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Abstract 

Efforts to study relationships between maternal airborne pollutant exposures and poor pregnancy outcomes have 

been frustrated by data limitations. Our objective was to report the proportion of Ohio women in 2006-2010 

experiencing stillbirth whose pregnancy exposure to six criteria airborne pollutants could be approximated by 

applying a geospatial approach to vital records and Environmental Protection Agency air monitoring data. In 

addition, we characterized clinical and socio-demographic differences among women who lived within 10 km of 

monitoring stations compared to women who did not live within proximity of monitoring stations. For women who 

experienced stillbirth, 10.8% listed a residence within 10 km of each type of monitoring station. Maternal race, 

education, and marital status were significantly different (p<0.0001) comparing those within proximity to 

monitoring stations to those outside of monitoring range. No significant differences were identified in maternal age, 

ethnicity, smoking status, hypertension, or diabetes between groups.  

Background 

Despite a steady decline over the previous two decades, the United States stillbirth rate of 6.0 per 1,000 births in 

2006 remained substantially higher than that of other high income countries.
1-3

  The national stillbirth rate (defined 

as fetal deaths occurring at or beyond 20 weeks of gestation)  also remained 50% above the Healthy People 2010 

goal of 4.1 per 1,000 leading to a revised goal for Healthy People 2020 of 5.6 per 1,000.
4, 5

 While, obesity, maternal 

age, and smoking are significant modifiable risk factors for stillbirth, other clinical, genetic, socioeconomic, and 

environmental factors are also important contributors to a woman’s risk of stillbirth.
6, 7

 Although methodological 

limitations in previously reported studies have yielded mixed and inconclusive results, identifying the effects of 

maternal exposure to airborne pollutants on fetal development and birth outcomes remains a research priority.
8, 9

  

The Environmental Protection Agency (EPA) lists six criteria pollutants representing agents harmful to public 

health.
10

 These include carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO2), ozone (O3), particle pollution, and 

sulfur dioxide (SO2). Pollutants are monitored at regular intervals by stations at fixed locations, though exposures of 

individuals residing nearby may be approximated. Exposure estimates rely on linking data representing air quality 

with clinical and socio-demographic measures of individuals. Previous analyses of associations between the criteria 

pollutants and stillbirth have been limited in analytic design as a consequence of relevant data residing in 

incompatible systems.
11-17

 Former study limitations include inadequate temporal and geographic granularity and 

insufficient controlling for socio-demographic risk factors. Additionally, previous efforts have typically focused on 

single pollutant exposures rather than considering exposures to multiple pollutants or the combined effects of 

multiple pollutant exposures.  

A recent study utilizing a geospatial approach identified an association between stillbirth and maternal exposure to 

pollutants by linking vital records to data from the EPA Air Quality System.
18

 However, this type of analysis may 

also be limited by proximity of mothers to EPA monitoring stations, particularly when conducting analysis of 

multiple exposure types. The fixed number of monitoring stations as well as the placement of stations near urban 

settings may limit the coverage and representativeness of population data obtained from the EPA. 

The objective of this Ohio statewide study was to describe the coverage and utility of existing air monitoring data to 

support investigations of maternal pollutant exposures when integrated with vital statistics. This was achieved by 1) 

identifying among women who experienced a live or stillbirth, the proportion who resided within proximity to an 

EPA air monitoring station 2) characterizing clinical and socio-demographic differences among women who lived 

within range of all types of monitoring stations compared to women who did not live within proximity of any air 
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monitoring stations. This study builds upon previous efforts in developing maternal-child health data resources by 

integrating disparate data sets including vital statistics, hospital discharge data, geospatially-based measures from 

the American Communities Survey, and community-based program data.
19, 20

 Integration of air quality data provides 

an additional dimension for investigating the complex interplay of factors contributing to stillbirth and other 

perinatal outcomes. 

Methods 

The geospatial population-based cohort study incorporated data from two primary sources, vital records and air 

monitoring measures. Vital records including fetal death records as well as live birth records were obtained from the 

Ohio Department of Health representing 4,622 stillbirths and 751,123 live births occurring in Ohio during 2006-

2010. The study set was reduced to singleton births with documented gestational age between 20 and 42 weeks and 

with documented birth weight of at least 350 grams. Additionally, infants with confirmed chromosomal anomalies 

were not included in the final study set. Lastly, births occurring within Ohio corresponding to mothers reporting 

residence outside of the state were excluded resulting in a final study set of 3,090 stillbirths and 707,110 live births 

(Table 1). Basic demographic and clinical measures including maternal race and ethnicity, age, marital status, level 

of education, smoking status, and diagnosis of hypertension or diabetes were also obtained from vital records data.  

 

TABLE 1. Study exclusion criteria and final sample 
Exclusion Criteria Stillbirths Live births 

Records of birth events within Ohio, 2006-2010 4,622 751,123 
Missing gestational age, gestational sge < 20 weeks, or gestational age > 42 weeks 52 2,910 
Birth weight <350 grams 954 366 
Chromosomal anomalies  128 685 
Multiple gestation 86 26,995 
Residence outside of Ohio 113 13,057 

Final study set 3,090 707,110 

 

Measures of criteria pollutants were obtained from the EPA representing CO, Pb, NO2, O3, SO2 and fine particulate 

matter measuring less than 2.5 μm in aerodynamic diameter (PM2.5).
21

 Data were obtained from Ohio air monitoring 

stations representing pollutant level measures at time periods ranging from hourly to every few days. Data were 

obtained for 2005 through 2010 to correspond with the pregnancy timeframes represented by the vital records data 

set. Each pollutant was measured by a unique set of stations, with a range of six to 59 locations in Ohio. Although 

some stations measured a single pollutant, other stations obtained multiple measures. In all, measures of pollutant 

levels for the six criteria pollutants were captured at 126 unique geospatial coordinates across the state. Using all 

measures captured for each pollutant at each location, monthly average measures were calculated for every calendar 

month of the study period. 

Linkage between vital records and air pollution data was performed using ArcGIS 10.1 (ESRI, Redlands, CA). 

Station locations were geocoded with a latitude-longitude coordinate pair as were maternal residences reported at the 

time of birth. When specific address information was missing, residence was approximated using the centroid of the 

residence zip code. For each live or stillbirth record, the closest monitoring station was identified for each pollutant. 

Additionally, the distance to the nearest monitoring station of each pollutant type was calculated.  

The number of birth events listing maternal residence within five, 10, and 15 km of a monitoring station was 

calculated for each pollutant. We also determined the set of women residing within proximity to monitoring stations 

for each of the six criteria pollutants as well as the set of women who were not within the proximity of five, 10, or 

15 km of any criteria pollutant monitoring stations. Additional analyses were conducted for the women within 

proximity to all six monitor types compared to women outside of the coverage range of any monitoring station. 

Consistent with methods used in previous analyses, proximity for the additional analysis was defined as 10 km.
18, 22

  

Statistical analysis and calculations were conducted using SAS version 9.3 (SAS Institute Inc., Cary, NC) software. 

Bivariate χ2- or t-tests analyses were performed to identify demographic and clinical differences between 

populations within proximity to all six pollutant monitors and those outside the proximity of any monitoring station. 

Because multiple tests were performed, a Bonferroni-Holm correction was implemented to determine significance.
23

  

Next, estimated exposures to each pollutant were calculated for each pregnancy trimester and for the entire duration 

of pregnancy. The initiation of the pregnancy was estimated by subtracting the clinical estimate of gestational age 

from the documented date of delivery. The first trimester was defined as weeks 0 through 12, the second trimester as 

weeks 13 through 27 and the third trimester as weeks 28 through 42. Exposures were estimated by first identifying 
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the average monitoring station measure for the calendar month corresponding to each pregnancy month. Whole 

pregnancy and per trimester exposure estimates were calculated using monthly monitor measures for which the 

mother was pregnant for at least half of the calendar month, or for which the pregnancy trimester spanned at least 

half of the calendar month. For each pregnancy stage, mean population exposures for stillbirth and live birth 

outcomes were then calculated using exposure estimate calculations for individual mothers. The Ohio Department of 

Health and University of Cincinnati Institutional Review Boards approved this study.   

Results 

For both stillbirth and live birth sets, the mean and median distance from each residence to the nearest station 

monitoring each of the criteria pollutants is recorded in Table 2. For all six of the criteria pollutants, the average 

distances between residences and stations were inversely related to the number of monitoring stations.  

 

TABLE 2. Number of monitoring stations for each pollutant and the average distance between stations and maternal 

residence at the time of live or stillbirth event.  
Pollutant Number of 

stations 
Distance from stillbirth residence to nearest 
station (km) (mean, median) 

Distance from live birth residence to nearest 
station (km) (mean, median) 

CO  17 36.1, 17.6 40.7, 19.8 
Pb 20 24.8, 16.5 29.5, 17.7 
NO2  6 68.1, 49.1 72.3, 66.2 
O3 59 14.4, 14.8 18.3, 9.9 
PM2.5 57 16.3, 8.6 20.7, 10.0 
SO2 39 20.5, 14.4 24.4, 15.9 

 

Table 3 lists the number of stillbirth and live birth events listing a residence within a 5, 10, and 15 km radius from 

each monitoring station. The proportion of the 3,090 stillbirths and 707,110 live births covered by each radius is also 

reported. Additionally, the number and proportion of births with residence within range of all six criteria pollutant 

monitoring station types is listed. Ozone and PM2.5 monitoring stations had the best coverage with over 55% of 

stillbirths and nearly 50% of live births having a corresponding maternal residence within 10 km from a station. Just 

10.8% of the stillbirth and 8.1% of the live birth population listed a residence within 10 km of each of the six 

monitoring station types. On the other hand, 33.6% of the stillbirth and 39.1% of the live birth population listed a 

residence that was more than 10 km from any of the six monitoring station types (Figure 1). 

 

TABLE 3. Number and percentage of 3,090 stillbirths and 707,110 live births within range of pollution monitoring 

stations.  
Pollutant Stillbirths within 

5 km 
Stillbirths within 
10 km 

Stillbirths within 
15 km 

Live births within  
5 km 

Live births within 
10 km 

Live births within 
15 km 

CO 611 19.8% 1,061 34.3% 1,428 46.2% 93,658 13.2% 200,399 28.3% 288,023 40.7% 
Pb 527 17.1% 1,107 35.8% 1,451 47.0% 81,601 11.5% 202,609 28.7% 299,932 42.4% 
NO2  237 7.7% 446 14.4% 574 18.6% 34,487 4.9% 80,334 11.4% 114,228 16.2% 
O3 728 23.6% 1,741 56.3% 2,198 71.1% 137,521 19.4% 350,055 49.5% 474,048 67.0% 
PM2.5 1,004 32.5% 1,782 57.7% 2,095 67.8% 173,391 24.5% 345,782 48.9% 447,803 63.3% 
SO2 516 16.7% 1,104 35.7% 1,583 51.2% 88,784 12.6% 219,416 31.0% 329,355 46.6% 

All 104 3.4% 335 10.8% 505 16.3% 14,632 2.1% 57,271 8.1% 96,676 13.7% 
None 1,809 58.5% 1,037 33.6% 738 23.9% 457,085 64.6% 276,543 39.1% 182,622 25.8% 

 

Characteristics of the stillbirth and live birth populations are listed in Table 4. Also in the table, clinical and 

demographic characteristics are further stratified into categories of women who reported a residence within 10 km of 

each of the six types of monitoring stations and women whose residence was more than 10 km from any station 

type. Among women who experienced a stillbirth, race, education, and marital status had significant differences 

between groups. However, no significant differences were identified in age, ethnicity, smoking status, hypertension, 

or diabetes between groups. Among the large live birth set, all comparisons yielded significance in comparisons 

between groups.  

Exposures to each of the six pollutants are presented in Table 5 for both stillbirth and live birth data sets. Mean 

exposures are listed for each pregnancy trimester and for the pregnancy duration representing all estimated 

exposures having a residence within 10 km of the relevant station type. Only exposures to PM2.5 exceeded EPA 

standards; however the high exposure rates affected both stillbirth and live birth populations.  
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Discussion 

The linkage approach described in this manuscript has potential to enable powerful analyses of pollution effects on 

stillbirth as well as other pregnancy related outcomes. The final linked study data set joined measures from the EPA 

and vital record sets providing a data set containing socio-demographic measures at the individual person level 

along with pollution exposure approximations customized both temporally and spatially to each individual 

pregnancy. Exposure approximations for each trimester of pregnancy enable additional analyses about the stages of 

fetal development that may be most susceptible to high levels of pollutant exposure. This approach has already 

provided insight into the impact of high PM2.5 exposure levels on stillbirth. In a previous analysis we found a 42% 

increase in stillbirth risk associated with increased PM2.5  exposure during the third trimester of pregnancy.
24  

Further, we estimated that up to 2.2 per 1,000 Ohio stillbirths are potentially attributable to high levels of PM2.5 

exposure. 

 

FIGURE 1. Locations of 126 monitoring station locations throughout Ohio along with points indicating stillbirths 

with residence within 10 km of all six criteria pollutants monitoring stations and with residence beyond 10 km from 

any monitoring station.  
 

Efforts to use this approach to estimate pregnancy exposures to all six criteria pollutants using a maximum of 10 km 

distance between residence and monitoring stations would be limited to less than 11% of the Ohio stillbirth and 

about 8% of the live birth populations. Also the analysis would be restricted to residents of the urban Cincinnati and 

Cleveland regions. Although this geospatial approach for approximating exposure may be sufficient for single 

particulate analysis, reliance of residence in close proximity to air monitoring stations is a considerable limitation to 

the analysis of the effects of multiple pollutants. Having just six monitoring stations in the state of Ohio, NO2 

approximations are the most sparsely represented in the data set. Although it may be difficult to conduct 

representative analyses of simultaneous exposures to all six criteria pollutants, this geospatial approach could 

potentially support meaningful analyses of a subset of the criteria pollutants.  
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TABLE 4. . Clinical and demographic characteristics of the stillbirth and live birth study populations including a comparison of women with a residence within 

10 km of all six monitoring station types and women with a residence more than 10 km from every monitoring station type.  
 Stillbirths 

(N=3,090) 
Live births 
(N=707,110) 

 
All stillbirths 
(N=3,090) 

Residence near 
0 station types 
(n=1,037) 

Residence near all  
6 stations types 
(n=335) 

p-value 
All  
live births 
(N=707,110) 

Residence near  
0 station types 
(n=276,543) 

Residence near all 
6 stations types 
(n=57,271) 

p-value 

Age (mean) 27.1 27.1 26.4 0.2 26.7 27.1 25.5 < 0.0001* 
Race (%)    < 0.0001*    < 0.0001* 
    White 66.2 89.7 22.4  79.7 93.9 41.8  
    Black 29.6 6.0 74.0  17.2 4.1 55.7  
    Other 4.2 4.3 3.6  3.2 2.0 2.5  
Hispanic ethnicity (%) 5.8 4.5 6.6 0.1 4.6 3.4 7.7 < 0.0001* 
Maternal education (%)    < 0.0001*    < 0.0001* 
    No high school degree 20.4 16.8 27.9  17.6 15.1 30.7  
    High school degree 40.3 43.6 43.5  26.6 28.4 27.5  
    Any college 39.3 39.6 28.6  55.8 56.5 41.8  
Married (%) 48.0 63.8 27.6 < 0.0001* 57.3 65.5 30.3 < 0.0001* 
Smoker (%) 23.7 25.1 22.4 0.3 19.7 20.6 19.5 < 0.0001* 
Hypertension (%) 9.5 9.3 13.7 0.08 6.2 6.2 6.9 < 0.0001* 
Diabetes (%) 7.3 6.9 8.4 0.7 5.8 5.7 5.1 < 0.0001* 

*statistical significance 

 

 

 

TABLE 5. Calculated trimester and pregnancy exposure estimates of within 10 km of a pollution monitoring station compared to Environmental Protection 

Agency (EPA) standard. 
  Stillbirths 

 
Live births 

Pollutant EPA Standard
10

 
Stillbirths 
within 
10 km 

First 
trimester 
exposure 
(mean±sd) 

Second 
trimester 
exposure 
(mean±sd) 

Third 
trimester 
exposure 
(mean±sd) 

Whole 
pregnancy 
exposure 
(mean±sd) 

Live births 
within  
10 km 

First 
trimester 
exposure 
(mean±sd) 

Second 
trimester 
exposure 
(mean±sd) 

Third 
trimester 
exposure 
(mean±sd) 

Whole 
pregnancy 
exposure 
(mean±sd) 

CO (ppm) 9 (8-hour average) 1,061 0.38±0.12 0.37±0.12 0.37±0.13 0.37±0.11 200,399 0.39±0.13 0.39±0.13 0.38±0.14 0.39±0.11 
Pb (μg/m3) 0.15 (rolling 3 month average) 1,107 0.1±0.0 0.1±0.0 0.0±0.0 0.1±0.0 202,609 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 
NO2 (ppb) 100 (1-hour average) 446 16.5±2.9 16.5±3.6 16.0±3.0 16.4±2.7 80,334 16.9±3.5 16.6±3.6 16.3±3.6 16.7±3.3 
O3(ppm) 0.075 (8-hour average) 1,741 0.03±0.01 0.03±0.01 0.03±0.01 0.03±0.01 350,055 0.03±0.01 0.03±0.01 0.03±0.01 0.03±0.01 
PM2.5 (μg/m

3
) 12 (annual average) 1,782 13.6±2.8 13.2±2.3 13.3±2.8 13.3±1.8 345,782 13.7±2.9 13.3±2.4 13.0±2.3 13.3±1.8 

SO2 (ppb) 75 (1-hour average) 1,104 3.5±1.9 3.4±2.0 3.5±2.3 3.4±1.8 219,416 3.8±2.1 3.6±2.1 3.5±2.1 3.6±1.9 

sd= standard deviation 
ppm = parts per million 
ppb = parts per billion 
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In the current analysis, although we found that coverage for estimating exposures to all six criteria pollutants was 

limited to urban populations, there were no significant difference in the prevalence of important stillbirth risk factors 

including maternal age, smoking status, hypertension, and diabetes between the rural and urban groups. While the 

distribution of clinical risk factors was consistent among those in close proximity to all monitoring stations as well 

as those outside the proximity of any monitoring station, there were significant differences in the socio-demographic 

makeup of the two groups. Women residing near all six types of monitoring stations were more likely to be black, 

unmarried, and to have attained a lower level of education than women listing a residence beyond the range of any 

monitoring station. Because many of these characteristics are associated with the stillbirth outcome, any study using 

our data management approach would need to make proper adjustment for these coexisting risk factors when 

conducting analyses and in reporting results.  

The described approach has generalizability beyond analyses related to stillbirth. Other studies have focused on the 

effects of maternal exposure to pollutants on preterm birth
25-27

 and autism.
28

 Our approach would provide the same 

improvements to temporal and spatial granularity in the analyses of these and other clinical outcomes associated 

with maternal exposures. A separate investigation using our approach has identified an association between high 

levels of PM2.5 exposure and preterm birth.
29

 As all pregnant women are potentially at risk for negative outcomes 

resulting from pollution exposures, our methods have broad applicability and relevance in better understanding the 

true risks to fetal and infant health associated with in-utero exposures.  

Although the use of maternal residence enables additional spatial granularity over cruder county- or state-wide 

exposure approximations, our approach does not capture spatial mobility throughout the course of pregnancy. Our 

approach utilized a residence provided at the time of birth; however, a more detailed residence history would enable 

further customization of individual exposure approximations throughout the pregnancy period.  In addition, our 

approach was unable to adjust to variations in pollutant levels within the 10 km radius of each monitoring station. 

The described variations introduce the limitation of underestimated risk attributed to maternal exposure.  

Conclusions 

Using a spatial approach to linking measures of air quality to vital records, we were able to identify characteristics 

of women residing within the coverage range of EPA monitoring stations. Although women residing within range of 

stations were significantly different in regards to socio-demographic characteristics than women residing outside the 

coverage range of monitoring stations, groups expressed similar clinical risk factors for stillbirth. While the spatial 

approach supports analysis of single particulate exposures, the inclusion of additional pollutants in an analysis of 

combined exposure effects may be prohibitively restrictive of eligible populations. Although, researchers should 

consider potential limitations associated with populations in close proximity to air monitoring stations, the described 

approach has generalizability to support the study of the effects of pollutant exposures on various pregnancy and 

birth related outcomes.  
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