathways have been suggested by previous studies. 

Evidence from animal and toxicological experiments showed that physiologic responses 

to environmental factors are associated with hypertension. Inhalation of air pollutants 

such as PM2.5 has been found to increase oxidative stress, lipid peroxidation and 

inflammation level among pregnant women as well as the general population (Ghio et 

al. 2012; Lee et al. 2011; Nagiah et al. 2015; Slama et al. 2008). These inflammatory 

responses have been known to increase the risk of hypertension (Rodrigo et al. 2011), 

and they may also lead to endothelial dysfunction, autonomic imbalance, and altered 

blood rheology (Bind et al. 2012; Brook et al. 2004; Huang et al. 2012; Nodari et al. 

2006), all of which can increase the risk of hypertension.  

Recent meta-analyses of existing studies on air pollution and HDP suggested an 

overall positive association (Hu et al. 2014; Pedersen et al. 2014). However, results are 

still inconsistent among individual studies. Due to significant heterogeneities among 
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existing studies on the effect of air pollution on pregnancy complications, more studies 

need to be conducted to better investigate this relationship. Several important limitations 

existed in previous studies. First, exposure assessment in about half of previous studies 

relied on sparsely located stationary air monitors. The poor spatial resolution of this 

method is unable to adequately capture the spatial contrasts in air pollution levels and 

participants living far away from these monitors are always excluded from the analyses, 

which increases the exposure misclassification and may also introduce selection bias. 

Some other studies used traffic density and distance from major roads as a proxy for 

exposure to pollution, which may introduce substantial exposure misclassifications (van 

den Hooven et al. 2009). Secondly, susceptible exposure windows have not been 

established for HDP. Identifying critical exposure windows will not only improve our 

understandings of the underlying biological mechanisms between air pollution and HDP, 

but also help policy makers to design and implement more targeted and efficient 

preventive strategies.  

Neighborhood Socioeconomic Status and Hypertensive Disorders of Pregnancy 

Socioeconomic status has been recognized as an important determinant of 

health for many decades (Marmot 2005). Previous studies showed that living in a 

disadvantaged neighborhood has been associated with health behaviors such as 

perinatal substance use and gambling (Finch et al. 1999; Welte et al. 2004), health 

intermediates such as partner violence and pediatric injury (Cunradi et al. 2000; 

Shenassa et al. 2004), and health outcomes including hypertension and cardiovascular 

disease (Cozier et al. 2007; Cubbin et al. 2000; Cubbin et al. 2006; Morenoff et al. 2007; 

Mujahid et al. 2008; Roux et al. 2001), cancer incidence (Yost et al. 2001), and excess 

mortality (Doubeni et al. 2012; Jaffe et al. 2005). Perinatal health research increasingly 
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reported the association between living in deprived neighborhood environments and 

adverse birth outcomes such as preterm birth, low birthweight, small-for-gestational 

age, and birth defects (Agyemang et al. 2009; Elo et al. 2009; Farley et al. 2006; Gray 

et al. 2008; Grewal et al. 2009; Gudmundsson et al. 1997; Holzman et al. 2009; 

Janghorbani et al. 2006; Messer et al. 2008; Nkansah-Amankra et al. 2010; O'Campo et 

al. 2008; Schempf et al. 2009; Vrijheid et al. 2000; Wasserman et al. 1998). A recent 

meta-analysis on seven studies including 2,579,032 pregnancies found that compared 

with women living in neighborhoods with the least deprived quintile, those living in the 

most deprived neighborhood quintile have significantly higher incidence of preterm birth, 

small-for-gestational age, and stillbirth (Vos et al. 2014). 

While the associations between neighborhood SES and adverse birth outcomes 

as well as hypertension in the general population have been well established, only a few 

studies have investigated the relationship between neighborhood deprivation and HDP 

(Agyemang et al. 2009; Clausen et al. 2006; Gudmundsson et al. 1997; Messer et al. 

2012; Vinikoor‐Imler et al. 2012), and inconsistent results were found. Vinikoor-Imler et 

al. observed a positive association between neighborhood deprivation and HDP in the 

US (Vinikoor‐Imler et al. 2012), and another study in Norway found that low-income 

areas had higher rates of preeclampsia (Clausen et al. 2006). However, a Sweden 

study observed higher rates of preeclampsia in areas with higher incomes 

(Gudmundsson et al. 1997), and another study in Netherlands reported no association 

between HDP and neighborhood median income as well as unemployment (Agyemang 

et al. 2009). More studies are needed to further investigate the association between 

neighborhood SES and HDP. 
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These inconsistent findings may be caused by the social differences among 

different countries studied across the world as well as the different categories of 

neighborhood characteristics examined in these studies. Neighborhood SES is 

multifaceted, and multiple categories need to be considered to assess it 

comprehensively. Rajaratnam et al. identified 12 categories of neighborhood 

characteristics that have been routinely examined in perinatal health studies 

(Rajaratnam et al. 2006), such as income, employment, family structure, population 

composition, housing, mobility, education, occupation, and social resources. Several 

composite indexes have been developed to capture the multifaceted characteristics of 

neighborhood SES, including the Townsend Deprivation Index (Townsend et al. 1988), 

the Jarman score (Jarman 1983), the Index of Multiple Deprivation (Noble et al. 2004), 

the Carstairs-Morris score (Carstairs and Morris 1990), and the standardized 

Neighborhood Deprivation Index (NDI) (Messer et al. 2006). The standardized NDI 

developed by Messer et al. is widely used in the US, especially in perinatal health 

studies (Messer et al. 2006). This index uses the US Census data and covers five 

domains including income/poverty, education, employment, housing, and occupation. 

Although the use of data reduction techniques to generate these composite indexes 

provides a comprehensive assessment of neighborhood SES, the results from these 

studies are hard to be interpreted to guide interventions because no individual 

neighborhood characteristics predictive of the outcome can be identified. Studies using 

variable selection methods are needed to better identify the individual neighborhood 

SES characteristics associated with HDP.  
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Racial Disparities in Hypertensive Disorders of Pregnancy 

The burden of HDP falls disproportionately on African Americans (Tanaka et al. 

2007). A 10-year longitudinal study in New York State reported that 8.5% of African 

American women had HDP during pregnancy, compared with only 5.5% and 6.2% in 

White and Hispanic women, respectively (Tanaka et al. 2007). More importantly, the 

study found an increasing trend of racial disparities in HDP that cannot be explained by 

known risk factors such as new paternity, multiple gestation, and extreme reproductive 

age. The State of Florida also witnessed increasingly large racial disparities in HDP. 

Data from the Florida Vital Statistics Birth Records show that the racial disparities in 

HDP have been two times larger in 2012 compared with 2004. In 2004, 5.57% and 

5.00% African American and White women had HDP during pregnancy, respectively, 

while in 2012, 7.21% and 5.54% African American and White women had HDP, 

respectively. Given the increasingly large racial disparities in HDP, it is urgent and 

necessary to investigate the underlying factors associated with this trend which could 

help public health agencies develop more targeted and efficient health policies and 

interventions to reduce both racial disparities and risks of HDP among Floridians.  

Racial residential segregation has been regarded as the fundamental cause of 

racial disparities in health (Williams and Collins 2001). In the US, it usually refers to the 

residential separation of African American neighborhoods from those of other 

racial/ethnicity groups. Although overt discrimination in housing markets were made 

illegal by the Civil Rights Act in 1968, racial residential segregation persisted in forms 

such as racial steering and lending discrimination (Mendez et al. 2013). Previous 

studies suggested that the average residential context of African American communities 

is worse than the worst residential context for Whites (Sampson and Wilson 1995; 
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Williams and Collins 2001). Various studies have linked racial residential segregation to 

adverse birth outcomes in the US (Anthopolos et al. 2011; Anthopolos et al. 2014; Bell 

et al. 2006; Grady 2006; Grady and Ramírez 2008; Osypuk and Acevedo-Garcia 2008). 

In a parallel literature, racial residential segregation has been associated with 

hypertension in the general population (Kershaw et al. 2011). However, no study has 

examined the association between racial residential segregation and HDP.     

More importantly, it is necessary to assess the underlying risk factors related to 

the enlarging racial disparities in HDP and the potential association between racial 

residential segregation and HDP in Florida. Factors mediating the pathways should be 

associated with both HDP risks and distributed unevenly in different racial/ethnicity 

groups. Neighborhood socioeconomic status and air pollution are two candidates that 

match the criteria (Kearney and Kiros 2009; Pollock and Vittas 1995; Stretesky and 

Hogan 1998). However, few studies have directly addressed how neighborhood 

environment contributes to racial disparities in HDP. Mediation analysis is increasingly 

used recently in health disparity studies given its advantages to separate and quantify 

the direct and indirect effects (Bennett et al. 2012; Chatterjee et al. 2011; Mugavero et 

al. 2009). Identifying the mediators will not only improve our understanding of the 

underlying causal mechanisms, but also help to design and implement better invention 

strategies.  

Knowledge Gap 

As discussed in the previous sections, although several risk factors have been 

identified (Wolf et al. 2004), the biological mechanism underlying HDP is still largely 

unknown, and none of these known risk factors can explain increasingly large racial 

disparities. Studies designed to identify modifiable risk factors for HDP and to 
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investigate how they contribute to racial disparities in HDP are needed to guide public 

health interventions and improve pregnancy outcomes. Emerging evidence has linked 

neighborhood environmental factors such as air pollution exposure and neighborhood 

SES to adverse birth outcomes (Agyemang et al. 2009; Elo et al. 2009; Farley et al. 

2006; Gray et al. 2008; Grewal et al. 2009; Gudmundsson et al. 1997; Hansen et al. 

2009; Holzman et al. 2009; Janghorbani et al. 2006; Messer et al. 2008; Nkansah-

Amankra et al. 2010; O'Campo et al. 2008; Ritz et al. 2002; Schempf et al. 2009; Šram 

et al. 2005; Vrijheid et al. 2000; Wasserman et al. 1998). It is plausible that the 

underlying pathways between neighborhood environment and adverse birth outcomes 

may be similar to the relationship between neighborhood environment and HDP. Our 

preliminary studies found an association between air pollution exposure and HDP (Hu et 

al. 2014; Xu et al. 2014), and other studies have linked neighborhood SES to HDP 

(Agyemang et al. 2009; Clausen et al. 2006; Gudmundsson et al. 1997; Messer et al. 

2012; Vinikoor‐Imler et al. 2012). However, inconsistent results were observed and no 

firm conclusion can be made so far. Furthermore, racial disparities in HDP have not 

been well studied and factors contributing to the disparities are largely unknown.  

Research Objectives 

To address these knowledge gaps, a population-based retrospective cohort 

study was done to investigate the association between neighborhood environment and 

HDP using the Florida Vital Statistic Birth Record dataset which includes all pregnant 

women residing in Florida with a conception date between January 1, 2005 and 

December 31, 2007. The main aims of this dissertation were: 

1. To investigate the association between O3 exposure during pregnancy and 
hypertensive disorders of pregnancy. 
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1) Hypothesis 1.1: Exposure to O3 during the first two trimesters of pregnancy is 
associated with hypertensive disorders of pregnancy. 
 

2) Hypothesis 1.2: Early pregnancy is the most critical window of exposure. 
 
2. To examine the association between neighborhood socioeconomic status and 

hypertensive disorders of pregnancy.  
 

1) Hypothesis 2.1: Neighborhood socioeconomic status assessed by the 
Standardized Neighborhood Deprivation Index is associated with 
hypertensive disorders of pregnancy. 
 

2) Hypothesis 2.2: Individual neighborhood socioeconomic characteristics such 
as income and poverty are predictive of hypertensive disorders of pregnancy. 

 
3. To examine the racial disparities in hypertensive disorders of pregnancy and how 

neighborhood environmental factors mediate the pathways. 
 

1) Hypothesis 3.1: African American women have higher risks of hypertensive 
disorders of pregnancy compared with non-African Americans. 
 

2) Hypothesis 3.2: The association between race and hypertensive disorders of 
pregnancy is mediated by neighborhood environmental factors including O3 
exposure during pregnancy, neighborhood socioeconomic status, urbanity, 
and racial residential segregation. 

 
In other words, this dissertation aimed to answer the following research 

questions: 

1. What are the effect estimates for the association between O3 exposure during the 
three pre-defined windows of pregnancy (i.e. the first trimester, the second trimester, 
and the first and second trimesters) and HDP? 
 

2. What are the most critical exposure windows of O3 during pregnancy for HDP? 
 
3. What are the overall effect estimates for the association between neighborhood SES 

and HDP? 
 

4. Which individual neighborhood socioeconomic status is predictive of HDP? 
 
5. What are racial disparities in HDP between African Americans and non-African 

Americans?  
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6. What proportions of the racial disparities in HDP are contributed by neighborhood 
environmental factors including O3 exposure during pregnancy, neighborhood 
socioeconomic status, urbanity, and racial residential segregation? 

 
This dissertation is the first to utilize large population-based data to assess the 

susceptible exposure windows to O3 during pregnancy for HDP. Additionally, it is the 

first study to assess how individual neighborhood SES characteristics are associated 

with HDP. More importantly, it investigates how neighborhood environmental factors 

may contribute to the increasingly large racial disparities in HDP. Results from this study 

provide important guidance for public health agencies to design and implement more 

efficient and targeted intervention strategies to reduce the HDP incidence and to 

mitigate racial disparities in HDP. 
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Figure 1-1. A socio-ecological model of factors influencing HDP. 
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CHAPTER 2 
OZONE AND HYPERTENSIVE DISORDERS OF PREGNANCY IN FLORIDA: 

IDENTIFYING CRITICAL WINDOWS OF EXPOSURE 

Introduction  

Hypertensive disorders of pregnancy (HDP) are among the most common 

medical problems encountered during pregnancy, affecting up to 10% of all pregnancies 

(Duley 2009; Miller and Carpenter 2015). HDP is classified into four categories, 

including chronic hypertension, preeclampsia-eclampsia, preeclampsia superimposed 

on chronic hypertension, and gestational hypertension (National High Blood Pressure 

Education Program 2000). HDP is characterized by high blood pressure, usually after 

20 weeks of gestation because blood volume change during pregnancy may lead to 

higher stress on the cardiovascular system (Yoder et al. 2009). It is considered a  risk 

factor for increasing  both neonatal and maternal morbidity and mortality (Allen et al. 

2004; Bauer and Cleary 2009; Bellamy et al. 2007; Duley 2009; Lo et al. 2013; Wang et 

al. 2012; Wu et al. 2009). In the United States, preeclampsia alone contributes to about 

25% of all medically indicated preterm deliveries (Ananth and Vintzileos 2006; 

Goldenberg et al. 2008; Romero et al. 2014). Despite serious consequences, the 

biological mechanisms underlying HDP remain to be determined. Known risk factors for 

HDP include maternal factors such as new maternity, obesity, age 35 years or more, 

adolescent pregnancy, pre-pregnancy hypertension or diabetes mellitus, pregnancy-

related factors such as multiple gestation, placental abnormalities, weight gain, 

gestational diabetes mellitus (GDM), family history of pre-eclampsia as well as African 

American race (Wolf et al. 2004). To reduce the continuously increasing rate of 

incidence of HDP (Wallis et al. 2008), a better understanding of modifiable risk factors 

for HDP is needed to guide the designs of interventions. 
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Ambient air pollution has also been linked to hypertension in the general 

population (Coogan et al. 2012; Dong et al. 2013; Foraster et al. 2014). Compared with 

men, women may be more susceptible to the negative effects of air pollution due to the 

hormones and pulmonary structural and morphologic differences (Bell et al. 2014; 

Harms 2006; Park and Wang 2014). Recent studies have also consistently found 

associations between air pollution exposure and adverse birth outcomes, such as 

intrauterine growth restriction, low birth weight, premature delivery, or birth defects (Ha 

et al. 2014; Lai et al. 2013; Smarr et al. 2013; Vinikoor-Imler et al. 2014; Vrijheid et al. 

2011). Given the toxicological effects of air pollution such as increasing oxidative stress, 

lipid peroxidation and inflammation (Ghio et al. 2012; Lee et al. 2011; Nagiah et al. 

2015; Slama et al. 2008), there are concerns that air pollution may also play a role in 

the development of HDP (Hu et al. 2014; Malmqvist et al. 2013).   

Ozone (O3) is the air pollutant of the greatest concern to the state of Florida 

(Florida Department of Environmental Protection 2012), and recent meta-analyses of 

existing studies on ozone and HDP suggest an overall positive association (Hu et al. 

2014; Pedersen et al. 2014). However, results are still inconsistent among individual 

studies. Several important limitations exist from previous studies. First, exposure 

assessment in many studies relied on sparsely located stationary air monitors 

(Mobasher et al. 2013; Olsson et al. 2013; van den Hooven et al. 2011; Vinikoor-Imler et 

al. 2012; Xu et al. 2013; Zhai et al. 2012). The poor spatial resolution of this method 

constrained the capability to adequately capture the spatial contrasts in O3 levels, 

leading to increased exposure misclassification bias. In addition, participants living far 

away from these monitors are always excluded from the analyses, which increases 
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selection bias. Other studies used traffic density and distance from major roads as a 

proxy for exposure to pollution, which may introduce substantial exposure 

misclassification bias as well (van den Hooven et al. 2009). Secondly, critical exposure 

windows to O3 have not been established for HDP. Identification of critical exposure 

windows is needed to improve the understanding of the underlying biological 

mechanisms between O3 and HDP and to help inform the designs and implementations 

of targeted and effective preventive strategies.  

To address these limitations, we used the data from the EPA and CDC’s National 

Environmental Public Health Tracking Network (U.S. EPA 2014) to assess ambient O3 

levels, and linked it to the Florida Vital Statistics Birth Record dataset to investigate the 

association between HDP and O3 among all eligible women residing in Florida with 

conception dates between January 1, 2005 and December 31, 2007. More importantly, 

we assessed critical pregnancy windows for O3 exposure using a distributed lag model 

to reduce the influences of autocorrelation and collinearity in weekly O3 exposure.  

Materials and Methods 

Study Sample 

Birth record data were obtained from the Bureau of Vital Statistics, Office of 

Health Statistics and Assessment, Florida Department of Health 

(http://www.floridahealth.gov/certificates/certificates/, Jacksonville, Florida). The data 

included all registered live births in Florida between January 1, 2005 and December 31, 

2008 (n=917,788). Women with residential addresses outside Florida (n=4,632) were 

excluded. Mother’s residential address at delivery was initially geocoded by Florida 

Department of Health using ArcGIS v10.1, and 864,247 records (94.6%) were 

successfully geocoded. We further geocoded the addresses that failed to be geocoded 

http://www.floridahealth.gov/certificates/certificates/
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by DOH using the Google Maps API (Application Programming Interface) by “ggmap” 

package in R, and a total of 913,048 records (99.9%) were successfully geocoded. 

Women whose residential address could not be geocoded were excluded (n=108). To 

avoid fixed cohort bias (Strand et al. 2011), women were included based on their 

conception date instead of delivery date. Conception date was calculated using delivery 

date and gestational age which is mainly determined by ultrasound. When ultrasound 

data was not available, clinical examination or last menstrual period was used to 

estimate gestational age. Among the 913,048 women who delivered during 2005-2008, 

a total of 691,011 women had the conception date between January 1, 2005 and 

December 31, 2007. In addition, women were excluded if they had non-singleton 

deliveries (n=21,609) or pre-pregnancy hypertension (n=10,590). Women whose births 

had a birthweight <500 g or >5000 g (n=621), or with a gestational age <26 weeks 

(n=2,662) were also excluded. A total of 655,529 women were included in the analyses.  

Outcome Assessment 

During the collections of Vital Statistics Birth Record data, the medical history of 

each woman was checked, and diagnoses of pre-pregnancy hypertension, gestational 

hypertension or preeclampsia, and eclampsia were abstracted for data analyses. 

Gestational hypertension was determined as the development of hypertension after 20 

weeks of pregnancy, and preeclampsia was defined as the new onset of hypertension 

and proteinuria after 20 weeks of gestation. Eclampsia was determined by the onset of 

convulsions. Similar to previous environmental studies on HDP (Hu et al. 2014), the 

restricted definition of HDP was used in this study, which included gestational 

hypertension, preeclampsia, and/or eclampsia. 



 

32 

Ozone Exposure Assessment 

O3 data were obtained from EPA and CDC’s National Environmental Public 

Health Tracking Network (U.S. EPA 2014), which were assessed using the hierarchical 

Bayesian space-time statistical model (HBM) during 2001-2008 with a daily temporal 

resolution and a spatial resolution of 12km×12km across the continental areas in the US 

(McMillan et al. 2010). The HBM approach combines the Air Quality System monitoring 

data with the Community Multiscale Air Quality modeled data, which includes emission, 

meteorology, and chemical modeling components, to predict air quality data for a 

specific time period and spatial scale (McMillan et al. 2010). Each woman’s geocoded 

residential address at the time of her child’s birth was spatially linked to the 

corresponding grid of the HBM data. Exposures were calculated as daily concentrations 

averaged over each of the first two trimesters (trimester 1: 1-13 weeks and trimester 2: 

14-26 weeks) and over both the first and second trimesters (1-26 weeks) determined by 

gestational age and delivery date of each woman. In addition, weekly average levels of 

O3 exposure during the first and second trimesters were calculated to assess the critical 

windows of exposure during pregnancy. 

Covariates 

Information on maternal characteristics such as age, race/ethnicity, education, 

marital status, pregnancy smoking status, pre-pregnancy body mass index (BMI), 

season and year of conception were obtained directly from the births records. Maternal 

age at delivery was categorized into six groups, with 5-year increments for women aged 

20-40 years old as well as two additional groups for <20 and ≥40 years old. 

Race/ethnicity was categorized as non-Hispanic White, non-Hispanic Black, Hispanic, 

and others. In addition, dichotomous variables were used to indicate marital status and 
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pregnancy smoking status. Maternal education was divided into three categories: <high 

school, high school or equivalent, and >high school. Pre-pregnancy BMI was 

categorized into four groups: underweight (<18.5), normal (18.5-24.9), overweight (25-

29.9), and obese (≥30.0). Season [warm (June-November) or cool (December-May)] 

and year (2005, 2006, or 2007) of conception were also treated as categorical variables.  

Statistical Analyses 

Distribution of categorical covariates and continuous exposures between women 

with HDP and those without HDP were examined. Firstly, we conducted logistic 

regression models to investigate the association between O3 exposure during the three 

predefined gestational windows (i.e. trimester 1, trimester 2, and trimesters 1&2) and 

odds of HDP. The level of O3 exposure was analyzed as both continuous and 

categorical (i.e. quartiles) variables. Both an unadjusted model and an adjusted model 

controlling for maternal age, race/ethnicity, education, marital status, pregnancy 

smoking, pre-pregnancy BMI, season and year of conception were used. Odds ratios 

(ORs) and 95% confidence intervals (CIs) were obtained for O3 during each specific 

pregnancy window. Consistent with other studies (Šrám et al. 2005), ORs and 95% CIs 

were reported for each 5 ppb increase in continuous O3 exposure. Secondly, we used 

constrained distributed lag models with the “dlnm” package in R to identify the critical 

exposure windows. The associations between HDP and each of the 26 weekly O3 

exposures was examined controlling for other weekly O3 exposures. Similar to the study 

by Darrow et al. (2011), we assumed an underlying cubic structure, and we constrained 

the 26 weekly specific effect estimates to follow the shape of a natural cubic spline with 

a knot at lag 13 to reduce the influences of collinearity on the estimates. All statistical 

analyses were conducted using R 3.2.2. 
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Sensitivity Analyses 

Sensitivity analyses were conducted to test the robustness of our results. To 

account for the correlations at census tract level, we further fitted mixed-effects models 

with random intercept for each census tract. Then we made comparisons between the 

results from the sensitivity analyses and our original results to check whether the 

potential correlations at census tract level have influenced the observed effects.  

Results 

Among the 655,529 women included in the analyses, 31,362 (4.8%) women had 

HDP. A total of 613,032 women including 29,286 HDP cases had complete data for all 

covariates. Table 2-1 shows the maternal characteristics by HDP status. Women with 

HDP were less likely than those without HDP to be between 25 to 34 years old, and 

more likely to belong to non-Hispanic Black racial/ethnic categories. Compared with 

women without HDP, HDP cases were less likely to be married and to have smoked 

during pregnancy. In addition, HDP cases had higher pre-pregnancy BMI than women 

without HDP.  

Table 2-2 shows the distribution of exposures to O3 during the first two trimesters 

of pregnancy. Women with HDP had a higher exposure to O3 compared with those 

without HDP during the three pre-defined exposure windows (p<0.001 for each 

comparison).  

Table 2-3 shows unadjusted and adjusted ORs from logistic regression models. 

Positive associations between HDP and O3 exposure were consistently observed in all 

models and exposure windows. In the adjusted model, increased odds of HDP for each 

5 ppb increase in O3 exposure were observed during all the three exposure windows 

(ORTrimester1=1.04, 95% CI: 1.03, 1.06; ORTrimester2=1.03, 95% CI: 1.02, 1.04; 
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ORTrimester1&2=1.07, 95% CI: 1.05, 1.08). Consistent results were observed in the 

analyses when O3 exposure was categorized. Compared with women exposed to the 

lowest quartile of O3, women with O3 exposure in the other quartiles had higher odds of 

HDP.  

Figure 2-1 displays adjusted ORs of HDP for each 5 ppb increase in weekly 

exposure to O3 during the first two trimesters of pregnancy (26 weeks). Consistent with 

the previous logistic regression models, the results from the distributed lag models also 

showed positive associations between HDP and O3 exposure across the first 24 weeks 

of gestation, with higher odds of HDP observed in early pregnancy.  

Table 2-4 shows the comparisons between the original results from the fixed-

effects model and the results of the sensitivity analyses using the mixed-effects model. 

Consistent results were observed in the mixed-effects model with intraclass correlation 

coefficients (ICCs) ranging from 0.059 to 0.063. 

Discussion 

In this retrospective cohort study, we found a consistent pattern of elevated odds 

of HDP with increased exposure to O3 during the first two trimesters. Such associations 

persisted with adjustment for confounders including maternal age, race/ethnicity, 

education, marital status, pregnancy smoking, pre-pregnancy BMI, season and year of 

conception. Furthermore, the distributed lag models showed that early pregnancy was 

the most critical window for O3 exposure during pregnancy. The results of this study add 

to the emerging evidence linking O3 to HDP.  

The observed association between HDP and exposure to O3 in early pregnancy 

is consistent with other studies. Our previous meta-analyses on O3 and HDP found that 

exposure to O3 during the first trimester is associated with increased odds of HDP 
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(OR=1.05, 95% CI: 1.02, 1.06 for each 5 ppb increase in O3), while no significant 

association was observed for O3 exposure during the second trimester (Hu et al. 2014). 

In this study, we observed a slightly larger effect size of O3 on HDP during the first 

trimester as well as a significant association during the second trimester. This is 

expected since previous studies assessed O3 exposure using data from stationary 

monitors, which may lead to non-differential exposure misclassification and bias the 

effect towards null.  

The biological mechanisms underlying O3 and HDP have been suggested to be 

multifaceted. Evidence from animal and toxicological experiments showed that 

physiologic responses to environmental factors are associated with hypertension 

(Nagiah et al. 2015). Inhalation of air pollutants has been found to increase oxidative 

stress, lipid peroxidation and inflammation level among pregnant women (Ghio et al. 

2012; Lee et al. 2011; Nagiah et al. 2015; Slama et al. 2008). These inflammatory 

responses have been known to increase the risk of hypertension (Rodrigo et al. 2011), 

and they may also lead to endothelial dysfunction, autonomic imbalance, and altered 

blood rheology (Bind et al. 2012; Brook et al. 2004; Huang et al. 2012; Nodari et al. 

2006), all of which can increase the risk of hypertension. Blood pressure levels of 

women without HDP usually fall during the first trimester, and then gradually increase to 

the pre-pregnancy level after reaching the lowest point in mid-pregnancy (Ayala et al. 

1997; Hermida et al. 2001). However, a different blood pressure pattern during 

pregnancy has been observed among women with HDP (Hermida et al. 2001). Instead 

of the fall during first trimester, HDP cases have stable blood pressure levels during the 

first half of pregnancy and then continuously increases until their deliveries. The 
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differences in the blood pressure patterns suggest that HDP usually develops at an 

early stage of pregnancy, which are consistent with the elevated effect size observed in 

this study. Vasoconstriction has been regarded as one of the mechanisms underlying 

HDP, and previous studies found that vasoconstriction in HDP develops early in 

pregnancy (O'Brien 1990; Orpana et al. 1996). Given O3’s ability to induce acute 

vasoconstriction observed in the general population (Brook et al. 2002), it is plausible 

that vasoconstriction may be the mechanism underlying the observed higher odds in 

early pregnancy period. 

The findings from our study have important implications for health interventions in 

the future. It is almost impossible to avoid air pollution exposure during one’s whole 

pregnancy period, and therefore knowing the critical exposure windows is important for 

the design of an efficient and targeted intervention in the future. Future studies are 

needed to examine the potential use of emerging technologies to reduce risks of HDP, 

such as the wearable environment trackers and indoor air purifiers (Chen et al. 2015).  

Our study has several strengths. First, the sample size is large, and a high 

geocoded rate was achieved in this study. Second, the HBM air pollution data used in 

the analysis covered the whole study area and they had a daily temporal resolution and 

a 12km×12km spatial resolution, allowing us to include all participants regardless of the 

distance to air monitors. Third, different from previous studies, we used distributed lag 

models to assess critical exposure windows in addition to investigating the association 

in the predefined exposure windows.  

Several limitations need to be noted. First, the diagnosis dates of HDP were not 

available for analysis. Future studies with more detailed data on pregnancy outcomes 
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and diagnoses time are needed to better understand the effects of O3 on different 

adverse pregnancy and birth outcomes by using more accurate exposure windows and 

comparing competing risks on outcomes. Second, instead of investigating gestational 

hypertension, preeclampsia, and eclampsia separately, we assessed them together as 

HDP because of the potential differences in disease coding and diagnosis. The variation 

in HDP coding has been suggested to be an issue since increased gestational 

hypertension and reduced mild preeclampsia and eclampsia are compensated more 

(Savitz et al. 2015). In addition, it is possible that HDP may be underdiagnosed in the 

vital statistics records data. However, this misclassification is likely to be non-differential 

(Hu et al. 2015). Furthermore, we assessed O3 exposure based on women’s residential 

addresses at delivery, while information on residential history, daily mobility, and 

behavior patterns were not available, which may introduce misclassifications of 

exposure. Future studies with improved exposure assessments are needed to better 

quantify the effects of O3 on HDP.  

Conclusion 

Using Florida birth vital statistics records, we found that exposure to O3 during 

pregnancy was associated with increased odds of HDP, with stronger association noted 

during early pregnancy periods. 
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Table 2-1. Maternal characteristics by hypertensive disorders of pregnancy (HDP) 
status among women with conception date during 2005-2007 in Florida, USA. 

Maternal Characteristics HDP 
(n=31,362) 

n (%) 

No HDP 
(n=624,167) 

n (%) 

Total 
(n=655,529) 

n (%) 

Maternal age (years)    
<20 4,089(13.0) 67,388(10.8) 71,477(10.9) 

20-24 8,325(26.5) 164,444(26.4) 172,769(26.4) 
25-29 7,973(25.4) 170,781(27.4) 178,754(27.3) 
30-34 6,244(19.9) 134,271(21.5) 140,515(21.4) 
35-39 3,678(11.7) 71,101(11.4) 74,779(11.4) 

≥40 1,053(3.4) 16,156(2.6) 17,209(2.6) 
Missing 0(0.0) 26(0.0) 26(0.0) 

Race/ethnicity    
Non-Hispanic White 14,634(46.7) 279,996(44.9) 294,630(45.0) 
Non-Hispanic Black 7,426(23.7) 108,974(17.5) 116,400(17.8) 

Hispanic 1,924(6.1) 4,9681(8.0) 51,605(7.9) 
Others 7,378(23.5) 185,502(29.7) 192,880(29.4) 

Missing 0(0.0) 14(0.0) 14(0.0) 
Maternal education    

<High school 6,133(19.6) 128,415(20.6) 134,548(20.5) 
High school or equivalent 10,227(32.6) 194,102(31.1) 204,329(31.2) 

>High school 14,853(47.4) 298,307(47.8) 313,160(47.8) 
Missing 149(0.5) 3,343(0.5) 3,492(0.5) 

Marital status    
Married 16,159(51.5) 343,198(55.0) 359,357(54.8) 

Not married 15,199(48.5) 280,873(45.0) 296,072(45.2) 
Missing 4(0.0) 96(0.0) 100(0.0) 

Smoking during pregnancy    
No 28,916(92.2) 570,831(91.5) 599,747(91.5) 

Yes 2,419(7.7) 52,887(8.5) 55,306(8.4) 
Missing 27(0.1) 449(0.1) 476(0.1) 

Pre-pregnancy BMI    
Underweight (<18.5) 776(2.5) 31,191(5.0) 31,967(4.9) 

Normal (18.5-24.9) 10,589(33.8) 305,043(48.9) 315,632(48.2) 
Overweight (25.0-29.9) 7,942(25.3) 141,831(22.7) 149,773(22.9) 

Obese (≥30.0) 10,093(32.2) 108,143(17.3) 118,236(18.0) 
Missing 1,962(6.3) 37,959(6.1) 3,9921(6.1) 

Season of conception    
Warm 15,327(48.9) 306,634(49.1) 321,961(49.1) 

Cool 16,035(51.1) 317,533(50.9) 333,568(50.9) 
Year of conception    

2005 10,077(32.1) 205,628(32.9) 215,705(32.9) 
2006 10,611(33.8) 212,402(34.0) 223,013(34.0) 
2007 10,674(34.0) 206,137(33.0) 216,811(33.1) 
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Table 2-2. O3 exposure by hypertensive disorders of pregnancy (HDP) status among women with conception date during 
2005-2007 in Florida, USA (n=31,362 with HDP, n=624,167 without HDP, and total n= 655,529). 

Exposure Trimester 1 Trimester 2 Trimesters 1 and 2 
Statistics HDP No HDP Total HDP No HDP Total HDP No HDP Total 

O3 (ppb)          
Mean 

±SD 
39.07 
±6.64 

38.63 
±6.76 

38.65 
±6.76 

39.02 
±6.66 

38.57 
±6.69 

38.59 
±6.69 

39.06 
±5.20 

38.61 
±5.33 

38.63 
±5.33 

Median 38.39 37.89 37.91 38.29 37.81 37.84 38.84 38.39 38.42 
IQR 9.37 9.41 9.41 9.52 9.37 9.38 7.52 7.82 7.80 
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Table 2-3. Association between ozone (O3) and hypertensive disorders of pregnancy (HDP) by pregnancy period of 
exposure among women with conception date during 2005-2007 in Florida, USA. 

 Unadjusted Model Adjusted Modela 
O3 Exposure n (HDP/Total) OR (95% CI) n (HDP/Total)b OR (95% CI) 

Trimester 1     
Continuous (each 5 ppb increase) 31,362/655,529 1.05(1.04, 1.06) 29,286/613,032 1.04(1.03, 1.06) 

Quartile 1 (21.2 – 33.7 ppb) 6,841/163,885 Reference 6,182/149,297 Reference 
Quartile 2 (33.8 – 37.9 ppb) 8,000/163,883 1.18(1.14, 1.22) 7,528/154,680 1.13(1.09, 1.17) 
Quartile 3 (38.0 – 43.1 ppb) 8,174/163,879 1.21(1.17, 1.25) 7,706/153,717 1.18(1.14, 1.23) 
Quartile 4 (43.2 – 57.4 ppb) 8,347/163,882 1.23(1.19, 1.27) 7,870/155,338 1.19(1.15, 1.25) 

Trimester 2     
Continuous (each 5 ppb increase) 31,362/655,529 1.05(1.04, 1.06) 29,286/613,032 1.03(1.02, 1.04) 

Quartile 1 (21.2 – 33.6 ppb) 6,996/163,891 Reference 6,288/148,506 Reference 
Quartile 2 (33.7 – 37.8 ppb) 7,973/163,874 1.15(1.11, 1.19) 7,520/154,514 1.09(1.06, 1.13) 
Quartile 3 (37.9 – 43.0 ppb) 7,915/163,883 1.14(1.10, 1.18) 7,422/154,363 1.08(1.04, 1.12) 
Quartile 4 (43.1 – 57.4 ppb) 8,478/163,881 1.22(1.18, 1.26) 8,056/155,649 1.14(1.10, 1.18) 

Trimesters 1&2      
Continuous (each 5 ppb increase) 31,362/655,529 1.08(1.07, 1.09) 29,286/613,032 1.07(1.05, 1.08) 

Quartile 1 (23.2 – 34.8 ppb) 6,748/163,883 Reference 6,036/148,205 Reference 
Quartile 2 (34.9 – 38.4 ppb) 7,859/163,882 1.17(1.13, 1.21) 7,369/153,480 1.13(1.09, 1.15) 
Quartile 3 (38.5 – 42.6 ppb) 8,333/163,883 1.25(1.21, 1.29) 7,916/155,640 1.19(1.15, 1.17) 
Quartile 4 (42.7 – 53.1 ppb) 8,422/163,881 1.26(1.22, 1.30) 7,965/155,707 1.20(1.23, 1.25) 

a Adjusted for maternal age, race, education, marital status, pregnancy smoking status, pre-pregnancy BMI, season of 
conception, and year of conception. b Women with complete data for all covariates. 
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Table 2-4. Sensitivity analyses: fixed-effects model vs. mixed-effects model. 

 
n (HDP/Total)a 

Fixed-effects Modelb 

OR (95% CI) 
Mixed-effects Modelc 

OR (95% CI) O3 Exposure 

Trimester 1    
Continuous (each 5 ppb increase) 29,286/613,032 1.04(1.03, 1.06) 1.04(1.03, 1.05) 

Quartile 1 (21.2 – 33.7 ppb) 6,182/149,297 Reference  
Quartile 2 (33.8 – 37.9 ppb) 7,528/154,680 1.13(1.09, 1.17) 1.11(1.07, 1.15) 
Quartile 3 (38.0 – 43.1 ppb) 7,706/153,717 1.18(1.14, 1.23) 1.17(1.12, 1.21) 
Quartile 4 (43.2 – 57.4 ppb) 7,870/155,338 1.19(1.15, 1.25) 1.17(1.12, 1.22) 

Trimester 2    
Continuous (each 5 ppb increase) 29,286/613,032 1.03(1.02, 1.04) 1.03(1.02, 1.04) 

Quartile 1 (21.2 – 33.6 ppb) 6,288/148,506 Reference  
Quartile 2 (33.7 – 37.8 ppb) 7,520/154,514 1.09(1.06, 1.13) 1.08(1.04, 1.12) 
Quartile 3 (37.9 – 43.0 ppb) 7,422/154,363 1.08(1.04, 1.12) 1.06(1.02, 1.10) 
Quartile 4 (43.1 – 57.4 ppb) 8,056/155,649 1.14(1.10, 1.18) 1.12(1.08, 1.16) 

Trimesters 1&2     
Continuous (each 5 ppb increase) 29,286/613,032 1.07(1.05, 1.08) 1.06(1.05, 1.08) 

Quartile 1 (23.2 – 34.8 ppb) 6,036/148,205 Reference  
Quartile 2 (34.9 – 38.4 ppb) 7,369/153,480 1.13(1.09, 1.15) 1.12(1.08, 1.16) 
Quartile 3 (38.5 – 42.6 ppb) 7,916/155,640 1.19(1.15, 1.17) 1.17(1.13, 1.22) 
Quartile 4 (42.7 – 53.1 ppb) 7,965/155,707 1.20(1.23, 1.25) 1.18(1.13, 1.23) 

a Women with complete data for all covariates. b Adjusted for maternal age, race, education, marital status, pregnancy 
smoking status, pre-pregnancy BMI, season of conception, and year of conception. c Mixed-effects model with random 
intercept for each census tract and adjusted for maternal age, race, education, marital status, pregnancy smoking status, 
pre-pregnancy BMI, season of conception, and year of conception. 
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Figure 2-1. Adjusted ORs for hypertensive disorders of pregnancy (HDP) with each 5 

ppb increase in weekly exposure to ozone (O3) among women with 
conception dates during 2005-2007 in Florida, USA. The circle reflects the 
central estimate; the horizontal line represents the 95% CI. 
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CHAPTER 3 
NEIGHBORHOOD SOCIOECONOMIC STATUS AND HYPERTENSIVE DISORDERS 

OF PREGNANCY IN FLORIDA 

Introduction 

Hypertensive disorders of pregnancy (HDP) are common pregnancy 

complications, which occur among up to 10% of all pregnant women (Duley 2009). HDP 

is characterized by high blood pressure, usually after 20 weeks of gestation when the 

change in blood volume may result in stress on the cardiovascular system (Yoder et al. 

2009). HDP is associated with an increase in neonatal and maternal morbidity and 

mortality (Allen et al. 2004; Bauer and Cleary 2009; Bellamy et al. 2007; Duley 2009; Lo 

et al. 2013; Wang et al. 2012; Wu et al. 2009). Since the 1990s, there has been an 

increase in the incidence of HDP in the US (Wallis et al. 2008). Given the adverse 

effects of HDP, there is a need to understand modifiable risk factors for HDP. 

Socioeconomic status (SES) is an important determinant of health (Marmot 

2005). Low neighborhood SES has been linked to an increased risk of hypertension and 

cardiovascular diseases in the general population (Cozier et al. 2007; Cubbin et al. 

2000; Cubbin et al. 2006; Morenoff et al. 2007; Mujahid et al. 2008; Roux et al. 2001). 

On the other hand, perinatal epidemiologists have also found an association between 

living in deprived neighborhood environments and adverse birth outcomes such as 

preterm birth, low birthweight, small-for-gestational age, and birth defects (Agyemang et 

al. 2009; Elo et al. 2009; Farley et al. 2006; Gray et al. 2008; Grewal et al. 2009; 

Gudmundsson et al. 1997; Holzman et al. 2009; Janghorbani et al. 2006; Messer et al. 

2008; Nkansah-Amankra et al. 2010; O'Campo et al. 2008; Schempf et al. 2009; 

Vrijheid et al. 2000; Wasserman et al. 1998). While the association between the 

neighborhood SES and adverse birth outcomes (as well as hypertension in the general 



 

45 

population) have been well established, only a few studies have investigated the 

relationship between neighborhood deprivation and HDP (Agyemang et al. 2009; 

Clausen et al. 2006; Gudmundsson et al. 1997; Messer et al. 2012; Vinikoor‐Imler et al. 

2012). Due to the social differences among different countries studied across the world 

as well as the different categories of neighborhood characteristics examined in these 

studies, the results on the association between neighborhood deprivation and HDP 

have been inconsistent.  

Neighborhood SES is multifaceted, and multiple categories need to be 

considered to assess it comprehensively. Several composite indices have been 

developed to capture the multifaceted characteristics of neighborhood SES, including 

the Townsend Deprivation Index (Townsend et al. 1988), the Jarman score (Jarman 

1983), the Index of Multiple Deprivation (Noble et al. 2004), the Carstairs-Morris score 

(Carstairs and Morris 1990), and the standardized Neighborhood Deprivation Index 

(NDI) (Messer et al. 2006). Although the use of data reduction techniques to generate 

these composite indexes provides a comprehensive assessment of the neighborhood 

SES, the results from these studies are sometimes difficult to interpret because no 

individual neighborhood characteristics reliably predictive of the outcome can be 

identified. To address these limitations, we obtained data of census-tract level 

neighborhood SES characteristics from the 2006-2010 American Community Survey 

and linked them to the Florida Vital Statistics Birth Record dataset to examine the 

association between the neighborhood SES and HDP among all eligible women 

residing in Florida and with a conception date between January 1, 2005 and December 

31, 2007. In addition to assessing neighborhood SES by using a composite index (i.e. 
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NDI), we further investigated the association between individual neighborhood SES 

characteristic and HDP using the LASSO model.  

Materials and Methods 

Study Sample 

Birth record data were obtained from the Bureau of Vital Statistics, Office of 

Health Statistics and Assessment, Florida Department of Health (DOH, 

http://www.floridahealth.gov/certificates/ certificates/, Jacksonville, Florida). All 

registered live births in Florida, USA between January 1, 2005 and December 31, 2008 

(n=917,788) were included in the data. Women with residential addresses outside 

Florida (n=4,632) were excluded. Mother’s residential address at delivery was initially 

geocoded by Florida Department of Health using ArcGIS v10.1, and 864,247 records 

(94.6%) were successfully geocoded. The remaining addresses were geocoded using 

the Google Maps application programming interface (API). A total of 913,048 records 

(99.9%) were successfully geocoded. The census tracts corresponding to the geocoded 

women’s addresses were then determined using the 2010 TIGER/Line Shapefiles. 

Women whose residential address could not be geocoded were excluded (n=108). To 

avoid fixed cohort bias (Strand et al. 2011), women were included based on their 

conception date instead of delivery date. Among the 913,048 women who delivered 

during 2005-2008, a total of 691,011 women had the conception dates between January 

1, 2005 and December 31, 2007. In addition, women were excluded if they had non-

singleton deliveries (n=21,609), pre-pregnancy hypertension (n=10,590), births with 

birthweights <500 g or >5000 g (n=621), or with a gestational age <26 weeks (n=2,662).  

 

http://www.floridahealth.gov/certificates/%20certificates/
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Outcome Assessment 

During the collection of Vital Statistics Birth Record data, the medical history of 

each woman was checked by the staff, and diagnoses of the mutually exclusive 

categories of HDP (pre-pregnancy hypertension, gestational hypertension or 

preeclampsia, and eclampsia) were abstracted for data analyses. Gestational 

hypertension was determined as the development of hypertension after 20 weeks of 

pregnancy; preeclampsia was defined as the new onset of hypertension and proteinuria 

after 20 weeks of gestation. Eclampsia was determined by the onset of convulsions. 

Similar to previous environmental studies on HDP, the restricted definition of HDP was 

used in this study, which only includes gestational hypertension, preeclampsia, and/or 

eclampsia (Hu et al. 2014). 

Neighborhood Socioeconomic Status Assessment 

Information on the neighborhood SES characteristics were obtained from the 

2006-2010 American Community Survey (ACS) using the ACS-5-year API through the 

“acs” package in R. Seventeen census-tract level characteristics covering seven 

different domains of neighborhood SES were obtained: poverty domain (i.e. percent of 

households in poverty, percent of households earning <$30,000 per year, and percent 

of households with no vehicle), occupation domain (i.e. percent of males in 

management, percent of males in professional occupations, percent of females in 

management, and percent of females in professional occupations), housing domain (i.e. 

percent of rented housing, percent of vacant housing, percent of renter or owner costs 

in excess of 50% of income, and median household value), employment domain (i.e. 

percent unemployed, and percent of males no longer in work force), education domain 

(i.e. percent earning less than a high school education), racial composition domain (i.e. 
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percent of non-Hispanic blacks), and residential stability domain (i.e. percent in same 

residence in the last year, and percent residents 65 years and above). Principal 

component analysis was conducted to combine these indicator variables at the census-

tract level into the standardized Neighborhood Deprivation Index (NDI) developed by 

Messer et al. (2006) using the first factor loadings. The NDI was categorized into 

quartiles in census-tract level. Women with missing NDI were excluded in the analyses 

(n=3,581). A total of 651,948 women were included in the analyses. 

Covariates 

Maternal age, race/ethnicity, education, marital status, pregnancy smoking 

status, pre-pregnancy body mass index (BMI), season and year of conception were 

obtained directly from the births records. We categorized maternal age at delivery into 

six groups, with 5-year increments for women aged 20-40 years old as well as two 

additional groups for <20 and ≥40 years old. Race/ethnicity was divided into four 

categories: non-Hispanic White, non-Hispanic Black, Hispanic, and others. In addition, 

dichotomous variables were used to indicate marital status and pregnancy smoking 

status. Maternal education was categorized as: <high school, high school or equivalent, 

and >high school. Pre-pregnancy BMI was categorized to four groups: underweight 

(<18.5), normal (18.5-24.9), overweight (25-29.9), and obese (≥30.0). Urbanity was 

assessed using data from the 2010 US Census. Women’s residential addresses were 

spatially linked to the urbanity data and used to determine whether they resided in 

urban or rural areas. Season [warm (June-November) or cool (December-May)] and 

year (2005, 2006, or 2007) of conception were also treated as categorical variables.  
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Statistical Analyses 

Distribution of categorical covariates and exposures between women with HDP 

and those without HDP were examined. Two sets of analyses were conducted to 

examine the association between neighborhood SES and HDP. Firstly, we used logistic 

regression models to determine the association between NDI and HDP. Both an 

unadjusted model and an adjusted model controlling for maternal age, race/ethnicity, 

education, marital status, pregnancy smoking, pre-pregnancy BMI, urbanity, season and 

year of conception were conducted. Odds ratios (ORs) and 95% confidence interval 

were reported. Secondly, we determined individual neighborhood SES characteristics 

that were predictive of HDP using a two-stage procedure. Neighborhood SES 

characteristics that were found to be predictive of HDP were screened first by using the 

logistic regression model with an 𝑙1-penalty (LASSO). The LASSO can improve the 

prediction accuracy and interpretability of the statistical model by performing both 

variable selections and regularizations (Tibshirani 1996). The tuning parameter 𝜆 was 

determined by a 10-fold cross-validation based on the c-statistics (AUC). Variables with 

nonzero coefficients were then refitted using the unpenalized logistic regression model 

to avoid bias and approximation errors. All statistical analyses were conducted using R 

3.2.2. 

Sensitivity Analyses 

To account for the multilevel structure of the data and potential correlations at 

census tract level, we performed sensitivity analyses using mixed-effects models with 

random intercept for each census tract. We compared the original results to the 

sensitivity analyses to check whether the potential correlations at census tract level 

have influenced the observed effects.  
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Results 

Among the 651,948 women included in the analyses, 31,126 (4.8%) women had 

HDP, and 609,738 had complete data for all covariates (n = 29,062 with HDP). Table 3-

1 shows the distribution of NDI and maternal characteristics by HDP status. Women 

with HDP were more likely than those without HDP to live in a neighborhood with higher 

NDI, to be with higher pre-pregnancy BMI, and to belong to non-Hispanic Black 

racial/ethnic categories. In addition, women with HDP were less likely than women 

without HDP to be within the age between 20 to 34 years, to be married, to smoke 

during pregnancy, and to live in urban areas. Figure 3-1 shows the spatial distributions 

of NDI by census tracts in the study area.  

Table 3-2 shows unadjusted and adjusted ORs from the first set analyses on 

NDI. In the unadjusted model, compared with women living in neighborhoods with NDI 

in the lowest quartile, those living in neighborhoods with a higher NDI had increased 

odds of HDP (ORQuartile2: 1.23, 95% CI: 1.18, 1.28; ORQuartile3: 1.26, 95% CI: 1.21, 1.30; 

ORQuartile4: 1.35, 95% CI: 1.31, 1.40). Attenuated but consistent ORs were observed in 

the adjusted model (ORQuartile2: 1.15, 95% CI: 1.10, 1.20; ORQuartile3: 1.14, 95% CI: 1.10, 

1.19; ORQuartile4: 1.19, 95% CI: 1.14, 1.24).  

Table 3-3 shows the results from the second set of analyses on individual 

neighborhood SES characteristics. In the first variable screening stage, three 

neighborhood characteristics had zero coefficients from the LASSO, and they were 

excluded from the unpenalized Logistic model. The results from the unpenalized 

Logistic model showed that compared with women living in neighborhoods with a low 

proportion of females in professional occupations, those living in neighborhoods with a 

high proportion of females in professional occupations had decreased odds of HDP 
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(OR: 0.98, 95% CI: 0.96, 0.99 for per 10 percent increase). In addition, women living in 

neighborhoods with higher residential stability (OR: 0.96, 95% CI: 0.94, 0.98 for per 10 

percent increase) and higher median household value had decreased odds of HDP 

(OR: 0.95, 95%CI: 0.94, 0.96 for each 50,000 dollar increase). On the other hand, 

women living in neighborhoods with higher percentages of non-Hispanic Blacks had 

increased odds of HDP (OR: 1.02, 95% CI: 1.01, 1.03 for each 10 percent increase). No 

statistically significant association was found between HDP and other individual 

neighborhood SES characteristics. 

Table 3-4 shows the comparisons between the results from the original analyses 

and the sensitivity analyses. Consistent results were observed in the sensitivity 

analyses using the mixed-effects model. The intraclass correlation coefficient (ICC) is 

0.059, indicating a very small effect of clusters. 

Discussion 

In this retrospective cohort study, we found that women living in neighborhoods 

with lower SES had higher odds of HDP. This association is independent of individual-

level SES and other potential confounders such as pre-pregnancy BMI and pregnancy 

smoking status. Further analyses on the individual neighborhood SES characteristics 

found that the percentages of females in professional occupations and non-Hispanic 

blacks, median household value, and residential stability of neighborhoods are 

predictive of HDP. These findings add to the evidence linking neighborhood SES to 

HDP.  

The results from our analyses are consistent with previous studies. The 

neighborhood SES is an important health determinant, and living in a disadvantaged 

neighborhood has been associated with behaviors such as perinatal substance use and 
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gambling (Finch et al. 1999; Welte et al. 2004), health intermediates such as partner 

violence and pediatric injury (Cunradi et al. 2000; Shenassa et al. 2004), and health 

outcomes including hypertension and cardiovascular disease (Cozier et al. 2007; 

Cubbin et al. 2000; Cubbin et al. 2006; Morenoff et al. 2007; Mujahid et al. 2008; Roux 

et al. 2001), cancer incidence (Yost et al. 2001), and excess mortality (Doubeni et al. 

2012; Jaffe et al. 2005). A recent meta-analysis of seven studies including 2,579,032 

pregnancies found that compared with women living in neighborhoods with the least 

deprived quintile, those living in the most deprived neighborhood quintile have 

significantly higher rates of preterm birth, small-for-gestational age, and stillbirth (Vos et 

al. 2014). Similar to the association identified here, Vinikoor-Imler et al. (2012) reported 

a positive association between neighborhood deprivation and HDP in the US. Another 

study in Norway also found that women living low-income areas had higher rates of 

preeclampsia than women living in high-income areas (Clausen et al. 2006).  

Our study has several strengths. First, this study included a large number of 

women across Florida, and a number of confounders of HDP were adjusted in the 

analysis. Second, in addition to assessing neighborhood SES using a composite index 

(i.e. NDI), we further assessed individual neighborhood SES characteristics that are 

predictive of HDP, and four individual characteristics were identified. These findings 

provide insights into the important characteristics of SES that may inform targeted 

interventions in the future for vulnerable population subgroups, such as pregnant 

women living in a low SES neighborhood with a residential instability.  

Besides these strengths, several limitations need to be noted. Firstly, we 

assessed neighborhood SES characteristics using the 2006-2010 ACS 5-year data. 
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Secondly, information on residential history or daily mobility was not available. These 

limitations may lead to non-differential misclassification bias. In addition, although a 

number of confounders have been included in this study, we were not able to account 

for other potential confounders such as diet (Dubowitz et al. 2008). Future studies are 

needed to confirm our findings with more detailed information to address these 

limitations. 

Conclusion 

Using Florida birth vital statistics records, we found that women living in 

neighborhoods with a lower SES index had higher odds of HDP than those living in 

high-SES neighborhoods. Several individual neighborhood SES characteristics such as 

a high residential instability, a low proportion of females working in professional 

occupations, low median household values, and a high proportion of non-Hispanic Black 

residents were found to be predictive of HDP. Future studies are warranted to confirm 

the findings.  
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Table 3-1. Neighborhood Deprivation Index (NDI) and maternal characteristics by 
hypertensive disorders of pregnancy (HDP) status among women with 
conception date during 2005-2007 in Florida, USA. 

Maternal Characteristics HDP 
(n=31,126) 

n (%) 

No HDP 
(n=620,822) 

n (%) 

Total 
(n=651,948) 

n (%) 

Neighborhood Deprivation Index    
Quartile 1 [-7.22, -1.66] 4,418 (14.2) 109,000 (17.6) 113,418 (17.4) 
Quartile 2 (-1.66, -0.18] 6,985 (22.4) 140,350 (22.6) 147,335 (22.6) 
Quartile 3 (-0.18, 1.39] 8,460 (27.2) 166,280 (26.8) 174,740 (26.8) 
Quartile 4 (1.39, 11.10] 11,263 (36.2) 205,192 (33.1) 216,455 (33.2) 

Maternal age (years)    
<20 4,063 (13.1) 67,001 (10.8) 71,064 (10.9) 

20-24 8,228 (26.4) 163,179 (26.3) 171,407 (26.3) 
25-29 7,915 (25.4) 169,747 (27.3) 177,662 (27.3) 
30-34 6,209 (19.9) 133,823 (21.6) 140,032 (21.5) 
35-39 3,661 (11.8) 709,300 (11.4) 74,591 (11.4) 

≥40 1,050 (3.4) 16,116 (2.6) 17,166 (2.6) 
Missing 0 (0.0) 26 (0.0) 26 (0.0) 

Race/ethnicity    
Non-Hispanic White 14,545 (46.7) 278,768 (44.9) 293,313 (45.0) 
Non-Hispanic Black 7,363 (23.7) 108,196 (17.4) 115,559 (17.7) 

Hispanic 1,906 (6.1) 49,371 (8.0) 51,277 (7.9) 
Others 7,312 (23.5) 184,473 (29.7) 191,785 (29.4) 

Missing 0 (0.0) 14 (0.0) 14 (0.0) 
Maternal education    

<High school 6,074 (19.5) 127,581 (20.6) 133,655 (20.5) 
High school or equivalent 10,148 (32.6) 192,994 (31.1) 203,142 (31.2) 

>High school 14,756 (47.4) 296,915 (47.8) 311,671 (47.8) 
Missing 148 (0.5) 3,332 (0.5) 3,480 (0.5) 

Marital status    
Married 16,040 (51.5) 341,332 (55.0) 357,372 (54.8) 

Not married 15,082 (48.5) 279,395 (45.0) 294,477 (45.2) 
Missing 4 (0.0) 95 (0.0) 99 (0.0) 

Smoking during pregnancy    
No 28,692 (92.2) 567,672 (91.4) 596,364 (91.5) 

Yes 2,407 (7.7) 52,703 (8.5) 55,110 (8.5) 
Missing 27 (0.1) 447 (0.1) 474 (0.1) 

Pre-pregnancy BMI    
Underweight (<18.5) 772 (2.5) 31,010 (5.0) 31,782 (4.9) 

Normal (18.5-24.9) 10,511 (33.8) 303,492 (48.9) 314,003 (48.2) 
Overweight (25.0-29.9) 7,875 (25.3) 141,065 (22.7) 148,940 (22.8) 

Obese (≥30.0) 10,017 (32.2) 107,565 (17.3) 117,582 (18.0) 
Missing 1,951 (6.3) 37,690 (6.1) 39,641 (6.1) 

Urbanity    
Urban 28,377 (91.2) 573,257 (92.3) 601,634 (92.3) 
Rural 2,749 (8.8) 47,565 (7.7) 50,314 (7.7) 

Season of conception    
Warm 15,212 (48.9) 304,984 (49.1) 320,196 (49.1) 

Cool 15,914 (51.1) 315,838 (50.9) 331,752 (50.9) 
Year of conception    

2005 9,980 (32.1) 204,496 (32.9) 214,476 (32.9) 
2006 10,540 (33.9) 211,208 (34.0) 221,748 (34.0) 
2007 10,606 (34.1) 205,118 (33.0) 215,724 (33.1) 
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Table 3-2. ORs for risk of hypertensive disorders of pregnancy (HDP) by NDI among women with conception date during 
2005-2007 in Florida, USA. 

 Unadjusted Model Adjusted Modela 
NDI n(HDP/Total)b OR (95% CI) n(HDP/Total)b OR (95% CI) 

Quartile 1 [-7.22, -1.66] 4,418/113,418 Reference 4,125/105,981 Reference 
Quartile 2 (-1.66, -0.18] 6,985/147,335 1.23(1.18, 1.28) 6,599/139,426 1.15(1.10, 1.20) 
Quartile 3 (-0.18, 1.39] 8,460/174,740 1.26(1.21, 1.30) 7,924/163,949 1.14(1.10, 1.19) 
Quartile 4 (1.39, 11.10] 11,263/216,455 1.35(1.31, 1.40) 10,414/200,382 1.19(1.14, 1.24) 
a Adjusted for maternal age, race, education, marital status, pregnancy smoking status, pre-pregnancy BMI, urbanity, 
season of conception, and year of conception. b Women with complete data for all covariates.  
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Table 3-3. ORs for risk of hypertensive disorders of pregnancy (HDP) by individual neighborhood SES characteristics 
among women with conception date during 2005-2007 in Florida, USA. 

 LASSO Model Unpenalized Logistic Model 
Neighborhood SES Characteristics Coefficienta OR (95% CI)a 

Poverty   
Percent of households in poverty −1.41 × 10−2 0.99(0.96, 1.01) 

Percent of households earning <$30,000 per year −1.04 × 10−2 0.99(0.97, 1.01) 

Percent of households with no vehicle −2.09 × 10−2 0.98(0.95, 1.01) 

Occupation   
Percent of males in management 8.78 × 10−4 1.01(0.99, 1.03) 

Percent of males in professional occupations 0 - 
Percent of females in management 1.13 × 10−2 1.01(0.99, 1.04) 

Percent of females in professional occupations −1.64 × 10−2 0.98(0.96, 0.99) 
Housing   

Percent of rented housing −3.78 × 10−3 0.99(0.98, 1.01) 

Percent of vacant housing −6.45 × 10−4 1.00(0.98, 1.01) 

Percent of renter or owner costs in excess of 50% of income 7.79 × 10−4 1.00(0.99, 1.00) 

Median household value (each 50,000 dollars increase) −4.45 × 10−2 0.95(0.94, 0.96) 
Employment   

Percent unemployed −1.13 × 10−2 0.98(0.93, 1.03) 
Percent of males no longer in work force 0 - 

Education   
Percent earning less than a high school education −1.37 × 10−3 1.00(0.98, 1.02) 

Racial composition   
Percent of non-Hispanic blacks 2.12 × 10−2 1.02(1.01, 1.03) 

Residential stability   
Percent in same residence in the last year −3.10 × 10−2 0.96(0.94, 0.98) 

Percent residents 65 years and above 0 - 
a Adjusted for maternal age, race, education, marital status, pregnancy smoking status, pre-pregnancy BMI, urbanity, 
season of conception, and year of conception. Coefficient, OR, and 95% CI for each 10 percent increase in neighborhood 
SES characteristics or each 50,000 dollar increase in median household value.  
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Table 3-4. Sensitivity analyses: fixed-effects model vs. mixed-effects model. 

 n(HDP/Total)a Fixed-effects Modelb Mixed-effects Modelc 
NDI    

Quartile 1 [-7.22, -1.66] 4,418/113,418 Reference Reference 
Quartile 2 (-1.66, -0.18] 6,985/147,335 1.15(1.10, 1.20) 1.16(1.15, 1.21) 
Quartile 3 (-0.18, 1.39] 8,460/174,740 1.14(1.10, 1.19) 1.15(1.10, 1.21) 
Quartile 4 (1.39, 11.10] 11,263/216,455 1.19(1.14, 1.24) 1.21(1.15, 1.27) 
a Women with complete data for all covariates. b Adjusted for maternal age, race, education, marital status, pregnancy 
smoking status, pre-pregnancy BMI, urbanity, season of conception, and year of conception. c Mixed-effects model with 
random intercept for each census tract and adjusted for maternal age, race, education, marital status, pregnancy smoking 
status, pre-pregnancy BMI, urbanity, season of conception, and year of conception. 
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Figure 3-1. Neighborhood Deprivation Index (NDI) by census tracts in Florida, USA. 
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CHAPTER 4 
RACIAL DISPARITIES IN HYPERTENSIVE DISORDERS OF PREGNANCY 

MEDIATED BY NEIGHBORHOOD ENVIRONMENTAL FACTORS 

Introduction 

Hypertensive disorders of pregnancy (HDP) are common pregnancy 

complications, characterized by high blood pressure, usually after 20 weeks of gestation 

when the change in blood volume leads to higher stress on the cardiovascular system 

(Yoder et al. 2009). HDP have been linked to increased neonatal and maternal 

morbidity and mortality (Allen et al. 2004; Bauer and Cleary 2009; Bellamy et al. 2007; 

Duley 2009; Lo et al. 2013; Wang et al. 2012; Wu et al. 2009).  

The burden of HDP falls disproportionately on African Americans (Tanaka et al. 

2007). A 10-year longitudinal study in New York State reported that 8.5% of African 

American women had HDP during pregnancy, compared with 5.5% and 6.2% in White 

and Hispanic women, respectively (Tanaka et al. 2007). More importantly, Tanaka et al. 

found an increasing trend of racial disparities in HDP that appear to be independent of 

the influences of other risk factors such as new paternity, multiple gestation, and 

extreme reproductive age. The State of Florida also had shown increasingly large racial 

disparities in HDP. Data from the Florida Vital Statistics Birth Records indicate that the 

racial disparities in HDP have been two times greater in 2012 compared with 2004. In 

2004, 5.57% and 5.00% African American and White women had HDP during 

pregnancy, respectively, while in 2012, 7.21% and 5.54% African American and White 

women had HDP, respectively.  

Given an increase in racial disparities in HDP, it is important to identify the 

underlying factors associated with this trend in order to inform the development of 

targeted and useful health policies and interventions to reduce both racial disparities 
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and risks of HDP in Florida. Neighborhood environmental factors such as racial 

residential segregation, urbanity, neighborhood socioeconomic status (SES), and air 

pollution exposure are potential mediators for racial disparities in HDP since they are 

both associated with HDP risks and distribute unevenly between African Americans and 

non-African Americans (Kearney and Kiros 2009; Pollock and Vittas 1995; Stretesky 

and Hogan 1998; Williams and Collins 2001). However, few study has directly 

addressed how these neighborhood environmental factors contribute to the racial 

disparities in HDP.  

In this study, we used the Florida Vital Statistic Birth Record dataset to assess 

the mediation effects of neighborhood environmental factors (i.e. racial residential 

segregation, urbanity, neighborhood SES, and ozone exposure) on racial disparities in 

HDP among all eligible women residing in Florida with conception dates between 

January 1, 2005 and December 31, 2007.  

Materials and Methods 

Study Sample 

We obtained the Florida Vital Statistics Birth Record dataset from the Bureau of 

Vital Statistics, Office of Health Statistics and Assessment, Florida Department of 

Health (http://www.floridahealth.gov/certificates/certificates/, Jacksonville, Florida), 

which include all registered live births in Florida, USA between January 1, 2005 and 

December 31, 2008 (n=917,788). Records with maternal residential addresses located 

outside Florida (n=4,632) were excluded. Maternal residential address at delivery was 

initially geocoded by Florida Department of Health (FDOH) using ArcGIS v10.1, and 

864,247 records (94.6%) were successfully geocoded. We further geocoded the 

addresses that failed to be geocoded by FDOH using the Google Maps application 

http://www.floridahealth.gov/certificates/certificates/
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programming interface (API), and a total of 913,048 records (99.9%) were successfully 

geocoded. We excluded women whose residential address could not be geocoded 

(n=108). The census tracts corresponding to the geocoded maternal addresses were 

then determined using the 2010 TIGER/Line Shapefiles. To avoid fixed cohort bias 

(Strand et al. 2011), we included women based on their conception date instead of 

delivery date (n=691,011). We further excluded women with non-singleton deliveries 

(n=21,609), pre-pregnancy hypertension (n=10,590), births with birthweight <500 g or 

>5000 g (n=621), gestational age <26 weeks (n=2,662), or with missing race/ethnicity 

(n=14). A total of 655,515 women were included. 

Outcome Assessment 

The diagnoses of pre-pregnancy hypertension, gestational hypertension or 

preeclampsia, and eclampsia were obtained during the collections of Vital Statistics 

Birth Record data by the staff. Gestational hypertension was determined as the 

development of hypertension after 20 weeks of pregnancy, and preeclampsia was 

defined as the new onset of hypertension and proteinuria after 20 weeks of gestation. 

Eclampsia was determined by the onset of convulsions. Similar to previous 

environmental studies on HDP, we used the restricted definition of HDP which only 

includes gestational hypertension, preeclampsia, and/or eclampsia. 

Urbanity Assessment 

Urbanity was assessed using data from the 2010 Census. The US Census 

Bureau defines territories as urban areas if they encompass at least 2,500 people, and 

at least 1,500 of which reside outside institutional group quarters. Women’s residential 

addresses were linked to the urbanity data and used to determine whether they resided 

in urban or rural areas. 
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Neighborhood Socioeconomic Status Assessment 

Information on neighborhood SES characteristics was obtained from the 2006-

2010 American Community Survey (ACS). A total of 17 census tract-level 

characteristics covering seven different domains of neighborhood SES were obtained: 

poverty  (i.e. percent of households in poverty, percent of households earning <$30,000 

per year, and percent of households with no vehicle), occupation  (i.e. percent of males 

in management, percent of males in professional occupations, percent of females in 

management, and percent of females in professional occupations), housing  (i.e. 

percent of rented housing, percent of vacant housing, percent of renter or owner costs 

in excess of 50% of income, and median household value), employment  (i.e. percent 

unemployed, and percent of males no longer in work force), education  (i.e. percent 

earning less than a high school education), racial composition  (i.e. percent of African 

Americans), and residential stability  (i.e. percent in same residence in the last year, and 

percent residents 65 years and above). We conducted the principal component analysis 

to combine information from these indicators at the census tract-level into the 

standardized Neighborhood Deprivation Index (NDI) developed by Messer et al. (2006) 

using the first factor loadings. 

Ozone Exposure Assessment 

We obtained ambient ozone (O3) data from EPA and CDC’s National 

Environmental Public Health Tracking Network (U.S. EPA 2014), which were assessed 

using the hierarchical Bayesian space-time statistical model (HBM) to combine the Air 

Quality System monitoring data with the Community Multiscale Air Quality modeled 

data. The data is available during 2001-2008 with a daily temporal resolution and a 

spatial resolution of 12km×12km across the continental areas in the US (McMillan et al. 
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2010). The HBM data were spatiotemporally linked to each woman to calculate O3 

exposure during the first two trimesters (1-26 weeks) of the pregnancy, which were 

determined by gestational age and delivery date of each woman.  

Racial Residential Segregation Assessment 

The spatial measure of neighborhood level racial isolation developed by 

Anthopolos et al. (2011) was used to assess racial residential segregation. The Census 

block-group level population count data by race were obtained from the 2006-2010 

American Community Survey. Let 𝑅 denote the entire region of Florida, 𝑟𝑖 denote the 𝑖𝑡ℎ 

Census block-group, and |𝑟𝑖| denote the area of block-group 𝑖. Let 𝑚 indicate 𝑀 

mutually exclusive race/ethnicity groups. 𝑇𝑟𝑖 was then defined as the total population 

count in block-group 𝑖, and let 𝑇𝑚
𝑟𝑖 denote the total population count of group 𝑚 in block-

group 𝑖. We then used Γ to denote a first order adjacency matrix with 𝛾𝑖𝑗 = 1 if 𝑟𝑖 and 𝑟𝑗 

share a boundary and 𝛾𝑖𝑗 = 0 otherwise. 𝛾𝑖𝑖 was set to a constant 𝑘 (𝑘 ≥ 1) to indicate 

individual’s interaction within their own block-group. The racial isolation of group 𝑚 in 

block-group 𝑖 can then be defined as:  

𝑅𝑅𝑆𝑚
𝑟𝑖 =

∑ 𝛾𝑖𝑗𝑇𝑚

𝑟𝑗
𝑟𝑗

∑ 𝛾𝑖𝑗𝑇𝑟𝑗
𝑟𝑗

 

It can be interpreted as the average percentage of group 𝑚 in the local 

environment of 𝑟𝑖 as defined by the adjacency matrix. Bordering block groups located 

outside the State of Florida were also included to correct for the edge effects. To be 

consistent with previous studies (Anthopolos et al. 2011; Anthopolos et al. 2014), the 

constant 𝑘 was set to 1. 
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Covariates 

Maternal age, race/ethnicity, education, marital status, pregnancy smoking 

status, pre-pregnancy body mass index (BMI), season and year of conception were 

obtained directly from the births records. We categorized maternal age at delivery into 

six groups, with 5-year increments for women aged 20-40 years old as well as two 

additional groups for <20 and ≥40 years old. Race/ethnicity was divided into two 

categories: African Americans and non-African Americans. In addition, dichotomous 

variables were used to indicate marital status and pregnancy smoking status. Maternal 

education was categorized as: <high school, high school or equivalent, and >high 

school. Pre-pregnancy BMI was categorized to four groups: underweight (<18.5), 

normal (18.5-24.9), overweight (25-29.9), and obese (≥30.0). Season [warm (June-

November) or cool (December-May)] and year (2005, 2006, or 2007) of conception 

were also treated as categorical variables.  

Statistical Analyses 

Distribution of race/ethnicity, mediators, and covariates between women with 

HDP and those without HDP were examined. To assess the potential correlations at 

census tract level, the intraclass correlation coefficient (ICC) was calculated using a 

mixed-effects model with random intercept for each census tract and fixed slopes for 

exposure, mediators, and covariates. We obtained an ICC of 0.06, indicating a very 

small effect of clusters. Therefore, fixed-effects models were used in the analyses. We 

first fitted an unadjusted logistic regression model to investigate racial differences in 

odds of HDP. Odds ratios (ORs) and 95% confidence interval were reported. An 

adjusted model controlling for maternal age, education, marital status, pregnancy 

smoking, pre-pregnancy BMI, season and year of conception were then used. The 
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Inverse Odds Ratio Weighting (IORW) method developed by Nguyen et al. (2015) was 

used to assess the mediation effects of neighborhood environmental factors. Figure 4-1 

shows the directed acyclic graph (DAG) depicting the relationship between the 

exposure 𝐸 (i.e. race/ethnicity), the outcome 𝑌 (i.e. HDP), the mediators 𝑀 (i.e. 

neighborhood environmental factors including ozone 𝑀1, urbanity 𝑀2, neighborhood 

SES 𝑀3, and racial residential segregation 𝑀4), and the confounders 𝐶 (i.e. pre-

pregnancy maternal characteristics). The IORW can be used with any standard 

regression models and can be easily implemented in standard statistical software with 

weighted regression. It avoids the difficulties of specifying a model for the joint 

conditional density of multiple mediators by using weights to indicate the relationship 

between exposure and multiple mediators. The IORW method was implemented to 

estimate the direct and indirect effects as follows (Figure 4-2): (1) model the exposure 

conditional on the mediators and the confounders, (2) compute an IORW weight for the 

exposed group by taking the inverse of the predicted odds from step 1 and set the 

IORW weight to 1 for the reference group, (3) fit a weighted model for the outcome 

conditional on the exposure and the covariates using the IORW weight obtained in step 

2 to estimate the direct effect of exposure, and then (4) estimate the total effect of 

exposure by fitting a standard model for the outcome conditional on the exposure and 

the covariates. The indirect effects of the exposure were then obtained by subtracting 

the direct effects from the total effects, and standard errors for the estimated direct and 

indirect effects were derived by using 1,000 bootstrap replications. All statistical 

analyses were conducted using R 3.2.2 (R Foundation for Statistical Computing, 

Vienna, Austria). 
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Results 

Among the 655,515 women included in the analyses, 31,362 (4.8%) women had 

HDP, and 609,738 had complete data for all mediators and covariates (n = 29,062 with 

HDP). Table 4-1 shows the distribution of maternal characteristics by HDP status. 

African American women had a higher prevalence of HDP (6.4%) compared with non-

African American women (4.4%). In addition, HDP cases were more likely than those 

without HDP to live in a neighborhood with higher racial residential segregation score 

and NDI, to have higher ozone exposure during the first two trimesters of pregnancy, to 

live in rural areas, and to be with higher pre-pregnancy BMI. Furthermore, women with 

HDP were less likely than those without HDP to be between 20 to 34 years of age, to be 

married, and to smoke during pregnancy.  

Table 4-2 shows the unadjusted and adjusted ORs between race/ethnicity and 

HDP. In the unadjusted model, African American women had increased odds of HDP 

compared with non-African American women (OR: 1.47, 95% CI: 1.43, 1.51). Consistent 

results were observed in the adjusted model after controlling for maternal age, 

education, marital status, pregnancy smoking status, pre-pregnancy BMI, and season 

and year of conception (OR: 1.23, 95% CI: 1.19, 1.27).  

Table 4-2 also shows the estimated direct (race/ethnicity →HDP in Figure 4-1) 

and indirect (race/ethnicity → neighborhood environmental factors → HDP) effects as 

well as the estimated proportion of total effects mediated by neighborhood 

environmental factors. For African American women, the estimates of the total OR of 

1.23 (95% CI: 1.19, 1.27) was decomposed into a direct OR of 1.14 (95% CI: 1.09, 

1.20) and an indirect OR of 1.07 (95% CI: 1.03, 1.12), with 35% (95% CI: 15%, 55%) of 
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the total effects mediated through neighborhood environmental factors including ozone 

exposure, urbanity, neighborhood SES, and racial residential segregation. 

Discussion 

To our knowledge, this is the first population-based study to examine the 

mediating effects of neighborhood environment on racial disparities in HDP. We found 

that African American women had significantly higher odds to have HDP compared with 

non-African American women. More importantly, the results from mediation analyses 

show that 35% of racial disparities in HDP can be explained by the differential exposure 

to neighborhood environmental factors, including ozone exposure, urbanity, 

neighborhood SES, and racial residential segregation, between African American 

women and non-African American women.  

Neighborhood environment is an important health determinant that has been 

recognized for a long time (Malmström et al. 1999). However, limited studies have been 

done to assess how it may contribute to the increasingly large racial disparities in HDP. 

Our findings suggest that the improvement on neighborhood environmental factors such 

as ozone exposure, urbanity, neighborhood SES, and racial residential segregation can 

greatly reduce the racial disparities in HDP.  

Racial residential segregation has been regarded as the fundamental cause of 

racial disparities in health (Williams and Collins 2001). In the US, it usually refers to the 

residential separation of African American neighborhoods from non-African Americans. 

In spite of the Civil Rights Act in 1968 which made overt discrimination in housing 

markets illegal, racial residential segregation persisted in forms such as racial steering 

and discriminatory lending (Mendez et al. 2013). Although no study has been done to 

assess the mediating effects of racial residential segregation on racial disparities in 
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HDP, various studies have linked racial residential segregation to adverse birth 

outcomes in the US (Anthopolos et al. 2011; Anthopolos et al. 2014; Bell et al. 2006; 

Grady 2006; Grady and Ramírez 2008; Osypuk and Acevedo-Garcia 2008). In a parallel 

literature, racial residential segregation has been associated with hypertension in the 

general population (Kershaw et al. 2011). On the other hand, neighborhood 

environmental factors such as ozone exposure and neighborhood SES have been 

linked to HDP and many adverse health comes and behaviors (Cozier et al. 2007; 

Cubbin et al. 2000; Cubbin et al. 2006; Cunradi et al. 2000; Doubeni et al. 2012; Finch 

et al. 1999; Hu et al. 2014; Jaffe et al. 2005; Morenoff et al. 2007; Mujahid et al. 2008; 

Roux et al. 2001; Shenassa et al. 2004; Welte et al. 2004; Yost et al. 2001). Studies 

suggested that the average residential context of African American communities is 

worse than the worst residential context for Whites (Sampson and Wilson 1995; 

Williams and Collins 2001). This evidence supports our findings that neighborhood 

environment is an important mediator for racial disparities in HDP. More efforts should 

be given on neighborhood-level interventions such as the smart growth by the American 

Planning Association (Duany et al. 2010), the community revitalization initiatives 

(Anderson et al. 2003; Williams 2007), and “Environmental justice” interventions (Alfieri 

2013).  

Our study has several strengths. First, by using the Florida Vital Statistics Birth 

Record dataset, we are able to include all eligible women who delivered baby in the 

study period. Second, we assessed how neighborhood environment may contribute to 

racial disparities in HDP by mediation analyses. Mediation analysis is increasingly used 

recently in health disparity studies given its advantages to separate and quantify the 
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direct and indirect effects (Bennett et al. 2012; Chatterjee et al. 2011; Mugavero et al. 

2009). Identifying the mediators will not only improve the understandings of the 

underlying causal mechanisms, but also help to design and implement better 

intervention strategies.  

Besides these strengths, several limitations need to be noted. Firstly, information 

on residential history or daily mobility was not available, which may have led to non-

differential misclassification bias. Secondly, only a limited number of neighborhood 

environmental factors were examined in this study. In addition, although a number of 

confounders have been included in this study, we were not able to account for other 

potential confounders such as diet (Dubowitz et al. 2008). In spite of these limitations, 

this study provides important evidence that an unneglectable proportion of racial 

disparities in HDP was mediated by neighborhood environment. Future interventional 

studies are warranted to improve the neighborhood environment for African Americans 

and to reduce the racial disparities in HDP. 

Conclusion 

Using Florida birth vital statistics records, we found that 35% of the racial 

disparities in HDP can be explained by differential exposure to neighborhood 

environmental factors such as ozone, urbanity, neighborhood SES, and racial 

residential segregation. Interventional studies are needed to improve neighborhood 

environment and to reduce racial disparities in HDP. 
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Table 4-1. Maternal characteristics by hypertensive disorders of pregnancy (HDP) 
status among women with conception date during 2005-2007 in Florida, USA. 

Maternal Characteristics HDP 
(n=31,362) 

n (%) 
/mean(sd) 

No HDP 
(n=624,153) 

n (%) 
/mean(sd) 

Total 
(n=655,515) 

n (%) 
/mean(sd) 

Race/ethnicity    
African American 7,426 (23.7) 108,974 (17.5) 116,400 (17.8) 

Non-African American 23,936 (76.3) 515,179 (82.5) 539,115 (82.2) 
Racial Residential Segregation Score 0.21 (0.23) 0.19 (0.21) 0.19 (0.21) 
Neighborhood Deprivation Index 0.79 (2.36) 0.56 (2.37) 0.57 (2.37) 
Ozone exposure during first two trimesters 39.06 (5.20) 38.61 (5.33) 38.63 (5.33) 
Urbanity    

Urban 28,609 (91.2) 576,479 (92.4) 605,088 (92.3) 
Rural 2,753 (8.8) 47,674 (7.6) 50,427 (7.7) 

Maternal age (years)    
<20 4,089 (13.0) 67,386 (10.8) 71,475 (10.9) 

20-24 8,325 (26.5) 164,441 (26.3) 172,766 (26.4) 
25-29 7,973 (25.4) 170,778 (27.4) 178,751 (27.3) 
30-34 6,244 (19.9) 134,265 (21.5) 140,509 (21.4) 
35-39 3,678 (11.7) 71,101 (11.4) 74,779 (11.4) 

≥40 1,053 (3.4) 16,156 (2.6) 17,209 (2.6) 
Missing 0 (0.0) 26 (0.0) 26 (0.0) 

Maternal education    
<High school 6,133 (19.6) 128,412 (20.6) 134,545 (20.5) 

High school or equivalent 10,227 (32.6) 194,098 (31.1) 204,325 (31.2) 
>High school 14,853 (47.4) 298,300 (47.8) 313,153 (47.8) 

Missing 149 (0.5) 3,343 (0.5) 3,492 (0.5) 
Marital status    

Married 16,159 (51.5) 343,191 (55.0) 359,350 (54.8) 
Not married 15,199 (48.5) 280,866 (45.0) 296,065 (45.2) 

Missing 4 (0.0) 96 (0.0) 100 (0.0) 
Smoking during pregnancy    

No 28,916 (92.2) 570,818 (91.5) 599,734 (91.5) 
Yes 2,419 (7.7) 52,886 (8.5) 55,305 (8.4) 

Missing 27 (0.1) 449 (0.1) 476 (0.1) 
Pre-pregnancy BMI    

Underweight (<18.5) 776 (2.5) 31,191 (5.0) 31,967 (4.9) 
Normal (18.5-24.9) 10,589 (33.8) 305,035 (48.9) 315,624 (48.1) 

Overweight (25.0-29.9) 7,942 (25.3) 141,826 (22.7) 149,768 (22.8) 
Obese (≥30.0) 10,093 (32.2) 108,143 (17.3) 118,236 (18.0) 

Missing 1,962 (6.3) 37,958 (6.1) 39,920 (6.1) 
Season of conception    

Warm 15,327 (48.9) 306,630 (49.1) 321,957 (49.1) 
Cool 16,035 (51.1) 317,523 (50.9) 333,558 (50.9) 

Year of conception    
2005 10,077 (32.1) 205,621 (32.9) 215,698 (32.9) 
2006 10,611 (33.8) 212,398 (34.0) 223,009 (34.0) 
2007 10,674 (34.0) 206,134 (33.0) 216,808 (33.1) 
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 Table 4-2. ORs of hypertensive disorders of pregnancy (HDP) mediated by 
neighborhood environmental factors among women with conception date 
during 2005-2007 in Florida, USA. 

 Race/ethnicity 
 Non-African American African American 

Unadjusted model   
n(HDP/Total)b 23,936/539,115 7,426/116,400 
OR (95% CI) Reference 1.47(1.43, 1.51) 

Adjusted model   
n(HDP/Total)b 22,270/502,504 6,792/107,234 

Total effect Reference 1.23(1.19, 1.27) 
Direct effect Reference 1.14(1.09, 1.20) 

Indirect effect Reference 1.07(1.03, 1.12) 
Proportion mediated - 0.35(0.15, 0.55) 

a Adjusted for maternal age, education, marital status, pregnancy smoking status, pre-
pregnancy BMI, season of conception, and year of conception. b Women with complete 
data for all mediators and covariates. 
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Figure 4-1. Directed acyclic graph. Neighborhood environmental factors including 

ozone, neighborhood socioeconomic status (SES), and racial residential 
segregation (RRS) are hypothesized to mediate racial disparities in 
hypertensive disorder of pregnancy (HDP). 
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Figure 4-2. Overview of the mediation analyses using the inverse odds ratio weighting 

(IORW) method.  
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CHAPTER 5 
CONCLUSIONS 

Summary of Research Objectives 

As outlined in Chapter 1, neighborhood environment may independently 

contribute to the development of HDP aside from other known risk factors. This 

dissertation aimed to address the knowledge gap in the literature by assessing the 

association between neighborhood environment and HDP and examining how 

neighborhood environment may contribute to the racial disparities in HDP. To achieve 

these objectives, we firstly investigated the association between O3 exposures during 

pregnancy and HDP and identified critical exposure windows. Secondly, we examined 

the association between neighborhood SES and HDP using the standardized NDI. We 

also further identified individual neighborhood socioeconomic characteristics that are 

predictive of HDP using the Lasso model. Finally, due to the large racial disparities in 

HDP between African Americans and non-African Americans, we further assessed how 

O3 exposure during pregnancy and neighborhood SES may contribute to racial 

disparities by mediation analyses using the Inverse Odds Ratio Weighting method. 

More specifically, we sought to answer the following research questions: 

1. What are the effect estimates for the association between O3 exposure during the 
three pre-defined windows (i.e. the first trimester, the second trimester, and the first 
and second trimesters) of pregnancy and HDP? 
 

2. What are the most critical exposure windows of O3 during pregnancy for HDP? 
 
3. What are the overall effect estimates for the association between neighborhood SES 

and HDP? 
 
4. Which individual neighborhood socioeconomic status are predictive of HDP? 
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5. What are racial disparities in HDP between African Americans and non-African 
Americans?  

 
6. What proportions of the racial disparities in HDP are contributed by neighborhood 

environmental factors including O3 exposure during pregnancy, neighborhood 
socioeconomic status, urbanity, and racial residential segregation? 

Accomplishments of this Dissertation 

This dissertation has accomplished the objectives outlined in Chapter 1 and 

successfully addressed the research questions above. The findings from this 

dissertation contribute to the limited literature on neighborhood environment and HDP. 

The following sections summarized and discussed the achievements of this dissertation. 

Determination of Association between O3 Exposure during the Three Pre-defined 
Exposure Windows of Pregnancy and HDP  

In the state of Florida, O3 is the air pollutant of the greatest concern, and recent 

studies suggested an overall positive association between O3 exposure during 

pregnancy and HDP. However, several limitations existed in previous studies such as 

the use of data from stationary air monitors which may introduce both information and 

selection bias. To address these limitations, in Chapter 2, we linked the Florida Vital 

Statistics Birth Records data to the hierarchical Bayesian space-time modelled O3 data 

to assess pregnant women’s exposure to O3 during the three pre-defined windows: the 

first trimester, the second trimester, and the first and second trimesters. We observed 

positive associations between O3 exposure and HDP during all these three pre-defined 

exposure windows. 

Identification of Critical Windows of O3 Exposure during Pregnancy for HDP 

Another significant limitation in previous studies on O3 exposure and HDP is the 

lack of identifications of critical exposure windows. Therefore, in addition to the 

traditional logistic regression models performed to determine the overall association 
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between O3 exposure during pregnancy and HDP, we further used the constrained 

distributed lag models to identify critical O3 exposure windows for HDP in Chapter 2. We 

found that early pregnancy was the most critical window for O3 exposure. Our findings 

contribute to the literature since this is the first to identify critical O3 exposure windows 

for HDP. Future studies can confirm these findings and further investigate the 

mechanisms underlying them such as the potential effects of O3 on vasoconstriction in 

HDP.  

Determination of Association between Neighborhood SES and HDP 

Neighborhood SES is an important health determinant. While neighborhood SES 

has been found to be associated with both adverse birth outcomes and hypertension in 

the general population, only a few studies examined the association between 

neighborhood SES and HDP. To answer the third research question, in Chapter 3, we 

generated the standardized Neighborhood Deprivation Index (NDI) based on seventeen 

census-tract level SES characteristics, and we found that women living in 

neighborhoods with lower SES had higher odds of HDP after controlling for individual-

level SES and other confounders including pre-pregnancy BMI and pregnancy smoking 

status.   

Identification of Individual Neighborhood Socioeconomic Characteristics 
Predictive of HDP 

A big limitation of previous studies on neighborhood SES and HDP is the lack of 

evidence to identify individual neighborhood SES characteristics predictive of HDP. To 

address the fourth research question, we used the regularized logistic regression model 

with an 𝑙1-penalty (LASSO) to determine predictive neighborhood SES characteristics, 

and we found that women living in neighborhoods with a high residential instability, a 
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low proportion of females working in professional occupations, low median household 

values, and a high proportion of non-Hispanic Blacks residents have higher odds of 

HDP. The identifications of these neighborhood socioeconomic characteristics that are 

predictive of HDP can be used to better inform community interventions in the future.   

Identification of Racial Disparities in HDP between African Americans and Non-
African Americans 

In Chapter 4, we assessed the racial disparities in HDP. Among the 116,400 

African American women included in the study, 7,426 (6.4%) had HDP. While only 

23,936 (4.43%) out of the 539,115 non-African American women developed HDP. 

Consistent results were found after adjusting for maternal age, education, marital status, 

pregnancy smoking status, pre-pregnancy BMI, and season and year of conception. 

African American women had a higher odds of HDP (OR: 1.23, 95% CI: 1.19, 1.27) 

compared with non-African American women. These findings are consistent with the 

racial disparities observed in other areas in US.  

Determination of the Proportions of Racial Disparities in HDP Contributed by 
Neighborhood Environmental Factors Including O3 Exposure, Neighborhood 
SES, urbanity, and Racial Residential Segregation 

After the identification of racial disparities in HDP, we further assessed how 

neighborhood environmental factors examined in Chapter 2 and Chapter 3 as well as 

racial residential segregation may contribute to the higher odds of HDP observed 

among African American women. We used the inverse Odds Ratio Weighting method to 

perform the mediation analyses, and we found that 35% of racial disparities in HDP can 

be explained by the differential exposure to neighborhood environmental factors 

including O3 exposure during pregnancy, neighborhood SES, urbanity, and racial 

residential segregation.  
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Limitations 

 As we discussed above, a major limitation of the current study as well as existing 

literature is measurement errors in the outcome, exposure, and covariates.  

For example, most studies assessed air pollution exposure based on the 

concentrations measured in the closest stationary air monitors to individuals’ residential 

addresses. Such method introduces substantial exposure misclassification bias. In this 

dissertation, although we used the HBM output to assess ozone exposure, substantial 

errors may still exist due to the differences in individuals’ time-activity pattern. While 

studies using personal air monitors have been conducted, these studies usually have 

small sample sizes and take a long time and high expenses to be completed in the 

traditional epidemiological study settings (Jedrychowski et al. 2004). Such studies are 

hard to be scaled up, and more importantly, they may introduce selection bias that 

make the results hard to be generalizable.  

In addition, more detailed and innovative data sources are needed to assess 

neighborhood SES. In this dissertation, we assessed neighborhood SES using the 5-

year ACS data from 2006-2010. The ACS is the major data source for assessment of 

neighborhood SES in US currently. The ACS is a national survey using a series of 

monthly samples to produce estimates for different size of areas and time periods. 

While the data provided a good estimate of neighborhood SES at census-tract level in 

the 5-year period, it could not capture more detailed temporal changes in neighborhood 

SES (e.g. monthly or annual estimates). Furthermore, in this dissertation, we defined 

neighborhoods using census tracts. Although this is a routine practice in the field, better 

definitions of neighborhoods are required in future studies.   
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Similarly, more refined measurement of HDP is warranted in future studies using 

detailed clinical data accounting for timing of HDP onset and high-quality blood pressure 

measurements. 

 However, in the traditional epidemiological study settings, there seems to be a 

tradeoff between measurement errors and selection biases. In studies with large sample 

sizes (e.g. utilizing vital statistics data or other large birth cohort), selection bias is 

minimal while substantial measurement errors may exist. On the other hand, in studies 

with small sample sizes (e.g. enrolling participants from community or clinical settings), 

measurement errors can be minimized while substantial selection biases may exist. In a 

recent study on air pollution and HDP, Savitz et al. (2015) stated that we are quickly 

reaching the limits of benefiting from new studies of similar natures to those have done 

before. Innovative methods and data sources are needed to simultaneously reduce 

measurement errors and selection bias and to bring a new perspective to the topic.  

Another major limitation in the field is the lack of individual-level interventions 

designed to reduce environmental risk factors of HDP. As the theoretical framework 

SEM suggests, environmental risk factors are more amenable than individual risk 

factors because we can design interventions at both levels. However, the lack of 

individual-level interventions on these environmental risk factors largely hinders the 

improvement of racial disparities and the burden of HDP. The lack of interventions may 

be due to many reasons. Traditionally, epidemiological research starts with descriptive 

studies, and then moves on to etiological studies. Only after the confirmations of 

etiological effects of a risk factor, interventional studies can be finally achieved. There is 
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a long time lag between etiological studies and interventional studies, and innovative 

techniques are needed to combine etiological studies with interventional studies.    

Future Directions 

Use the Socio-Ecological Model for Prevention 

The SEM considers the complex relationship between individual and 

neighborhood environmental factors, allowing us to understand the range of factors that 

put pregnant women at risk for HDP. The overlapping half-rings in Figure 1-1 illustrate 

how factors at one level influence factors at another level. Using the SEM as the 

theoretical framework, this dissertation identified several risk factors at the 

neighborhood environment level. Our findings suggest that the improvement on these 

neighborhood environmental factors may greatly reduce the burden of HDP as well as 

the racial disparities in HDP. The SEM can also be used as a framework for prevention. 

In order to protect pregnant women from HDP, it is necessary to act across multiple 

levels of the model at the same time.  

Environmental level. A number of environmental level interventions have been 

developed in the past decade to improve neighborhood environment, such as the smart 

growth by the American Planning Association (Duany et al. 2010), the community 

revitalization initiatives (Anderson et al. 2003; Williams 2007), and “Environmental 

justice” interventions (Alfieri 2013). Future studies are warranted to evaluate the effects 

of these interventions as well as to develop more preventive strategies using innovative 

technologies such as mHealth (mobile health). 

Individual level. As discussed above, there is a lack of individual-level 

interventions to prevent HDP by reducing individual exposure to the neighborhood 

environmental risk factors. The emergence of mHealth technologies provides a great 
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opportunity for personalized, localized, and on-demand health interventions (Riley et al. 

2011). For example, the use of wearable environment trackers with indoor air purifier 

has the potential to substantially reduce individual’s exposure to air pollution (Chen et 

al. 2015).  

More efforts are needed to design and integrate interventions at both individual 

and environment level to reduce women’s exposure to neighborhood environmental risk 

factors identified in this dissertation and to prevent HDP.   

Use mHealth to Reduce Bias and Facilitate Translational Research 

In addition to prevention, mHealth technologies can also be used to 

simultaneously reduce measurement error and selection bias, as well as to integrate 

etiological studies with individual-level interventions, which can greatly reduce the long 

time lag in the traditional translational research settings. mHealth is defined as the 

research and practice of medicine and public health supported by mobile devices (Adibi 

2015). These devices provide a wide range of functions to users including mobile 

communication, access to internet and multimedia contents, and millions of software 

applications. mHealth is a rapidly expanding area in healthcare that emerged only a few 

years ago (Blaya et al. 2010), and the recent developments of wearable devices and 

mobile sensors further increases its potential to improve health research and practice. 

mHealth technologies offer many advantages to both health research and practice, 

including modernized automatic and semi-automatic data collections (Walther et al. 

2011), reduced costs of participants recruitment and follow-ups (Kumar et al. 2013), and 

reduced costs of healthcare (Gurol‐Urganci et al. 2012).  
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By collecting data from mobile devices with wearable trackers such as the TZOA 

environment tracker and the Omron Project Zero wearable blood pressure monitor, 

studies using mHealth technologies can obtain real-time data from study participants 

remotely, which can be easily scaled up to enroll a large number of participants in the 

studies. The mHealth technologies can be combined with multistage probabilistic 

sampling methods to address both the measurement and selection bias simultaneously.  

Take the measurement of air pollution exposure as an example, real-time 

exposure surface can be generated using exposure data streamed from individuals’ 

environment trackers. With a large number of participants carrying such trackers, the 

generated surface can provide both a great spatial coverage and an accurate estimate 

of the exposure. The real-time exposure surface can also be used to guide 

environmental-level as well as individual-level interventions. For example, the real-time 

exposure surface will enable policy makers to identify exposure sources more easily 

and lead to a more effective enforcement of environmental laws. On the other hand, at 

individual level, navigation systems can be designed to recommending routes for 

cyclists and pedestrians based on exposure levels in addition to the traditional time and 

distance metrics. Studies fully utilizing the power of mHealth technologies can be used 

to simultaneously assess disease etiology and evaluate intervention efficacy. 

Recently, a European group developed a mHealth platform, mMamee, for 

assessing maternal environmental exposures (Karagiannaki et al. 2015), which is a 

potential prototype platform that can be used to integrate self-reported data from 

participants and real-time data streams from monitors, wearable devices, and other data 
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sources. The platform makes it possible to conduct large-scale etiological research and 

individual-level interventions in the near future.  

Use Innovative Data Sources 

In combination with the mHealth technologies, innovative data sources such as 

satellite images are increasingly popular in the assessment of environmental exposures 

(Lillesand et al. 2014). It is anticipated that satellite images will cover nearly every place 

on Earth every day by 2017 (Draper 2016). Future studies are warranted to fully utilize 

such data to improve the assessment of environmental exposures. 
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