
 

ASSOCIATIONS BETWEEN HURRICANE WEATHER EXPOSURE AND PREGNANCY 

OUTCOME: DEMONSTRATION OF ECOLOGICAL AND INDIVIDUAL-LEVEL 

METHODS                                                                                                                                       

Shannon C. Grabich 

A dissertation submitted to the faculty at the University of North Carolina at Chapel Hill in 

partial fulfillment of the requirements for the degree of Doctor of Philosophy in the Department 

of Epidemiology in the Gillings School of Global Public Health. 

Chapel Hill 

2015 

Approved By: 

 

  Stephanie Engel 

  Jennifer Horney 

  Charles Konrad II 

  David Richardson 

  Whitney Robinson



ii 
 

© 2015 

Shannon C. Grabich 

ALL RIGHTS RESERVED 



iii 
 

ABSTRACT 

Shannon C. Grabich: Associations between hurricane weather exposure and pregnancy outcome: 

demonstration of ecological and individual-level methods 

(Under the direction of Whitney Robinson) 

 

 The impacts related to natural disasters are influenced by population growth, increasing 

coastal settlement, and global climate change.  Socially vulnerable groups, including pregnant 

women, may be disproportionately affected by hurricane-related health effects.  The limited 

literature on this topic is comprised primarily of pre-post ecological studies that may have biases 

due to confounding. The results of current studies, although mixed, have suggested that adverse 

fetal outcomes, including preterm delivery, may increase with hurricanes exposure.  

 We assessed hurricane exposure in 2004 with pregnancy outcomes using a cohort of 

Florida pregnancies constructed from 2003-2005 using vital statistics records. We first utilized a 

difference-in-differences modeling technique to assess the county-level association between 

hurricane exposure and birth rates. We then conducted an individual-level analysis using time-to-

event modeling to investigate hazard rates of single and multiple hurricane exposures on preterm 

delivery stratified by race/ethnicity.  

 In county-level analysis the difference-in-differences method consistently produced 

estimates that suggested no association between hurricane and live birth rate, while the results 

from generalized linear model sensitivity analysis were inconsistent across exposure methods. 

The consistency of the difference-in-differences method suggests potential ability to control for 

time-invariant confounders.  
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In individual-level analysis we found evidence of association between hurricane exposure 

and increased hazard of extremely preterm delivery (<32 weeks gestation) but no association 

with overall preterm delivery (<37 weeks gestation). Suggested associations appeared driven by 

white Hispanic and black Hispanic subgroups although we found limited evidence of statistical 

interaction. We did not find evidence of increasing hazards of preterm delivery with exposure to 

multiple hurricanes.   

 This work provides examples for confounding control for future research to reduce biases. 

Although we found no association between hurricane exposure and live birth rate, we 

demonstrated a potential increase in hazard of extremely preterm delivery with hurricane 

exposure consistent with some of the current literature. As coastal populations and hurricane 

severity increases, future research is needed to understand the impacts of hurricane exposure on 

reproductive health, with a potential focus on the heterogeneity among race/ethnicity subgroups 

for targeting interventions, such as messages about evacuation or education about the importance 

of prenatal care during and after a disaster. 
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CHAPTER 1: BACKGROUND 

Introduction to Hurricanes and Reproductive Health 

The impacts and losses related to natural disasters have grown as populations in 

vulnerable areas and the severity of large-scale disasters have increased. Specifically, hurricane 

hazard vulnerability is influenced by population growth, urbanization, increasing coastal 

settlement, and global climate change. The eastern seaboard region of the United States (US), 

which along with the US Gulf coast, is the area where hurricanes most often make landfall, is 

home to over 50% of the nation's population, and its proportion of the US population is projected 

to exceed 55% by 2015. Suggested hurricane-related health effects include mortality, injury, 

economic distress, excessive stress and disruption of health care. Federal Emergency 

Management Agency (FEMA) defines pregnant women as a socially vulnerable populations 

disproportionately affected by disaster-related health effects.  Hormone fluctuation during 

pregnancy may influence stress related reactions while potential lapses in access to health care 

could impact reproductive outcomes. 

 Published studies investigating associations between hurricane exposure and adverse 

pregnancy have often had mixed results.  Studies have predominantly shown that adverse fetal 

outcomes, including preterm delivery, increase with exposure to natural disasters; however, 

results of research on the association between exposure to natural disaster and birth or fetal death 

rates have been mixed. Due to increased vulnerabilities during the perinatal period and the 

increasing hazard vulnerability, understanding the potential adverse consequences of hurricanes 

on fetal events is necessary.   
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 Published research on this topic is comprised primarily of ecological studies conducted 

after the hurricanes make landfall, using surrounding areas as controls. These case studies are not 

generalizable to other areas impacted by storms of differing magnitudes, and have not yet 

addressed the impact of being exposed to multiple hurricanes during a single hurricane season.  

Also, the use of the surrounding areas as controls may induce confounding by county-level 

differences as well as other environmental differences.  Past studies have also used different 

definitions for what constitutes hurricane exposure, making it difficult to compare studies and 

possibly leading to the heterogeneity of effects seen in the literature.  

To investigate potential associations between hurricane exposure during pregnancy and 

reproductive health outcomes, we propose to construct a population-based cohort of Florida 

pregnancies occurring between 2003-2005 using combined birth certificates and fetal death 

records.  This unique timeframe includes a variety of exposures: a non-hurricane control year, 

2003, when no hurricanes made landfall; and 2004, when four hurricanes made landfall in 

Florida - Charley (August 13th), Frances (September 5th), Ivan (September 21st) and Jeanne 

(September 25th) (Figure 1.1). In general, hurricanes are categorized by the maximum strength 

of their maximum wind speeds based on the Saffir-Simpson Hurricane scale (Table 1.1).  
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Figure 1.1 2004 Florida Hurricane Track County Map with Counties on Track Highlighted 

 

Charley, a category 4 hurricane, was the strongest hurricane to strike the US since 

Hurricane Andrew in 1992 and was relatively small but intense. Charley travelled northeastward 

through central and northeast Florida, through the heart of the Florida Peninsula. Frances, a 

Table 1.1 Saffir-Simpson hurricane wind 

scale definitions 

Hurricane 

Category 

Sustained Winds (miles per 

hour (mph)) 

1 74-95 mph 

2 96-110 mph 

3 111-129 mph 

4 130-156 mph 

5 157 mph and higher 

category-2 hurricane, was not as strong as Charley, but was much larger and responsible for over 

100 tornadoes and massive floods.  Frances traveled northwest through Florida, hitting central 

Florida and the western coast towards the panhandle. Hurricane Ivan, a category 3 hurricane 

when it hit Alabama and Florida, was both strong and large leading to flooding and tornadoes, 

but only affected a small area of the Florida panhandle. The final hurricane of the 2004 season, 

Jeanne, a category 3 hurricane, followed a very similar path to that of Frances and affected many 

of the same counties.  Jeanne, however, was not as powerful as Frances but was more slow–
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moving, dropping several inches of rain over the already saturated flooded region of Florida just 

hit by Frances.  The 2004 hurricane season was the worst in Florida’s history, with four 

hurricanes causing at least 47 deaths and over $45 billion in damages.   

First, we show preliminary analyses which explore methods of quantifying hurricane 

exposure. Next, we will use a novel application of the difference-in-differences method to 

describe the association between 2004’s hurricane-related weather exposure and county-level 

live birth rates. Lastly, we will conduct individual-level analysis to investigate the effect of 

hurricane exposures on preterm delivery, defined as births before 37 total gestational weeks, 

using time-to event models. The proposed research will be conducted using novel meteorological 

modeling of hurricane wind speed in comparison to previous published methods.  Our results 

will both demonstrate efficient analytic methods to control confounding and provide insight 

regarding the potential effect of hurricane-related weather exposure on reproductive health 

outcomes. The findings may be generalizable to Florida pregnancies during other hurricane 

seasons and used to make inference to similar coastal populations.  

Literature Review 

 A growing body of literature suggests that hurricane-related exposures may impact 

maternal and fetal health; however, many of the currently published reports were either anecdotal 

in nature or clinician recommendations as opposed to systematic studies (1, 2). Systematic 

studies of natural disaster and reproductive health outcomes are primarily focused on single 

disasters of large economic consequence including Hurricane Agnes (1972), Hurricane Gilbert 

(1988), Hurricane Hugo (1989), Hurricane Andrew (1992) and Hurricane Katrina (2005).  

Several mechanisms have been hypothesized for the way in which hurricane exposure can 

impact reproductive health. Currently proposed mechanisms include maternal or fetal death, 
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injury, disruption of health care, economic distress and psychosocial stress. These mechanisms 

include both long term (e.g., post-traumatic stress disorder [PTSD]), and short term (e.g., power 

outages) exposures. Much of the literature on post-disaster outcomes hypothesizes maternal 

psychosocial stress as either a primary exposure or the proposed mechanism influencing fetal 

outcomes. These mechanisms are thought to be similar across various types of natural disasters.     

  This review includes literature describing potential mechanisms related to natural 

disasters on reproductive health as well as the current state of the literature concerning the effects 

of disaster exposure on reproductive health outcomes including birth rates, fetal death rates, 

maternal depression, PTSD, birth weight and gestational age. First, we discuss the effects of 

biological mechanisms of exposure on public health and vulnerability of pregnancy and 

reproductive health outcomes. Next, we review the current literature on hurricanes and other 

natural disaster exposures and reproductive health outcomes. Two recent systematic review 

articles of disaster and reproductive outcomes have included both manmade and natural disasters 

(1, 2). Our review has been limited to natural disasters since we are primarily interested in the 

impacts of hurricane exposure. Hurricanes are unlike spontaneous manmade disasters in that 

populations often receive advance warning when a hurricane threatens their area, giving them 

opportunity to evacuate from unsafe locations.   

Mechanisms of Health Outcomes from Hurricane Exposure 

 Hurricanes are some of the world’s most catastrophic disasters and have a wide range of 

public health implications (2-4). Severe storms have lasting implications, including economic 

crisis, infectious disease, injury, psychosocial stress, and disruption of health care services (3, 5-

7).  Evacuation may mitigate some of these negative outcomes, such as mortality and injury; 
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however, psychosocial stress and PTSD are a continuing problem, both in populations who 

directly experience a hurricane and in those who evacuate (8-10). 

Injury/Mortality 

 Injuries attributed to hurricane can occur before, during, or after the actual hurricane 

landfall.  Prior to the storm, injuries such as falls, strains, and fractures can occur during storm 

preparation.  Motor vehicle accident related injuries also tend to increase with mass evacuations 

During hurricanes, physical injury represents the major cause of death and the primary cause of 

morbidity (3). Major injuries during the storm are often caused by structural collapse, wind borne 

debris, and fallen trees and power lines. The direct impact of hurricanes can include contact with 

hurricane force winds, rain, and flood. Minor trauma is common, including lacerations, abrasions, 

sprains, and fractures (11-15). After the hurricane, injuries are more likely due to fire, carbon 

monoxide poisoning, injury from chainsaws, and falls sustained in repairing storm damages (3, 

16). 

 Prior to the implementation of evacuation and shelter systems, drowning from storm 

surge flooding accounted for 90 percent of hurricane attributable mortality (3, 5).  Likewise, 

before 1990, the majority of deaths attributed to hurricanes making landfall in the US occurred at 

the time of impact and were attributed to drowning in storm surges (11). Advances in 

construction, forecasting, and evacuation have decreased hurricane-related mortality in the US 

(17-20).   Improvements in forecasting and evacuation have shifted hurricane mortality trends in 

two ways (21). First, storm-surge drowning deaths have decreased, and thus the majority of 

deaths during the most violent part of the storm are now due to injury by high-velocity winds (16, 

22). Second, most of the storm-related mortality and much of the morbidity now occurs in the 

post-impact period after hurricane rain and winds have ceased. Prominent causes of death and 
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injury during the storm are now electrocutions from downed power lines, chain-saw injuries, 

blunt trauma from falling trees, and motor vehicle fatalities while after the storm flooding is the 

major cause of death (23). Specifically, flooding in part due to hurricanes, accounts for 40% of 

the natural disasters reported and is the leading cause of death associated with natural disasters in 

the US (37, 116). 

 Pregnant women may be more vulnerable to some types of injuries due to changes in 

balance, increased blood flow, and pregnancy related comorbidities such as fractures due to 

falls(24).    Some studies of  pregnancy trauma have found increased fetal loss and poor 

outcomes in mothers who experience other types of trauma, such as vehicular accidents and 

severe falls (25, 26), but, to our knowledge, none of the published disaster literature has 

specifically investigated hurricane injury and related morbidity in pregnant women. 

Infectious Disease 

 In general, outbreaks of infectious disease following hurricanes are rare in the US and 

other developed countries.  In these nations, increases in gastrointestinal disease and respiratory 

illness are reported occasionally, which are generally shelter associated (17, 21, 27, 28).  No 

notable post storm increases in communicable diseases have been captured by the  post-disaster 

surveillance systems in use in developed nations (16, 28). 

 In the developing world, occurrences of infectious disease outbreaks are more common 

after hurricanes (16, 21, 28). Increases in both acute respiratory infection and severe 

gastrointestinal disease have been noted (27). Factors unique to developing nations that are more 

likely to lead to outbreak of disease include high endemic rates of disease, low immunization 

rates, poor access to clean water , poor sanitation, prolonged crowding in shelters, and 

inadequate nutrition (29). Prolonged disruption of routine public health-care services is more 
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likely to occur in developing countries and contributes to an increase in disease (16). 

Additionally, interruption of public health-care service and antimalarial spraying have 

contributed to several outbreaks of malaria after hurricanes in Central America, South America, 

and Haiti (30). 

 Pregnant women are more susceptible to some communicable diseases and may have a 

more severe reaction due to a compromised immune system during pregnancy; however no 

published reports to date have focused on reproductive health and outbreaks of infectious disease 

due to hurricanes (31-33). Since hurricane-related outbreaks of infectious disease are not a 

problem in developed nations, we do not expect this to be an active mechanism in our hurricane 

reproductive health analysis.  

Economic/Property Loss and Disruption of Care 

 Hurricanes are among the costliest weather-related natural disasters.  NOAA reports all 

of the billion-dollar weather related disaster in the US and since 1980, hurricanes have accounted 

for the vast majority of these disasters (34). From 1970-2009, seven of the ten most costly global 

natural disasters, in terms of insured losses - a total of $164 billion - were hurricanes that struck 

the Gulf of Mexico and Atlantic coasts of the US (4). Previous research into long-term trends in 

hurricane-related damage along the US coast has suggested that damage has been quickly 

increasing within the last three decades, even after adjusting for inflation. To best capture the 

year-to-year variability in hurricane damage, consideration must also be given to coastal 

population changes and changes in wealth (35).  Much individual property loss is driven by 

location and housing type (36) - for instance, mobile homes and homes not retrofitted for 

hurricanes are more likely to have increased damages (28, 37). 
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 Structural damage together with a loss of power, water, and communication are to be 

expected from severe hurricane weather. Lack of access to medical care may occur due to high 

winds, rain, and flooding during and after the hurricanes and floods (38). The windows of health 

care facilities may be shattered from a hurricane’s high winds or the premises may be flooded 

with water, prompting the evacuation of patients and staff to safer areas of the hospital. 

Additional nursing staff, family members, and high need patients (e.g. pregnant women, dialysis 

patients, ventilator patients) contribute to hospital overcrowding and need for additional 

resources (39).  In addition to crowding, health care facilities may be  understaffed or have some 

staff working long hours due to road damage and infrastructure problems that limit workers’ 

ability to commute to work (40, 41). 

 Factors that influence individual property loss and health care facilities could have a 

major impact on pregnancy outcomes. Case studies have reported increases in Caesarian delivery 

around the time of disaster occurrences (42, 43). If women are unable to get to the hospital 

during labor, it may take emergency services longer to respond. Also, if services are lost or 

health facilities are disabled, pregnant women may delay routine checkups or may not receive 

adequate prenatal care. The effects of economic, structural, and other sources of disruption of 

health care may differ depending on the timing of exposure during pregnancy as well as the 

severity of hurricane weather. 

Psychosocial Stress 

 Behavioral health effects due to fear, injury, economic loss, and other psychosocial 

stresses are among the most debilitating long-term outcomes of hurricane exposure (3, 9, 10, 44-

46). Studies have consistently shown increased levels of stress, anxiety, and depression among 

victims of natural disasters (47-50).  In the four years after a natural disaster, the incidence of 
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suicide increases by 13.8 percent generally, and by 31 percent in counties affected by hurricanes 

(2, 51). Even exposure to moderate-scale disasters with a small number of deaths and injuries has 

been linked to increased stress, especially for women. Hospital and public health services may be 

compromised by other physical damage and stress to personnel (3, 7, 52, 53). Psychosocial stress 

and the disruption of health care often act in tandem to create an unstable environment for 

populations highly dependent on health care services, including pregnant women (1, 43). 

 While the exact biological mechanism that links increased levels of maternal stress and 

poor fetal outcomes like preterm delivery and low birth weight is not precisely known, studies 

suggest excess stress in the fetal environment is caused by excessive maternal psychosocial 

stress disrupting the maternal hypothalamus and adrenal systems (54-57). Clinical data has 

shown that the increased production of neuropeptide corticotrophin-releasing hormone during 

periods of anxiety can play a role in initiating labor. Studies have found women with elevated 

blood levels of corticotrophin-releasing hormone in the second trimester or early third trimester 

were at a greater risk of preterm delivery (57-61). Maternal stress measured at different 

gestational ages has been found to correlate significantly with corticotrophin-releasing hormone 

measured at the same time, and including levels of corticotrophin-releasing hormone in analyses 

has been found to mediate the relationship between maternal stress and preterm delivery (61).  

Stress during pregnancy is a suggested risk factor for many adverse reproductive outcomes 

including distressed delivery, low birth weight and preterm delivery (55, 56, 62).   

  A published review of stress and reproductive health studies published between 1966 

and 2001 reported that pregnant women with (generally self-reported) high stress and anxiety 

levels are at an increased risk for spontaneous abortion, preterm labor, low birth weight, and the 

delivery of  a malformed or growth-restricted baby(56). These findings may be limited due to 
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confounding by omitted variables and biased by other factors that correlate with both stress and 

birth outcomes, e.g., poverty or poor health (56).  A more recent review of prenatal maternal 

psychological distress and adverse reproductive outcomes found that, in general, elevated levels 

of depression and anxiety were found to be associated with poorer obstetric outcomes (e.g. 

obstetric complications, pregnancy symptoms and preterm delivery), which had implications for 

fetal and neonatal well-being and behavior (63).   

Pregnancy Vulnerability 

 Vulnerability to natural hazards is not based solely on the event itself,  but also on the 

social, economic, and political environment in which populations face hazards (64). In general, 

the term “vulnerable populations” refers to individuals who are either physically, psychologically, 

or  socially disadvantaged compared to the average individual in the population (65). Studies 

have shown that racial and ethnic populations in the US are more vulnerable to natural hazard 

events due to “language, housing patterns, building construction, community isolation and 

cultural insensitivities” (66). Although not well studied, it is suggested that pregnancy may 

encompass both physical and psychological vulnerabilities for the mother and fetus, which 

increase the effects of natural disaster exposure (67, 68). 

 Pregnant women and fetuses may be disproportionality vulnerable to disruptions in health 

care due to the physical status and psychosocial stresses during hurricane exposure (2). Pregnant 

women not only require routine medical care throughout pregnancy, but also immediate medical 

services throughout pregnancy and during delivery (40, 43).  Studies of disasters and stress 

indicate that women need disaster psychotherapy more often than men (45) and pregnant women 

may be even more vulnerable (2, 9, 69, 70). Factors related to natural disaster stress exposure 

contribute to a very unique stress experienced by persons living in areas with frequent and severe 
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hurricane exposure.  Several studies of pregnancy and disaster-related stress find that pregnant 

women with disaster exposure experience PTSD, depression and anxiety after delivery more 

often than women not exposed to hurricanes (9, 43, 67, 71).   

  While there are many hurricane exposure mechanisms that could have an influence on 

preterm delivery, the assumed stress mechanism is well supported in the literature.  This 

exposure may be ubiquitous in individuals living in Florida, regardless of evacuation, in areas 

that are routinely and severely affected by hurricane weather.  We are not directly able to test 

anxiety and stress in the proposed cohort, but do acknowledge this as an avenue for potential 

intervention to improve post-disaster outcomes in the future.  

Review of Hurricanes and Reproductive Health 

 The current body of literature pertaining to hurricane exposure and reproductive health 

outcomes is primarily based on hurricanes that made landfall in the United States. The majority 

of these are individual case studies of hurricanes that made landfall with destructive large scale 

consequences, including Agnes (1972), Gilbert (1988), Hugo (1989), Andrew (1992) and Katrina 

(2005). A single study by Currie (2013) investigated major hurricanes (categories 3, 4, or 5), 

which made landfall in Texas between 1980-2008, to look at the overall effect of hurricane 

exposure on reproductive health. Most studies have focused on the association between hurricane 

exposure and adverse birth outcomes in areas directly impacted by hurricanes in comparison 

with surrounding areas without hurricane exposure. Many of these studies either assume 

psychosocial stress is or measure it as the primary mechanism between disaster exposure and 

outcomes.  Table 1.2 summarizes each study’s exposure, outcome and results. 
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Birth and Fetal Death 

 Several ecological studies have investigated birth and fetal death after hurricane exposure.  

These studies have mixed results but suggest an increase in birth and fetal death rates the year 

following hurricane exposure. 

 A study by Cohan and Cole (2002) examined the change in marriage, birth, and divorce 

rates following Hurricane Hugo from 1975 to 1997 for all counties in South Carolina. Time-

series analysis indicated that in the year following the hurricane, birth rates increased in the 24 

counties declared disaster areas compared with the 22 other counties in the state(72). Hamilton 

(2009) also investigated county birth rates in the Gulf Coast states following Hurricane Katrina. 

This study had mixed results, with births declining in most counties and parishes of Louisiana 

and Mississippi and rising in the counties of Alabama.  Overall, birth rate trends were 

inconsistent across counties although these trends declined most in non-Hispanic black 

populations (51). A study conducted of deeply flooded areas after Hurricane Agnes found that 

fetal death rates increased the year after severe flooding in highly affected areas (73).   

Maternal Stress 

 Many of the currently published studies on hurricanes and reproductive health outcomes 

measure maternal psychosocial exposures or outcomes and all of them were conducted after 

Hurricane Katrina. These studies assessed PTSD, depression, or general psychosocial stress in 

pregnant or postpartum women post disaster.  Overall, these studies consistently found an 

increased incidence of PTSD and depressive symptoms in women exposed to the storm as 

compared to those unexposed or with less exposure. Differences were particularly profound 

among postpartum women. 
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 In a study of 301 Louisiana women, Xiong et al. (2010) found that measured 

psychological trauma after Hurricane Katrina was not associated with low birth weight or 

preterm delivery. The authors did find an association between low birth weight and greater 

hurricane exposure, i.e., reporting three or more of eight severe hurricane experiences (9). A 

subset of this cohort was utilized by Harville (2010) to analyze hurricane-related threat, illness, 

loss, and damage. Overall, two or more severe hurricane experiences was associated with an 

increased risk for both depression and PTSD.  These associations were found to be strongest in 

black women and women with less education (74).  Savage (2010) used a cross-sectional, 

exploratory study of 199 postpartum /expectant mothers to describe perinatal moods and 

complementary alternative therapy (CAT) use among childbearing women living in New Orleans, 

LA, after Hurricane Katrina. This study found that women who sought alternative therapies and 

health behaviors had decreased self-perceived anxiety and depression (75). 

Fetal Distress 

 A single study explored an indicator of fetal distress using birth records and monthly time 

series spatial models to examine the effects of Hurricane Andrew in Florida. Increased fetal 

distress was found when comparing the hurricane exposure period to the non-exposure periods in 

areas of severe hurricane damage. Exposure during the second and third trimester was associated 

with increased odds of fetal distress compared to first trimester exposure or no exposure. Similar 

to Harville et al. (2010), this study  found that black mothers were more likely to have birth 

distressed infants (76). 
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Low Birth Weight and Gestational Age 

 Several studies have explored the effect of hurricane exposure on low birth weight and 

gestational age, and these studies have found an increase in low birth weight (68, 74) but mixed 

results for gestational age.  Xiong (2008) also found a higher frequency of low birth weight and 

preterm delivery in women with greater hurricane exposure. The study concluded that women 

who had greater hurricane exposure were at an increased risk of having poor infant outcomes 

(68). Harville et al. (2010) concluded that while the risk of low birth weight and preterm delivery 

remained higher in black compared to white women, the storm did not appear to have 

exacerbated health disparities (74). Another study of Hurricane Katrina investigated birth rates 

and poor fetal outcomes in the Gulf Coast states, including Louisiana and Alabama (51). This 

study found lower rates of very preterm deliveries and very low birth weight in exposed parishes 

of Louisiana following Hurricane Katrina, as well as higher rates of very preterm deliveries in 

exposed counties of Alabama. 

 A single study used Texas birth records over a twelve year period to look at the effect of 

multiple hurricanes between 1996-2008 (Currie and Rossin-Slater 2013).  This study found that 

exposure to a hurricane during pregnancy increased the probability of abnormal conditions of the 

newborn, such as being on a ventilator and meconium aspiration syndrome. Also, exposure in the 

third trimester, but not first or second trimester exposure, increased the risk of low birth weight.  

The authors concluded that exposure to stressful events like natural disasters during pregnancy 

can influence fetal outcomes, although the effects may be subtle and sensitive to statistical 

analysis method.   
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Birth Defects 

 Two studies have investigated birth defects after hurricane occurrence. Duff (2004) 

conducted a case control study (17 cases, 51 controls) of neural tube defects in Jamaica after 

Hurricane Gilbert. An increase in neural tube defects was noted after Hurricane Gilbert, thought 

to be due to decreased folic acid intake after crop destruction (77).  Janerich and colleagues  

conducted a study after Hurricane Agnes of highly flooded areas and found that fetal death rates 

were higher the year after severe flooding in highly affected areas; however, change in birth 

defect rates were not significant (73). 

Table 1.2 Literature review of hurricanes and reproductive health outcomes 

   Outcomes Major Findings 

Hurricane Author Pub 

Date 

Life 

Events 

Maternal 

Stress 

Fetal 

Outcome 

 

Agnes(1972) Janerich  1981 X  X Increase fetal death, BD NS 

Gilbert(1988) Duff  1994    Increase BD 

Hugo(1989) Cohan and 

Cole  

2002 X X  Increase birth rates 

Andrew(1992) Zahran  2010  X  Increase fetal distress 

Katrina(2005) Xiong 2008  X  Increase LBW, PTD NS 

 Hamilton 2009 X X  Conflicting birth rates by 

county. Decrease VPTD, 

PTD LBW NS  

 Harville  2009  X  Increase PTSD 

 Harville  2010   X Increase LBW, PTD NS 

 Xiong  2010   X Increase PTSD/Depression 

 Savage  2010  X  Increase PTSD/Depression 

Texas(1980-

2008) Currie  

2013   X BW and PTD NS 

NS – non-significant, PTD- preterm delivery, VPTB – very PTD, BW – birth weight,  LBW – low birth weight, BD-

birth defect 

 

Review of Other Natural Disasters and Reproductive Health 

 Given that the biological mechanisms could be similar across various types of natural 

disasters, it is necessary to briefly review literature on reproductive outcomes following other 

types of natural disasters, including earthquakes, floods, and ice storms. This literature is more 

extensive than the current published hurricane literature and includes domestic and international 
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studies. These studies may provide additional insight on the relationship between disasters and 

preterm delivery, as well as timing of disaster exposure during pregnancy. 

Earthquake 

 Several systematic studies have been conducted following earthquake events. Overall, 

these studies show that earthquake exposure increases the risk of maternal psychosocial stress 

and that the exposure timing in pregnancy can affect fetal outcomes including gestational age 

and birth weight. 

  For example, a study of the Northridge Earthquake in California showed that the mean 

gestational age was lowest in pregnancies exposed to earthquake in the second and third 

trimester (78). A study by Torche used individual-level data on measured shaking from 

earthquake to study the effects of the 2005 earthquake in Chile, and found that exposure to the 

shaking during the first trimester of pregnancy increased the risk of low birth weight and short 

gestation (79).  Another study of a 2010 earthquake in Chile found a reduction in the overall 

birth rate, but an increase in the rate of early preterm deliveries (<34 weeks), premature rupture 

of membranes (PROM), macrosomia, small size for gestational age, and intrauterine growth 

restriction (IUGR).  Women exposed to the earthquake during the first trimester were more 

likely to deliver smaller newborns and preterm infants compared to those exposed at third 

trimester (80). A study in China by Tan and colleagues used birth records to investigate birth 

outcomes as a consequence of a major 2008 earthquake. Significant low birth weight, greater 

ratio of low birth weight, preterm delivery and low Apgar scores were all observed in the post-

earthquake group (81). One study of birth outcomes after an earthquake in Israel found a 

significant increase in delivery rate 48 hours following the earthquake, and a significant increase 
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of preterm delivery (82). These studies consistently suggest increased adverse birth outcomes 

after earthquake exposure. 

 Several earthquake exposure studies have investigated maternal psychosocial stress. A 

study of an earthquake in Taiwan investigated the prevalence of minor psychiatric morbidity in a 

group of women who were pregnant during or immediately after a major earthquake. Overall, 

maternal history of abdominal injury, death of a spouse, and instability in living conditions were 

significantly correlated with low birth weight (142). A study in Japan demonstrated that 

psychological impact and stress resistance were associated with exposure during pregnancy. 

During pregnancy, postnatal depression was a significant predictor of a physical abnormality 

during pregnancy or childbirth (83). 

Flood 

 While floods often co-occur with hurricane, there is no literature specifically addressing 

this type of flooding on health. Studies of overall flood exposure in the US and in Poland have 

been conducted to investigate potential associations with reproductive health outcomes.  These 

studies suggest an increase in preterm delivery and birth complications after disaster, but 

inconsistent results with regard to birth rates. 

 A study of the 2009 North Dakota Red River Floods explored changes in birth rates, birth 

outcomes, and pregnancy risk factors. The study used county-level birth files and found that the 

crude birth rate and the direct-adjusted fertility rate decreased significantly following floods. 

Compared to pre-disaster figures, there were significant increases in poor maternal outcomes as 

well as significant increases in low birth weight and preterm deliveries (249). Two studies were 

conducted by Neuberg (1998, 2010) in Poland after a flooding disaster in the Klodzko region: 

One study explored maternal stress and fetal outcomes (84) and another investigated birth rates 
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(85). The first, a small study of women injured in flood, found injured women to have an 

increased risk of pregnancy loss, preterm delivery, birth asphyxia, premature rupture of 

membranes and intrauterine growth retardation. The second study found an increase in birth rates 

in the year after the flood (84, 85).  

Ice Storm 

 A single study of an ice storm in Canada found that gestation lengths and predicted birth 

weights were smaller among participants exposed to the ice storm during early to mid-pregnancy, 

compared to third trimester and pre-pregnancy exposure. High objective prenatal maternal stress 

levels predicted smaller head circumferences in early pregnancy, however, these effects 

decreased in later pregnancy (86). 

Non-Specific Natural Disasters 

 In a large-scale study, Simeonova (2009) used county-level data on all births in the US in 

1968–1988 to investigate a range of natural disasters. Exposure to disaster during pregnancy 

increased the likelihood of a preterm delivery but not low birth weight. This study also found 

that mothers affected in the second trimester of pregnancy suffered the largest negative impact 

on preterm deliveries and low birth weight (87).  

Outcome Review: County-level Live Birth Rate 

 Live birth rates are defined as live births per 1,000 persons in the population at midyear, 

indicating the number of births respective to the entire population. The birth rate is usually the 

dominant factor in determining the rate of population growth. It depends on both the level of 

fertility and the age structure of the population (88). Since 2010, the number of births and the 

fertility rate either declined or were unchanged for most races and Hispanic origin groups in the 

US; however, both the number of births and the fertility rate for Asian or Pacific Islander women 
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rose. The birth rate for teenagers 15-19 years was down 6 percent (29.4 births per 1,000 

teenagers 15-19 years), with rates declining for younger and older teenagers and for nearly all 

race and Hispanic origin groups (88).  The literature of hurricane exposure and birth rates is 

inconsistent, with some evidence of declining birth rates the year after disaster (51, 72). 

Outcome Review: County-level Fetal Death Rate 

 Fetal death rates are computed as the number of fetal deaths at 20 weeks of gestation or 

more per total 1,000 live births and fetal deaths (89).   Fetal death is defined as the intrauterine 

death of a fetus at any gestational age (90). Much of the concern surrounding reproductive loss 

has focused on infant mortality, due in part to a lesser understanding of the incidence, etiology, 

and prevention strategies for fetal death. Although the vast majority of fetal deaths occur very 

early in pregnancy, it is customary in research to only consider fetal deaths after 20 weeks of 

completed gestation because of the lack of information on loss before 20 weeks (91).  Most 

states in the US only report fetal deaths at 20 weeks of gestation or more, and statistics on fetal 

death exclude data for induced terminations of pregnancy. Even when only fetal deaths at 20 

weeks or more are considered, nearly as many fetal deaths as infant deaths occur in the US each 

year (89, 92).  

Outcome Review: Preterm Delivery  

Preterm deliveries, which are defined as births before the 37th week of gestation, are one 

of the major health problems of industrialized societies (93). The 37-week cut point has been 

established because several organ systems mature between 32 and 37 weeks, and the fetus is 

thought to reach adequate maturity by the end of this period (94). One of the main organs greatly 

affected by premature birth is the lungs. The lungs are one of the last organs to mature; because 

of this, many premature babies spend the first days or weeks of their life on a ventilator.  Close 
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to 13 percent of all births in the US in 2006 were preterm (54, 57, 95). While the frequency of 

low birth weight (<2,500 g) infants declined somewhat in the US between 1970 and 1980, this 

decline appears to have occurred primarily among full-term as opposed to preterm infants (96).  

The neonatal and long-term health care costs of preterm infants impose a considerable 

economic burden both on individual families and the nation (97).  A recent March of Dimes 

report estimates that the average cost of care for a premature baby is $49,000, as compared to 

$4,551 for a full-term birth without complications. The costs of prematurity are almost five times 

higher than for any other complication of birth and delivery, resulting in at least $26.2 billion in 

societal costs each year (93). 

 Preterm delivery is the single most important cause of perinatal mortality in the United 

States (97). Preterm deliveries are the leading cause of infant mortality and are associated with 

substantial neurocognitive, pulmonary, and ophthalmologic problems later in life. Death rates 

among extremely preterm infants (less than 32 weeks of gestation) are more than 150 times 

higher than among full term babies (90). Also, the risk of neurologic and developmental 

impairment during childhood is substantially elevated for the youngest gestational age survivors. 

Despite reductions in infant mortality, the rate of preterm delivery in the US remains 

considerably higher than the rates in many other industrialized countries. It is unlikely that there 

will be further substantial improvement in infant survival in the US unless a reduction in births 

of preterm infants can be accomplished (97).  

While clinical measures can be taken to delay birth and drugs can be used to facilitate 

maturation of the lungs, understanding the underlying mechanism of preterm delivery has been 

difficult (93). Preterm delivery as a consequence of excessive stress at any time point in 

pregnancy is supported in the animal and epidemiological literature (54, 56, 57, 98, 99).  Many 
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studies imply an underlying stress mechanism in the analysis of natural disaster exposure and 

adverse fetal outcomes including preterm delivery. The association between hurricane exposure 

and preterm delivery has been inconsistent; however, studies of other disaster exposure have 

consistently demonstrated increased risk of preterm delivery (1, 2, 43, 51, 55, 70, 76, 100, 101). 

Current studies on the relationship between maternal hurricane exposure and preterm delivery 

suggest a dose response relationship with severity of exposure, and potential differences by 

exposure trimester; however, these studies are limited to case reports and single disaster cases (3, 

9, 17, 51, 76). Disaster-related stress, injury, clinical disruption and economic loss could all play 

an important role in preterm delivery risk.   

Preterm Delivery and Race/Ethnicity 

 Studies of preterm delivery consistently find significant differences by race (91, 97). In 

the US, black women are consistently reported to be at higher risk of preterm delivery compared 

to other minorities or white women.  Preterm delivery rates are in the range of 16–18% in black 

women compared with 5–9% for white women. Black women are also three to four times more 

likely to have a very early preterm delivery than women from other racial or ethnic groups (102, 

103). Part of the discrepancy in preterm delivery rates between the US and other countries might 

be explained by the high rate of preterm deliveries in the US black population (104). Over time, 

the disparity in preterm delivery rates between black and white women has remained largely 

unchanged and unexplained, and contributes to a cycle of reproductive disadvantage with far-

reaching social and medical consequences (105).  

  Clustering and diversity of  race/ethnicity groups in Florida created a unique 

environment to look at subgroups in the relationship between hurricane exposure and preterm 

delivery (106). Published studies of hurricane and reproductive health effects show that African 
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Americans have increased risk of adverse fetal health outcomes compared to other minorities and 

white women (66, 74). In contrast, regarding the assumed stress mechanism, a recent study of 

stress and preterm delivery across 19 states using the Pregnancy Risk Assessment and 

Monitoring System found that no significant interaction effects between race-ethnicity and stress 

on preterm delivery (107). With our large racial and ethnically diverse cohort, we will investigate 

differences between race and ethnic subgroups.  

Hurricane Exposure Measurement 

 A hurricane is often defined by its wind speed and force.  The Saffir-Simpson Hurricane 

Wind Scale classifies hurricanes into 5 distinct categories of severity: Category 1 (74-95 mph), 2 

(96-110 mph), 3 (111-129 mph), 4 (130-156 mph), and 5 (157 and higher mph). Category 3-5 

hurricanes are considered major hurricanes in which buildings and resources can be damaged or 

unavailable for days or weeks.  

 Appendix A describes our preliminary analysis of 2004 hurricane exposure measurement. 

The current disaster literature focuses primarily on two methods of assigning disaster exposure: 1) 

Federal Emergency Management Agency (FEMA) Presidential Disaster Declarations and 2) 

exposure using spatial data on the specific storm trajectory. We compared the use of these two 

methods and an additional novel wind speed measure based on Saffir-Simpson hurricane 

intensity scale. Hurricane wind exposure was defined by residence from the birth certificate in a 

hurricane affected county as determined using several maximum wind speed categorizations. 

 In summary this paper highlights that FEMA disaster declaration, spatial data based on 

storm trajectory, and meteorological severity of wind speed displayed clear heterogeneity of 

exposure assignment when assessing the four hurricanes of the 2004 hurricane season. The 

number of counties classified as exposed varied greatly between methods, with the largest 
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margin of difference for Hurricane Ivan, which impacted the far western Florida panhandle.  The 

disaster declaration method consistently assigned a higher number of counties as exposed to 

hurricanes when compared to other exposure methods, supporting the assertion that the use of 

this method, developed for providing federal assistance to affected jurisdiction, likely over 

assigns county-level hurricane exposure.  We found no statistically significant associations 

between counties designated as exposed using the disaster declaration method and reproductive 

health outcomes.   

 For increased comparability between studies, a more objective, quantitative method of 

exposure such as wind speed may be preferred over the less specific assignment of disaster 

exposure like the FEMA disaster declaration.  Meteorological wind speed modeling provides a 

new and reproducible approach to better characterize hurricane exposure and its effect on health. 

For these reasons the binary wind speed classifications were chosen for the primary exposure 

classification method in this research. For the difference-in-differences analysis the spatial buffer 

was also used to assess consistency across exposure methods. 

Study Significance 

 The potential impacts of global climate change on health are not yet well understood. 

More frequent and more intense weather events may be one result of climate change.  In 

particular, variability in climate has been demonstrated by the increasing intensity of hurricanes 

in the US (9, 42).  With increasing scientific evidence of climate change and its subsequent 

potential impact on severity of hurricanes, a better understanding of the growing health 

consequences is needed.  Some populations, including the elderly, racial and ethnic minorities, 

and pregnant women may be more vulnerable to health effects of natural hazards (66). We will 
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investigate pregnancy outcomes and multiple hurricane events using methods to reduce 

methodological biases and   

Climate Change and Disasters 

 Much of the social and economic costs associated with climate change may result from 

related health consequences and the shifts in the frequency and severity of extreme weather 

events (108). This is illustrated by a large number of costly weather disasters in 2011, which tied 

2005 as the warmest year globally since 1880 (108). In 2011, overall damages from major 

natural disasters exceeded $55 billion, five times the costs incurred in the average year (35).   

Some effects of climate change include increasing temperature, changes in patterns and amount 

of precipitation, rising sea level, and increasing number of global natural disasters. Global 

climate change can affect interannual variability in the climate system, such as El Niño, which 

influences disaster probabilities (109, 110).  While we cannot state that climate change has 

directly caused a specific disaster event, there is evidence that increases in temperature influence 

the weather in unexpected ways and the occurrence of hazardous weather events. 

Climate Change and Public Health 

 There are many mechanisms by which climate can affect health, including temperature 

(e.g., heat waves) and rainfall (e.g., floods and droughts), which have both immediate and long 

term effects (111). Often the most severe hurricane weather includes high winds and heavy rains 

that can lead to severe flooding.  Populations that have experienced flooding may suffer from 

sustained increases in mental illness such as depression and anxiety (112). Disruption in ecology 

from excessive rainfall also can affect the distribution of disease vectors, such as mosquitoes 

(111). Climate can also affect levels of air pollutants. For example, studies suggest ozone 

pollution are higher in some areas of Europe, and lower in others but the mechanisms are not 
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well understood (113). There is also the potential of environmental degradation associated with 

climate change, which can lead to population displacement as well as economic or property loss 

(47). 

 Increases in natural disaster severity are the most widely hypothesized economic and 

health risk attributable to climate change.  Losses from disasters have grown exponentially as 

populations have increased in vulnerable areas and the severity of large-scale disasters has 

increased (114, 115).   The current literature suggests that natural disaster exposure is related to 

injury, infectious disease, psychosocial stress and mortality (3). 

 Climate change effects of warming tropical sea surface temperatures are argued to be 

increasing the intensity and longevity of tropical cyclones. Since 1980, hurricanes have 

contributed to more billion-dollar weather disasters than any other natural hazard (4).  

Specifically, flooding in part due to hurricanes, accounts for 40% of the natural disasters reported 

and is the leading cause of death associated with natural disasters in the US (37, 116).  Along the 

Atlantic Coast, almost 60% of the land that is within a meter of mean sea level is planned for 

further development despite inadequate information on the potential rates and amount of sea 

level rise (35). Climate change and increases in temperature may be increasing severity of 

hurricane occurrences and related hazardous weather events. 

Hurricane Burden and Trends 

 NOAA  reports that the average number and intensity of hurricanes has increased by in 

the US over the last 20 years, and the economic burden of each major hurricane (category 4, or 5) 

has increased from $7 to $22 billion(3, 4, 7, 44, 45, 110, 117, 118). Specifically the number of 

Category 4 and 5 hurricanes had increased 80% in the past 30 years (117). The 

Intergovernmental Panel on Climate Change (IPCC) also predicts a steady increase in tropical 
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cyclone wind intensities and mean and peak precipitation intensities, as well as an increased 

intensity of mid-latitude storms (119). In the past, North Atlantic storms have made landfall once 

every few years, but recent occurrences have included single hurricane seasons where multiple 

storms have made landfall (118, 120, 121). In our study period,  during the 2004 hurricane 

season, four storms made landfall in Florida, causing destructive flooding, high winds, and 

tornados (4, 110, 117, 118, 122). Some of the climate models currently used by IPCC predict that 

major cities in Europe and Northern America will experience more frequent and more severe 

hurricanes over the next century (123). This effect is a current focus area of climatological and 

epidemiological research into the related health consequences. While we cannot prevent 

hurricanes, we can respond to the increasing burden caused by these storms by understanding the 

public health implications and increasing emergency preparedness measures.   

 Hurricanes are increasing in severity while US populations are steadily increasing in 

coastal areas. In the US, hurricanes most frequently make landfall along the Outer Banks of 

North Carolina, southern Florida and southern Louisiana. Landfalls of hurricanes of Category 3 

and higher are most frequent in south Florida and along the eastern Gulf Coast.  Additionally, 

adverse weather effects, including severe wind and rain, have extended as far inland as Kansas 

and Nebraska (3, 4). The US southeast  is most often and hardest hit by hurricanes; it is also the 

most developed, and home to 50% of the nation's population (124, 125). Florida’s population 

density of 654 persons per square mile is more than double that of any other region of the US  

and continues to increase daily (118, 124). Between 2000 and 2010, Florida, along with Georgia 

and North Carolina, had the highest percent increase (approximately 18%) in population(25).The 

health consequences related to hurricane exposure are an increasing public health concern, given 

the  increasing coastal populations and increasing hurricane severity. 
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 Hurricanes and Reproductive Health 

 Increasing storm severity has lasting public health implications,  including economic 

crisis, infectious disease, injury, psychosocial stress, and disruption of health care services (3, 5-

7).  Evacuation mitigates some of these negative outcomes, such as mortality and injury; 

however, psychosocial stress and PTSD are a continuing problem, both in populations who 

directly experience hurricane and those who evacuate (8-10). 

 Behavioral health effects due to fear, injury, economic loss, and other psychosocial 

stresses are among the most long term and debilitating outcomes of hurricane exposure (3, 9, 10, 

44-46). Studies have shown increased levels of stress, anxiety, and depression among victims of 

natural disasters (47-50).  In the four years after any natural disaster, the incidence of suicide 

increases by 13.8 percent generally and by 31 percent in counties affected by hurricanes. Even 

exposure to moderate-scale disasters with a small number of deaths and injuries has been linked 

to increased stress, especially for women. Studies of disaster and stress indicate that women need 

disaster psychotherapy more often than men, (45) and pregnant women may be even more 

vulnerable (2, 9, 69, 70). 

  Psychosocial stress and disruption of health care act in tandem to create an unstable 

environment for populations highly dependent on health care services, including pregnant 

women (1, 43).  Not only do pregnant women experience stress, but  necessary public health 

services can be affected through both employee stress and physical damages, potentially 

compromising the health care infrastructure (3, 7, 52, 53). Women require routine medical care 

throughout pregnancy, but also immediate medical services for acute conditions and delivery (40, 

43).  Case studies of delivery during disaster suggest that labor and delivery method may be 

driven by staffing shortages and storm related complications (40, 43). These reports of medical 
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services during disaster and pregnancy are typically limited to the impressions of relief workers 

(126, 127) and clinicians rather than systematic studies (100, 128).  The lasting health effect on 

pregnant mothers could affect reproductive health even after hurricane occurrence and effect 

fetal birth and death rates (51, 72, 74).    

 Disruption of health care coupled with disaster-related stress during pregnancy is a 

suggested risk factor for many adverse reproductive outcomes including distressed delivery, 

adverse birth outcomes, and preterm delivery (55, 56, 62).  Pregnant women and their fetuses 

may be disproportionately vulnerable to adverse health outcomes, including fetal death and 

preterm delivery, from disruption of care and lasting psychosocial effects of hurricane exposure. 

These hurricane-related effects increase the risk of delivery complications, and may influence 

birth and fetal death rates and have lasting health outcomes for both the mother and fetus.  

 Previous studies have investigated, often with mixed results, the associations between 

hurricane exposure and adverse pregnancy outcomes. Hormone fluctuation during pregnancy 

may influence stress related reactions while potential lapses in access to health care could greatly 

impact reproductive outcomes at many time points during pregnancy   Studies have shown that 

adverse fetal outcomes, including preterm delivery, may increase with exposure to natural 

disasters. Research on county-level birth and fetal death rates have shown mixed results.  

Pregnant women may be disproportionately affected by hurricane-related health effects and with 

current mixed exposure methods and research results more studies are warranted. 
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CHAPTER 2: METHODS 

Specific Aims 

Birth rates, fetal death rates, and preterm deliveries are important reproductive health 

outcomes for assessing population health. With a growing coastal populations and increases in 

hurricane severity, there is a need to better understand potential population changes in 

reproductive health after hurricanes. US coastal states where hurricanes often make landfall, like 

Florida, have the ideal populations to examine hurricane health effects.   

To investigate the potential associations between hurricane exposure during pregnancy 

and pregnancy outcomes, we proposed to construct a cohort of Florida pregnancies between 

2003 and 2005 using vital statistics records. This unique timeframe includes a non-hurricane 

control year, 2003, when no hurricanes made landfall, as well as 2004, when four hurricanes 

made landfall. First, we conducted county-level analyses on the association hurricane exposure 

(defined previously as residence in a hurricane affected county) and birth rates and fetal death 

rates in 2003 and 2004 focusing on the use of the difference-in-differences method for 

confounding control. Second, we conducted an individual-level analysis using time-to-event 

modeling to investigate the effect of hurricane exposure on preterm delivery, stratified by 

race/ethnicity subgroups. The proposed research was conducted using data from NOAA’s 

Hurricane Research Database (HRD) on maximum wind speed merged with Vital Statistics 

Records from the Florida Department of Public Health.  
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AIM 1:  Apply the difference-in-differences method for confounding control to conduct a 

county-level analysis of hurricane-related weather exposure and A) live birth rates B) fetal death 

rates  

Hypothesis: Counties with exposure to hurricane-related weather in the 2004 hurricane season 

(June-November) will have increased fetal death rates and decreased birth rates compared to the 

2003 hurricane season in which no hurricanes made landfall.  The difference-in-differences 

method allowed us to explore the association while controlling for unmeasured confounding in 

county-level analysis. Fetal death rates analysis was considered supplemental due to limited the 

statistical power to interpret estimates. 

Rationale: Changes in access to health care and stress during pregnancy or around the time of 

delivery may have adverse effects on fetal death rates. Current disaster literature suggests an 

increase in fetal deaths the year after severe natural disaster occurrence (1, 2, 73). Studies have 

estimated inconsistent population effects after natural disasters.  Increases in birth rate 

(suggested as “baby boom”) are suggested to be attributable to hurricane-related economic 

disruption and disruption of health care, which possibly limit access to birth control (2, 51, 72). 

Psychosocial stress, job loss, injury and economic struggle are suggested to decrease birth rates 

after natural disasters (51, 129). Most of the current hurricane reproductive health literature uses 

aggregate data which may not fully control for confounders.  The difference-in-differences 

method controls for static level confounding without the covariates being collected.  We feel this 

method could assist in reconciling some of the inconsistencies in the literature when compared to 

a standard adjusted generalized linear model. 
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AIM 2: Investigate hurricane-related weather exposure on individual-level pregnancies to 

estimate preterm delivery hazard ratios. 

SUB AIM 2: Stratify by race/ethnicity subgroup to investigate heterogeneity of hazards. 

Hypothesis: We expected to see an increase in preterm delivery with hurricane exposure. We 

hypothesized the hazard ratios comparing exposed to unexposed person time will be highest in 

black non-Hispanic women and black Hispanic women. 

Rationale: Excessive stress, similar to disaster events, at any time during pregnancy is a well-

supported risk factor for preterm delivery in animal and epidemiological literature (54, 56, 57, 98, 

99).  The relationship of hurricane exposure to preterm delivery has been inconsistent (risk ratios 

(RR) range 0.8-2.3) while  other natural disasters show a consistent increased risk of preterm 

delivery (RR range 1.2-2.3) (1, 2, 43, 51, 55, 70, 76, 100, 101). Non-disaster studies have 

consistently shown that black women are three to four times more likely to have a very early 

preterm delivery than women from other racial or ethnic groups (102, 103). Current hurricane 

literature suggests that racial and ethnic minorities may be more vulnerable to the health effects 

of disaster, including reproductive health outcomes (51, 74). 

Population 

Source Population  

This study used a retrospective cohort of Florida live births and fetal deaths to conduct 

county and individual-level analysis. We used this Florida population because of the unique 

advantage of measuring multiple hurricane exposures during single pregnancies in a large 

diverse population. The state of Florida has the most annual hurricane landfall events in the US 

and over 200,000 births annually. Our source population, taken from birth and fetal death records, 

is a population of all recorded Florida pregnancies that completed 20 weeks gestation. 
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We used a subset of data from 2003-2005. The specific timing and population definitions 

varied by each aim and outcome.  Subsets of maternal demographic variables from 2004 births 

are shown in Table 2.1 The cohort of Florida pregnancies is diverse thus may provide insight 

into racial and ethnic differences in an increasingly diverse US Florida has a slightly higher 

proportion of black and Hispanic mothers but otherwise is similar to the total US population in 

2004 in terms of other maternal characteristics such as age and educational attainment.  We 

would like to use our study to make inferences to other similar coastal populations in the 

continental US. 

Table 2.1 Comparison of Florida and US 2004 maternal characteristics. 

  
Florida 

Pregnancies 
  US Pregnancies  

Characteristic           

  N %   N % 

Maternal Race           

White 160,132 73   3,222,938 78 

Black 46,998 22   616,074 15 

Other 10,479 5   292,960  7 

Maternal Ethnicity           

Hispanic  58,513 27   1,439,101 23 

Non-Hispanic 158,787 73   4,694,628 77 

Maternal Age           

<=15 1418 1   25054 1 

16-19 22386 10   595,160 10 

20-24 56378 26   1,554,648 25 

25-29 56378 26   1,670,283 27 

30-34 49693 23   1,441,009 23 

35-44 31419 14   8,731,967 14 

45+ 335 0   9,390 0 

Maternal Education           

<High School 45287 21   1,011,428 22 

High School Diploma 69609 32   1,386,421 30 

Some College/ Associates 54237 25   981,238 21 

College Degree 46659 22   1,262,161 27 

 
          

TOTAL  218,045     4,112,052   

Unknown covariates have been excluded from this Table 2.1 to easily compare US 

and Florida populations.  
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Exclusion Criteria 

 The study population included all live births to Florida residents that completed 20 weeks 

gestation. Fetuses born before 20 weeks gestation are excluded since they were never at risk of 

preterm delivery (95, 130-132). We also excluded mothers less than 15 and over 45 years of age 

at the start of the risk period (20 weeks gestation) due to increased risk of preterm delivery 

independent of the mechanisms proposed by our investigation (e.g., young mothers may have 

pregnancy loss or preterm delivery due to different mechanisms than other women and older 

women are more likely to undergo fertility treatment (133-138).  Additional records were 

excluded if there is missing data for any one of the following: maternal age, maternal residence, 

Florida residency, plurality or gestational age at delivery.  We expected less than 5% of records 

to be missing these criteria. 

Study Population 

  The source population for the historical cohort included all resident Florida pregnancies 

conceived between January 2003 and October 2004, or approximately 500,000 births.  The study 

population is defined by inclusion criteria and conception time. To be included in the study 

population, births and fetal deaths must have been born to a mother with Florida residence, have 

gestational age recorded, and have plausible gestational age when reconciled with last menstrual 

period and birth weight. Estimates of the total number of the pre-study expected Florida resident 

live births, fetal death and preterm deliveries are shown in Table 2.2 

Table 2.2 2003-2005 Florida Vital Statistics population numbers (139) 

Year Live Births Fetal Deaths Preterm Delivery 

2003 212,243 1,604 27,933 

2004 218,045 1,701 29,842 

2005 226,219 1,650 32,352 
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For Aim 1 fetal death analysis we created a study population to estimate county-level 

fetal death rates of fetuses conceived before or during the unexposed (2003) and exposed (2004) 

hurricane season. Separately, for birth rate analysis data included conception dates during or 

shortly after the 2004 and 2005 hurricane seasons.  This difference is due to different 

hypothesized biological mechanisms, in which hurricane exposure may influence fetal death in 

utero, but only influence birth rate preconceptionally.  

The individual-level analysis of preterm delivery in Aim 2 study population included all 

pregnancies which were at risk for preterm delivery and exposure to the 2004 hurricane season. 

These methods are explained in more detail for each Aim below.  The risk period for all three 

outcomes begins at 20 completed weeks gestation because pregnancies which result in early loss, 

or are medically ended due to fetal or maternal adverse health in early pregnancy would not be 

captured in our data. Pregnancies terminated before 20 weeks gestation in the majority of cases 

would not be recorded in vital records.  Details on this topic are addressed later. 

Aim 1 

 Aim 1 was conducted to apply the difference-in-differences method to estimate county-

level birth rates and fetal death rates.  The full cohort included pregnancies in which date of 

conception was less than 20 weeks before January 1, 2003.  The restriction of 20 weeks 

completed gestation is specified due to the fact that birth records and fetal death records are not 

accurately captured before this cutoff  (90).  For example, a pregnancy at 30 weeks completed 

gestation on January 1, 2003 could have resulted in a preterm delivery or fetal death before the 

calendar date cut off. These observations would be left censored and not appropriately accounted 

for in our data. These specifications were further refined for fetal death rates and birth rates to 

define exposure time periods for each outcome. 
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  For Aim 1’s birth rate analysis, the difference-in-differences model included women who 

conceived during or shortly after the 2003 hurricane season when no hurricanes made landfall 

and women pregnant during or shortly after the 2004 hurricane season.  Since we assumed birth 

rates to be influenced during conception (after hurricane occurrence), women who conceived 

before the first hurricane of 2004 would not be eligible to have a hurricane influenced conception.  

Therefore, the exposed cohort in the 2004 hurricane season included women whose date of 

conception falls after the first hurricane in 2004 (August 13, 2004) through conception 

approximately one month after the last hurricane on September 26, 2004. We considered one 

month a conservative estimates of when conception could be influenced by hurricane exposure 

since often community resources can be disabled for one or more months after major hurricanes. 

Using these specifications, women estimated to have conceived between August 14,
 
2004 and 

October 31, 2004 were included in the exposed cohort. We compared these women to those who 

conceived a year prior (August 14,
 
2003 to October 31, 2003) during the 2003 hurricane season 

when no hurricanes made landfall.   

 Figure 2.1 graphically displays the sample selection used to identify the live birth study 

population for Aim 1’s birth rate analysis. Overall, 92,398 live births were identified for the 

exposed cohort while 45,607 live births were identified for the unexposed cohort. 
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Figure 2.1 Sample selection of live births for Aim 1. birth rate analysis 

 

 In the analysis of fetal death rates, we included women pregnant during the 2004 

hurricane season and women pregnant during the 2003 hurricane season when no hurricanes 

made landfall. The exposed cohort in the 2004 hurricane season included women whose date of 

conception falls between November 9, 2003 and October 4, 2004.  These dates encompass 42 

weeks before the first hurricane occurrence on 2004(August 13, 2004) through one week after 

the last hurricane (September 26, 2004). Pregnancies conceived more than 42 weeks before the 

first hurricane event on August 13, 2004 would have a very low probability of hurricane 

exposure since only approximately 5% of pregnancies go beyond 42 weeks gestation (140). 

Women in this exposed time period were compared to women who conceived during the same 

time period (November 9, 2002 through October 4, 2003) in the previous year. By using the 

same window of time we control for potential seasonal effects and contribute the same amount of 

calendar time into the unexposed and exposed cohort definitions.  
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644,038 with clinical GA 
(8,723 missing) 
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Birth Weight 

 (686 excluded) 

637,308 met Age Criteria 

(6,527 excluded) 

TOTAL = 637,308 
August 14, 2003 - October 31, 2003 

UNEXPOSED COHORT =85,607 

August 14, 2004 -October 31, 2004 

EXPOSED COHORT =92,398 
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 Figure 2.2 and Figure 2.3 graphically display the sample selection used to identify the 

study population of the total number of fetal deaths and live births used in the fetal death rate for 

Aim 1. Overall, 959 fetal deaths and 187,116 live births were identified for the exposed cohort 

while 1,316 fetal deaths and 193,309 live births were identified for the unexposed cohort.  

 

Figure 2.2 Sample selection of fetal deaths for Aim 1. fetal death analysis 
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Figure 2.3 Sample selection of live births for aim 1. fetal death analysis 

 

Aim 2 

 The sub cohort for Aim 2, preterm delivery hazard, is systematically different from that 

of Aim 1.  To be considered, all pregnancies have to be at risk of preterm delivery within the 

2004 hurricane season.  The first pregnancies included in the cohort are those with an estimated 

date of conception 37 weeks prior to the first hurricane occurrence in order to be at risk of being 

born at or before 37 weeks completed gestation. Similarly, to be at risk of hurricane exposure 

and preterm delivery, the last pregnancies included would have a date of conception on the week 

of the last hurricane occurrence. Similar to Aim 1, time at risk begins at 20 weeks completed 

gestation to avoid biases due to left censoring of pregnancies lost before 20 weeks. This 

approximate calendar time period at risk of hurricane exposure and preterm delivery thus would 

include pregnancies with a date of conception from December 7, 2003 through October 1, 2004. 

This time period will differ for each of the individual hurricane analyses such that the study 

period would begin 37 weeks before hurricane occurrence and would end the week of hurricane 
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November 9, 2002 - October 4, 2003 
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November 9, 2003 - October 4, 2004 

EXPOSED COHORT 187,116 
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occurrence. Details on the timing and Cox models are described in the Statistical Analysis 

section. 

Data Sources 

Exposure Data 

 To improve upon the previous methods used to assign exposure to hurricanes, we used a 

third method of calculated maximum wind speed to create a more specific measure of exposure. 

This weather driven method is both quantitative and reproducible, as data on these occurrences is 

collected by NOAA and the NHC. This method relies on the fact that hurricanes are generally 

defined by wind speed and force.  Traditionally the Saffir-Simpson Hurricane Wind Scale 

categorizes hurricanes into 5 distinct categories of severity (Table 1.1). These levels include  

Category 1 (74-95 mph, 2 (96-110 mph), 3 (111-129 mph), 4 (130-156 mph), and 5 (157 mph 

and higher) (25). Tropical Storm wind speeds are classified as 39-73 mph. In general, Category 1 

wind speeds are dangerous and produce some damage and potential power outages for a few 

days. Category 2 winds are extremely dangerous, more likely to cause structural damages and 

complete power loss to areas for up to a week. Category 3-5 hurricanes are considered major 

hurricanes which are likely to cause severe damage to both the built and natural environment as 

well as power and water loss, potentially for weeks.  Utilization of wind speed and tropical 

cyclone severity scales allows us to explore a quantitative, reproducible method of assigning 

hurricane weather exposure based on currently applied thresholds of hurricane wind effects. 

Similar methods are used in climatology to predict areas affected by inland hurricane storm 

surges  (141, 142).   Further description of different exposure methods is documented in a 

preliminary exposure paper found in Appendix A. 
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   Data was extracted on county maximum wind speeds during hurricane from NOAA, 

Hurricane Research Division (HRD) public databases. The wind speeds and data used in our 

analyses were developed and constructed by Dr. Charles Konrad.  Details of the data collection 

and the HRD real-time hurricane wind analysis system have been previously published (26). 

 We categorized maximum wind speed using two binary categorizations based on the 

Saffir-Simpson hurricane wind: ≥ 39 mph to indicate tropical storm winds speed and ≥ 74 mph to 

indicate hurricane wind speed. Exposure to each hurricane was defined based on maternal county 

of residence as indicated through Vital Statistics’ records. 

 In the 2004 hurricane season, four hurricanes made landfall in Florida: Charley (August 

13
th

), Frances (September 5
th

), Ivan (September 21
st
) and Jeanne (September 25

th
). These 

hurricanes showed much variation in their size and strength.  Charley was the strongest hurricane 

to strike the US since Hurricane Andrew in 1992 and was a relatively small but intense hurricane. 

Charley travelled northeastward through central and northeast Florida, through the heart of the 

Florida Peninsula. Frances was not as strong as Charley but much larger and responsible for over 

100 tornadoes and massive floods.  Frances traveled northwest through Florida hitting central 

Florida and the western coast towards the panhandle. Hurricane Ivan was both strong and large 

but in terms of our Florida population only affected a small area of the Florida panhandle. Ivan 

struck the same counties just hit by Frances and led to massive flooding and many tornados. The 

final hurricane of the 2004 season Jeanne followed a very similar path to that of Frances.  Jeanne 

was not powerful but was slow-moving, dropping several inches of rain over the already 

saturated flooded region of Florida.  These four hurricanes exemplify the heterogeneous nature 

of hurricane force and size. An example map of the 67 Florida counties and dates of landfall is 

shown in Figure 1.1.   
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Outcome Data 

  We obtained data on gestational age, maternal demographic, fetal demographic and 

reproductive health from Florida fetal death and birth certificates from 2003 through 2005. The 

Florida State Department of Health supplied Florida birth certificate data with maternal county 

of residence in concordance with the Data Use Agreement.  Per the Data Use Agreement, for the 

proposed study no subjects were contacted, nor will ever be contacted.  (139, 143). 

Aim 1 

 For Aim 1, we constructed county-level birth rates and fetal death rates for 2003 and 

2004 using individual vital statistics records.  Live births and fetal deaths were defined as 

recorded on the respective birth or death record. Studies have shown that reliability of these 

records is generally good; however, some show an underreporting of fetal deaths at early 

gestational ages (90, 144, 145).  The pregnancies included in the cohort will be identified based 

on the calculated date of conception as described in the Analysis Plan.   

Aim 2  

 Aim 2 investigated maternal prenatal exposure to hurricane and risk of preterm delivery 

stratified by race/ethnicity subgroups. Preterm delivery status is not directly reported on birth 

certificates. Preterm status was estimated based on clinical estimate of gestational age. Births 

that occur before 32 completed weeks of gestation are extremely preterm and births before 37 

weeks of gestation are considered overall preterm. We used the National Center for Health 

Statistics (NCHS) method to increase validity of gestational age measures by excluding 

observations in which gestational age measurement and birth weight are implausible based on 

published criteria (146, 147). This criterion is described in more detail in the Analysis Plan. 
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 Unlike Aim 1, all pregnancies in the Aim 2 individual analysis must be at risk of 

hurricane exposure in the 2004 hurricane season; therefore all pregnancies conceived by 

December 7, 2004 and before October 31, 2004 are included.   The 2003 pregnancy data was not 

included in this analysis. These dates were calculated based on the definition of preterm delivery 

of 37 completed weeks gestation (63, 96). Pregnancies conceived more than 37 weeks before the 

first hurricane event on August 13, 2004 would not be at risk of preterm delivery after hurricane 

occurrence. These dates and risk periods varied slightly specific to individual hurricane models 

and outcome timing. 

Data Linkage  

 Hurricane weather exposure and birth certificate data, including outcome and covariates, 

were linked using Federal Information Processing Standard (FIPS) geocodes of mother’s county 

of primary residence as noted on the birth certificate. The FIPS county code is a five-digit code 

which uniquely identifies counties and county equivalents in the US. This method was used to 

reduce errors which might have occurred if linking had been done by county name due to clerical 

or data entry errors. 

Variable Measurement 

Exposure 

 We primarily defined county-level exposure based on hurricane exposure in the county of 

maternal residence as indicated in vital records. Pregnancies classified as exposed in the study 

population were selected based on the specified analysis inclusion criteria and maternal county 

hurricane exposure level. Pregnancies from the study population in counties with no maternal 

hurricane exposure, or delivered before a hurricane made landfall in specific counties, were 

classified as unexposed.   
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 There is currently no gold standard to measure hurricane exposure.  We used several 

different exposure methods to describe sensitivity of current methods as well as a novel wind 

exposure method.  Each aim is described separately below in term of exposure metrics.  A 

preliminary paper on hurricane exposure metrics can be found in Appendix A.  

 Timing of hurricane exposure during pregnancy was determined by estimates of date of 

conception and the date of hurricane landfall. Due to potential inaccuracy of vital statistics 

records, we applied exposure to the closest week of conception, as opposed to day. Exposure 

time was defined from the time that the maximum measure of wind speed was recorded during 

the hurricane.  

Aim 1 

 For Aim 1, counties in the unexposed time period in 2003 were all assigned an exposure 

value of “0”, indicating no exposure in difference-in-differences models.  Counties in 2004 were 

assigned a binary value based on the Saffir-Simpson hurricane wind: ≥ 39 mph to indicate 

tropical storm winds speed and ≥ 74 mph to indicate hurricane wind speed. To describe 

sensitivity of the difference-in-differences we also conducted analysis using the 60 km buffer.  

Aim 2 

 Aim 2 used the identified county-level hurricane exposures with individual-level 

pregnancy outcomes. We categorized maximum wind speed using two binary categorizations 

based on the Saffir-Simpson hurricane wind: ≥ 39 mph to indicate tropical storm winds speed 

and ≥ 74 mph to indicate hurricane wind speed.   Each method of exposure was defined as a time 

dependent covariate by gestational weeks (weeks after conception). Exposure status was 

assigned on the first day a hurricane made landfall in the county of residence. Since classification 

was made by gestational week, not day, if exposure occurred mid-week, e.g. 20 weeks and 2 
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days, exposure was rounded down and assigned at 20 weeks gestation.  This classification is 

often used for reproductive gestational age estimation as estimation of completed weeks.  If the 

hurricane was slow moving and was within the county boundaries for more than one day, 

exposure status was still assigned based on the first day of hurricane exposure. 

 The exposure timing was applied to each hurricane independently to appropriately 

estimate unexposed and exposed time. Exposure status was assigned to a pregnancy upon first 

exposure in county of residence and time remained exposed for the remainder of pregnancy time 

in hazard rate models. This exposure definition was used to look at the single and multiple 

hurricane exposures. For each of the four hurricane events, a pregnancy was classified as either 

exposed to hurricane = 1 or unexposed to the specific hurricane = 0.  In this exposure 

classification, a pregnancy could be considered exposed in one or more of the four combinations 

and unexposed in others.  We compared the effect of exposure to each hurricane individually to 

help understand the conditional status of rapidly occurring hurricane events. Figure 2.4 shows 

the approximate trimester when exposure would begin based on conception window. 

 

 

Figure 2.4 Hypothetical exposure trimester timing by date of conception (which result in live birth and hurricane 

exposure) for Aim 2 analysis 
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Outcomes 

Live Birth 

  A live birth is defined as a fetus who after expulsion or extraction from its mother, 

irrespective of the duration of pregnancy, shows any evidence of life such as beating of the heart, 

pulsation of the umbilical cord, or definite movement of voluntary muscles, whether the 

umbilical cord has been cut or the placenta is attached. Heartbeats are to be distinguished from 

transient cardiac contractions; respirations are to be distinguished from fleeting respiratory 

efforts or gasps (148, 149). In the US, birth records include births outside of the clinical setting 

and can be recorded after the live birth of a child and as late as the first infant pediatric visits 

(146). Although live births are recorded regardless of gestational age, for our analysis, we 

excluded pregnancies reported before 20 completed weeks of gestation. Crude live birth rates 

from vital records were calculated as:  

𝐿𝑖𝑣𝑒 𝐵𝑖𝑟𝑡ℎ 𝑅𝑎𝑡𝑒 = (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑏𝑖𝑟𝑡ℎ𝑠

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑚𝑖𝑑𝑦𝑒𝑎𝑟
) ∗ 1,000. 

 To calculate the 2004 and 2003 county live birth rates for Aim 1, we used the number of 

live births during our specified calendar period and divided by the total population for the year of 

interest.  While this is not comparable to a full-year birth rate calculation, this does create a 

comparison equal for the unexposed year (2003) to the exposed year (2004) for the difference-in-

difference modeling. 

Supplemental Outcome: Fetal Death 

 Fetal death (i.e., fetal mortality) is defined as death prior to the complete expulsion or 

extraction of a fetus from its mother, not including an induced termination of pregnancy (148). 

The death is indicated by the fact that, after such expulsion or extraction, the fetus does not 

breathe or show any other evidence of life. Federal guidelines recommend reporting fetal deaths 
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whose birth weight is greater than 12.5 oz. (350 g) or those whose gestational age is greater than 

20 weeks. Forty-one US states use a definition very similar to the federal definition, thirteen 

areas use a shortened definition of fetal death, and three areas have no formal definition of fetal 

death (89). Some states often use the term 'stillbirth' synonymously with late fetal death; however 

they are split as to whether stillbirths are "irrespective of the duration of pregnancy" or some age 

or weight constraint is to be applied (90).  For the purpose of this study, we excluded any fetal 

deaths recorded before 20 weeks gestation or when gestational age was missing. Fetal death rates 

from vital records were calculated as: 

 

𝐹𝑒𝑡𝑎𝑙 𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑅𝑎𝑡𝑒 = (
𝑁 𝑓𝑒𝑡𝑎𝑙 𝑑𝑒𝑎𝑡ℎ𝑠

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑖𝑟𝑡ℎ𝑠
) ∗ 1,000 

where: 𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑏𝑖𝑟𝑡ℎ𝑠 = 𝑓𝑒𝑡𝑎𝑙 𝑑𝑒𝑎𝑡ℎ𝑠 + 𝑙𝑖𝑣𝑒 𝑏𝑖𝑟𝑡ℎ𝑠. 

 

 To calculate the 2004 and 2003 county fetal death rates for Aim 1, we used the number of 

fetal deaths during our specified calendar period and divided that value by the sum of the fetal 

deaths and live births over the same period of interest.  This time specification will create a 

comparison for the 2003 to the 2004 year in the difference-in-difference modeling without 

problems of comparing different calendar seasons.  

Preterm Delivery 

  The most often used  definition of preterm delivery is a birth before a gestational age of 

37 complete weeks (150). This cut point has been used because most organ systems mature 

between 32 and 37 weeks, and the fetus reaches adequate maturity by the end of this period.  A 

dichotomous cut point of preterm may not be sufficient since the risk of complications, 

morbidity and mortality increase with decreasing gestational age.  Several studies and experts in 
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the field of reproductive epidemiology have suggested either using additional discrete points of 

gestational age or modeling gestational age as a continuous measure (91, 150-152). 

 We choose to utilize preterm delivery rather than birth weight because birth weight is 

thought to have many different etiologies. Also both high and low birth weight can be considered 

negative infant outcomes which would be hard to interpret with our exposure. Preterm delivery 

and gestational age may not be as accurately measured on birth certificates as birth weight, but 

we felt that the stress and healthcare mechanisms were most biologically plausible with the 

preterm delivery outcome. 

 We considered three methods of classification to determine the most appropriate choice 

for modeling and understanding the potential heterogeneity of risks across the continuum of 

gestational age. A measure of gestational age will be calculated using the estimation of 

conception method described on the next page. To evaluate heterogeneity of the estimates of 

gestational age, we estimated hazards of delivery among overall preterm (<37 gestational weeks) 

and extremely preterm (<32 weeks) deliveries. Further details on the classification of preterm 

delivery modeling are discussed in the Statistical Analysis. 

Analysis Plan 

Estimation of Conception 

  Before beginning analysis, we estimated the calendar timing of date of conception for 

each pregnancy in order to properly estimate exposure timing. NCHS recommends a method for 

estimating gestational age in the US vital statistics reports that relies primarily on self-reported 

last menstrual period (104, 149). We felt that exposure could be associated with potential recall 

of last menstrual period, consequently we primarily used gestational age as designated by the 

clinician. If clinical gestational age was missing or implausible when compared to birth weight 
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then the pregnancy was excluded from analysis (153, 154).  We expected <1% of pregnancies to 

be excluded based on this method of calculating day of conception. 

 Although we used an analytical method to reconcile the clinical estimate of conception 

with birth weight, gestational age is often miss-specified on the birth certificate (149, 155).  The 

misspecification can be due to heterogeneity in growth as well as biological variation of 

follicular phase length. One reason not to use last-menstrual period is the tendency to produce an 

asymmetrical error in gestational age, resulting in more false “late” deliveries than false “early” 

deliveries (91).  Partly due to these reasons, we investigated two cutpoints of gestational age in 

the preterm analysis for Aim 2.   

Statistical Analysis 

AIM 1: Describe the difference-in-differences method for confounding control in the county-

level analysis of hurricane-related weather exposure and A) live birth rates B) fetal death rates  

  For Aim 1, we first conducted ecological analysis of live birth and fetal death rates for 

exposed and unexposed counties using generalized linear models to estimate crude rate 

differences before conducting difference-in-differences analysis. We used individual data to 

estimate the county fetal death rate and birth rates over the specified calendar time periods. 

Generalized linear models were used for the 2004 hurricane season to estimate the rate difference 

when comparing adjacent exposed and unexposed counties. We reported both crude and adjusted 

models for county-level social and environmental characteristics. Next, we used the difference-

in-differences method to compare the difference between the rates in the unexposed and exposed 

time periods (156). We used each of the eight defined exposure categorizations for both the fetal 

death rate and the birth rate analyses as well as the supplemental analysis of low birth weight.  
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Difference-in-Differences 

Difference-in-differences is a statistical technique which attempts to mimic experimental 

research study design using observational data by estimating the effect of exposure (treatment) 

on an outcome as the difference in the average change over time in the exposed group and the 

unexposed group. By assigning a value in the 2003 unexposed period, we calculated the 

difference-in-differences by looking at the change in slope from one year to the next.  Since a 

portion of counties will be unexposed in both hurricane seasons, this allows for control of both 

measured and unmeasured static county-level confounders as shown in Figure 2.5. This does not 

adjust for confounders which changed between 2003 and 2004.  This difference- in-differences 

technique is often used in econometrics to measure the effect of an exposure at a given period in 

time (157). 

Proper confounding control using the difference-in-differences approach rests on the 

assumption of parallel trends. This means that no exposure group specific trends should bias the 

estimates of exposure effects (157, 158). Covariates identified from the birth certificate data 

were compared between 2003 and 2004 to verify we met the model assumption of no covariate 

change over the time period (Supplemental Appendix Table S1). 

We conducted analysis of the difference-in-differences method using PROC GLM with 

the ABSORB statement in SAS 9.2 to estimate the rate difference between the 2003 and 2004 

within-county live birth rates. This is similar to the rate difference generated in a generalized 

linear model with the background rate removed, estimating the marginal within-county rate 

difference as shown using model parameters in Figure 2.5. The 2003 period in these models is 

used to obtain the baseline covariate distributions to control for county-level static differences.  
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Generalized Linear Model 

We illustrate the sensitivity of results to confounding by also fitting generalized linear 

models with a continuous outcome of county live birth rate and imply a normal distribution 

(15).We conducted unadjusted and adjusted linear regression generalized linear models using 

PROC REG in SAS 9.2 to estimate the rate differences of the association between hurricane 

exposure and live birth rates in the 2004 at-risk period. For example, counties affected by wind 

speeds equal to or over 74 mph were considered exposed and compared to counties with wind 

speed less than 74 mph for a given storm.  

To demonstrate a typical approach to confounding control in aggregate analyses, crude 

models were then adjusted for county-level 2000 US Census covariates, including percent renter-

occupied units, median household income, percent of persons who speak English less than well 

and percent of adults with more than high school education. These variables have been used 

previously in developing social indices and controls in county-level studies (159-161). The 

chosen covariates were determined a priori based on a literature review of natural disasters and 

public health. Selected results are described in Chapter 3.     

 

Figure 2.5 Descriptions of model parameters and form for difference-in-differences Aim 1. analysis 

  

Model Parameters 

• yit  IS response variable (e.g. fetal death rate) for county i at time t.  

• zi is a column vector (covariate) which does not vary over time t. 

• xit is a column vector (covariate or hurricane exposure) which does vary over time t. 

• μ is the model intercept. 

• β and ᵧ are row vectors while ε is the random error. 

 

Unexposed 2003 Model: yi0 = μ0+ β xi0 + ᵧ zi + εi0 

Exposed 2004 Model: yi1 = μ1+ β xi1 + ᵧ zi + εi1 

Differenced model: yi1 - yi0 = (μ1 - μ0) + β (xi1 – xi0)+ (εi1 – εi0)  
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AIM 2: Investigate hurricane-related weather exposure on individual-level pregnancies to 

estimate preterm delivery hazard rates. 

SUB AIM 2: Stratify by race/ethnicity subgroup to investigate heterogeneity of hazards.  

  To address Aim 2, we estimated relative hazards using Cox proportional hazard 

regression using weeks of exposure time (>20 weeks) during pregnancy as a time varying 

exposure. Cox models were chosen for the ability to handle left-truncated data and better 

evaluation of a time varying exposure in an open cohort. Pregnancies terminated or delivered 

before 20 weeks of gestation were not captured on fetal birth and death records and therefore are 

not at risk for the outcome. We used Cox regression to estimate rates between independent 

hurricane exposures for each of several cut-points for gestational age. In each model, we tested 

the proportional hazards assumption using exposure-by-gestational age interaction terms. 

  Using Cox regression, we first investigated exposure dichotomously and compared 

relative hazard rates of overall preterm deliveries (<37 weeks gestation) between exposed and 

unexposed groups at each person-time for each hurricane in four independent models. Next, we 

built an additional model for each hurricane to look at the continuum of gestational age using 

extremely preterm (<32 weeks gestation). Each pregnancy contributed a specified number of 

pregnancy-weeks after 20 completed weeks as either unexposed time, exposed time or both 

unexposed and exposed time.  For example, a woman with no hurricane exposure in her county 

who delivers at 36 weeks would contribute 16 weeks of unexposed time while similarly a woman 

who delivers at 36 weeks in a county exposed to hurricane before her 20
th

 week of pregnancy 

would contribute 16 weeks of exposed time in hazard calculations.  Some women who 

experienced a hurricane between 20 weeks and delivery will contribute the time before the  
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      Figure 2.6 Example pregnancies in cohort: exposure timing by date of conception 

hurricane as unexposed time, and time after the hurricane as exposed time.  This time varying 

exposure method was used so that exposure time is not inflated. 

 Figure 2.6 displays how exposure time is designated based on date of conception. For 

example, Pregnancy B would contribute all time after 20 weeks as unexposed (blue line) until 

being exposed to Hurricane 3, at which time the remaining exposure through 37 weeks would be 

counted as exposed time (red line). 

 The Cox model is used to estimate and compare the rate at the time of the event in the 

exposed and unexposed pregnancy time. An exponentiated beta value greater than the null value 

of 1.0 suggests that the hazard of experiencing the outcome (preterm, early-preterm or term birth) 

in the exposed individuals is different from the hazard of experiencing the event in the reference 

category. Often this is interpreted as a percent higher or lower hazard when comparing the two 

groups.  In our analysis, with a time varying exposure, we were in essence comparing exposed to 

unexposed persons; however, we have more accurately defined the person-time at risk by using 

exposure classifications based on when the hurricane made landfall during each individual’s 

pregnancy.  We calculated crude models as well as multivariate models to adjust for potential 
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confounders. Figure 2.7 below describes the model parameters and form of the proportional Cox 

model used to estimate hazard ratios. 

 

Figure 2.7 Description of model parameters and form for Cox hazard ratio Aim 2. analysis  

 

 To properly assess the pregnancies at risk for preterm delivery, person-time after 37 

weeks gestation was not counted for the initial preterm delivery analysis (in the two additional 

analyses this cutoff was set at 32 weeks). After a pregnancy has completed 37 weeks of gestation, 

by definition it can no longer end in preterm delivery and therefore is outside of the risk set.  

These pregnancies contribute time in analysis but are considered right censored.  Similarly, 

pregnancies that end in a competing risk, including fetal death, will contribute time to analysis 

but will be included as censored events.  A nearly universal feature of survival data is censoring, 

the most common form of which is right-censoring.  One of the most useful functions of Cox 

proportional hazard regression for survival data is the ability to handle censored values in the 

computation of the likelihood function and therefore making them useful in analysis. Censored 

observations contribute time to the exposure time but not to the numerator (event count) used to 

calculate the hazard function. 

Model Parameters 

• h(t) is the underlying hazard function(which is not necessarily specified) 

– h1(t) would be the hazard in the exposed and  h0 the unexposed 

– Exp (X1 β1) is sometimes referred to as the relative hazard function as it is used to 

estimate the relative hazard or hazard ratio. 

– In our models when we exponentiate the estimates we get the hazard ratio of exposed 

rate to unexposed rate. 

– Proportional hazards regression: h(t|X) = h(t) exp (X1 β1 + ….+ Xp βp)  

 

• Cox model : HR = h1(t) / h0(t)  

– When we add covariates exp(βx) is the HR for a unit difference in x (x=exposure) 

holding the covariate constant at ANY level. 
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We conducted stratified race/ethnicity subgroup analysis for Sub Aim 2. We felt that the 

effect of confounding factors on preterm delivery could vary in difference racial/ethnic stratum 

and therefore could be better described in stratified models.  In order to discuss racial/ethnic 

differences we additionally performed models with and interaction term for race/ethnicity and 

exposure to statistically quantify potential differences. We used an a priori criteria for an effect 

measure modifier of a Wald heterogeneity test p-value < 0.20 (162).   Subgroup analysis focused 

on racial/ethnic groups defined by combinations of black/white race and Hispanic ethnicity 

because of limited statistical power for other subcategories. 

Covariates 

 Covariates from Vital Statistics records, including maternal socio demographics, 

pregnancy characteristics and fetal characteristics, were analyzed using the following criteria as 

potential confounders and effect measure modifiers.  For analysis of Aim 1, static level 

confounders were controlled by the use of the difference-in-differences method.  We compared 

potential confounders in Aim 1 in the unexposed to exposed cohorts to ensure these covariates 

remained relatively static between years.  Supplemental Appendix Table S2 displays the full list 

of covariates considered as candidates for confounding or modification from Vital Statistics 

records. 

Confounders 

Potential Measured Confounders 

 Potential confounders were selected based on previous studies and evaluation of Directed 

Acyclic Graphs (DAG) (161, 163).  Each potential confounder was assessed for logical 

temporality (i.e. could the covariate occur before the exposure and the outcome) and for 

plausible direct effect on the exposure or outcome. While none of the covariates would directly 
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affect or influence hurricane exposure, if a variable was thought to influence maternal residence, 

stress, clinical disruption or economic change caused by a hurricane, they were considered as a 

potential confounder. Some considered variables included maternal age, smoking, education and 

maternal comorbidity.   

 For Aim 2, when controlling for confounding was necessary, we used both an a priori 

and a statistical approach to fully understand potential nuisance effects. The complex and 

unknown biological processes under consideration make it difficult to fully capture confounding 

using only a priori theory and DAGs. Consequently, after identification of potential confounders 

from DAG analysis, we used a combined approach utilizing both a change in estimate method 

with an a priori 0.10 cut off, and an exploratory analysis of the associations of the covariate with 

the exposure and outcome to determine which confounders would be used in each model. While 

using a more statistically driven approach, we kept in mind potential colliders, backdoor paths 

and mediators identified in our DAG analysis. In this study, model constraints and power were 

also taken into consideration. Figure 2.8 displays one example potential DAG in the relationship 

between hurricane exposure and preterm delivery. 
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Figure 2.8 Example Directed Acyclic Graph (DAG) of hurricane exposure and preterm delivery association 

 

Unmeasured Confounders 

 We would like to also acknowledge covariates that were unmeasured in the study but 

could influence the relationship between exposure and outcome.  Some unmeasured covariates in 

the study could include genetic information, individual evacuation information, English 

proficiency and type of home. Specifically, housing type and English proficiency could influence 

vulnerability to disaster and could have combined effects on pregnancy outcomes. Type of home 

has been shown to be a strong predictor of evacuation in many studies and can also influence 

whether or not an individual returns to the home after the hurricane occurs (19, 20, 164). 
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Effect Measure Modifiers 

  In the Aim 2 individual analysis of preterm delivery modification by maternal ethnicity 

and maternal race were assessed by stratifying and comparing exposed and unexposed individual 

hazard rates and 95% confidence intervals. We examined the exposure-outcome relationship 

while adjusting for one covariate at a time in each model. Each covariate was added into the 

model as the interaction with the main exposure.  

 Assessing differences by race/ethnicity was a primary part of Aim 2. After conducting 

analysis of race/ethnicity as a modifier we felt that confounding structures may differ between 

race/ethnicity groups and therefore published fully stratified estimates. These estimated, shown 

in Chapter 4, no longer describe modification in the full Florida cohort but instead describe the 

main effect of hurricane and preterm delivery in each race/ethnicity stratum separately. This 

allows us to better control confounding within the individual subgroup analyses.   

Missing Data 

  Outcome or covariate data on date of conception, prenatal care, smoking, maternal 

race/ethnicity, education and maternal infection were evaluated for missingness. Since the 

difference-in-differences analysis does not require individual variable adjustment, we are only 

concerned with covariates for the Cox analysis of births occurring during the 2004 exposed 

period.  A priori, we decided that if less than 5% of these data items are missing, then we would 

exclude the affected pregnancies and perform a complete case analysis. If more than 5% of the 

outcome or covariate data are found to be missing, data was  assessed for covariate patterns of 

the missing data and imputed using chained equations variables (165). We acknowledge that 

some covariate data available from birth certificates may have a high proportion of missing data 

or be unreliable (e.g. maternal smoking, prenatal care and education) and we explored the 
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appropriateness of using these variables in modeling. Supplemental Appendix Table S9 displays 

the proportions of covariates with missing data for both the 2003 and 2004 Florida populations.   
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CHAPTER 3: AIM 1 RESULTS
1
 

 

County-Level Hurricane Exposure and Birth Rates; Application of Difference-In-

Differences Analysis for Confounding Control 

 

Summary 

 Epidemiological analyses of aggregated data are often used to evaluate theoretical health 

effects of natural disasters. Such analyses are susceptible to confounding by unmeasured 

differences between the exposed and unexposed populations. We demonstrate difference-in-

differences as a method to control for time-invariant confounders investigating hurricane 

exposure on live birth rates. Our population included all recorded Florida live births that reached 

20 weeks gestation and conceived after the first hurricane of 2004 or in 2003 (when no 

hurricanes made landfall). Hurricane exposure was categorized using ≥ 74 mile per hour 

hurricane wind speed as well as a 60 km spatial buffer based on weather data from the National 

Oceanic and Atmospheric Administration. The effect of exposure was quantified as live birth 

rate differences and 95% confidence intervals (RD [95% CI]). To illustrate sensitivity of the 

results, the difference-in-differences estimates were compared to generalized linear models 

adjusted for census-level covariates. Difference-in-differences analysis yielded consistently null 

associations across exposure metrics and hurricanes for the post hurricane rate difference 

between exposed and unexposed areas (e.g., Hurricane Ivan for 60 km spatial buffer (-0.02 

births/1,000 individuals [-0.51, 0.47]). In contrast, generalized linear models suggested a positive 

association between hurricane exposure and birth rate (Hurricane Ivan for 60 km spatial buffer 

                                                           
1
 A revised version of Chapter 3 was submitted to the journal Epidemiology in 2015 with the following co-authors: 

Whitney Robinson, Stephanie Engel, Charles Konrad, David Richardson, Jennifer Horney 
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(2.80 births/1,000 individuals [1.94, 3.67]) but not all models. Ecological studies of associations 

between environmental exposures and health are susceptible to confounding due to unmeasured 

population attributes. Here we demonstrate an accessible method of control for time-invariant 

confounders for future research. 

Background 

 Ecological analyses, often used in environmental and natural disaster epidemiology, are 

sometimes defined by administrative units where exposure and outcomes are measured at an 

aggregate level. The purpose of ecological analyses can be the estimation of ecological 

associations or the inference of individual risks. While ecological research may be more practical 

when individual exposures and outcomes are difficult to define, there are many methodological 

challenges surrounding its use.  Some concerns may include ecological bias, exposure 

misclassification and proper control of measured or unmeasured confounders. Confounding 

control may be a particular concern in disaster research. Challenges inherent to the timely 

collection of post-disaster data or reliance on surveillance data often leads to unmeasured or 

inadequately measured confounding.   

 To assess the health impacts of hurricanes, and inform the policies needed to mitigate 

adverse effects, epidemiologists often conduct analyses of aggregated data (2, 11). The findings 

of the current literature on hurricane exposure and reproductive health outcomes are generally 

mixed (9, 51, 71, 74, 75). These inconsistencies may be in part the result of the limitations 

associated with the use of ecological data. Methods like difference-in-differences fixed-effects 

modeling can be applied to control confounding in ecological pre-post or county-level level 

analysis (166-168).  
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 Difference-in-differences methods have a long history in disciplines outside of 

epidemiology (25, 26, 156); however, their use is relatively less common in epidemiology, with 

the exception of the case-crossover design, which may be viewed as a variant on this approach. 

Difference-in-differences analysis methods can be applied to any model where outcomes are 

observed in a minimum of two groups (e.g., treatments or exposure categories) at two different 

time points. This can be applied in individual or aggregate analysis. The exposed group must 

have an exposure status which changes across the two time points, while the referent group 

remains unexposed in both time periods. The estimate in the unexposed group is then subtracted 

from that of the exposed group. This removes biases resulting from static population 

characteristics between the two time points.  A commentary by Kaufman (2008) discusses the 

application of similar fixed-effects methods in epidemiology to reduce bias and derive more 

valid estimates(14).  This method is a relatively simple yet powerful technique to address 

confounding inherent in comparing aggregate populations that may not have the same baseline 

characteristics. 

 To demonstrate an application of this method in aggregate analysis, we assessed the 

association between hurricane exposure and live birth rates. Live birth rates are often anecdotally 

assumed to be influenced by natural disaster occurrences, with some reports suggesting a “baby 

boom” following severe weather events (51, 72). In other words, live birth rates may increase 

after disaster occurrence through increased conception rates.  We compared an adjusted 

generalized linear model approach, where rate differences from affected and unaffected counties 

are compared, to results obtained by a difference-in-differences analysis to illustrate the 

method’s application in disaster epidemiology. 
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Methods 

Study Population  

 We used a retrospective cohort of 2003 and 2004 Florida live births to demonstrate the 

difference-in-differences method on the relationship between county-level hurricane exposure 

and live birth rates. Four hurricanes made landfall in Florida during the 2004 hurricane season, 

exposing the majority of the 67 counties to hurricane weather.  No hurricanes made landfall 

during the 2003 season. Our source population, from vital records data, included all documented 

Florida pregnancies conceived in 2003 and 2004 that completed a minimum of 20 weeks 

gestation.  

 The 2004 cohort used in both the difference-in-differences models and generalized linear 

models included women who conceived between August 14, 2004 and October 31, 2004. This 

window of exposure falls from just after the first hurricane occurrence through three months after 

the last hurricane occurrence. This exposure window aligned with the conception-based “baby-

boom” hypothesis. For the difference-in-differences analysis, we also used pregnancies 

conceived in the previous year, from August 14, 2003 and October 31, 2003, to calculate 2003 

unexposed live birth rates.  

Exclusions 

 We excluded births to non-Florida residents, as they did not have a residential address to 

link to Florida hurricane exposure. Additionally, births with gestational age less than 20 weeks 

and of mother less than 15 years at delivery or greater than 45 years of age were also excluded.  

Our assumed risk period begins at 20 completed weeks’ as earlier pregnancies are not fully 

captured in Vital Statistics data. Of the 94,593 total eligible births, 92,398 remained in the 

analytic population after exclusion criteria were applied. 
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Hurricane Exposure 

We focused on two of the four 2004 hurricanes which made landfall in Florida: Charley 

(August 13, 2004) and Ivan (September 21, 2004) (Figure 1). Charley was chosen because it was 

the first and strongest hurricane of the season, hitting many Florida counties with diverse 

population groups. In contrast, Ivan hit the Florida panhandle, which contains a very 

homogeneous sub-population and therefore provides a unique opportunity to explore issues with 

unmeasured confounding. Counties were classified with respect to hurricane exposure using two 

previously published methods. The first method applied exposure based on maximum wind 

severity according to the Saffir-Simpson Wind Scale (169). Counties affected by winds ≥74 mph 

were considered exposed and compared to counties with wind speeds less than 74 mph 

(unexposed). The second method was defined by a 60 km symmetrical spatial buffer around the 

storm track. Any county within the 60 km buffer, including partial counties, was considered 

exposed and compared to the counties completely outside of the buffer (unexposed) (170, 171). 

We compared the two methods of classifying exposure to assess the consistency of the results, 

since a standard hurricane exposure metric has not been established. 

Statistical Methods: 

We calculated county-level live birth rates for 2003 and 2004 as the number of live 

births in a county divided by the total county population at midyear times 1,000. Live 

births are defined as fetuses which show any evidence of life following delivery (148, 149). 

All analyses were conducted in SAS 9.2 (Cary, NC) and an example SAS program of 

difference-in-differences methods is provided in the online appendix. This research was 

approved by the Institutional Review Boards at the Florida Department of Health 

(#H13049) and the University of North Carolina at Chapel Hill (#13-0784). 
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Difference-in-Differences  

 Difference-in-differences is a statistical technique which attempts to mimic experimental 

research study design for analyses of observational data. The effect of exposure (treatment) on an 

outcome is calculated as the difference of the average change in the exposed group minus the 

change in the unexposed group. In this hurricane exposure example, we are estimating the 

difference in live birth rate differences in exposed counties from the 2003 to 2004 time periods 

as shown in the hypothetical diagram Figure 3.2. The change in birth rate labeled “Difference 

from hurricane effect (β)” graphically illustrates the rate estimated using the difference-in-

differences analysis. 

 We conducted analyses of the difference-in-differences method using PROC GLM with 

the ABSORB statement in SAS 9.2 to estimate the rate difference between the 2003 and 2004 

within-county live birth rates. This is analogous to the rate difference generated in a generalized 

linear model with the previous unexposed year rate difference removed, estimating the marginal 

within-county rate difference (Figure 3.3). The 2003 period in these models stands in for the 

baseline covariate distributions to adjust for county-level time-invariant differences.  

Generalized Linear Models 

We illustrate sensitivity of results by fitting generalized linear models to estimate the 

association between hurricane exposure and county-specific live birth rates in 2004 (15).We 

conducted unadjusted and adjusted generalized linear models using PROC REG in SAS 9.2 

software to estimate rate differences.  

To demonstrate a regression approach to control confounding in aggregate analyses, the 

models were adjusted for county-level 2000 United States Census covariates, including percent 

renter-occupied units, median household income, percent of persons who speak English less than 
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well and percent of adults with more than high school education. These variables have been used 

previously in developing social indices and controls in county-level studies (159-161). The 

chosen covariates were determined a priori based on a literature review of natural disasters and 

public health. 

Results 

 The first hurricane of 2004, Charley, moved northeast through central Florida 

impacting a wide variety of socioeconomic and racial groups. Pregnancies affected by 

Charley had no previous hurricane exposure. In contrast, Hurricane Ivan made landfall in 

Alabama and Florida, affecting only a small area of the Florida panhandle.  The Florida 

counties exposed to Hurricane Ivan had lower median incomes, less education and a higher 

proportion of renter occupied units than the unexposed counties (not shown).  

The number of exposed and unexposed counties varied with the specific hurricane 

(Table 3.1). For example, using the 60 km buffer, twenty three counties were classified as 

exposed to Hurricane Charley while only two were exposed to Hurricane Ivan.  

Associations in Table 3.1 are reported as Rate Differences (RD) with 95% Confidence 

Interval (95% CI). Overall, there was no evidence of an association between hurricane 

exposure and live birth rates using difference-in-differences models. However, generalized 

linear models did suggest an association between Hurricane Ivan and birth rates. 

Generalized linear models were adjusted for several census characteristics (Table 

3.2). In the 67 Florida counties, 7 (10.4%) had more than 35% renter occupied units and 4 

(6.0%) had more than 5% persons who do not speak English. Four (6.0%) had less than 

65% of the population with at least a high school education.  The median household 

income in 47 counties (70.1%) was less than the state median of $38,819.   



67 
 

For Hurricane Charley, neither the difference-in-differences nor the generalized 

linear models identified an association between hurricane and live birth rates.  The 95% 

confidence intervals produced by the difference-in-differences method exhibited greater 

statistical precision as shown by the tighter confidence intervals. The associations found 

for Hurricane Ivan differed from Hurricane Charley. Prior to Hurricane Ivan, this part of 

Florida had no prior hurricane exposure in the 2004 season; however, since two hurricanes 

made landfall before Ivan, the reference unexposed counties may have had prior hurricane 

exposure. The difference-in-differences model did not suggest an association between 

hurricane exposure and live birth rates. In the generalized linear models, live birth rates 

were consistently positively associated with both the 60 km buffer (2.80 births/1,000 

individuals [1.94, 3.67]) and the wind speed ≥74 mph (RD=2.23 births/1,000 individuals 

[1.47, 2.99]). This may indicate residual uncontrolled confounding present in the 

generalized linear models. 

Discussion 

 To assess the health impacts of environmental exposures including natural disasters, 

epidemiologists often conduct analyses of aggregated data. Such approaches may have 

methodological limitations, including incomplete confounder control, exposure misclassification 

and lack of group level covariate information. We sought to demonstrate an application of the 

difference-in-differences method in estimating the effect of county-level hurricane exposure on 

live birth rates. While still potentially suffering from bias due to residual confounding and 

migration, this method overcomes some of the limitations of conventional approaches by 

addressing confounding by unmeasured time-invariant attributes. It has become increasingly 

common in epidemiologic and public health research to perform aggregate level analysis (e.g., at 
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the level of the county, ZIP code or census track) and to use aggregate indices or census 

variables to control for confounding (160).  Results from the difference-in-differences analyses 

demonstrate a method to improve control of confounding due to time-invariant variables in 

aggregate analyses.  

The rate differences of the difference-in-differences and of generalized linear models 

have different interpretations. For the difference-in-differences model, the rate difference 

measured the increase or decrease in the within-county live birth rate difference from 2003 to 

2004 attributable to hurricane exposure. In contrast, the generalized linear models rate difference 

measured the increase or decrease in birth rates comparing women with 2004 residence exposure 

to the surrounding unexposed counties, controlling for census covariates. These estimates are not 

directly comparable; however, the direction of association can be compared and consistency 

across models can be assessed. 

 There is no current consensus on the impact of hurricane exposure on reproductive health, 

with associations widely varying across studies (1, 2).  These mixed findings are potentially the 

result of varied mechanisms of exposure (e.g., stress, economical, injury etc.), variations in 

exposure definitions, dissimilar study populations, incomplete confounding control and potential 

heterogeneity in hurricane effects. Our analysis applied several exposure metrics over multiple 

hurricanes to examine some of these potential inconsistencies. All difference-in-differences 

models yielded null associations for both hurricanes and for all exposure metrics. In contrast the 

generalized linear model yielded some potential associations with Hurricane Ivan. In 

supplemental analyses of the other two hurricanes of the 2004 season (Frances and Jeanne), 

generalized linear models varied in magnitude and direction from the fairly consistent null 

associations using the difference-in-differences approach (Table 3.3). The consistency of the 
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difference-in-differences method suggests the integrity of this method over the generalized linear 

models to better control for confounding. 

Suggested associations between hurricane exposure and live birth rates are largely 

anecdotal, including clinical observations and media reports. Two studies have focused on birth 

rates after hurricane occurrence.  Cohan and Cole (2002) investigated live birth rates in twenty 

four South Carolina counties in a time-series analysis before and after Hurricane Hugo and found 

that before the hurricane live birth rates decreased, while after the hurricane live birth rates 

increased (72). Hamilton (2009) investigated county live birth rates in the Gulf Coast states 

(Louisiana, Mississippi and Alabama) following Hurricane Katrina and had mixed results 

depending on state (51). While both studies controlled for measured population characteristics, 

the difference-in-differences approach (which additionally accounts for unmeasured factors) may 

more fully adjust for differing population characteristics.   

The resulting rate difference from the difference-in-differences is no longer a between-

county estimate, but rather a within-county estimate with the baseline difference from the 

previous time period removed. In our example, this can be thought of as an absolute within-

county rate difference. Difference-in-differences models have the same assumptions as the 

underlying model form with additional assumptions regarding parallel trends in county attributes. 

This implies that within-county characteristics, e.g., median income, are invariant between time 

periods. If this assumption completely holds, then difference-in-differences removes 

confounding by these static covariates. If this assumption is violated, there will be residual 

confounding by factors that change between study years. These assumptions can in theory be 

evaluated to the extent that all confounders’ distributions are available in both time periods.  A 

review of the current literature suggests that the parallel trend assumption was likely met as 
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hurricanes are thought of as an exogenous occurrence likely uncorrelated with population 

characteristics (172). Like many environmental studies, our exposure was defined by county of 

residence and therefore secular trends influencing birth rate may differ by county. Researchers 

should consider these assumptions in the application of the difference-in-differences method. 

While the difference-in-differences model may have improved control of unmeasured 

confounder bias, other biases such as ecological bias, residual confounding, and migration may 

persist in both methods. Specific limitations of the difference-in-differences method include a 

lack of knowledge of individual-level confounders, and potential underestimation of standard 

errors.  Several articles have criticized the use of difference-in-differences methods using large 

datasets, where biased small standard errors can incorrectly indicate significant relationships (12, 

173). This can be a particular problem if outcomes are non-independent between subjects. Our 

difference-in-differences models showed tighter 95% confidence intervals than the generalized 

linear models, indicating smaller standard errors; however, we assume individual changes in 

conception are independent. Additionally, difference-in-differences estimates are not exempt 

from ecological bias. Ecological biases can occur when some confounding may be controlled but 

unmeasured effects of the population are directly contributing to the outcome (12).  

 Supplement analysis were conducted investigating county fetal death rates (Table 3.4). 

Fetal deaths rates were defined as deaths prior to the complete expulsion or extraction from its 

mother, excluding induced abortions (Kowaleski 1997) and calculated as the proportion of fetal 

deaths out of 1,000 total births in a given county. Only two US studies have investigated the 

relationship between hurricane and fetal death.  The first study by Janerich (1981) looked at four 

New York counties in a pre-post analysis after Hurricane Agnes and found no association 

(Janerich, Stark et al. 1981). A recent paper by Zahran (2014) found a strong association between 



71 
 

damage from Hurricane Katrina and proportion of fetal death (Zahran, Breunig et al. 2014). 

While other literature has shown an association between hurricane and fetal death in developing 

countries the limited domestic studies do not provide enough evidence to confirm this in the 

United States. Difference-in-difference analysis did yield some negative associations indicating a 

decrease in fetal death with hurricane exposure; however, the analysis was too low powered to 

imply true relationships. While this was an original Aim of the dissertation, this was excluded 

from the published manuscript as to not be misconstrued.  Future studies should when possible 

investigate the potential relationship between hurricane and fetal losses and focus on mechanism 

of loss. 

There were also several limitations with our study methods. A major limitation of our 

study is that the four hurricanes hit Florida in 2004 in rapid succession, limiting our ability to 

understand independent hurricane effects. We choose to primarily investigate Hurricane Charley, 

the first hurricane of 2004, because it is the only residence exposure not potentially influenced by 

other hurricanes. Additionally, the number of counties exposed changed by the method of 

exposure categorization, thus rendering comparisons across method or hurricane difficult, 

especially using generalized linear models (Table 3.1). The county-fixed effects which are used 

in the difference-in-differences approach better allows for comparisons across models; however, 

the statistical power using either method will differ for each storm.  This complexity of the 

changing referent is both a limitation of our analysis and relevant to environmental aggregate 

analyses where multiple levels of exposure in different regions may be compared. The Ivan-

unexposed counties are still affected by exposure to other hurricanes, which could bias our 

estimates. Moreover, our reliance on Vital Statistics data prevents us from understanding the 
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impact of early pregnancy loss, provides extremely limited covariate information, and results in 

an open cohort without information on migration into or out of our study population.  

Changes in live birth rates can be influenced by increases in the number of conceptions, 

migration into or out of the study area, and changes in fetal loss rates. While we are assuming 

migration into and out of our Florida cohort is equal, we have no way to document births that 

occurred outside of the state of Florida due to relocation or evacuation. Studies of the 2004 

hurricane season estimate that between one-quarter and one-third of Florida’s population 

evacuated their homes prior to at least one hurricane; and many were evacuated several times 

(164). We assume the relocation of potentially exposed individuals could bias associations 

toward the null since people returning to exposed counties would have actually received no 

direct exposure by evacuating heavily influenced areas. Given the trauma and stress of 

evacuation or if their property was damaged while they were evacuated, they still might have 

been exposed to disaster-related stressors. Maternal exposure was defined based on residence at 

the time of delivery as listed on the birth certificate; however, we acknowledge that residence in 

a county throughout pregnancy has not been verified.  

Conclusions 

 In summary, we illustrate a method of inference for aggregate analyses to account for 

time-invariant confounding. Our analysis differs from much of the current epidemiological 

application of differences-in-differences method by demonstrating its application with aggregate 

level data.  The inconsistency of the literature on hurricanes and reproductive health may be in 

part due to biases inherent in aggregate pre-post or county-level comparisons. This example can 

aid future researchers in applying these methods to future studies. While difference-in-
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differences is not commonly applied in the epidemiologic literature, the ability to better control 

confounding by unmeasured factors is rationale for future application.  
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Figure 3.1 2004 Florida hurricane track map with 60 km buffer (n=67 counties) 
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Table 3.1 Florida 2004 census adjusted
1
 generalized linear models (GLM) and difference-in-differences models 

of hurricane exposure and live birth rates ( n=67 counties) 

 Hurricane Charley Exposure Hurricane Ivan Exposure 

  Exposure Method N 

exposed
2 

  Estimate (95% CI)  N 

exposed
2 

-Estimate (95% CI) 

60 km buffer  
 

 
 

Within County  

Difference-in-Differences Model 

23 0.02 (-0.16 0.20) 2 -0.02 (-0.51 0.47) 

Across County GLM Adjusted 

Model 

-0.30 (-0.72 0.13) 2.80 (1.94 3.67) 

Wind Speed ≥ 74 mph             

Within County 

 Difference-in-Differences Model 

5 0.18 (-0.13 0.49) 3 0.05 (-0.34 0.44) 

Across County GLM Adjusted 

Model 

0.06 (-0.67 0.78) 2.23 (1.47 2.99) 

Abbreviation: CI, confidence interval; GLM, generalized linear model 
1 
Adjusted models include percent renter-occupied units, median household income, percent of persons who do 

not speak English and percent of persons with more than high school education. 
2 
N exposed column indicates the number of exposed counties given indicated exposure method and hurricane out 

of 67 total counties 
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Table 3.2   Florida 2004 census adjusted
1
 generalized linear models (GLM) and adjusted analysis 

(n=67 counties) 

 Number of counties 

Census Variable N  (%) 

Renter Occupied Units   

<15% 5 7.5% 

15-<25% 43 64.2% 

25-<35% 12 17.9% 

35+% 7 10.4% 

Median Household    

< Median ($38,819) 47 70.1% 

>Median ($38,819) 20 29.9% 

Percent persons do not speak English   

<1% 45 67.2% 

1-<3% 17 25.4% 

3-<5% 1 1.5% 

5+% 4 6.0% 

Percent persons with >= HS education   

<65% 4 6.0% 

65-<75% 26 38.8% 

75-<85% 26 38.8% 

85+% 11 16.4% 
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Figure 3.2 Hypothetical illustration of difference-in-differences method 

 

 

Model Parameters 

yit  is response variable (e.g. live birth rate) for county i at time t.  

zi is a column vector (covariate) which does not vary over time t. 

xit is a column vector (hurricane exposure) which does vary over time t. 

μ is the model intercept. 

β and ɣ are row vectors while ε is the random error. 

Generalized Linear Model 

2003 Model(time 0): yi0 = μ0+ β xi0 + ɣ zi + εi0 

2004 Model(time 1): yi1 = μ1+ β xi1 + ɣ zi + εi1 

 

Differenced model: yi1 - yi0 = (μ1 - μ0) + β (xi1 – xi0)+ (εi1 – εi0) 

 

Figure 3.3 Model description for generalized linear and difference-in-differences models 
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Table 3.3  Florida 2004 census unadjusted and adjusted
1
 generalized linear models (GLM) and difference-in-differences analysis of hurricane exposure and 

live birth rates ( n=67 counties)  

  Any Hurricane 

Exposure 

Hurricane Charley 

Exposure 

Hurricane Frances 

Exposure 

Hurricane Ivan 

Exposure 

Hurricane Jeanne 

Exposure 

Exposure Method Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) 

60 km buffer                               

Unadjusted Model -0.05  (-0.23 0.13) -0.39 (-0.80 0.02) -0.06 (-0.45 0.33) 2.62 (1.98 3.60) 0.03 (-0.38 0.44) 

Adjusted Model -0.02 (-2.08 2.05) -0.30 (-0.72 0.13) -0.52 (-2.67 1.61) 2.80 (1.94 3.67) 0.09 (-0.31 0.49) 

Difference in Diff 

Model 

0.002 (-0.08 0.08) 0.02 (-0.16 0.20) -0.04 (-0.22 0.14) -0.02 (-0.51 0.47) 0.03 (-0.15 0.21) 

Wind speed ≥ 39 mph                             

Unadjusted Model -0.16 (-1.00 0.68) -0.23 (-0.64 0.18) 0.45 (-0.08 0.98) -0.61 (-1.10 -0.12) -0.45 (-0.72 -0.18) 

Adjusted Model 0.05 (-0.78 0.88) -0.36 (-0.81 0.10)  0.48 (-0.04  1.01)  -0.63 (-1.13 -0.13) -0.65 (-1.17 -0.13) 

Difference in Diff 

Model 
-0.14 (-0.49 0.21) 0.02 (-0.16 0.20) -0.40 (-0.64 -0.16) -0.15 (-0.37 0.07) 0.008 (-0.17 0.18) 

Wind Speed ≥ 74 mph                                

Unadjusted Model 0.28 (-0.17 0.73) 0.04 (-0.72 0.80) -0.11 (-0.76 0.54) 2.01 (1.83 2.19) -0.17 (-0.70 0.36) 

Adjusted Model 0.34 (-0.78 0.88) 0.06 (-0.67 0.78) -0.02 (-0.48 0.43) 2.23 (1.47 2.99) -0.17 (-0.69 0.35) 

Difference in Diff 

Model 

-0.05 (-0.25 0.15) 0.18 (-0.13 0.49) -0.10 (-0.37 0.17) 0.05 (-0.34 0.44) -0.18 (-0.40 0.04) 

1 
Adjusted models include percent renter-occupied units, median household income, percent of persons who do not speak English and percent of persons with 

more than high school education. 
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Table 3.4 Florida 2004 census unadjusted and adjusted
1 
 generalized linear models (GLM) and difference-in-differences analysis of hurricane exposure and 

fetal death rates ( n=67 counties) 

  
Any Hurricane 

Exposure 

Hurricane Charley 

Exposure 

Hurricane Ivan 

Exposure 

Hurricane Frances 

Exposure 

Hurricane Jeanne 

Exposure 

Exposure Method Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) 

60 km buffer                               

Unadjusted Model 0.30 (-0.44 1.04) -0.38 (-2.30 1.54) -0.96 (-6.33 4.41) 0.64 (-1.18 2.46) 1.46 (-0.34 3.26) 

Adjusted Model 0.36 (-0.48 1.19) 0.22 (-1.88 2.31) -0.16 (-5.60 5.29) 0.09 (-1.84 2.03) 1.05 (-0.89 2.99) 

Difference in Diff 

Model 
0.43 (-0.71 1.57) -1.30 (-4.24 1.64) -3.72 (-11.91 4.47) 0.75 (-2.05 3.55) 2.74 (0.00 5.48) 

Wind Speed ≥39 

mph  
                              

Unadjusted Model 0.54 (-3.32 4.40) -0.38 (-2.26 1.50) -0.17 (-1.64 1.30) -0.17 (-1.64 1.30) -0.20 (-1.99 1.69) 

Adjusted Model 1.30 (-2.72 5.32) -0.25 (-2.52 2.02) -0.04 (-2.67 2.58) -0.86 (-1.36 0.35) 0.91 (-1.76 3.57) 

Difference in Diff 

Model 
-0.8 (-6.76 5.08) -0.68 (-3.56 2.20) -2.24 (-5.98 1.50) 0.97 (-2.58 4.52) -0.20 (-2.95 2.65) 

Wind Speed ≥74 

mph  
                              

Unadjusted Model 0.21 (-1.89 2.31) -0.34 (-1.30 0.62) -1.27 (-5.70 3.16) 0.21 (-2.79 3.21) 0.63 (-1.84 3.10) 

Adjusted Model 0.48 (-1.67 2.64) -0.33 (-3.86 3.20) -0.40 (-3.93 3.13) 0.87 (-2.22 3.96) 0.71 (-1.86 3.28) 

Difference in Diff 

Model 

-

0.50 
(-3.70 2.72) -0.95 (-6.28 4.38) -2.70 (-9.44 4.04) 1.37 (-3.20 5.94) 0.46 (-3.32 4.24) 

1
Adjusted models include percent renter-occupied units, median household income, percent of persons who do not speak English and percent of persons with 

more than high school education. 
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Variables 

yit is response variable (e.g. live birth rate) for county i at time t.  

zi is a column vector (covariate) which does not vary over time t. 

xit is a column vector (hurricane exposure) which does vary over time t. 

μ is the model intercept. 

β and ɣ are row vectors while ε is the random error. 

 

Differenced model: yi1 - yi0 = (μ1 - μ0) + β (xi1 – xi0)+ (εi1 – εi0) 

  

Starting point model each year separately: 

PROC REG DATA=data; 

MODEL outcome0=exposure0;  /* unexposed or timepoint 0*/ 

MODEL outcome 1 = exposure 1;  /* unexposed or timepoint 1*/ 

RUN; 

 

Manual differencing technique: 

DATA diff; 

 SET data; 

outcomediff=outcome1-outcome0; 

exposurediff=exposure1-exposure0; 

PROC REG DATA=diff; 

MODEL outcomediff=exposurediff; 

RUN;  

 

Alternatively if you have repeated measures for county at time 0 and time 1; 

 

PROC GLM DATA=data; 

ABSORB county; /*ABSORB tells SAS not to generate the coefficient of change for each county but still uses said coefficients in the model*/ 

MODEL outcome= exposure time; 

RUN; 

 

If the data is properly set up the two methods will give you the same overall model estimate. 

Figure 3.4 Annotated SAS code for difference-in-differences example 
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CHAPTER 4: AIM 2 RESULTS
2 

 

Hurricane Charley Exposure and Hazard of Preterm Delivery, Florida 2004 
 

Summary 

 Objective: As coastal populations and hurricane severity increase in the United States, 

public health impacts will likely intensify. Although the reproductive period is likely vulnerable 

to hurricane-related effects, the evidence to date between hurricane exposure and preterm 

delivery is sparse. We used time-to-event analyses to examine the association between exposure 

to Hurricane Charley and the hazard of preterm delivery. Methods: We used data on 342,942 

singleton births from Florida Vital Statistics Records 2004-2005 to capture pregnancies at risk of 

delivery during the 2004 hurricane season.  Maternal exposure was assigned based on maximum 

wind speed in maternal county of residence. We estimated hazards of overall preterm delivery (< 

37 gestational weeks) and extremely preterm delivery (< 32 gestational weeks) in Cox regression 

models, adjusting for maternal and pregnancy characteristics. To evaluate heterogeneity of the 

hurricane-preterm delivery association among racial/ethnic subgroups, we assessed for statistical 

interaction and ran models stratified by race/ethnicity. Models were also conducted to investigate 

multiple hurricanes exposure. Results: There was a positive association between Hurricane 

Charley exposure and hazard of extremely preterm delivery. Associations appeared to be of 

largest magnitude among black Hispanic and white Hispanic mothers although we found limited 

evidence of interaction. Hazard of preterm delivery was not greater with multiple hurricane 

exposure compared to Hurricane Charley alone. Discussion: This study provided evidence that 

                                                           
2
 A revised version of Chapter 4 will be submitted to the Maternal and Child Health Journal in 2015 with the 

following co-authors: Whitney Robinson, Stephanie Engel, Charles Konrad, David Richardson, Jennifer Horney 



 

82 
 

 

hurricane exposure may increase hazard of extremely preterm delivery with possible differences 

by race/ethnicity. As coastal populations and hurricane severity increase in the United States, the 

associations between hurricane exposure and preterm delivery should continue to be studied. 

Background 

 Health related consequences related to hurricane exposure are increasing as coastal 

populations and hurricane severity are increasing in the United States (US). The US southeast is 

most often and hardest hit by hurricanes and Florida had the highest percent increase 

(approximately 18%) in population between 1990 and 2010 (4, 37). The adverse impacts of 

hurricane exposure on health outcomes such as injury, psychosocial stress and loss of community 

resources have been well documented (37). However, relatively few studies have evaluated 

reproductive health outcomes such as preterm delivery.    

 Preterm delivery is associated with a variety of factors including sociodemographic, 

genetic and environmental factors (134, 150, 174, 175). Although the mechanisms by which 

hurricanes could adversely influence pregnancy are uncertain, one potential route is for stress to 

trigger early labor and delivery (2, 54, 56).Other mechanisms could include immediate effects 

such as injury or cumulative effects such as potential lapses in access to health care or prenatal 

care, both of which could increase the risk of preterm delivery (2). Children who are born 

preterm are more likely to experience many negative health consequences including increased 

respiratory illnesses and lower cognitive abilities (176). Death and disability rates among 

extremely preterm infants (< 32 weeks) are more than 150 times higher than among term babies 

(104). In the US, black women are consistently reported to be two to three times more likely to 

have a preterm delivery and three to four times more likely to have an extremely preterm 

delivery compared to other minorities or white women (91, 96, 174).  
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 Current disaster literature suggests a potential association between natural disasters and 

preterm delivery (2); however, the results of studies investigating hurricane exposure and 

preterm delivery have been mixed (51, 68, 74, 171). Several studies explored the effect of 

Hurricane Katrina exposure on preterm delivery and while some suggested associations with 

extremely preterm delivery (<32 weeks), findings were mixed with regard to overall preterm 

delivery (<37 weeks) (51, 68, 74).  Currie and Rossin-Slater (2013) evaluated county exposure to 

any hurricanes from 1996-2008 impacting Texas and found no association with preterm delivery 

(171). Only one study has evaluated racial differences (74) and no hurricane reproductive health 

study to date has evaluated differences by ethnicity. 

 The aim of this study is to determine the association between hurricane exposure and 

hazards of preterm delivery overall and looking at racial/ethnic subgroups, using a time-to-event 

analysis of individual-level Florida birth data.  

Methods 

Birth Cohort 

 Data on singleton live births from 2003-2005 were obtained from the Florida Department 

of Health, Vital Statistics Department. The study population included births with an estimated 

date of conception between October 24, 2003 and September 26, 2004. Therefore, the study 

period encompasses births that were conceived before the first hurricane occurrence in 2004 (on 

August 13, 2004) and the last hurricane of 2004 (September 26, 2004). We excluded births to 

non-Florida residents as they did not have an address to link to Florida hurricane exposure. 

Additionally, congenital anomalies, births with gestational age less than 20 weeks and births of 

mother less than 15 years old at delivery or greater than 45 years of age were also excluded.  
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Exposures 

 Hurricane exposure was classified by the maximum wind speed during hurricane 

occurrence in a specific Florida county extracted from National Oceanic and Atmospheric 

Administration, Hurricane Research Division public databases (169). The Saffir Simpson 

Hurricane Scale categorizes hurricanes into five distinct categories of wind severity: Category 1 

(74-95 miles per hour (mph)), 2 (96-110 mph), 3 (111-129 mph), 4 (130-156 mph), and 5 (157 

and higher mph) while tropical storm wind speeds are classified as 39-73 mph (170). We 

categorized maximum wind speed using two binary categorizations based on the Saffir-Simpson 

wind scale: ≥ 39 mph to indicate tropical storm winds speed and ≥ 74 mph to indicate hurricane 

wind speed.  

 The 2004 hurricane season in Florida was unique, as four hurricanes made landfall. This 

provided the opportunity to look at both individual and multiple hurricane exposures. Our 

analysis was primarily focused on the first hurricane of 2004, Hurricane Charley, to assess 

exposure with no potential biases related to previous hurricane occurrence. We additionally 

performed analysis on multiple hurricane occurrences. To compare multiple hurricane exposures, 

hazard ratios of Hurricane Charley only exposure to no exposure were compared to hazard ratios 

Hurricane Charley plus subsequent hurricane exposure compared to no exposure.  

Outcomes 

 We assessed two outcomes: extremely preterm delivery (< 32 completed gestational 

weeks) and overall preterm delivery (< 37 completed gestational weeks).  Gestational age was 

determined based on clinical estimate of gestational age as reported on vital statistics record. 

Although the National Center for Health Statistic(NCHS) recommends that gestational age be 

estimated by self-reported last menstrual period (92, 149), we assumed that hurricane exposure 
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could be differentially associated with self-reported recall of last menstrual period. Validity of 

estimate was assessed using the NCHS method of comparing gestational age with birth weight, 

and was excluded when implausible (149).    

Covariates 

 Maternal and infant characteristics were available from vital statistics records. The 

following variables were chosen for adjustment using a priori approach based on the current 

literature and variable availability: maternal age (18-24, 25-34, 35-39 or 40-45), maternal 

education (< high school degree, high school degree, some college/associates, bachelor’s degree 

or graduate/professional degree), maternal race (black, white, Asian/pacific islander and 

other/multiracial), maternal ethnicity (Hispanic or non-Hispanic), marital status (legally married 

or not legally married), maternal tobacco consumption during pregnancy (yes or no) and 

maternal gestational diabetes (yes or no). Maternal age was categorized as a categorical variable 

due to non-linear association with the outcome. We created a composite race/ethnicity variable 

for analysis of white non-Hispanic, white Hispanic, black non-Hispanic, black Hispanic and 

Asian/Pacific Islander subgroups to better understand cultural groups in our Florida population. 

Statistical Analysis  

 We estimated the hazard of preterm delivery among women who conceived between 

October 24, 2003 and September 26, 2004 and who successfully carried the pregnancy to 20 

weeks.  For all outcomes, the risk period begins at 20 completed weeks gestation because 

pregnancies that resulted in early before that point are not captured in vital statistics data. The 

hazards of extremely and overall preterm delivery were modeled individually using Cox 

proportional hazards with gestational age in weeks as the time-scale (177). Pregnancies were 

right censored at 32 and 37 weeks for each outcome respectively. PROC PHREG (SAS 9.2 Cary, 
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NC) was used to estimate hazards with time-varying hurricane exposure.  A tabular method was 

used so that each pregnancy had two records, one unexposed and one exposed, with a variable to 

describe the amount of pregnancy-weeks contributed to each timeframe.  For instance, a woman 

who delivered at 36 weeks residing in a county with hurricane Charley exposure at 34 weeks and 

5 days gestation would have 13 weeks unexposed (from 20 - 33 weeks) and 3 weeks exposed (34 

- 36 weeks).  In contrast women who delivered at 28 weeks in a county unexposed to hurricane 

Charley would have 0 weeks exposed and 8 weeks unexposed. Exposure prior to 20 weeks 

gestation would be counted only from the start of the 20 week risk period.  Individual analyses 

were conducted for each exposure (≥ 34 mph wind speed and ≥ 79 mph wind speed) to estimate 

the hazard of extremely and overall preterm delivery comparing exposed pregnancy-weeks to 

unexposed pregnancy-weeks. 

 We estimated hazard ratios (HRs) and 95% confidence intervals (95% CI) of Hurricane 

Charley exposure and early preterm adjusting for maternal age, maternal education, maternal 

race/ethnicity, marital status, maternal tobacco use and maternal gestational diabetes. To 

investigate race/ethnicity differences we conducted individual stratified model by each 

race/ethnicity subgroup and performed formal statistical tests of the exposure by race/ethnicity 

interaction. We used an a priori criteria for an effect measure modifier of a Wald heterogeneity 

test p-value < 0.20 (162).In adjusted multiple hurricane models (Hurricane Charley and 

subsequent hurricane occurrence) we estimated the hazard of multiple exposures to no exposure 

and compare to single Hurricane Charley estimates. 

 All analyses were conducted in SAS 9.2 (Cary, NC). This research was approved by the 

Florida Department of Health Institutional Review Board (IRB) (#H13049) and the IRB of the 

University of North Carolina at Chapel Hill (#13-0784).  
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Results 

Descriptive Data 

Table 4.1 displays covariate distributions by preterm delivery outcomes in our study 

population. The mean maternal age at the time of childbirth was 32 years. The racial/ethnic 

distribution of the diverse Florida cohort included non-Hispanic white (45%), Hispanic white 

(28%), non-Hispanic black (17%), and Hispanic black (4%). There was little difference in the 

maternal and delivery covariates between the extremely preterm (< 32 weeks) and preterm (< 37 

weeks) deliveries. Each covariate used in adjusted analysis had less than 2% missing information 

with a total of 15,740 out of 342,942 records excluded from the starting study population in Cox 

regression due to missing information on one or more covariates. 

Hurricane Charley Cox Proportional Hazard Models 

Overall, a positive association was observed between hurricane occurrence and hazard of 

extremely preterm delivery, but not for preterm delivery (Table 4.2).  This was observed for both 

≥ 39 mph and ≥ 74 mph exposures (HR=1.09, 95% CI [1.03, 1.16] and HR=1.21, 95% CI [1.06, 

1.38] respectively). 

In stratified analysis of race/ethnicity, the ≥ 39 mph wind speed models suggested 

associations between hurricane and extremely preterm delivery among white Hispanics and 

black Hispanics (HR=1.14, 95% CI [1.01, 1.27] and HR=1.49, 95% CI [1.17, 1.87] respectively) 

(Table 4.3). Associations did not appear to be present among white non-Hispanic and black non-

Hispanics in the analysis of the ≥39 mph wind speed (HR=1.06, 95% CI [0.96, 1.19] and 

HR=1.02, 95% CI [0.90, 1.14] respectively).  The race/ethnicity stratified ≥ 74 mph wind speed 

models suggested an association between hurricane and extremely preterm delivery among white 

Hispanic but no association in black Hispanic, white non-Hispanic and black non-Hispanic 
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subgroups (HR=1.32, 95% CI [1.04, 1.69], HR=1.56, 95% CI [0.85, 2.85], HR=1.18, 95% CI 

[0.97, 1.45] , HR=1.03, 95% CI [0.76, 1.40] respectively). In additional models, we did not find 

evidence of modification by racial/ethnic subgroups with the exception of the ≥39 mph wind 

speed extremely preterm black Hispanic subgroup (p-value 0.05; ref: White non-Hispanics). 

In race/ethnicity stratified analysis of hurricane and overall preterm delivery there was no 

evidence of an association in either ≥ 39 mph wind speed or ≥ 74 mph wind speed models. We 

did not find evidence of modification by racial/ethnic subgroups with the possible exception of 

the ≥74 mph wind speed overall preterm black non-Hispanic interaction (p-value 0.18; ref: White 

non-Hispanics). 

Multiple Hurricane Cox Proportional Hazard Models 

 Of the 67 Florida counties, 37 counties were exposed to multiple hurricanes (Hurricane 

Charley and one or more subsequent hurricanes) when categorized by ≥ 39 mph wind speed, and 

8 counties were exposed when applying the ≥ 74 mph wind speed (Table 4.4). In all models, 

there was no evidence of an increased hazard of extremely preterm or overall preterm delivery 

with exposure to more than one hurricane (Table 4.5). For example, compared to no exposure to 

no hurricanes, the hazard ratios of extremely preterm and preterm delivery among those exposed 

to  ≥ 74 mph winds were similar when assessing only Hurricane Charley exposure and when 

assessing exposure to Charley plus a subsequent hurricane (extremely preterm (HR=1.21, 95% 

CI [1.06, 1.38] and HR=1.20, 95% CI [0.98, 1.46], respectively; overall preterm (HR=1.06, 95% 

CI [1.00, 1.12] and HR=1.07, 95% CI [1.04, 1.10], respectively). 

Discussion 

To our knowledge, our Florida-based study population is the only example of evaluating 

associations between hurricane and preterm delivery in ethnic subgroups and is only the second 
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study to evaluate hurricane influence on a full state population of births. While some hurricane 

studies are done at aggregate levels, we were able to control for individual-level confounders in 

our analysis using Vital Statistics data.   Overall we found that pregnant women living in a 

county exposed to Hurricane Charley experienced increased hazard of extremely preterm 

delivery (< 32 weeks) but not preterm delivery (< 37 weeks) in Florida during the 2004 hurricane 

season.  

 Our results for Hurricane Charley are similar to several preterm delivery studies that 

focused on Hurricane Katrina. A smaller study conducted after Hurricane Katrina examined how 

demographic characteristics affected birth outcomes in Louisiana, and the effect of the hurricane 

on racial disparities using pre-post comparisons of counties. Similar to our study, overall preterm 

delivery rates did not increase in the two years after Katrina and the risk of preterm delivery 

remained higher in black compared to white women(74). But in general race did not interact with 

hurricane exposure. In another study investigating poor fetal outcomes in US Gulf Coast states 

after Katrina, higher rates of extremely preterm delivery were reported in Alabama (51).  

 In contrast to our Hurricane Charley results, Hamilton (2009) found lower rates of 

extremely preterm delivery in Louisiana after Hurricane Katrina (51). In addition, a study by 

Xiong (2008), collected data in New Orleans and Baton Rouge after Hurricane Katrina related to 

hurricane “experiences” (e.g. feeling that one's life was in danger or having a loved one die).  

This study found a higher frequency of overall preterm delivery in women with three or more 

subjective hurricane experiences versus women with less than three, but did not explore 

extremely preterm delivery (68). The only non-Katrina hurricane study, Currie (2013), 

investigated Texas birth records over a twelve year period and found that exposure to a hurricane 
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during pregnancy, as determined by disaster declaration, was not associated with gestational age 

at delivery (171). 

Prior research demonstrates that socially vulnerable populations, including women and 

members of racial/ethnic minorities, suffer disproportionately from disasters (178, 179). 

However, our study is the first to have investigated the hazard of preterm delivery among 

understudied racial/ethnic subgroups including Asians and Hispanics.  Published studies of 

hurricane exposure and reproductive health show that black women may have an increased risk 

of adverse reproductive outcomes that are persistent but not necessarily exacerbated by hurricane 

exposure. These studies have not evaluated differences by ethnicity. In our race/ethnicity 

analysis it appeared that there may be some differences in race/ethnicity subgroups. We felt that 

the effect of confounding factors on preterm delivery could vary in different racial/ethnic strata 

and therefore multivariable-adjusted associations could be better described in stratified models.  

Additionally, two of our interaction models did suggest multiplicative interactions comparing 

black Hispanic and black non-Hispanic to white non-Hispanic subgroups. Overall, more research 

is needed on racial/ethnic subgroups to better target vulnerable groups for public health 

intervention where appropriate. 

Although underpowered, due to the racial and ethnic diversity of the State of Florida, we 

were able to describe more associations among racial/ethnic groups than other published 

analyses. Supplemental modification analyses performed for the dissertation for race and 

ethnicity separately and as a composite variable are shown in supplemental Appendix Tables S8-

S13. This subgroup analysis may help Florida public health officials better prepare for future 

hurricanes, as well as better understand the hazards of preterm delivery in particularly vulnerable 

population subgroups. 
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Current disaster reproductive health literature has not investigated the association of 

multiple hurricanes on delivery outcomes. Four hurricanes made landfall in Florida in rapid 

succession between August 13, 2004, and September 26, 2004. Hurricane Charley was the first 

hurricane of the 2004 hurricane season and therefore is the only hurricane not potentially biased 

by prior evacuation and changes in residence from previous hurricanes.   In our analysis, we 

found that the hazard of preterm delivery did not differ when comparing multiple hurricane 

exposure to only Hurricane Charley exposure.  In addition, we conducted analyses to examine 

the interaction between Charley and each subsequent hurricane.  Because of power limitations, 

only interaction between Charley and the second hurricane of the 2004 season, Frances, could be 

described (Appendix Tables S6). We found no evidence of interaction between Hurricane 

Charley and Frances. We also investigated each hurricane of the 2004 season independently and 

found similar results to the Hurricane Charley analysis presented here (Appendix Tables S7). 

The current literature on hurricane and preterm delivery uses mostly pre-post analyses of 

county-level preterm delivery rates. Findings from these studies have been mixed, possibly due 

to biases inherent to pre-post analysis such as ecological fallacy.  In addition, a strength of our 

analysis is the use of the individual-level outcomes and covariates. Our analyses used of Cox 

proportional hazard models to conduct a fetus-at-risk approach to evaluate preterm delivery. This 

method has been advocated as more appropriate in perinatal epidemiology, as opposed to cohorts 

of births when investigating time varying exposure and pregnancy-time dependent outcomes like 

gestational age (160, 180, 181). Since the risk of delivery increases with gestational age, a 

model using traditional dichotomous (yes/no) exposure and not time contributed to exposure, 

may inflate the risk of delivery as it becomes imminent. This method also can account for 

fetuses-at-risk of hurricane exposure and the preterm delivery event, creating a better 
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counterfactual contrast. Future research using time-to-event analysis on disaster exposure and 

preterm delivery could benefit by using a cohort design with time-varying confounders to 

account for changes in care or comorbidities during the course of pregnancy. 

Our study had several limitations.  Using vital statistics data, we could not distinguish 

spontaneous preterm delivery from other subtypes.  Fetal deaths, although rare, were not 

included in adjusted analysis due to a lack of complete covariate information. Although overall 

missingness was not a concern, many potential confounders were not available from fetal death 

records (Appendix Tables S14). Fetal deaths made up less than 1% of total births and when 

included in crude analysis did not show a difference in estimate from adjusted analysis.  The 

addition of fetal deaths which occur after 20 weeks gestation in future analysis would strengthen 

the fetus-at-risk approach using time-to-event modeling.  Additionally, hurricane exposure was 

determined based on residence reported at time of delivery. Women may have moved out of 

exposed areas if barriers to access to care or other damages occurred in their community.  This 

would likely bias associations towards the null.  

Another limitation is the current lack of ability to target the mechanisms that influence 

the hurricane to preterm delivery causal pathway, which may not be the same for extremely and 

overall preterm delivery. One hypothesis for the consistent association in the < 32 week 

deliveries is the possibility that pregnancy at this stage could be more vulnerable to some short-

term mechanisms, including access to care or injury. Additionally, unmeasured confounding may 

be a larger issue in this extremely preterm analysis, where less reliable or unknown variables 

may have a greater impact compared to the overall preterm analysis. An additional possibility is 

that pregnant women are more likely to evacuate at later stages of pregnancy. This could drive 

the association in the overall preterm analysis toward the null if they move from exposed to 
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unexposed areas.  Also, using residence at delivery as a proxy to assign hurricane exposure could 

lead to exposure misclassification in our study. While research has not been done on evacuation 

trends during pregnancy, during the 2004 hurricane season 1 in 4 individuals of the total Florida 

population evacuated their primary residence during one or more hurricane events (164). 

Individuals most often relocate or return to the same county within a relatively short period of 

time (182). 

Conclusions 

Associations between hurricane exposure and preterm delivery need to be better 

understood as coastal populations and hurricane severity increase in the United States. Preterm 

children, in particular extremely preterm, are more likely to experience negative consequences 

such as respiratory and cognitive impairment. We found that Hurricane Charley exposure in 

Florida in 2004 was consistently associated with the hazard of extremely preterm delivery (< 32 

weeks gestation).  This association with extremely preterm delivery is shown with other 

published research, although limited to few studies.  These results should potentially be 

considered by public health leaders in recommendations for evacuation procedures or prenatal 

care. Future studies of hurricane and preterm delivery should further evaluate race/ethnicity 

subgroups and use individual-data with methods such as time-to-event analysis to provide more 

accurate estimates than ecological and pre-post analysis.  
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Table 4.1 Descriptive characteristics of study population 2004 and 2005 live births by extremely 

preterm (<32 weeks), and preterm (32-36 weeks) status ( n= 342,942) 

 Total Cohort <32 weeks 

(n=11,681 (3.4%)) 

32-36 weeks 

(n=29,344 (8.6%)) 

 N % N % N % 

Maternal Age       

<18 10035 2.9% 589 5.0% 1051 3.6% 

18-25 114002 33.2% 4210 36.0% 10049 34.2% 

25-35 167904 49.0% 5015 42.9% 13502 46.0% 

35-45 50593 14.8% 1845 15.8% 4696 16.0% 

Missing 408 0.1% 22 0.2% 46 0.2% 

Maternal Education       

High School Diploma 72172 21.0% 3072 26.3% 7097 24.2% 

Some College/Associates degree 86601 25.3% 4153 35.6% 9750 33.2% 

Bachelor’s Degree 110093 32.1% 2680 22.9% 7072 24.1% 

Professional/Graduate Degree 70898 20.7% 1543 13.2% 5131 17.5% 

Missing 3178 0.9% 233 2.0% 294 1.0% 

Maternal Race/Ethnicity       

White Non-Hispanic 155736 45.4% 3957 33.9% 11959 40.8% 

White Hispanic 94875 27.7% 2913 24.9% 7918 27.0% 

Asian/Pacific Islander 9276 2.7% 249 2.1% 781 2.7% 

American Indian 7494 2.2% 220 1.9% 632 2.2% 

Other/Multiracial
1 

762 0.2% 23 0.2% 93 0.3% 

Black Non-Hispanic 59044 17.2% 3474 29.7% 6445 22.0% 

Black Hispanic 12476 3.6% 679 5.8% 1226 4.2% 

Missing 3279 1.0% 166 1.4% 290 1.0% 

Maternal Marital Status       

Married 201441 58.7% 5380 46.1% 15956 54.4% 

Single 141002 41.1% 6260 53.6% 13333 45.4% 

Missing 499 0.1% 41 0.4% 55 0.2% 

Maternal Tobacco       

Yes 24341 7.1% 1064 9.1% 2294 7.8% 

No 311961 91.0% 10322 88.4% 26455 90.2% 

Missing 6640 1.9% 295 2.5% 595 2.0% 

Gestational diabetes
 

      

Yes 12949 3.8% 385 3.3% 1467 5.0% 

No 328860 95.9% 11182 95.7% 27752 94.6% 

Missing 1133 0.3% 114 1.0% 125 0.4% 
1
Other/Multi Racial includes mothers whom selected multiple races or other on the birth certificate. 
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Table 4.2  Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of Hurricane Charley wind exposure on extremely preterm (<32 

weeks) and overall preterm (<37 weeks ) delivery 

  Outcome 

   <32 weeks  <37 weeks 

    HR (95% CI)  HR (95% CI) 

Wind Speed Exposure  Model Description          

≥ 39 mph             

 1a. Unadjusted 1.12 (1.06 1.19)  1.05 (1.02 1.07) 

 1b. Adjusted 1.09 (1.03 1.16)  0.99 (0.96 1.01) 

≥ 74 mph             

 2a. Unadjusted 1.18 (1.04 1.35)  1.07 (1.01 1.13) 

  2b. Adjusted 1.21 (1.06 1.38)  1.06 (1.00 1.12) 
1 
Adjusted for gestational diabetes, maternal age, maternal race, maternal ethnicity, maternal education, and maternal pregnancy 

tobacco use.  
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Table 4.3 Florida 2004 adjusted
1
 hazard ratio (HR) of Hurricane Charley race/ethnicity stratified hurricane wind exposure on extremely 

preterm (< 32 weeks) and overall preterm (< 37 weeks) delivery and p-value for interaction in exposure by race/ethnicity model term. 

 

  Outcome 

  < 32 weeks Interaction  

p-values
2
 

< 37 weeks Interaction  

p-values
2
   HR 95% CI

 
HR 95% CI 

Wind Speed Exposure Race/Ethnicity Stratified Models          

≥ 39 mph          

 Model 3a.White Non-Hispanic 1.06 (0.96 1.19) Referent 0.99 (0.95 1.04) Referent 

 Model 4a. White Hispanic 1.14 (1.01 1.27) 0.52 0.98 (0.98 1.02) 0.26 

 Model 5a. Asian/Pacific Islander 0.97 (0.60 1.57) 0.76 0.90 (0.77 1.07) 0.27 

 Model 6a. Black Non-Hispanic 1.02 (0.90 1.14) 0.35 0.98 (0.93 1.04) 0.32 

 Model 7a. Black Hispanic 1.49 (1.17 1.87) 0.05 1.06 (0.94 1.18) 0.80 

≥ 74 mph           

 Model 3b. White Non-Hispanic 1.18 (0.97 1.45) Referent 1.08 (0.99 1.17) Referent 

 Model 4b. White Hispanic 1.32 (1.04 1.69) 0.50 1.07 (0.96 1.18) 0.82 

 Model 5b. Asian/Pacific Islander 1.50 (0.55 4.08) 0.71 1.09 (0.74 1.63) 0.88 

 Model 6b. Black Non-Hispanic 1.03 (0.76 1.40) 0.37 0.95 (0.82 1.10) 0.18 

 Model 7b. Black Hispanic 1.56 (0.85 2.85) 0.43 1.33 (0.99 1.79) 0.22 
1 
Adjusted for gestational diabetes, maternal age, maternal race, maternal ethnicity, maternal education and maternal pregnancy tobacco 

use. 
2 
Interaction p-values were generated by conducting models which included interactions between the five race/ethnicity subgroups 

explored in Table 4.3 with the main effect of exposure.  Reported p-values are from a single model for each exposure outcome 

relationship.
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Table 4.4 Florida 2004 sample size description for multiple hurricane exposures hazard ratio models. 

 ≥39 mph exposure ≥74 mph exposure 

Exposure N of Counties <32 week 

events 

<37 week 

events 

N of Counties <32 week 

events 

<37 week 

events 

0 Hurricane Exposure 4 259 1433 50 9902 50054 

1 Hurricane Exposures 26 2391 11844 9 1206 6534 

2 Hurricane Exposures 11 3737 17999 7 2171 10855 

3 Hurricane Exposures 26 7355 39845 1 185 1110 

 

 

 

Table 4.5 Florida 2004 adjusted
1
 hazard ratio (HR) of multiple hurricane exposure and single Hurricane Charley exposure to no hurricane 

exposure on extremely preterm (< 32 weeks) and overall preterm (< 37 weeks) delivery 

   Outcome 

  <32 weeks gestation  <37 weeks gestation 

       

Wind Speed 

Exposure 

Multiple Hurricane Models HR 95% CI  HR 95% CI 

≥39 mph         

 Model 8a. Hurricane Charley to no exposure  1.21 (0.99 1.49)  0.99 (0.91 1.08) 

 Model 8b Charley with subsequent hurricane to 

no exposure 

1.20 (0.98 1.46)  1.08 (1.00 1.17) 

≥74 mph          

 Model 9a. Hurricane Charley to no exposure 1.12 (1.02 1.23)  1.09 (1.05 1.13) 

 Model 9b. Charley with subsequent hurricane to 

no exposure 

1.13 (1.06 1.22)  1.07 (1.04 1.10) 

1 
Adjusted for gestational diabetes, maternal age, maternal race, maternal ethnicity, maternal education, maternal pregnancy tobacco use  
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CHAPTER 5: DISCUSSION 

Overall Study Aims, Findings and Interpretation 

 The goals of this project were to evaluate the associations between hurricane-related 

weather exposure and reproductive outcomes, as well as to highlight methods that may prove 

useful in similar epidemiological analyses. In summary, Aim 1 demonstrated the use of the 

difference-in-differences method in county-level analysis of live birth rates and Aim 2 evaluated 

the individual-level association between hurricane and preterm delivery using a time-to-event 

approach.  

Aim 1: Difference-in-differences Analysis Method 

 We demonstrated an application of the difference-in-differences method for controlling 

time-invariant confounders by investigating the effect of hurricane exposure on county-level live 

birth rates. This method was contrasted with generalized linear models, which controlled for 

confounding using selected census-level covariates. All difference-in-differences models yielded 

null associations for both hurricanes and exposure metrics while the generalized linear model 

yielded some potential associations with Hurricane Ivan.  The consistency of the difference-in-

differences method suggests the potential integrity of this method over the generalized linear 

models to better control for time-invariant confounders. 

 There is no current consensus on the impact of hurricane exposure on reproductive health 

with reported associations varying across studies (1, 2).  These mixed findings are potentially the 

result of varied mechanisms of exposure (e.g., stress, economical, injury), differences in 

exposure definitions, dissimilar study populations, incomplete confounding control or potential 
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heterogeneity in hurricane effects. Our analysis applied several exposure metrics over multiple 

hurricanes to examine some of these potential inconsistencies.  Our analysis differs from much 

of the current epidemiological application of difference-in-differences by demonstrating its 

application with aggregate-level data. While difference-in-differences is not commonly applied 

in the epidemiologic literature, the ability to potentially better control confounding may be a 

sufficient reason for its use in future applications. 

Aim 2: Hazard of Preterm Delivery with Race/Ethnicity Subgroup Analysis 

 Results of the analysis related to Hurricane Charley suggested a positive association 

between exposure and extremely preterm delivery. Estimates for overall preterm deliveries did 

not suggest an association.  There was some evidence of modification in the association between 

hurricane exposure and extremely preterm delivery and overall preterm delivery by 

race/ethnicity. White Hispanics and black Hispanics were most at risk of extremely preterm 

delivery after exposure to Hurricane Charley. Overall, there was no evidence of an increased 

hazard of extremely preterm or preterm delivery with exposure to more than one hurricane 

compared to the single hurricane occurrence. 

Our results suggest that hurricane exposure may have a stronger effect on delivery in 

earlier pregnancy; however, the etiology and adequacy of confounding control using vital 

statistics in the extremely preterm delivery analyses must be taken in consideration. In our 

race/ethnicity analysis it appeared that associations in the full population were being driven by 

black and white Hispanic subgroups. Additionally, two of our interaction terms did suggest 

multiplicative interaction comparing black Hispanic and black non-Hispanic to white non-

Hispanic subgroups. Overall, more research is needed on racial/ethnic subgroups to better target 

vulnerable groups for public health intervention where appropriate. Since current research is 
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limited to a few hurricanes and ecological analysis, more studies are needed to understand the 

relationship between hurricane and preterm delivery for the general population, as well as for 

specific racial/ethnic subgroups to better target vulnerable groups for public health intervention 

where appropriate. 

Methodological Considerations    

 In addition to the limitations and strengths discussed in the Aim 1 and Aim 2 manuscripts, 

there are additional methodological considerations relevant to research into the effects of 

hurricane exposure on reproductive health. 

 Clarity of exposure assessment can pose challenges in natural disaster studies. Currently, 

the few studies specifically examining hurricane exposure and reproductive health use different 

ways of defining hurricane exposure, making comparisons difficult to interpret. We investigated 

a novel objective method of exposure assessment in order to reduce exposure misclassification 

and compared its sensitivity to that of two commonly-used exposure classification methods. In 

preliminary analysis, we found that county-level FEMA disaster declarations do not necessarily 

quantify exposure as consistently as methods using a symmetrical buffer of hurricane track or 

our novel wind speed method. We suggest future researchers clearly define exposure methods 

that best answer the research questions of interest.  

 We advocate the use of maximum wind speed as an exposure metric. In our study, 

exposure was defined by the maternal county of residence indicated on the birth certificate. This 

is a major limitation, given that that residence may not coincide with the actual residence during 

hurricane occurrence. We also had no way of documenting births that occurred outside of the 

state of Florida due to relocation or possible evacuation. Studies of the 2004 hurricane season 

estimate that between one-quarter and one-third of Florida’s population evacuated prior to at 
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least one hurricane, and many evacuated several times (164). Individuals most often relocate or 

return to the same county within a relatively short period of time. An estimated 20% of homes 

throughout Florida were damaged by these hurricanes, and 124 persons died. No literature to 

date indicates that the evacuation response in pregnant women will differ from the general 

population.  

 In this research we use a difference-in-differences method in county-level birth rate 

analysis and a time-to event model in individual-level preterm delivery analysis. Environmental 

studies which measure exposure and/or outcomes at an aggregate level may have unique 

challenges with population level confounding.  Both methods we applied may have advantages 

over current disaster studies which often use pre-post analysis and may not fully control 

confounding. While still potentially suffering from bias due to residual confounding and 

migration, the differences-in-differences method overcomes some of the limitations of 

conventional approaches by addressing confounding by unmeasured time-invariant attributes. 

The Cox proportional hazard models did not only include individual-level reproductive health 

attributes but also allowed for the application of a time varying exposure. The use of a time 

varying exposure has been advocated as more appropriate in perinatal epidemiology when 

investigating time varying exposure and pregnancy-time dependent outcomes such as gestational 

age, and covariates to create a better counterfactual contrast. 

 To our knowledge, our study is the only analysis to examine multiple hurricane exposures 

during a single year in a single state. No study to date has investigated the public health 

outcomes associated with multiple maternal hurricane exposures during pregnancy. In the last 10 

years, it has become increasingly common for multiple storms to make landfall on the  U.S. 

Atlantic or Gulf coast in a single hurricane season (118, 120, 121). Therefore, it is important to 
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investigate both the independent and combined effects of hurricane exposure on reproductive 

health. The effect of multiple hurricane exposures on pregnancy could be synergistic with respect 

to stress or further disable healthcare systems, with each added event increasing risk through 

multiple pathways. Since the four hurricane events occurred close together in time, we did not 

make inference on individual hurricanes occurring after Hurricane Charley due to a possible lack 

of independence.  In the analysis of effects of multiple hurricanes, we did not find any indication 

that exposure to multiple hurricanes increased the risk of preterm delivery compared to 

individual hurricane exposure. 

Natural disaster exposure is a complex event with many potential mechanisms which 

could influence a population. Much of the current literature and proposed mechanisms for poor 

outcomes involve psychosocial stress; however, we know that other disaster-related mechanisms 

including injury, infectious disease, and access to care could also affect reproductive outcomes. 

This study does not isolate a single mechanism and therefore it will be difficult to devise 

interventions from our findings. Hurricane exposure itself is not preventable, but we hope that 

this study can add to the current literature of the effects of hurricanes, even without the ability to 

isolate a mechanism for prevention.  

Future Approaches 

 The literature on hurricane exposure and reproductive health outcomes shows mixed 

associations and uses a variety of exposure definitions and analytic methods.  Our study explored 

the associations between hurricane and reproductive health as well as highlighted epidemiologic 

methods to potentially improve upon confounding control. Future methods should consider the 

proper control of confounding and possibly explore some of the methods suggested. Despite 

some evidence indicating that there may be an association between hurricanes and adverse fetal 
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outcomes, such as preterm delivery, the lack of a detailed validated mechanisms and full 

individual reproductive information limits current interpretations. Future studies which target 

mechanisms and potential interventions would help to clarify this multifactorial exposure. In 

addition, further attention to differences in racial and ethnic subgroups as well as social 

contributors to health would provide a more complete picture of disparities and the relationship 

with hurricane occurrence.   

 A limitation of our analysis that can be addressed in future studies was the use of vital 

statistics to determine exposure, covariates and outcomes.  Exposure was defined based on 

residence from vital statistics records that may not have reflected county of residence during 

hurricane exposure. While prospective analysis of hurricane impacts cannot easily be conducted 

due to the unpredictable nature of natural disaster, quick response grants and post-disaster 

evacuation studies should be conducted on pregnant women to collect and analyze perishable 

data. 

Conclusions 

 Coastal regions are attractive places to live and work, but are increasingly exposed to 

some of the most powerful storms on earth. The persistent movement of people to these areas 

and rapid development in coastal regions has been the main driver of the growth in disaster 

losses for much of the past century. This trend will likely accelerate as the destructive potential 

of these events increases due to climate change and a concomitant rise in sea levels.  Achieving a 

more comprehensive understanding of the influence of hurricanes on pregnant women and their 

fetuses should be a priority in natural disaster research since these populations may be 

disproportionately vulnerable to long-term health consequences.  
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 In the evaluation of hurricane exposure on reproductive health, we found no associations 

between hurricane exposure and live birth rates in county-level analysis. We were unable to 

determine associations with fetal deaths due to a limited sample size. We did find some evidence 

of association between hurricane exposure and extremely preterm delivery, but not necessarily 

with overall preterm delivery. Black and Hispanic women have a higher baseline risk of preterm 

delivery, which we found may have persisted with hurricane exposure. While our research did 

not target a specific mechanism between hurricane exposure and preterm delivery, our results do 

suggest that women exposed to hurricanes, particularly women of certain race/ethnicity 

subgroups, may be at higher risk of early delivery.  

 Our study demonstrated methods useful in limiting biases and more effectively exploring 

the associations between hurricane weather and reproductive health. In aggregate-level analysis, 

the difference-in-differences method can be applied to control for unmeasured or unreliably 

measured confounders. Our Aim 1 findings demonstrate the utility of this method and attempt to 

highlight its strengths for future research. When individual-level data is available, methods such 

as time-to-event analysis should be considered, as we did in our analysis for Aim 2. Specifically 

when evaluating preterm delivery, the chance of delivery increases with gestational age, 

therefore a model using traditional dichotomous exposure and not time contributed to exposure 

may inflate the estimates of the effects of exposure on the hazard of delivery.  

 In summary, this work provides insight into methods for future natural disaster research 

as well as suggests potential increase in the rate of preterm delivery due to hurricane exposure. 

This knowledge will provide an example for future disaster studies and help those working in 

public health preparedness to understand better the potential impacts of hurricane exposure in 

pregnancy. 
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APPENDIX A: PRELIMINARY PAPER 0 RESULTS.
3
 

 

Title: Measuring the Storm: Methods of Quantifying Hurricane Exposure in Public Health 

 

Summary 

 Increasing coastal populations and storm intensity may lead to more adverse health 

effects from tropical storms and hurricanes.  Exposure during pregnancy can influence 

birth outcomes through mechanisms related to healthcare, infrastructure disruption, stress, 

nutrition, and injury; however, accurate estimation of health effects may be limited by non-

specific exposure definitions that create potential misclassification. Two predominant 

hurricane exposure assignments are: 1) county of Federal Emergency Management Agency 

Presidential disaster declaration and 2) specified area within a storm track. We propose a 

third method, meteorological severity of wind speed. Based on Saffir-Simpson categories, 

wind speed was examined through binary and quartile comparisons. We compared all three 

methods of exposure classification by examining associations with county-level preterm 

delivery and low birth weight rates among Florida women pregnant during the 2004 

hurricane season. To control for county-level environmental factors, we used the county-

level Environmental Quality Index developed by the Environmental Protection Agency. 

Although models yielded unexpected negative results and non-significant rate differences, 

descriptive and mapping analysis of exposure methods showed clear heterogeneity of 

county exposure.  

Background 

 Natural disasters’ impacts and related losses have grown with increasing populations in 

vulnerable areas and with severity of large-scale disasters (109). Specifically, future vulnerability 

                                                           
3 A revised version of Appendix A  is Under Review at the journal Natural Hazards Review Since July 2014 with 

the following co-authors: Whitney Robinson, Danelle Lobdell, Charles Konrad, Jennifer Horney 
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to hurricanes is influenced by coastal population growth, urbanization and global climate change. 

The United States(US) Atlantic and Gulf coasts, where hurricanes most often make US landfall, 

are home to over 50% of the nation's population, and projected to exceed 55% by 2015 (183).  

This additional population vulnerability is likely to lead to an increase in the health effects of 

tropical storms and hurricanes. Potential health effects include mortality, injury, economic 

distress, psychosocial stress, and disruption of health care (3). Vulnerable populations, including 

pregnant women, may be disproportionately affected by hurricane-related health effects.  

Hormone fluctuation during pregnancy may influence stress related reactions around hurricane 

occurrence, while potential lapses in access to health care could greatly impact reproductive 

outcomes. 

 Many studies have examined different types of health outcomes related to hurricanes; 

however, the exposure definitions employed vary greatly across published studies (3, 17, 43, 68, 

72, 76, 77, 170, 171). Assigning exposure at the appropriate level to measure health outcomes 

related to hurricanes may be difficult. For example, stress from natural disasters is likely to be 

widespread throughout communities, counties, or even larger geographies (2) while injury and 

economic loss may only affect a smaller subset of individuals.  The current disaster literature 

focuses primarily on two methods of assigning disaster exposure: 1) Federal Emergency 

Management Agency (FEMA) Presidential disaster declarations (37, 47, 76, 184, 185) and 2) 

spatial data on the specific storm track trajectory (171).   Additionally, some studies investigate 

clinic-based populations or more subjective geographic assignment of exposure (24, 67, 74). We 

will demonstrate and discuss a novel method of using meteorological data to define exposure to 

hurricanes in order to accurately understand health effects of hurricanes.  
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Methods 

Hurricane Exposure Measurement 

 Three different methods assessing hurricane disaster exposure were considered:  1) 

FEMA Presidential disaster declarations (185) ; 2) assigning exposure using spatial data on the 

specific storm trajectory (26) and 3) a novel meteorological measure based on Saffir-Simpson 

hurricane intensity scale.   

Data on disaster declarations was extracted from FEMA presidentially declared disaster 

archives (185). Presidential disaster declarations are requested by the Governor of an affected 

state and, when approved, release aid from the federal government to provide supplemental 

assistance to state and local governments, families, and  nonprofits to assist with disaster 

recovery (185). 
 
When used as a research exposure measure, counties exposure is classified base 

on if aid was released in a county for a given disaster event. 

The spatial storm trajectory method utilizes Geographic Information System (GIS) 

mapping of inland storm tracks and applies a symmetrical buffer to identify severely affected 

geographic areas. Like the disaster declaration method, this method often is used to identify 

exposed counties, although smaller geographic units could be specified.  Current literature using 

spatial methods often apply several buffer distances, ranging from 30 to 100 kilometers (km), to 

better categorize potential exposure (171). The eye of a major storm is typically 30 to 60 km 

wide, and the eye is surrounded by the strongest winds (25). Historical track data for North 

Atlantic hurricane systems is derived from National Oceanic and Atmospheric Association’s 

(NOAA) Atlantic Hurricane Database in the form of geographic points and lines which can be 

imported into ArcMap 10 GIS software (186, 187). 
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Our novel meteorological method relies on the fact that hurricane intensity is defined by 

maximum wind speed.  The Saffir-Simpson hurricane wind scale categorizes hurricanes into 5 

distinct categories of severity: category 1 (74-95 miles per hour (mph)), 2 (96-110 mph), 3 (111-

129 mph), 4 (130-156 mph), and 5 (157 and higher mph) (25). Tropical storm wind speeds are 

classified as 39-73 mph. In general, Category 1 wind speeds are dangerous, producing some 

damage and power outages for a few days. Category 2 are extremely dangerous, more likely to 

cause structural damages and complete power loss to areas for up to a week. Category 3-5 

hurricanes are considered major hurricanes in which there is likely to be severe damage to both 

the built and natural environment, as well as power and water loss, potentially for weeks (4). To 

be consistent with the previously discussed methods, we used maximum wind speed at the 

county-level at the exposure metric. Utilization of the Saffir-Simpson hurricane intensity scale 

allows us to explore a quantitative and reproducible method of assigning hurricane exposure 

based on the currently applied thresholds of hurricane wind effects. 

The use of meteorological data increases the sensitivity of exposure between hurricanes 

and is regularly collected in hurricane monitoring.  Measures of both maximum and average 

county wind speeds, which are easily reproducible by other researchers and can vary by 

hurricane size and strength, are utilized to assess exposure to hurricane weather.  Wind speeds 

were extracted from NOAA’s Hurricane Research Division (HRD) public databases. Details of 

the data collection and the HRD real-time hurricane wind analysis system have been published 

elsewhere (26). 

2004 Hurricane Season Study Population 

 The three exposure methods were compared using reproductive health data from the 2004 

hurricane season in Florida.  The 2004 hurricane season was the worst in Florida’s history, with 
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four hurricanes making landfall and causing at least 47 deaths and $45 billion in damages (164).  

Using the 2004 hurricane season allows us to investigate several different exposure methods 

across four hurricanes in a single year. Florida has 67 counties and over 200,000 births annually. 

Figure 1.1 displays the hurricane tracks of four storms that made landfall in Florida during the 

2004 hurricane season.  

In the 2004 hurricane season, four hurricanes made landfall in Florida: Charley (August 

13
th

), Frances (September 5
th

), Ivan (September 21
st
) and Jeanne (September 25

th
). These 

hurricanes were systematically different.  Charley was the strongest hurricane to strike the US 

since Hurricane Andrew in 1992 and was a relatively small but intense hurricane. Charley 

travelled northeastward through central and northeast Florida, through the heart of the Florida 

Peninsula. Frances was not as strong as Charley but much larger and responsible for over 100 

tornadoes and massive floods.  Frances traveled northwest through Florida hitting central Florida 

and the western coast towards the panhandle. Hurricane Ivan was both strong and large but in 

terms of our Florida population only affected a small area of the Florida panhandle. Ivan 

saturated the same counties just hit by Frances and led to massive flooding and many tornados. 

The final hurricane of the 2004 season Jeanne followed a very similar path to that of Frances.  

Jeanne was not powerful but slow moving dropping several inches of rain over the already 

saturated flooded region of Florida.  These four hurricanes exemplify the heterogeneous nature 

of hurricane force and size. 

Mapping and Analysis 

 To compare the three exposure methods, descriptive and mapping comparisons were 

made. We also assessed the three exposure methods in relation to several reproductive health 

outcomes using Florida birth certificate data.  We compared eight exposure contrasts for each of 
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the 2004 hurricanes: FEMA disaster declaration, three symmetrical spatial buffers (30 km, 60 km, 

and 100 km), and four meteorological maximum wind speed methods (continuous, categorical 

(based on the Saffir-Simpson wind scale), and two binary (≥ 39 mph and ≥ 74 mph)) of 

maximum wind speed (Table 2.4). Each exposure method was first contrasted visually using 

ArcMap 10.0 (Redlands, CA) and descriptively by comparing the number of exposed counties 

and calculating percent differences. 

 To further contrast exposure methods we modeled hurricane exposure with several 

reproductive health indicators, including county preterm delivery and low birth weight rates. We 

used county-level Vital Statistics data obtained from the Florida Department of Health to 

calculate county specific rates of low birth weight and preterm delivery for women pregnant 

during the 2004 hurricane season.   

 We focused on reproductive health indicators as previous studies have shown  pregnant 

women and fetuses may be disproportionality vulnerable to disruptions in health care, 

psychosocial stresses, and injury and mortality during hurricane exposure (2). Preterm delivery 

babies are live births born after 20 weeks completed gestation and before 37 weeks completed 

gestation. Low birth weight babies are live births born after 20 weeks completed gestation and 

weighing less than 2,500 grams (5.5 pounds) (133, 151). 

 We modeled county-level hurricane exposure and county-level preterm delivery and low 

birth weight rates using linear models. Both preterm delivery and low birth weight are indicators 

of poorer health; therefore, we hypothesized a positive association between increasing hurricane 

exposure and each reproductive health outcome.  We calculated county-level rates using the 

mother’s primary residence as indicated on Vital Statistics records. Exclusions included all 

Florida births where the mothers’ primary residence was outside of Florida, as well as births <20 
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weeks completed gestation as these should not be recorded in Vital Statistics records and are not 

properly captured in birth records.  Preterm delivery rates were calculated as the number of 

county preterm deliveries (births less than 37 weeks completed gestation) divided by the total 

number of Florida resident births multiplied by 100.  Similarly, low birth weight rates were 

calculated as the number of county low birth weight births (births less than 2,500 grams) divided 

by the total number of Florida resident births multiplied by 100.   

 To adjust for county-level differences in both population and environmental 

characteristics, we applied the county-level Environmental Quality Index (EQI) developed by the 

Environmental Protection Agency (159). The EQI includes five environmental specific indices: 

air, water, land, built and sociodemographic, as well as an overall environmental domain (the 

EQI). We compared crude and adjusted estimates to adjust for potential confounding by social 

and environmental factors.  All analyses were conducted in SAS 9.2 (Cary, NC). This research 

was approved by the Florida Department of Health Institutional Review Board (IRB) (#H13049) 

and the IRB of the University of North Carolina at Chapel Hill (#13-0784).  

Results 

Descriptive Results 

 Of the 67 Florida counties, the number of counties classified as exposed to hurricanes 

using each of the described methods (e.g., disaster declaration, buffer, and binary wind speed 

measures) is shown in Table S1 Each method yielded a different number of exposed counties.  

The disaster declaration method consistently assigned a higher number of counties exposure to 

hurricanes when compared to the four categorizations of maximum wind exposure.  For example 

for Hurricane Ivan, the disaster declaration method identified 44 exposed counties, while other 

methods yield 11 counties or less, a 120% difference in exposed counties.   
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 The geographic spatial buffer exposure method yielded different results than either the 

disaster declaration method or the binary maximum wind speed exposure classifications.  For all 

hurricanes except Hurricane Ivan, the 60 km and 100 km buffer identified a similar number of 

counties as the binary 39 mph wind speed categorization.  For Hurricane Ivan, which affected 

only the far west panhandle of Florida, the number of counties exposed to both the 60 km and 

100 km buffer was less than any of the other methods. Compared to the counties exposed using 

the dichotomous ≥ 74 mph maximum wind speed, there was a 138% difference in number of 

counties exposed.   While the spatial buffer categorized a similar number of counties exposed as 

the binary wind speed methods, the heterogeneity across storms is shown, particularly for 

Hurricane Ivan. 

 Maps were generated to visually compare the number of counties designated as exposed 

using each exposure method. For example, Figures S1a and S1b show comparisons of Hurricane 

Ivan based on the 100 km buffer around Ivan’s storm track which identifies 2 counties as 

exposed (Figure S1a) and the 4-category Saffir-Simpson categorization of exposure by 

maximum wind speed in the county (Figure S1b).  Maps of Hurricanes Charley, Frances, and 

Table S.1 Number of counties exposed by exposure method and hurricane (n=67 total 

counties) 

Exposure Method Charley Frances Ivan Jeanne All 4 

Hurricanes 

Disaster Declaration 26 66 44 52 66 

30 km buffer 16 19 1 27 38 

60 km buffer 23 36 2 37 43 

100 km buffer 32 47 2 47 47 

Max Wind Speed
1
 (continuous) 137 mph 102 mph 104 mph 106 mph 137 mph 

Saffir-Simpson
2
 (4 categories) 3 2 1 3 14 

Wind Speed >=39 mph (binary) 26 54 11 35 63 

Wind Speed >=74 mph (binary) 5 7 3 11 17 
1
For Maximum Wind Speed Exposure category, maximum wind speed over the 67 counties for each storm is 

displayed. 
2
For Saffir-Simpson 4 category, counties classified in the high category displayed in table. 
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Jeanne displayed similar graphical results (not shown). Overall, the number of counties 

categorized as exposed using the 100 km buffer and maximum wind exposure methods were 

similar, while the disaster declaration method designated more counties as exposed, including 

many that were away from the storm track, and areas of highest maximum wind speed. 

Statistical Results: Preterm Delivery 

 Linear regression modeling was conducted to determine the association between each 

hurricane exposure method and county preterm delivery rates. Overall, the crude associations 

between hurricane exposure and preterm delivery were negative, indicating a decrease in preterm 

delivery rates with increasing hurricane exposure; however, the majority of these associations 

were not statistically significant. Results including model estimates for exposure and 

corresponding p-values for significance (p<0.05) for all analyses with exception to the 60 km 

spatial buffer are shown in Table S2 Results for the 60 km buffer were similar to the 100 km 

buffer estimates and were therefore excluded.  

 Models were adjusted for county-level environmental and socio-demographic 

characteristics using the EQI. In 30 of 40 models the addition of the EQI adjusted the model 

towards the expected direction (more positive association), indicating that a portion of the 

unexpected directionality may be due to county-level population differences. Overall, in adjusted 

models, the association between hurricane exposure and county preterm delivery rate was found 

to be negative, with the exception of Hurricane Ivan. 

 Associations between the disaster declaration method and preterm delivery rates were 

negative and non-significant across all adjusted models. The strongest negative estimates were 

seen in models of Hurricane Charley (-0.88, p=0.09).  Hurricane Frances was the least significant 

in models of preterm delivery, with an adjusted estimate of -0.16 (p=0.94). 
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 Spatial buffering methods had mixed results over hurricanes with some negatively 

associated significant results for Hurricane Charley (100 km: -1.67, p=0.002) and All Hurricanes 

(100 km: -0.42, p=0.04). Estimates over all three spatial buffer distances were positive for 

Hurricane Ivan although non-significant (30 km: 1.57 p=0.45; 60 km: 0.86 p=0.56; 100 km: 0.86 

p=0.56).  

 Directionality and significance of results were highly variable using the maximum wind 

speed exposures. Unadjusted and adjusted models using continuous maximum wind speed were 

statistically significant for each hurricane; however, estimates were smaller in magnitude than in 

other models due to the continuous nature of the exposure data. Exposure to Hurricane Ivan 

using continuous wind speed was positively associated with preterm delivery (0.47, p= 0.29). 

Saffir-Simpson category models for the other three hurricanes were negatively associated 

(Charley: -0.64, p=0.05; Frances: -0.95, p=0.02; Jeanne: -0.91 p=0.003)  Binary wind speeds of 

greater than or less than 79 mph (i.e. hurricane wind speed) were negatively associated with 

preterm delivery for Hurricane Jeanne (-1.60, p=0.02), Hurricane Ivan (-0.06, p= 0.96), and for 

All Hurricanes and (-1.42, p= 0.01)).  Binary wind speeds greater than 39 mph (tropical storm 

wind speed were negatively associated with preterm delivery for Hurricanes Charley (-1.15, p= 

0.03), Jeanne (-1.42, p=<0.001), and Frances (-1.34, p=0.03).   

 Across the eight potential exposure methods, the relationship between exposure and 

preterm delivery rates was unexpectedly negative for all hurricanes except Hurricane Ivan. Of all 

exposure methods, only the continuous measure of maximum hurricane wind speed of Hurricane 

Ivan was statistically significant and positively associated with preterm delivery (0.03, p=0.04).  

The continuous maximum wind speed exposure method yielded significant negative associations 

for the other three hurricanes.  The association between the disaster declaration method of 
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exposure classification and preterm delivery was inconsistent and non-significant across all 

hurricanes. Overall, none of the exposure methods were consistently associated with preterm 

delivery.   

Statistical Results: Low Birth Weight 

Additional linear models were constructed to determine the association between each 

method of assigning hurricane exposure and county rates of low birth weight.  Similar to the 

analysis of preterm delivery rates, the overall association between hurricane exposure and low 

birth weight was negative, indicating a decrease in low birth weight rates with increasing 

hurricane exposure.  The majority of these associations were not statistically significant. Results 

including model estimates for exposure and corresponding p-values for significance for all 

analyses are shown in Table 3.3.  

 After adjustment for environmental and socio-demographic characteristics using the EQI, 

32 of 40 models had estimates adjusted towards the expected direction (more positive 

association).  This indicates that a portion of the unexpected directionality may be due to county-

level population differences. Overall, in most adjusted models the association between hurricane 

exposure and county low birth weight rate was found to be negative with exception to Hurricane 

Ivan. 

 Associations between the disaster declaration method and low birth weight rates were 

inconsistent and non-significant for Hurricanes Charley (-0.47, p=0.32), Jeanne (-0.21, p=0.70), 

Ivan (0.53, p=0.29), Frances (0.61, p=0.75) and all hurricanes (0.61, p=0.74).   The spatial 

buffering methods also had inconsistent results over each hurricane and no statistically 

significant results.  There was an increased rate of low birth weight in the counties exposed at the 

30km buffer for Hurricanes Charley (0.03, p=0.95) and Ivan (1.48, p=0.43) and at the 100 km 
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buffer for Hurricane Frances (0.14, p=0.78). Estimates over all three spatial buffer distances (30 

km, 60 km, and 100 km) were similarly positive but not significant for Hurricane Ivan.   

 Unadjusted models using continuous maximum wind speed exposure were close to 

significant for each hurricane; however, in the adjusted models, they were no longer significant. 

The four category Saffir-Simpson exposure models were negatively associated with low birth 

weight for Hurricane Frances (-0.98, p= 0.007) and all hurricanes (0.35, p= 0.02).   Adjusted 

estimates for binary hurricane wind speed (79 mph) and Hurricane Charley (0.03, p=0.97) and 

Ivan (0.35, p=0.75) were positively associated with low birth weight and while adjusted 

estimates for binary tropical storm wind speed (<39 mph) were negatively associated for 

Hurricane Frances (-1.68, p= 0.003) and all hurricanes (-2.37, p=0.01).  

 Across the eight exposure methods, the associations with low birth weight rates were 

mostly negative. Hurricane Ivan was the exception, with positive associations with low birth 

weight across all eight exposure methods; although none were statistically significant. Overall, 

none of the positive associations were statistically significant. Significant negative associations 

were found for Hurricane Frances when using both the four category maximum wind speed 

method and the binary > 34 wind speed method (-0.98 p=0.007 and -1.68, 0.003 respectively).  

Discussion  

 Descriptive analysis and mapping of three different exposure methods – FEMA disaster 

declaration, spatial data based on storm trajectory, and meteorological severity of wind speed –

displayed clear heterogeneity of exposure assignment. The number of counties classified as 

exposed varied greatly between methods, with the largest margin of difference for Hurricane 

Ivan, which impacted the far western Florida panhandle.  The disaster declaration method 

consistently assigned a higher number of counties as exposed to hurricanes when compared to 
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other exposure methods, supporting the assertion that the use of this method, developed for 

providing federal assistance to affected jurisdiction, likely over assigns county-level hurricane 

exposure.  We found no statistically significant associations between counties designated as 

exposed using the disaster declaration method and reproductive health outcomes.  While this 

could be due to heterogeneity of exposure and limited statistical power, consistent null findings 

support our hypothesis of exposure misclassification.   

 Using disaster declarations to classify exposure to disaster may over-represent exposed 

areas since declarations are not intended for research use, but rather for the provision of 

assistance. If the disaster declaration method is misclassifying counties as exposed that do not 

have a high enough exposure to cause health effects, this would be considered exposure 

misclassification. We would expect potential misclassification to mask the health effects of 

hurricane exposure by assigning some less exposed populations as exposed, biasing results 

towards the null. Given the descriptive and statistical findings, we feel that there is fairly clear 

evidence that counties that are not as severely exposed are being assigned exposure, therefore 

yielding findings biased towards the null.    

 The spatial hurricane track with symmetrical buffer exposure method had more similar 

results to our maximum wind speed exposure method. Descriptively, maps of each storm showed 

that a similar number of counties were exposed. For example, exposure was similar for the 60 

mph buffer and the binary 39 mph (tropical storm) wind speed. A major difference between the 

two methods was the exposure status of counties located to the upper right side of each storm 

track, where the maximum wind speed method identified much higher exposure than to the left 

of the storm track. Symmetrical buffers cannot account for the rotation and pattern of hurricane 

winds.   These differences were not supported by the statistical analysis, the vast majority of 
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which were non-significant. For example, in the birth weight analysis, positive non-significant 

associations were found between the spatial analysis and Hurricanes Ivan and Frances, whose 

track was up Florida’s west coast. For these two storms in particular, the spatial method may 

suggest an association if we had more statistical power. 

 The spatial buffer method takes into account the difference between areas closer to and 

farther from the storm track; however, it neglects the fact that hurricane force (and damage) is 

generally not symmetrical around the storm track. The maximum weather effects of a hurricane 

are usually felt within the right-front quadrant, often the northeast corner of the hurricane, where 

winds are usually strongest, storm surge is highest, and the possibility of tornadoes is greatest (4). 

Therefore, the use of a symmetrical buffer around the storm track could misclassify counties in 

the left-lower quadrant of the storm as exposed when exposure is actually greater in counties in 

the right-front quadrant.  Also, each storm is unique in terms of both severity and size, so 

employing the same buffer over multiple storm systems may lead to exposure misclassification 

due to the expected natural variation in hurricane size and strength.  

 While one of the strengths of the spatial method is that it can take into account the areas 

potentially affected by more severe hurricane weather on one side of the track, another 

possibility is that this method may effectively be estimating predicted impact or perceived stress.  

We would expect individuals along the storm track to have prior knowledge of the cone of the 

storm due to improvements in meteorological modeling and forecasting. These individuals may 

be exposed to the stress effects of a hurricane, but may not actually suffer damages or loss of 

infrastructure.  Several studies have shown that pregnant women with high (generally self-

reported) stress and anxiety levels are at an increased risk for many poor pregnancy outcomes 

including spontaneous abortion, preterm labor, and  low birth weight (55, 56, 62).  In studies 
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specific to researching hurricane-related perceived stress and predicted knowledge of storm, the 

symmetrical spatial buffer may be adequately addressing this question. 

 Of the four categorizations of maximum wind speed, none appeared to perform 

superiorly and in most cases the direction of effect in modeling was unexpected.  Statistical 

significance was most often achieved using a continuous measure of maximum wind exposure, 

but this is likely due to higher statistical power.  A limitation of the meteorological data was that 

wind speeds under 25 mph were imputed as 0 mph.  This would imply that categorical measures 

would likely be more accurate than the continuous measure. This imputation for continuous 

models would likely have little effect for a storm like Charley, which only had two counties with 

a maximum wind speed of 0 mph, but may have inflated results for the other three storms.  Of 

the categorical methods, the four category Saffir-Simpson method shows the most graphical 

exposure contrasts but in statistical testing the low power of 67 counties may have influenced 

statistical significance.  Results of the two binary cut points for maximum wind speed appeared 

to be very storm dependent.  This would make sense given that the number of counties affected 

by very high wind speeds was relatively low with exception to counties affected by Hurricane 

Charley. 

  We adjusted for environmental and sociodemographic county-level characteristics using 

the EPA developed EQI. While both the crude and adjusted associations in the majority of 

models were negative, the EQI adjusted models were towards the expected positive direction. 

These adjustments may indicate that a portion if not all of the unexpected directionality may be 

due to county-level population differences.   The EQI may be adjusting out some effects; 

however, many population characteristics as well as pregnancy characteristics were not 

controlled for in these models. 
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 To attempt to better control for baseline population characteristics, we performed a 

supplemental difference-in-difference analysis, holding population characteristics constant and 

analyzing change in preterm delivery and low birth weight from 2003 to 2004.  Since no 

hurricanes made landfall in Florida in 2003, this is an ideal baseline to control for static county-

level nuisance population variables.  In this analysis, the majority of maximum wind speed 

models of both preterm delivery and low birth weight were positively associated with Hurricane 

Frances and Jeanne.  The association with Hurricane Ivan was no longer positive and Hurricane 

Charley had mixed results depending on method; however, these results similarly to the EQI 

adjusted results were mostly statistically non-significant.  While these results do not change our 

reported results based on exposure methods, they do indicate that more confounding control 

should be conducted in order to properly estimate the association between hurricane exposure 

and our health outcomes. The EQI uses many sources of available county-level 

sociodemographic and environmental variables for confounding control. 

 We did consider some additional meteorological models to define hurricane exposure 

(141). In our analysis, we choose county-level specificity in order to reduce potential 

misclassification of more finite geographic units and consistency with the currently described 

methods.  One limitation of this geographic level is the range of Florida county sizes, which vary 

from 240 to 2034 square miles (188); however, smaller geographic areas (e.g. zip code, census 

block) also vary in size at approximately the same relative magnitude.  It may also be harder to 

obtain wind speed meteorological data at these smaller geographies. Another alternative could be 

to apply both wind speed and precipitation or flooding to better understand the meteorological 

effects.  We explored several sources of data for precipitation measures including digitizing 

images of rainfall associated to hurricanes produced by NOAA.   This data was not available for 
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hurricanes before 2005 but should be considered as an additional meteorological component for 

future analysis. 

Conclusions 

 Decisions on which method is most appropriate to use when assigning hurricane exposure 

should be dependent on the question and scope of the research.  For increased comparability 

between studies, a more objective, quantitative method of exposure may be preferred over the 

less specific assignment of disaster exposure like the FEMA disaster declaration.  While 

hurricane exposure and reproductive health has been studied, the heterogeneity of exposure 

methods makes comparability across geographic areas and individual storms difficult.  The use 

of heterogeneous methods of assigning exposure in the current literature may also be 

contributing to the overall inconsistency of results in the current disaster and public health 

literature.  

 As populations continue moving toward coastal regions and storms intensify, the need to 

understand the effect that hurricane exposure may have on health is growing.  Studies after major 

hurricanes in the US like Andrew, Katrina, and Sandy have demonstrated the potential lasting 

health impacts on vulnerable populations such as women pregnant during the storm.  It will be 

difficult to more fully understand the impact of hurricanes and other disasters on reproductive 

health until exposure methods are more comparable so that the impacts of hurricanes can be 

more clearly understood. Meteorological wind speed modeling provides a new and reproducible 

approach to better characterize hurricane exposure and its effect on health.  
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Table S.2a  Hurricane exposure by declaration and spatial buffer and preterm delivery crude and adjusted  rate linear models for 

all Florida counties (n= 67 counties)
1
 

Hurricane Model Declaration 30 km 60km 100 km 

    Est p-val Est p-val Est p-val Est p-val 

Charley Crude -1.10 0.04 -1.32 0.03 -1.65 0.01 -1.95 <0.001 

 Adjusted -0.88 0.09 -0.90 0.14 -1.27 0.04 -1.67 0.002 

Jeanne Crude -1.02 0.10 -0.40 0.45 -0.49 0.39 -0.49 0.39 

  Adjusted -0.85 0.16 -0.64 0.22 -0.48 0.38 -0.48 0.38 

Ivan Crude -0.12 0.85 0.97 0.65 0.97 0.65 0.34 0.83 

  Adjusted 0.48 0.40 1.57 0.45 1.57 0.45 0.86 0.56 

Frances Crude -0.87 0.69 -0.85 0.14 -0.30 0.63 -0.12 0.83 

  Adjusted -0.16 0.94 -0.7 0.21 -0.23 0.72 -0.45 0.43 

All Hurricanes Crude -0.87 0.69 -0.48 0.08 -0.55 0.05 -0.47 0.02 

 Adjusted -0.16 0.94 -0.48 0.06 -0.53 0.07 -0.42 0.04 
1
Adjusted models used the EQI to control for county-level environmental and socio-demographic characteristics. 

 

Table S.2b  Hurricane exposure by maximum wind speed method and preterm delivery crude and adjusted rate linear models for 

all Florida counties (n= 67 counties)
1
 

Hurricane Model Max MPH Saffir-Simpson Binary >79 Binary >34 

    Est p-val Est p-val Est p-val Est p-val 

Charley Crude -0.03 0.00 -0.76 0.03 -0.94 0.35 -1.4 0.007 

 Adjusted -0.02 0.01 -0.64 0.05 -0.78 0.42 -1.15 0.03 

Jeanne Crude -0.03 <0.001 -1.08 <0.001 -1.75 0.01 -1.75 <0.001 

  Adjusted -0.03 0.01 -0.91 0.003 -1.6 0.02 -1.42 <0.001 

Ivan Crude 0.02 0.03 0.45 0.33 -0.54 0.67 1.12 0.11 

  Adjusted 0.02 0.04 0.47 0.29 -0.06 0.96 0.96 0.16 

Frances Crude -0.05 0.00 -1.15 0.4 -1.48 0.08 -1.51 0.02 

  Adjusted -0.04 0.01 -0.95 0.02 -0.98 0.25 -1.34 0.03 

All Hurricanes Crude -0.02 <0.001 -0.58 <0.001 -1.62 0.006 -2.18 0.05 

 Adjusted -0.02 0.005 -0.5 0.002 -1.42 0.01 -1.72 0.11 
1
Adjusted models used the EQI to control for county-level environmental and socio-demographic characteristics. 
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Table S.3a Hurricane exposure  by declaration and spatial buffer  and low birth weight rate crude and adjusted  linear models for all 

Florida counties(n= 67 counties)
1
 

Hurricane Model Declaration 30km 60km 100km 

    Est p-val Est p-val Est p-val Est p-val 

Charley Crude -0.62 0.19 -0.31 0.57 -1.16 0.008 -1.13 0.01 

  Adjusted -0.47 0.32 0.03 0.95 -0.98 0.05 -0.90 0.06 

Jeanne Crude -0.33 0.56 -0.1 0.83 -0.19 0.78 -0.10 0.84 

  Adjusted -0.21 0.7 -0.26 0.58 -0.11 0.80 -0.09 0.86 

Ivan Crude 0.11 0.82 1.08 0.57 1.08 0.57 0.28 0.84 

  Adjusted 0.53 0.29 1.48 0.43 1.48 0.43 0.64 0.63 

Frances Crude 0.12 0.95 -0.26 0.62 0.21 0.67 0.34 0.50 

  Adjusted 0.61 0.75 -0.15 0.76 0.04 0.80 0.14 0.78 

All Hurricanes Crude 0.12 0.95 -0.1 0.67 -0.15 0.39 -0.17 0.37 

  Adjusted 0.61 0.74 -0.08 0.75 -0.10 0.50 -0.13 0.47 
1
Adjusted models used the EQI to control for county-level environmental and socio-demographic characteristics. 

Table S.3b Hurricane exposure by maximum wind speed method  and low birth weight rate  crude and adjusted linear models for 

all Florida counties(n= 67 counties)
1
 

Hurricane Model Max MPH Saffir-Simpson Binary >79 Binary >34 

    Est p-val Est p-val Est p-val Est p-val 

Charley Crude -0.02 0.05 -0.36 0.30 -0.08 0.93 -0.9 0.06 

  Adjusted -0.01 0.14 -0.27 0.37 0.03 0.97 -0.73 0.12 

Jeanne Crude -0.02 0.02 -0.69 0.01 -0.93 0.14 -1.16 0.01 

  Adjusted -0.02 0.06 -0.56 0.05 -0.82 0.18 -0.94 0.06 

Ivan Crude 0.02 0.06 0.18 0.66 0.02 0.98 0.3 0.63 

  Adjusted 0.02 0.09 0.19 0.63 0.35 0.75 0.19 0.76 

Frances Crude -0.03 0.03 -1.1 0.002 -1.1 0.14 -1.78 0.002 

  Adjusted -0.02 0.11 -0.98 0.007 -0.77 0.31 -1.68 0.003 

All Hurricanes Crude -0.01 0.03 -0.41 0.03 -0.6 0.26 -2.64 0.005 

  Adjusted -0.007 0.12 -0.35 0.02 -0.46 0.38 -2.37 0.01 
1
Adjusted models used the EQI to control for county-level environmental and socio-demographic characteristics. 
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Figure S.1a 2004 Florida hurricane tracks with 100 km buffer and declaration shown for Hurricane Ivan 
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Figure S.1b 2004 Florida hurricane tracks with 100 km buffer and 4 category maximum wind speed for Hurricane 

Ivan 

  



 

126 
 

APPENDIX B: SUPPLEMENTAL TABLES  

Table S.4 Comparison of the 2003 and 2004 Florida birth record covariate distribution 

 Unexposed (2003) Exposed (2004) 

Covariates N (%
1
) N (%

1
) 

Maternal Age   

<18 5,627 (2.9) 5,272 (2.8) 

18-24 63,431 (32.6) 61,554 (32.8) 

25-34 95,845 (49.3) 92,800 (49.4) 

35-44 29,409 (15.1) 28,204 (15.0) 

Missing 313 245 

Maternal Race   

White 139,977 (72.0) 123,149 (65.6) 

Black 42,605 (21.9) 40,835 (21.8) 

Other 11,707 (6.0) 23,775 (12.7) 

Missing 336 316 

Maternal Hispanic Ethnicity   

Yes 29,336 (30.2) 58,206 (31.2) 

No 67,747 (70.8) 128,204 (68.8) 

Unknown/Missing 97,542 1,665 

Maternal Education   

< High School (0-11) 24,386 (19.3) 37,990 (20.4) 

High School Degree (12) 43,352 (34.3) 59,530 (32.0) 

Some College or Degree (13-16) 47,655 (37.7) 77,115 (41.4) 

Graduate Degree (17) 10,957 (8.7) 11,471 (6.2) 

Unknown/Missing 68,275 1,969 

Maternal Marital Status   

Married 118,598 (61.5) 111,525 (59.7) 

Not Married 74,362 (38.5) 75,218 (40.3) 

Other 5 (0.00) 10 (0.01) 

Unknown/Missing 1,660 1,322 

Child Sex   

Female 95,087 (48.8) 91,868 (48.9) 

Male 99,524 (51.2) 96,197 (51.1) 

Unknown 14 10 

Gestational Age   

20-24 1,070 (0.6) 737 (0.4) 

25-30 2,647 (1.4) 2,053 (1.1) 

31-36 21,434 (11.0) 20,039 (10.7) 

37-40 147,276 (75.7) 143,529 (76.3) 

41-44 22,198 (11.4) 21,717 (11.6) 

Birth Weight   

<1000 grams 2,040 (1.1) 1,441 (0.9) 

1000-1999 grams 4,750 (2.4) 4,132 (2.5) 

2000-2999 grams 46,587 (24.0) 22,689 (13.7) 

3000-3999 grams 126,990 (65.3) 124,097 (74.0) 

>4000 grams 14,123 (7.3) 13,636 (8.2) 

Missing/Unknown 135 80 (0.0) 

Plurality   

1 183,991 (96.9) 181,727 (97.1) 

2 5,571 (2.9) 5,159 (2.8) 

3 262 (0.1) 219 (0.1) 

4+ 10 (0.01) 10 (0.01) 

Missing/Unknown 4,789 960 

Prenatal Care   
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Yes 63,062 (98.9) 174,191(98.7) 

No 715 (1.1) 2,343(1.3) 

Missing/Unknown 130,848 11,541 

Alcohol use   

Yes 765 (0.9) 503(0.3) 

No 89,075 (99.1) 185,588(99.7) 

Missing/Unknown 4,985 1,984 
1
 Percentage calculation excludes missing/unknown data. 
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Table S.5 Description of available covariates from vital statistics records considered for confounding and 

modification in preterm delivery Aim 2 analysis. 

Covariate from Vital Records Potential 

Confounder 

Potential 

Modifier 

Notes 

    

Marital status X X Indicator of Social Support 

Maternal education X X Part of SES 

Maternal Hispanic ethnicity  X  

Maternal race  X  

Paternal education X X Possibly high number of missing 

Paternal Hispanic ethnicity  X Possibly high number of missing 

Paternal race  X Possibly high number of missing 

Place where birth 

occurred(hospital/birthing center) 

 X  

Date of first prenatal care X  Prenatal Care should be a time 

varying covariate 

Total number of prenatal visits X   

Did mother receive WIC X X Part of SES 

Cigarette smoking before/during X X  

Date of last live birth(spacing) X   

Gestational diabetes X   

Pre-pregnancy diabetes X   

Gestational hypertension X   

Pre-pregnancy hypertension X   

Pregnancy from fertility treatment X   

Infection during this pregnancy X   

PROM  X Stratify on methods of preterm, 

possible consideration 

Induced labor  X Stratify on methods of preterm, 

possible consideration 

Augmentation of labor  X Stratify on methods of preterm, 

possible consideration 

Delivery method  X Possible consideration 

Birth weight X X Birth weight related to 

gestational age, need to consider 

Sex infant  X  
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Table S.6 Florida 2004 adjusted beta of Hurricane Charley wind exposure on very preterm (<32 weeks) and preterm (<37 weeks ) delivery with interaction 

by subsequent Hurricane Frances exposure.  

    Outcome  

     <32 weeks  <37 weeks  

      Beta (95% CI) p-value Beta (95% CI) p-value 

Wind Speed 

Exposure 

Hurricane  Model Description           

≥39 mph                

  Hurricane 2. Charley*Frances          

  Main Effect -0.10 (-0.16 -0.04)  0.06 0.04 0.08  

  Previous Hurricane 0.09 (0.01 0.17)  -0.09 -0.13 -0.05  

  Interaction 0.03 (-0.07 0.13) 0.36 -0.03 -0.07 0.01 0.20 

≥74 mph              

  Hurricane 2. Charley* Frances          

  Main Effect 0.09 (-0.01 0.19)  0.01 -0.03 0.05  

  Previous Hurricane 0.28 (0.16 0.40)  0.07 0.03 0.11  

    Interaction -0.26 (-0.61 0.09) 0.18 -0.02 -0.16 0.12 0.79 
1 
Adjusted for gestational diabetes, maternal age, maternal race, maternal ethnicity, maternal education, maternal pregnancy tobacco use
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Table S.7 Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  hurricane wind exposure on extremely preterm (<32 weeks) and overall preterm 

(<37 weeks ) delivery for each 2004 hurricane 

   Outcome 

     <32 weeks <37 weeks 

      HR (95% CI) HR (95% CI) 

Wind Speed Exposure Hurricane  Model Description         

≥ 39 mph              

  Charley        

  1a. Unadjusted 1.12 (1.06 1.19) 1.05 (1.02 1.07) 

  1b. Adjusted 1.09 (1.03 1.16) 0.99 (0.96 1.01) 

  Frances        

  2a.Unadjusted 1.19 (1.14 1.24) 1.02 (1.00 1.04) 

  2b. Adjusted 1.11 (1.05 1.17) 0.90 (0.89 0.92) 

  Ivan         

  3a. Unadjusted 1.28 (1.12 1.46) 1.12 (1.06 1.19) 

  3b. Adjusted 1.29 (1.12 1.49) 1.12 (1.05 1.19) 

 Jeanne        

  4a. Unadjusted 1.17 (1.12 1.23) 1.04 (1.02 1.06) 

  4b. Adjusted 1.12 (1.06 1.18) 0.95 (0.93 0.97) 

≥ 74 mph              

  Charley        

  5a. Unadjusted 1.18 (1.04 1.35) 1.07 (1.01 1.13) 

    5b. Adjusted 1.21 (1.06 1.38) 1.06 (1.00 1.12) 

  Frances        

  6a. Unadjusted 1.29 (1.17 1.43) 1.09 (1.05 1.14) 

    6b. Adjusted 1.30 (1.17 1.44) 1.07 (1.02 1.12) 

  Ivan        

  7a. Unadjusted 1.16 (0.98 1.37) 1.05 (0.98 1.13) 

    7b. Adjusted 1.20 (1.01 1.43) 1.06 (0.98 1.13) 

 Jeanne        

  8a. Unadjusted 1.21 (1.10 1.32) 1.06 (1.02 1.11) 

   8b. Adjusted 1.21 (1.10 1.33) 1.04 (1.00 1.08) 
1 
Adjusted for gestational diabetes, maternal age, maternal race, maternal ethnicity, maternal education, and maternal pregnancy tobacco use.  
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Table S.8a Florida 2004 unadjusted and adjusted
1
 Hazard Ratio(HR) of  Hurricane Charley and Frances ≥74 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including Interaction by race 

   
Hurricane Charley Exposure Hurricane Frances Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White  unexposed ref 

  
 Ref 

  
 

  
exposed 1.26 (1.08 1.47) n/a 1.12 (1.05 1.21) n/a 

 
Black unexposed 2.05 (1.93 2.19)  1.53 (1.49 1.58)  

  
exposed 2.58 (2.17 3.08) 0.19 1.72 (1.59 1.87) 0.74 

 
Other

1 
unexposed 1.11 (0.97 1.29)  1.18 (1.12 1.25)  

 exposed 1.40 (1.13 1.74) 0.63 1.33 (1.21 1.46) 0.88 

<37 weeks          

 
White  unexposed ref    Ref    

  
exposed 1.08 (1.01 1.15) n/a 1.06 (1.01 1.12) n/a 

 
Black unexposed 1.53 (1.49 1.58)  1.53 (1.49 1.57)  

  
exposed 1.65 (1.54 1.78) 0.26 1.62 (1.52 1.73) 0.53 

 
Other

1
 unexposed 1.17 (1.11 1.24)  1.17 (1.11 1.24)  

  
exposed 1.27 (1.16 1.38) 0.19 1.25 (1.15 1.35) 0.67 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.8b Florida 2004 unadjusted and adjusted
1
 Hazard Ratio(HR) of  Hurricane Ivan and Jeanne ≥74 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including Interaction by race 

   
Hurricane Ivan Exposure Hurricane Jeanne Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White  unexposed ref 

  
 ref 

  
 

  
exposed 1.13 (0.90 1.42) n/a 0.91 (0.89 0.93) n/a 

 
Black unexposed 2.05 (1.93 2.18)  1.56 (1.51 1.61)  

  
exposed 2.31 (1.82 2.95) 0.18 1.42 (1.35 1.49) 0.06 

 
Other

1 
unexposed 1.11 (0.97 1.28)  1.18 (1.11 1.26)  

 exposed 1.25 (0.96 1.65) 0.65 1.08 (1.00 1.16) 0.58 

<37 weeks         

 
White  unexposed ref    ref    

  
exposed 1.04 (0.95 1.14) n/a 1.15 (1.02 1.30) n/a 

 
Black unexposed 1.54 (1.49 1.58)  2.04 (1.92 2.17)  

  
exposed 1.59 (1.45 1.75) 0.87 2.35 (2.03 2.71) 0.07 

 
Other

1
 unexposed 1.18 (1.12 1.24)  1.11 (0.97 1.28)  

  
exposed 1.23 (1.10 1.36) 0.26 1.28 (1.06 1.55) 0.45 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.9a Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Charley and Frances ≥74 mph wind speed exposure 

on extremely preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including interaction by Hispanic ethnicity 

   
Hurricane Charley Exposure Hurricane Frances Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

Non-Hispanic  unexposed ref 
  

 ref 
  

 

  
exposed 1.13 (0.95 1.33) n/a 1.29 (1.13 1.46) n/a 

Hispanic unexposed 1.00 (0.94 1.07)   1.02 (0.95 1.08)   

  
exposed 1.12 (0.93 1.35) 0.34 1.31 (1.12 1.52) 0.76 

<37 weeks          

Non-Hispanic  unexposed ref    ref    

  
exposed 1.03 (0.97 1.11) n/a 1.09 (1.02 1.14) n/a 

Hispanic unexposed 1.00 (0.98 1.03)   1.00 (0.98 1.03)  

  
exposed 1.04 (0.96 1.12) 0.32 1.09 (1.02 1.16) 0.04 

Abbreviation: p-val, p-value for interaction; ref, referent 

Table S9b Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Ivan and Jeanne ≥74 mph wind speed exposure on 

extremely preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including interaction by Hispanic ethnicity 

   
Hurricane Ivan Exposure Hurricane Jeanne Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

Non-Hispanic  unexposed ref 
  

 ref 
  

 

  
exposed 1.20 (1.00 1.44) n/a 0.90 (0.88 0.92) n/a 

Hispanic unexposed 1.02 (0.96 1.08)   1.02 (0.99 1.06)  

  
exposed 1.22 (1.00 1.49) 0.97 0.92 (0.88 0.97) 0.63 

<37 weeks          

Non-Hispanic  unexposed ref ref    ref   

  
exposed 1.06 (0.98 1.15) n/a 1.23 (1.09 1.37) n/a 

Hispanic unexposed 1.00 (0.98 1.03)   1.03 (0.96 1.09)  

  
exposed 1.06 (0.98 1.16) 0.61 1.26 (1.10 1.44) 0.76 

Abbreviation: p-val, p-value for interaction; ref, referent 
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Table S.10a Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Charley and Frances ≥74 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks) delivery including interaction by race/ ethnicity 

  
Hurricane Charley Exposure Hurricane Frances Exposure 

Outcome Race/ Ethnicity  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White Non-Hispanic unexposed ref 

  
 Ref 

  
 

 
 exposed 1.21 (0.98 1.48) n/a 1.20 (1.01 1.42) n/a 

 
White Hispanic unexposed 1.06 (0.98 1.15)  1.08 (1.00 1.17)  

 
 exposed 1.28 (1.02 1.61) 0.50 1.29 (1.06 1.58) 0.57 

 
Asian/Pacific Islander unexposed 1.11 (0.90 1.37)  1.15 (0.94 1.41)  

  exposed 1.34 (1.00 1.81) 0.71 1.38 (1.04 1.81) 0.70 

 Other/Multi Racial unexposed 1.16 (0.94 1.42)  1.18 (0.97 1.44)  

  exposed 1.40 (1.04 1.88) 0.43 1.41 (1.08 1.86) 0.81 

 American Indian unexposed 1.50 (0.93 2.43)  1.69 (1.05 2.73)  

  exposed 1.82 (1.07 3.07) 0.88 2.02 (1.21 3.38) 0.47 

 Black Non-Hispanic unexposed 2.16 (2.00 2.32)  2.18 (2.02 2.34)  

  exposed 2.60 (2.07 3.26) 0.17 2.60 (2.13 3.18) 0.11 

 Black Hispanic unexposed 1.88 (1.66 2.14)  1.89 (1.66 2.15)  

 exposed 2.27 (1.77 2.91) 0.44 2.26 (1.81 2.84) 0.25 

<37 weeks             

 
White Non-Hispanic unexposed ref      Ref      

  
exposed 1.09 (1.00 1.18) n/a 1.06 (0.99 1.13) n/a 

 
White Hispanic unexposed 1.20 (1.02 1.42)  1.18 (1.00 1.38)  

  
exposed 1.31 (1.08 1.57) 0.81 1.24 (1.04 1.48) 0.78 

 
Asian/Pacific Islander unexposed 1.20 (1.11 1.30)  1.21 (1.12 1.31)  

  exposed 1.30 (1.16 1.46) 0.99 1.28 (1.15 1.42) 0.96 

 Other/Multi Racial unexposed 1.22 (1.11 1.34)  1.20 (1.09 1.32)  

  exposed 1.32 (1.17 1.50) 0.15 1.27 (1.13 1.43) 0.63 

 American Indian unexposed 1.42 (1.16 1.75)  1.46 (1.17 1.81)  

  exposed 1.55 (1.24 1.93) 0.67 1.54 (1.22 1.93) 0.23 

 Black Non-Hispanic unexposed 1.62 (1.57 1.68)  1.61 (1.56 1.67)  

  exposed 1.76 (1.61 1.93) 0.18 1.71 (1.58 1.85) 0.17 

 Black Hispanic unexposed 1.52 (1.28 1.81)  1.52 (1.28 1.79)  

  
exposed 1.66 (1.37 2.01) 0.22 1.60 (1.33 1.92) 0.73 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.10b Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Ivan and Jeanne ≥74 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks) delivery including interaction by race/ ethnicity 

  
Hurricane Ivan Exposure Hurricane Jeanne Exposure 

Outcome Race/ Ethnicity  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White Non-Hispanic unexposed ref 

  
 ref 

  
 

 
 exposed 1.09 (0.85 1.41) n/a 1.16 (0.99 1.35) n/a 

 
White Hispanic unexposed 1.07 (0.99 1.15)  1.08 (1.00 1.17)  

 
 exposed 1.17 (0.89 1.54) 0.45 1.25 (1.04 1.50) 0.93 

 
Asian/Pacific Islander unexposed 1.14 (0.94 1.39)  1.14 (0.93 1.39)  

  exposed 1.25 (0.90 1.73) 0.48 1.31 (1.01 1.70) 0.29 

 Other/Multi Racial unexposed 1.14 (0.94 1.39)  1.13 (0.93 1.38)  

  exposed 1.25 (0.90 1.74) 0.28 1.31 (1.01 1.69) 0.90 

 American Indian unexposed 1.32 (0.81 2.16)  1.62 (1.01 2.62)  

  exposed 1.45 (0.83 2.53) 0.04 1.88 (1.13 3.11) 0.37 

 Black Non-Hispanic unexposed 2.15 (2.00 2.30)  2.14 (2.00 2.30)  

  exposed 2.35 (1.79 3.09) 0.35 2.48 (2.07 2.97) 0.10 

 Black Hispanic unexposed 1.94 (1.72 2.19)  1.93 (1.71 2.19 )  

 exposed 2.12 (1.59 2.84) 0.88 2.23 (1.82 2.75) 0.41 

<37 weeks              

 
White Non-Hispanic unexposed ref      ref      

  
exposed 1.06 (0.96 1.17) n/a 1.03 (0.97 1.10) n/a 

 
White Hispanic unexposed 1.16 (1.00 1.36)  1.18 (1.01 1.38)  

  
exposed 1.23 (1.02 1.49) 0.68 1.22 (1.03 1.44) 0.71 

 
Asian/Pacific Islander unexposed 1.22 (1.13 1.31)  1.21 (1.12 1.30)  

  exposed 1.29 (1.14 1.46) 0.45 1.25 (1.13 1.38) 0.57 

 Other/Multi Racial unexposed 1.21 (1.10 1.32)  1.21 (1.11 1.33)  

  exposed 1.28 (1.12 1.46) 0.70 1.25 (1.12 1.40) 0.38 

 American Indian unexposed 1.39 (1.14 1.70)  1.44 (1.17 1.78)  

  exposed 1.47 (1.18 1.85) 0.12 1.49 (1.19 1.86) 0.68 

 Black Non-Hispanic unexposed 1.62 (1.57 1.67)  1.61 (1.56 1.66)  

  exposed 1.72 (1.55 1.91) 0.67 1.66 (1.55 1.79) 0.36 

 Black Hispanic unexposed 1.50 (1.28 1.77)  1.55 (1.31 1.82)  

  
exposed 1.59 (1.31 1.93) 0.50 1.60 (1.34 1.91) 0.55 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.11a Florida 2004 unadjusted and adjusted
1
 Hazard Ratio(HR) of  Hurricane Charley and Frances ≥ 39 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including Interaction by race 

   
Hurricane Charley Exposure Hurricane Frances Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White  unexposed ref 

  
 ref 

  
 

  
exposed 1.21 (0.98 1.48) n/a 1.20 (1.01 1.42) n/a 

 
Black unexposed 1.06 (0.98 1.15)  1.08 (1.00 1.17)  

  
exposed 1.28 (1.02 1.61) 0.50 1.29 (1.06 1.58) 0.57 

 
Other

1 
unexposed 1.11 (0.90 1.37)  1.15 (0.94 1.41)  

  exposed 1.09 (1.00 1.18) 0.48 1.06 (0.99 1.13) 0.68 

<37 weeks           

 
White  unexposed ref      ref      

  
exposed 1.09 (1.00 1.18) n/a 1.06 (0.99 1.13) n/a 

 
Black unexposed 1.20 (1.02 1.42)  1.18 (1.00 1.38)  

  
exposed 1.31 (1.08 1.57) 0.81 1.24 (1.04 1.48) 0.78 

 
Other

1
 unexposed 1.20 (1.11 1.30)  1.21 (1.12 1.31)  

  
exposed 1.30 (1.16 1.46) 0.99 1.28 (1.15 1.42) 0.96 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.11b Florida 2004 unadjusted and adjusted
1
 Hazard Ratio(HR) of  Hurricane Ivan and Jeanne ≥ 39 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including Interaction by race 

   
Hurricane Ivan Exposure Hurricane Jeanne Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White  unexposed ref 

  
 ref 

  
 

  
exposed 1.09 (0.85 1.41) n/a 1.16 (0.99 1.35) n/a 

 
Black unexposed 1.07 (0.99 1.15)  1.08 (1.00 1.17)  

  
exposed 1.17 (0.89 1.54) 0.45 1.25 (1.04 1.50) 0.93 

 
Other

1 
unexposed 1.14 (0.94 1.39)  1.14 (0.93 1.39)  

  exposed 1.06 (0.96 1.17) 0.78 1.03 (0.97 1.10) 0.09 

<37 weeks         

 
White  unexposed ref      ref    

  
exposed 1.06 (0.96 1.17) n/a 1.03 (0.97 1.10) n/a 

 
Black unexposed 1.16 (1.00 1.36)  1.18 (1.01 1.38)  

  
exposed 1.23 (1.02 1.49) 0.68 1.22 (1.03 1.44) 0.71 

 
Other

1
 unexposed 1.22 (1.13 1.31)  1.21 (1.12 1.30)  

  
exposed 1.29 (1.14 1.46) 0.45 1.25 (1.13 1.38) 0.57 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 

 



 

    
 

1
3

8
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table S.12a Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Charley and Frances ≥ 39 mph wind speed 

exposure on extremely preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including interaction by hispanic ethnicity 

   
Hurricane Charley Exposure Hurricane Frances Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

Non-Hispanic  unexposed ref 
  

 ref 
  

 

  
exposed 1.04 (0.96 1.12) n/a 1.06 (1.00 1.13) n/a 

Hispanic unexposed 1.00 (0.93 1.07)  0.97 (0.90 1.05)  

  
exposed 1.03 (0.92 1.16) 0.23 1.04 (0.93 1.16) 0.31 

<37 weeks           

Non-Hispanic  unexposed ref ref       

  
exposed 0.99 (0.96 1.02) n/a 0.90 (0.88 0.92) n/a 

Hispanic unexposed 1.05 (1.02 1.08)  1.02 (0.99 1.06)  

  
exposed 1.04 (0.99 1.09) 0.83 0.92 (0.88 0.97) 0.63 

Abbreviation: p-val, p-value for interaction; ref, referent 

Table S.12b Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Ivan and Jeanne ≥ 39 mph wind speed exposure on 

extremely preterm (<32 weeks) and overall preterm (<37 weeks ) delivery including interaction by hispanic ethnicity 

   
Hurricane Ivan Exposure Hurricane Jeanne Exposure 

Outcome Race  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

Non-Hispanic  unexposed ref 
  

 ref 
  

 

  
exposed 1.30 (1.12 1.51) n/a 1.07 (1.00 1.14) n/a 

Hispanic unexposed 1.02 (0.95 1.08)  0.98 (0.91 1.06)  

  
exposed 1.32 (1.11 1.56) 0.85 1.05 (0.94 1.17) 0.23 

<37 weeks          

Non-Hispanic  unexposed ref    ref    

  
exposed 1.13 (1.06 1.20) n/a 0.96 (0.93 0.98) n/a 

Hispanic unexposed 1.00 (0.97 1.03)  1.05 (1.02 1.08)  

  
exposed 1.13 (1.05 1.21) 0.26 1.01 (0.96 1.05) 0.33 

Abbreviation: p-val, p-value for interaction; ref, referent 
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Table S.13a Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Charley and Frances ≥ 39 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks) delivery including interaction by race/ ethnicity 

  
Hurricane Charley Exposure Hurricane Frances Exposure 

Outcome Race/ Ethnicity  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White Non-Hispanic unexposed ref 

  
 Ref 

  
 

 
 exposed 1.08 (0.97 1.20) n/a 1.09 (1.00 1.20) n/a 

 
White Hispanic unexposed 1.07 (0.98 1.17)  1.06 (0.97 1.16)  

 
 exposed 1.16 (0.99 1.35) 0.52 1.16 (1.00 1.34) 0.23 

 
Asian/Pacific Islander unexposed 1.10 (0.87 1.38)  1.16 (0.91 1.49)  

  exposed 1.19 (0.91 1.55) 0.76 1.27 (0.97 1.68) 0.97 

 Other/Multi Racial unexposed 1.14 (0.91 1.42)  1.16 (0.92 1.48)  

  exposed 1.23 (0.95 1.59) 0.82 1.27 (0.98 1.66) 0.75 

 American Indian unexposed 1.56 (0.95 2.55)  1.94 (1.19 3.18)  

  exposed 1.68 (1.01 2.80) 0.37 2.13 (1.28 3.53) 0.18 

 Black Non-Hispanic unexposed 2.18 (2.02 2.36)  2.26 (2.08 2.46)  

  exposed 2.35 (2.02 2.73) 0.35 2.48 (2.15 2.86) 0.41 

 Black Hispanic unexposed 1.85 (1.60 2.13)  1.83 (1.57 2.14)  

  exposed 1.99 (1.64 2.41) 0.05 2.00 (1.65 2.43) 0.13 

<37 weeks            

 
White Non-Hispanic unexposed ref 

  
 Ref 

  
 

  
exposed 1.01 (0.97 1.05) n/a 0.91 (0.88 0.94) n/a 

 
White Hispanic unexposed 1.16 (1.02 0.99)  1.09 (0.94 1.27)  

  
exposed 1.17 (0.99 1.38) 0.25 0.99 (0.85 1.16) 0.97 

 
Asian/Pacific Islander unexposed ref 

  
 Ref 

  
 

  exposed 1.08 (0.97 1.20) n/a 1.09 (1.00 1.20) n/a 

 Other/Multi Racial unexposed 1.07 (0.98 1.17)  1.06 (0.97 1.16)  

  exposed 1.16 (0.99 1.35) 0.52 1.16 (1.00 1.34) 0.23 

 American Indian unexposed 1.10 (0.87 1.38)  1.16 (0.91 1.49)  

  exposed 1.19 (0.91 1.55) 0.76 1.27 (0.97 1.68) 0.97 

 Black Non-Hispanic unexposed 1.14 (0.91 1.42)  1.16 (0.92 1.48)  

  exposed 1.23 (0.95 1.59) 0.82 1.27 (0.98 1.66) 0.75 

 Black Hispanic unexposed 1.56 (0.95 2.55)  1.94 (1.19 3.18)  

  
exposed 1.68 (1.01 2.80) 0.37 2.13 (1.28 3.53) 0.18 

Abbreviation: p-val, p-value for interaction; ref, referent 
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.13b Florida 2004 unadjusted and adjusted
1
 hazard ratio(HR) of  Hurricane Ivan and Jeanne ≥ 39 mph wind speed exposure on extremely 

preterm (<32 weeks) and overall preterm (<37 weeks) delivery including interaction by race/ ethnicity 

  
Hurricane Ivan Exposure Hurricane Jeanne Exposure 

Outcome Race/ Ethnicity  HR 95% CI p-val HR 95% CI p-val 

<32 weeks 
   

 
   

 

 
White Non-Hispanic unexposed ref    ref    

 
 exposed 1.25 (1.03 1.53) n/a 1.06 (0.97 1.16) n/a 

 
White Hispanic unexposed 1.07 (1.00 1.15)  1.04 (0.95 1.14)  

 
 exposed 1.34 (1.08 1.68) 0.77 1.11 (0.96 1.28) 0.10 

 
Asian/Pacific Islander unexposed 1.14 (0.93 1.39)  1.13 (0.89 1.42)  

  exposed 1.43 (1.07 1.90) 0.47 1.2 (0.93 1.55) 0.83 

 Other/Multi Racial unexposed 1.15 (0.94 1.40)  1.13 (0.90 1.41)  

  exposed 1.44 (1.08 1.92) 0.68 1.20 (0.93 1.54) 0.92 

 American Indian unexposed 1.34 (0.82 2.19)  1.60 0.96 2.67)  

  exposed 1.68 (0.98 2.86) 0.15 1.70 (1.01 2.87) 0.22 

 Black Non-Hispanic unexposed 2.16 (2.01 2.31)  2.14 (1.98 2.31)  

  exposed 2.71 (2.17 3.37) 0.64 2.28 (1.98 2.61) 0.71 

 Black Hispanic unexposed 1.94 (1.72 2.18)  1.83 (1.58 2.13)  

  exposed 2.43 (1.91 3.09) 0.93 1.95 (1.61 2.35) 0.09 

<37 weeks          

 
White Non-Hispanic unexposed ref    ref    

  
exposed 1.16 (1.07 1.25) n/a 0.96 (0.92 0.99) n/a 

 
White Hispanic unexposed 1.15 (0.99 1.35)  1.25 (1.08 1.46)  

  
exposed 1.33 (1.12 1.59) 0.24 1.2 (1.02 1.41) 0.34 

 
Asian/Pacific Islander unexposed 1.22 (1.13 1.31)  1.24 (1.14 1.35)  

  exposed 1.41 (1.26 1.57) 0.84 1.19 (1.08 1.31) 0.83 

 Other/Multi Racial unexposed 1.21 (1.10 1.32)  1.19 (1.08 1.32)  

  exposed 1.40 (1.24 1.58) 0.68 1.14 (1.03 1.27) 0.96 

 American Indian unexposed 1.40 (1.15 1.72)  1.40 (1.11 1.75)  

  exposed 1.62 (1.31 2.02) 0.61 1.34 (1.06 1.68) 0.88 

 Black Non-Hispanic unexposed 1.62 (1.57 1.67)  1.61 (1.55 1.66)  

  exposed 1.88 (1.72 2.05) 0.24 1.54 (1.46 1.63) 0.83 

 Black Hispanic unexposed 1.49 (1.26 1.75)  1.65 (1.41 1.95)  

  
exposed 1.72 (1.43 2.07) 0.43 1.58 (1.34 1.87) 0.49 

Abbreviation: p-val, p-value for interaction; ref, referent   
1
Other/Multiracial Category includes mothers who identified as other, multiracial, Asian/Pacific islander or American Indian 
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Table S.14 Covariate missingness and availability on birth records and fetal death records for Florida 2004. 

Covariate Birth Record. % Missing in Birth 

Records 

Fetal Death Record 

Maternal age Yes 0.1% Yes 

Maternal race Yes 0.2% Yes 

Maternal Hispanic 

ethnicity 

Yes 0.9% Yes 

Maternal education Yes 1.1% No 

Marital status Yes 0.7% No 

Child sex Yes 0.01% Yes 

Plurality Yes 0.5% No 

Prenatal Care Yes 6.1% No 

Maternal Alcohol use Yes 1.1% No 

Maternal cigarette 

smoking 

Yes 1.0% No 
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