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Abstract

Traffic-related air and noise pollution may increase the risk for cardiovascular disorders, especially 

among susceptible populations like pregnant women. The objective of this study was to evaluate 

the association of exposure to traffic-related air pollution and traffic noise with blood pressure in 

pregnant women. We extracted systolic blood pressure (SBP) and diastolic blood pressure (DBP) 

at ≥ 20 weeks gestation, as well as hypertensive disorders of pregnancy from medical records in 

the HOME Study, a prospective pregnancy and birth cohort from Cincinnati, OH (n = 370). We 

estimated exposure to elemental carbon attributable to traffic (ECAT)1, a marker of traffic-related 

air pollution, at women’s residences at ~20 weeks gestation using a validated land use regression 

model and traffic noise using a publicly available transportation noise model. We used linear 

mixed models and modified Poisson regression adjusted for covariates to examine associations of 

ECAT and traffic noise with blood pressure and hypertensive disorders of pregnancy risk, 

respectively. In adjusted models, we found a 1.6 (95% CI= 0.02, 3.3; p= 0.048) mm Hg increase in 

SBP associated with an interquartile range increase in ECAT concentration; the association was 

stronger after adjusting for traffic noise (1.9 mmHg, 95% = 0.1, 3.7; p = 0.035). ECAT 

concentrations were not significantly associated with DBP or hypertensive disorders of pregnancy, 

1ECAT = elemental carbon attributable to traffic
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and traffic noise was not associated with SBP, DBP, or hypertensive disorders of pregnancy. There 

was no evidence of a joint effect of traffic noise and ECAT on any outcome. In this cohort, higher 

residential traffic-related air pollution exposure at ~20 weeks gestation was associated with higher 

SBP in late pregnancy. It is important for future studies of traffic-related air or noise pollution to 

jointly consider both exposures and neighborhood characteristics given their correlation and 

potential cumulative impact on cardiovascular health.
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1. INTRODUCTION

Hypertensive disorders of pregnancy, including gestational hypertension, pre-eclampsia, and 

eclampsia, are among the leading causes of maternal mortality worldwide (Lo et al., 2013; 

Say et al., 2014). The diagnosis of hypertensive disorders of pregnancy, which occurs in 2 – 

6% of pregnancies, requires a measurement of at least two occurrences of systolic blood 

pressure (SBP) greater than or equal to 140 mm Hg or diastolic blood pressure (DBP) 

greater than or equal to 90 mm Hg after 20 weeks gestation (Wallis et al., 2008; Lo et al., 

2013; Umesawa and Kobashi, 2017). Given the high maternal and fetal morbidity associated 

with hypertensive disorders of pregnancy and limited treatment options, identification of 

modifiable risk factors is of significant public health interest.

In urban settings, road traffic is an important source of ambient air and noise pollution, both 

of which have been associated with adverse birth outcomes and hypertension (Leon Bluhm 

et al., 2007; Fuks et al., 2011; van Kempen et al., 2012; Lee et al., 2013; e treault et al., 

2013; Gehring et al., 2014; Hu et al., 2014; Pedersen et al., 2014; Lavigne et al., 2016; 

Pedersen et al., 2017; Zhu et al., 2017; Honda et al., 2017). Some researchers, using 

proximity to traffic as a measure of exposure, have not found an association between traffic 

and hypertensive disorders of pregnancy (van den Hooven et al., 2009); however, other 

researchers studying the relationship between constituents of traffic-related air pollution, 

such as elemental carbon, fine particulate matter (PM2.5), and nitrogen oxides, report that 

exposure to traffic-related air pollution is associated with higher risk for hypertensive 

disorders of pregnancy (Pedersen et al., 2017; Zhu et al., 2017; Pedersen et al., 2014). 

Additionally, the adverse health effects of traffic-related air pollution could be exacerbated 

by traffic noise pollution, which has also been linked to higher risk of hypertension (Leon 

Bluhm et al., 2007; van Kempen et al., 2012; Pedersen et al., 2017). Identifying the 

individual and joint effects of these two exposures on cardiovascular health among pregnant 

women may help guide regulatory interventions for susceptible populations (Te’treault et al., 

2013).

Traffic-related air and noise pollution have both been independently associated with risk for 

hypertensive disorders of pregnancy, but few studies have specifically assessed the joint 

association between these exposures and maternal blood pressure (Hu et al., 2014; Pedersen 

et al., 2014; Pedersen et al., 2017; Zhu et al., 2017). Furthermore, we are unaware of any 
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studies simultaneously evaluating the relationship of both road traffic air and noise pollution 

with maternal blood pressure in the United States. We are aware of only one other study, 

conducted by Pedersen et al. (2017), which assessed the association of both traffic air and 

noise pollution with risk for hypertensive disorders of pregnancy in a Danish cohort 

(Pedersen et al., 2017).

Accordingly, the objective of this study was to evaluate the independent and joint 

associations of traffic-related air and noise pollution with maternal blood pressure and 

hypertensive disorders of pregnancy. We hypothesized that higher exposure to traffic-related 

air pollution and traffic noise would be independently associated with higher maternal 

systolic and diastolic blood pressure in late pregnancy, as well as risk for hypertensive 

disorders of pregnancy.

2. METHODS

We used data from The Health Outcomes and Measures of the Environment (HOME) Study, 

a prospective pregnancy and birth cohort of women and children in greater Cincinnati, Ohio. 

Detailed information about recruitment and data collection has been published elsewhere 

(Braun et al., 2017). From nine area prenatal clinics associated with three delivery hospitals, 

we recruited pregnant women between 2003 and 2006 who were: 18 years of age or older; 

16 ± 3 weeks gestation; HIV-negative; not taking medications for seizures or thyroid 

disorders; not diagnosed with diabetes, bipolar disorder, schizophrenia, or cancer; and living 

in homes built prior to 1978. Approval for the study was obtained from the institutional 

review boards of Cincinnati Children’s Hospital Medical Center and the participating 

delivery hospitals. Women provided written informed consent after study protocols were 

explained by trained research assistants.

Overall, 468 pregnant women were enrolled in the HOME Study. For this analysis, we 

included all women who delivered a live singleton between 2003 and 2006 (n = 389) with at 

least one blood pressure measurement during late pregnancy (≥ 20 weeks gestation), 

excluding women who delivered offspring with chromosomal or congenital abnormalities. 

Women with missing covariate (n = 10) and outcome (n = 9) data were also excluded from 

this analysis, resulting in a sample size of 370 pregnant women.

2.1 Traffic-Related Air Pollution Exposure

We assessed traffic-related air pollution exposure using a previously validated land use 

regression model developed for the greater Cincinnati area, as described elsewhere (Ryan et 

al., 2005; Hu et al., 2006; LeMasters et al., 2006; Brokamp et al., 2017). Briefly, from 2001–

2006, we conducted 24-hour ambient air-sampling of PM2.5 on a rotating basis at 24 sites 

distributed throughout the area where participants lived (Supplemental Figure 1). After 

sample collection, gravimetric analysis was used to determine PM2.5 concentration. Teflon 

filters underwent X-ray fluorescence to quantify concentrations of 39 elements, and quartz 

filters were analyzed by thermal-optical transmittance to quantify elemental and organic 

carbon concentrations (Ryan et al., 2007). A multivariate receptor model, UNMIX, was used 

to determine traffic sources contributing to total PM2.5 concentration. A diesel-specific 

traffic signature, determined by elemental source profiles obtained from measurements at 
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cluster sources, was used to quantify the contribution of diesel traffic to PM2.5 concentration 

(Hu et al., 2006). For each sampling site, the concentration of elemental carbon attributable 

to traffic (ECAT) (μg/m3), a measure of elemental carbon generated from traffic-related 

diesel combustion, was calculated (Hu et al., 2006; Sahu et al., 2011). Thus, ECAT serves as 

our marker for traffic-related air pollution. Spatial variation in ambient ECA concentration at 

each participant’s residential address around approximately 20 weeks gestation was 

estimated using a validated land use regression (LUR) model (R2=0.75). The LUR model 

provides estimates of the long-term spatial distribution of ECAT because we developed the 

model using the arithmetic mean of all 24-hour samples collected at each site (Ryan et al., 

2007). We used the ECAT concentration at the residential address as an estimate of maternal 

exposure to traffic-related air pollution throughout pregnancy.

2.2 Noise Exposure

We obtained information on 2014 trends in average noise energy due to road traffic across 

the Cincinnati region from the U.S. Department of Transportation (DOT), National 

Transportation Noise Mapping Tool (U.S. Department of Transportation, 2017). Using 

ArcGIS, version 10.3, we used the CONUS Road Noise Image Service to estimate 24-hour 

average A-weighted road traffic noise levels (Leq) at participants’ geocoded addresses 

around 20 weeks gestation. The DOT road traffic noise model was based on acoustical 

algorithms and information about vehicle type, speed, and Average Annual Daily Traffic 

(AADT) from the Federal Highway Administration’s raffic Noise Model. Road traffic noise 

levels were estimated for 1.5 m above ground at a 30 m grid resolution where the sound 

pressure level from traffic was 35 dBA or greater (U.S. Department of Transportation, 2017). 

For the regression analyses, we assigned participants living in areas with less than 35 dBA of 

traffic noise values of 35 divided by the square root of two.

2.3 Maternal Blood Pressure and Hypertensive Disorders of Pregnancy

The primary outcomes in this analysis were the two highest maternal SBP and DBP 

measurements during late pregnancy (≥ 20 weeks gestation), which we extracted from 

medical charts. We used the two highest SBP and DBP measures because The American 

College of Obstetricians and Gynecologists (ACOG) diagnostic criteria for hypertension 

during pregnancy is based on two measurements collected after 20 weeks gestation 

(American College of Obstetricians and Gynecologists, 2013). For women using 

hypertension medication prior to pregnancy (n = 20), we added 10 mm Hg to SBP 

measurements and 5 mm Hg to DBP measurements to adjust for treatment effects 

(Balakrishnan et al., 2017; Tobin et al., 2005).

A secondary outcome in this analysis was risk of hypertensive disorders of pregnancy. 

Consistent with our prior study, a participant was considered to have a diagnosis of 

hypertensive disorders of pregnancy if her medical chart indicated that she had one or more 

of the following diagnoses: gestational hypertension (n = 13), pre-eclampsia (n = 22), 

eclampsia (n = 0), or HELLP (hemolysis, elevated liver enzyme levels, and low platelet 

levels) syndrome (n = 2) (Werner et al., 2015). In addition, participants were considered to 

have gestational hypertension if they had two blood pressure measurements collected at ≥ 20 

weeks gestation and the SBP and DBP measurements met at least one of the following 
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criteria: elevated SBP (≥ 140 mm Hg) at two measurements, elevated DBP (≥ 90 mm Hg) at 

two measurements, or one elevated SBP and one elevated DBP measurements for the same 

or different measurements during late pregnancy (Werner et al., 2015). We used these 

criteria, which are based on ACOG guidelines, in addition to diagnoses from medical 

records to assess hypertension because we found that some women did not have a diagnosis 

listed in their medical chart despite meeting the ACOG diagnostic criteria for hypertension 

(American College of Obstetricians and Gynecologists, 2013). Women using hypertension 

medication prior to pregnancy could have a hypertensive disorder of pregnancy if they 

developed eclampsia, pre-eclampsia, or HELLP.

2.4 Covariates

We considered the following covariates in this analysis: maternal age, race, education, 

marital status, tobacco smoke exposure, maternal body mass index (BMI), parity, household 

income, gestation weeks at time of blood pressure measurement, season of conception, and 

neighborhood socioeconomic status.

We assessed race (white, non-white), education (high school or less, some college, 

completed college), marital status (unmarried, married), and household income ( =< 

$20,000, > $20,000 to < $40,000, => $40,000 to < $80,000, $80,000 +) using standardized 

interviews during the HOME Study visits and analyzed these as categorical variables. We 

assessed maternal age at delivery as a continuous variable in regression models. Season of 

conception was determined based on date of delivery and gestational age. Maternal BMI at 

16 weeks gestation (< 25, 25 to < 30, 30 +) and parity (0, 1, 2 or more) was obtained through 

medical chart review and analyzed as categorical variables. We measured maternal exposure 

to tobacco using serum cotinine (ng/mL) collected at 16 and 26 weeks gestation. The mean 

of these two serum cotinine concentrations, an indicator of either active smoking or 

secondhand tobacco smoke exposure, was assessed as a continuous variable in regression 

models.

We assessed neighborhood socioeconomic status using data from the 2000 U.S. Census 

(Diez Roux et al., 2001). For the census tract of each participant’s residence at 20 weeks 

gestation, a z-score was calculated for the log of median household income; percent of 

households with interest, dividend, or rental income; log of median value of housing unit; 

percent of residents who completed high school; percent of residents who completed 

college; and percent of residents employed with executive, managerial, or professional 

occupations. The z-scores for each measure were summed and categorized into terciles, with 

lower scores representing lower neighborhood socioeconomic status (Diez Roux et al., 

2001).

2.5 Statistical Analysis

We examined the distribution of continuous variables and calculated univariate statistics for 

the exposures (ECAT concentration and traffic noise), outcomes (maternal SBP, DBP, and 

risk of hypertensive disorders of pregnancy), and covariates. The linearity of the dose-

response relationship of ECAT concentration and traffic noise with each blood pressure 

measure was assessed using restricted cubic splines. We calculated the Spearman Rank 
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correlation coefficient and p-value to evaluate the correlation between ECAT concentration 

and road traffic noise. We used the Cochran-Armitage Trend test to assess the trend in traffic 

noise (<35 dBA or ≥35 dBA) by neighborhood socioeconomic status. We used the Kruskal-

Wallis test to compare median ECAT concentrations by neighborhood socioeconomic status 

categories.

We used linear mixed models with an unstructured covariance matrix and random intercept 

to estimate the association of SBP and DBP in late pregnancy with ECAT concentrations and 

traffic noise. We adjusted all models for maternal age, serum cotinine concentration, 

maternal BMI, gestational age at time of blood pressure measurement, income, education, 

season, race, and neighborhood socioeconomic status. Directed acyclic graphs (DAGs) and 

stepwise procedures were used to identify and select covariates to include in all adjusted 

regression models (Supplemental Figure 2). Covariates that were statistically significant in 

the model (p <0.05), improved the fit of the model (based on AIC), or changed the ECAT or 

traffic noise effect estimates (>10%) were retained. For each blood pressure measure 

outcome, we constructed three models to assess the fixed effect of 1) ECAT only, 2) traffic 

noise only, and 3) ECAT and traffic noise mutually adjusted for each other. We also 

constructed these three models with blood pressure measures in early pregnancy (<20 

weeks) as the outcome variables. We used modified Poisson regression to estimate the risk 

ratio for hypertensive disorders of pregnancy by ECAT concentration and traffic noise 

(Spiegelman et al., 2005).

Based on methods outlined by Rothman (2012), we assessed the joint effects of ECAT 

concentration and traffic noise for both outcome measures (Rothman, 2012). We added an 

ECAT and traffic noise product term to assess the relative excess SBP or DBP due to 

additive interaction in linear mixed models. For the modified Poisson regression model, we 

calculated the relative excess risk due to interaction (RERI) to assess the joint effect 

(additive interaction) of an interquartile range increase in ECAT and traffic noise, and used 

bootstrapping to approximate 95% confidence intervals (Knol, 2007; Richardson and 

Kaufman, 2009). Relative excess difference in blood pressure or hypertensive disorders of 

pregnancy risk greater than 0 indicate the presence of an additive interaction between ECAT 

and noise exposure (Rothman, 2012).

We conducted several sensitivity analyses to evaluate the robustness of our results. First, we 

adjusted for the year participant’s residence was built. Second, we used measured blood 

pressure estimates for women taking hypertension medication pre-pregnancy. Third, we 

adjusted for the mean maternal blood lead level measured at 16 and 26 weeks gestation. 

Statistical analyses were conducted using SAS v.9.4 (SAS Institutes, Inc.; Cary, NC) and R 

(v. 3.5.1).

3. RESULTS

At delivery, the 370 women in the HOME Study had a mean (SD) age of 29 (6) years (Table 

1). The majority of women were white (62%), married (66%), and well-educated (51% 

completed college). Approximately 10% of women moved during pregnancy and 9% of 

women had hypertensive disorders of pregnancy. From the study sample, there were 737 
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repeated blood pressure measurements. Three participants only had one blood pressure 

measurement at ≥ 20 weeks gestation. The median (25th, 75th) gestational age for the two 

highest blood pressure measurements collected was 31 (26, 35) weeks.

The median ECAT concentration was 0.37 μg/m3 (25th,75th: 0.30, 0.46). There was not a 

statistically significant difference in ECAT concentration between the two highest 

neighborhood socioeconomic status terciles (median ECAT (25th,75th): middle 

neighborhood socioeconomic status tercile = 0.35 (0.29, 0.44) vs. high neighborhood 

socioeconomic status tercile = 0.36 (0.30, 0.44 ); Kruskal-Wallis test (1 df) = 0.43; p = 0.51). 

Compared with women who lived in census tracts in the two highest neighborhood 

socioeconomic status terciles combined, women living in census tracts in the lowest 

neighborhood socioeconomic status tercile had higher concentrations of ECAT (median 

ECAT (25th,75th): 0.35 (0.29, 0.44) vs 0.40 (0.33,0.50), respectively; Kruskal-Wallis test (1 

df) = 17.9; p < 0.0001).

The majority (61%) of women lived in areas with < 35 dBA of noise from road traffic. 

Among women living in areas with traffic noise of ≥ 35 dBA, the median noise levels were 

47 dBA (25th, 75th: 39, 54). The proportion of women exposed to traffic noise ≥ 35 dBA 

decreased with increasing neighborhood socioeconomic status, from 42% in the lowest 

neighborhood socioeconomic status tercile to 26% in the highest neighborhood 

socioeconomic status tercile (Cochran-Armitage Trend test = 3.1; p = 0.002).

We found a modest correlation between ECAT concentrations and traffic noise (Spearman 

Rank correlation coefficient = 0.32; p < 0.0001). Women exposed to ≥ 35 vs < 35 dBA of 

traffic noise were exposed to higher concentrations of ECAT (median ECAT (25th, 75th): 

0.43 (0.34, 0.54) vs 0.35 (0.29, 0.43), respectively; Kruskal-Wallis test (1 df) = 37.5; p = 

<0.0001). Women living in neighborhoods of lower socioeconomic status and exposed to 

higher levels of road traffic noise, were also exposed to higher ECAT concentrations 

compared to women in the middle and high neighborhood socioeconomic groups (Figure 1).

Based on linearity tests using restricted cubic splines, we determined that ECAT and traffic 

noise had linear relationships with both blood pressure measurements (all non-linearity p-

values > 0.17). We found evidence of a positive monotonic association between ECAT and 

SBP in late pregnancy, adjusted for covariates (Table 2). This dose-response relationship 

remained in models further adjusted for traffic noise and an interquartile range increase in 

ECAT was associated with a 1.9 mm Hg increase in SBP (95% CI= 0.1, 3.7). In addition, we 

found a similar association between ECAT concentrations and SBP in early pregnancy 

(Supplemental Table 1). In contrast, we found little evidence of an association between 

traffic noise and SBP, or a joint (additive) effect for ECAT and traffic noise on SBP (relative 

excess SBP difference = −1.0, 95% CI = −3.2, 1.3). In early pregnancy, we found a positive 

relationship between traffic noise and SBP; however, this association was not statistically 

significant (Supplemental Table 1).

We evaluated the magnitude of potential confounding of the association of SBP with ECAT 

or traffic noise by comparing linear mixed models only adjusted for gestational age to our 

fully adjusted models (Supplemental Table 2). The association between ECAT and SBP 
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became more pronounced after adjustment for confounders, while the association between 

traffic noise and SBP changed little in the fully versus minimally adjusted models. We also 

assessed the possibility of overfitting of the models by comparing effect estimates and 

standard errors in the fully adjusted model to a less adjusted model without neighborhood 

socioeconomic status and race. We found no substantial difference in the effect estimates or 

95% confidence intervals from the fully adjusted model and the less adjusted model. The 

results were not materially different in sensitivity analyses for the SBP outcome, which 

additionally adjusted for age of residence and maternal blood lead level, or used measured 

SBP and DBP values for women taking hypertension medications pre-pregnancy 

(Supplemental Table 3).

Neither traffic noise nor ECAT were associated with DBP in late pregnancy. There was also 

no evidence of a joint effect of traffic noise and ECAT on DBP (relative excess DBP 

difference = −1.2, 95% CI = −2.8, 0.3). Furthermore, there was no significant association of 

either ECAT or traffic noise with hypertensive disorders of pregnancy. In the joint effect 

analysis, there was no relative excess risk of hypertensive disorders of pregnancy due to the 

combined effect of an interquartile range increase in ECAT and traffic noise (RERI= −0.16; 

95% CI= (−0.7,2.6)).

4. DISCUSSION

In this cohort, we found a statistically significant association between residential ECAT 

concentrations assessed during pregnancy and SBP in late pregnancy. This association 

persisted when we also adjusted for traffic noise. Furthermore, in sensitivity analyses where 

we considered lead exposure, a risk factor for hypertensive disorders of pregnancy, the 

association between ECAT and SBP was not attenuated (Poropat et al., 2018). While ECAT 

and traffic noise were correlated, contrary to our hypothesis, we found no statistically 

significant association between traffic noise and either measure of blood pressure. There was 

no statistically significant relationship of ECAT or traffic noise with risk for hypertensive 

disorders of pregnancy.

During pregnancy, women may be especially susceptible to the cardiovascular effects of air 

pollution due to the rapid physiological changes in respiration, sympathetic nervous system 

activity, circulation, and cardiac output that occur in the first and second trimester (reviewed 

by: Pedersen et al., 2014; Sanghavi and Rutherford, 2014). Exposure to air pollution may 

impact blood pressure by interacting with the sympathetic nervous system, promoting 

oxidative stress and circulating cytokines, or altering the vascular endothelium (Hu et al., 

2014; Pedersen et al., 2014). In addition to air pollution, traffic noise may impact 

cardiovascular health by increasing stress hormone concentrations and disrupting sleep 

patterns (van Kempen et al., 2012; Te treault et al., 2013; Pedersen et al, 2017).

In our study, we used ECAT as a marker of exposure to traffic-related air pollution. Other 

studies assessing traffic-related air pollutants have led to similar results. Lee et al. (2012) 

reported a 1.2 mm Hg (95%CI = 0.1, 2.3) higher SBP in late pregnancy associated with an 

IQR increase in PM10 exposure in the first trimester (Lee et al., 2012). Previous research has 

also found a significant relationship between traffic-related air pollution and gestational 
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hypertension risk. In an analysis of medical record data from the Consortium on Safe 

Labor/Air Quality and Reproductive Health Study, each IQR increase in elemental carbon, 

PM2.5, and nitrogen oxides exposure during weeks 1–20 of gestation was associated with 

8% - 17% higher risk of gestational hypertension (Zhu et al., 2017). Relative risk estimates 

from this analysis are similar to the hypertensive disorders of pregnancy risk ratio estimates 

from our analysis. Findings from the Zhu et al. (2017) study, as well as the Mannisto et al. 

(2015) study, also suggest that other windows of susceptibility to hypertensive disorders of 

pregnancy, ranging from three months preconception to 4 hours prior to hospital admission 

for delivery, may be important to assess (Zhu et al., 2017; Mannisto et al., 2015).

An analysis by Pedersen et al. (2017) of data from the Danish National Birth Cohort 

reported that a 10dB increase in traffic noise was associated with a small increase in the risk 

of hypertensive disorders of pregnancy (OR= 1.08, 95%CI=1.02, 1.15) (Pedersen et al., 

2017). However, this relationship was attenuated when they adjusted for ambient nitrogen 

dioxide levels, frequently considered a marker of traffic-related air pollution. While our 

results for the association between traffic noise and hypertensive disorders of pregnancy 

were not statistically significant, the point estimates were similar to those of Pedersen et al. 

(2017).

Distinguishing maternal health implications of traffic noise from other traffic-related air 

pollutants may require more precise consideration of the frequency, duration, and timing of 

noise exposure, as well as an individual’s sensitivity and perception of the noise (Jakovljevic 

et al., 2009; Okokon et al., 2015; Casey et al., 2017; Kim et al., 2017). More accurately 

characterizing noise exposure and individual response is important given recent research 

showing disparities in exposure to noise pollution across the U.S., as well as evidence 

implicating noise pollution with hypertension, obesity, arterial stiffness, and diabetes (van 

Kempen et al., 2012; Casey et al., 2017; Clark et al., 2017;Foraster et al., 2017; Pyko et al., 

2017).

Traffic-related air pollution, traffic noise, and neighborhood socioeconomic status are 

frequently correlated and are all documented risk factors for cardiovascular health (Diez 

Roux et al., 2001; Dubowitz et al., 2012). However, few prior studies have considered the 

joint effects of all three exposures. In particular, few studies have considered neighborhood 

socioeconomic characteristics when evaluating the association of traffic-related air pollution 

and hypertensive disorders of pregnancy (reviewed by: Hu et al., 2014; Pedersen et al., 

2014). In our study, women who lived in census tracts with lower neighborhood 

socioeconomic status were on average exposed to higher concentrations of ECAT and higher 

levels of traffic noise. Similar relationships of neighborhood socioeconomic status and 

traffic-related pollution have been found in several countries (Casey et al., 2017; Havard et 

al., 2009; reviewed by: Hajat et al., 2015). Given this collective evidence, we hypothesize 

that women living in neighborhoods of low socioeconomic status and higher traffic-related 

air and noise pollution will be at particularly high risk of hypertensive disorders of 

pregnancy. Additional studies estimating the joint effects of socioeconomic factors, traffic 

noise, and traffic-related air pollution on pregnancy outcomes are needed to confirm or 

refute this hypothesis.
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Some limitations of this analysis need to be considered. First, blood pressure measurements 

were collected by medical chart review rather than standardized research protocol at 

specified points during the pregnancy. Differences in the collection procedures are likely to 

have led to measurement error of the outcome, potentially decreasing the precision of our 

estimates. Second, ECAT was only estimated at one residential address to represent 

residential exposure around 20 weeks gestation, although women may have subsequently 

moved. Furthermore, because the LUR model only represents the long-term spatial 

distribution of ECAT, we are unable to differentiate ECAT exposure estimates for early and 

late pregnancy. Geocoding errors, housing characteristics and individual time-activity 

patterns could also contribute to misclassification of exposure, which on average is expected 

to bias our results towards the null. Third, other air pollutants, like nitrogen dioxide, ozone, 

and carbon monoxide were not considered in this analysis. These pollutants have been found 

to be associated with hypertensive disorders of pregnancy and some could also be correlated 

with ECAT concentration and traffic noise exposure (Hu et al., 2014). Fourth, our ability to 

detect an association between traffic-related air pollution and risk of hypertensive disorders 

of pregnancy was likely limited by the relatively few women with hypertensive disorders of 

pregnancy in the HOME Study. Furthermore, due to the few number of women with more 

severe hypertensive disorders of pregnancy, such as eclampsia and HELLP, we were unable 

to assess those outcomes separately. These outcomes may differ in terms of etiology and risk 

factors from the other less severe hypertensive disorders.

We note that the DOT traffic noise model is based on data from 2014, but the HOME cohort 

was established between 2003 and 2006. While the location of major roadways has not 

materially changed over this time period, differences in vehicle design, vehicle fleet, road 

usage, and speed limits could lead to misclassification of average road traffic relative to the 

early 2000’s. We expect this misclassification to be non-differential with respect to the 

outcomes and thus likely to bias our results, on average, towards the null. However, other 

features of the DOT road traffic noise model may have led to less predictable bias. For 

example, the noise model assumes acoustically soft ground and does not account for use of 

highway noise barriers, potentially leading to either under or overestimates of traffic noise 

levels. (U.S. Department of Transportation, 2017). If these factors are also associated with 

socioeconomic factors or other determinants of maternal health, the bias implied by the 

measurement error in traffic noise could have biased our results either towards or away from 

the null. If the traffic noise model does have more measurement error than the ECAT model, 

it is expected that the association between ECAT and blood pressure would appear stronger. 

The DOT road traffic noise model provides a preliminary model for identifying populations 

that may be more exposed to traffic-related noise pollution across the U.S., but clearly our 

results for traffic noise require further study with improved noise estimates.

On the other hand, our analysis also had several strengths. First, the outcome was based on 

multiple blood pressure measures throughout pregnancy and made clinically relevant by 

focusing the analysis on the two highest measurements ≥ 20 weeks gestation. Second, 

diagnosis of hypertensive disorders of pregnancy was confirmed by medial chart review. 

Third, we were able to leverage detailed information on a wide array of covariates collected 

as part of the HOME Study using standardized procedures. Of note, we were able to assess 

tobacco smoke exposure by cotinine levels instead of relying on self-reported tobacco use, 
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minimizing the potential for residual confounding by this factor. Lastly, ECAT 

concentration, a robust marker of diesel exhaust particulates, was estimated at women’s 

residential addresses using a validated model that has been used in other health studies 

(Ryan et al., 2007; Sahu et al., 2011).

5. CONCLUSIONS

In this study, we found that residential exposure to traffic-related air pollution during 

pregnancy was associated with higher SBP during late pregnancy. While traffic-related air 

and noise pollution exposures were correlated, traffic noise was not associated with blood 

pressure. Women who lived in census tracts with lower neighborhood socioeconomic status 

were exposed to higher concentrations of traffic-related air pollution and traffic noise 

compared to women in census tracts with higher neighborhood socioeconomic status. Future 

research should assess time points during pregnancy when women may be more susceptible 

to increases in SBP related to traffic-related air pollution exposure. In addition, better 

characterization of traffic noise exposure across the U.S. as well as identification of 

socioeconomic factors that are related to exposure and maternal health outcomes are 

warranted.
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Highlights for The association of traffic-related air and noise pollution with 
maternal blood pressure and hypertensive disorders of pregnancy in the 

HOME Cohort

• We evaluated the association of traffic-related air and noise pollution with 

maternal blood pressure and risk of hypertensive disorders of pregnancy.

• Traffic-related air pollution exposure was associated with higher SBP in late 

pregnancy.

• While traffic-related air and noise pollution exposures were correlated, traffic 

noise was not associated with maternal blood pressure.

• Women in neighborhoods of low socioeconomic status were exposed to 

higher traffic-related air pollution concentrations and were more likely to be 

exposed to traffic noise.
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Figure 1. 
Linear regression of ECAT concentration (ug/m3) on traffic noise (dBA) stratified by 

neighborhood socioeconomic status tercile. Abbreviations: NSES = neighborhood 

socioeconomic status, ECAT = elemental carbon attributable to traffic. Shaded bands 

represent 95% confidence intervals.
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Table 1.

Summary statistics of hypertensive disorders during pregnancy, road traffic noise (dBA), ECAT concentration 

(ug/m3), SBP and DBP (mmHg) at ≥ 20 weeks gestation according to covariates (The HOME Study, 2003–

2006).

Demographic Characteristic Women with HDP Total ECAT Traffic Noise SBP DBP

n (%)
a N (%) Median (25th, 75th)

< 35 
dBA n 

(%)
Median

b
 (25th, 75th) Mean (SD) Mean (SD)

Overall 35 (9) 370 (100) 0.37 (0.30, 0.46) 226 (61) 47 (39, 54) 115 (13) 69 (9)

Maternal age

< 25 years 13 (37) 88 (24) 0.41 (0.32, 0.50) 42 (19) 48 (40, 53) 116 (13) 69 (9)

25 to < 35 years 18 (51) 221 (60) 0.35 (0.30, 0.44) 147 (65) 45 (39, 54) 116 (14) 70 (9)

35 + years 4 (11) 61 (16) 0.39 (0.33, 0.48) 37 (16) 50 (43, 57) 114 (11) 68 (8)

Race

White 14 (40) 231 (62) 0.35 (0.29, 0.44) 157 (69) 45 (39, 52) 115 (13) 69 (8)

Non-White 21 (60) 139 (38) 0.41 (0.33, 0.50) 69 (31) 48 (41, 56) 117 (13) 70 (10)

Education

High School or less 12 (34) 87 (24) 0.38 (0.30, 0.49) 41 (18) 48 (42, 55) 118 (13) 70 (10)

Some College 9 (26) 95 (26) 0.36 (0.30, 0.47) 57 (25) 47 (38, 52) 114 (12) 69 (9)

Completed College 14 (40) 188 (51) 0.36 (0.30, 0.45) 128 (57) 45 (39, 56) 115 (14) 69 (7)

Marital Status

Unmarried 17 (49) 126 (34) 0.40 (0.32, 0.50) 64 (28) 48 (41, 55) 116 (13) 70 (9)

Married 18 (51) 244 (66) 0.36 (0.30, 0.45) 162 (72) 45 (39, 53) 115 (14) 69 (9)

Household Income

$80,000+ 4 (11) 102 (28) 0.37 (0.32, 0.46) 68 (30) 44 (39, 57) 113 (13) 68 (8)

=> $40,000 to < 80,000 14 (40) 126 (34) 0.33 (0.29, 0.41) 92 (41) 48 (41, 54) 117 (14) 70 (9)

> $20,000 to < 40,000 4 (11) 63 (17) 0.36 (0.30, 0.47) 33 (15) 45 (38, 52) 115 (12) 68 (9)

=< $20,000 13 (37) 79 (21) 0.42 (0.33, 0.55) 33 (15) 47 (41, 55) 116 (13) 70 (10)

Maternal Tobacco Smoke Exposure
c

None: < 0.015 9 (26) 138 (37) 0.36 (0.30, 0.43) 97 (43) 45 (39, 54) 116 (15) 70 (9)

Secondhand: 0.015–3 22 (63) 195 (53) 0.37 (0.30, 0.46) 107 (47) 47 (39, 54) 115 (12) 69 (9)

Active >3 4 (11) 37 (10) 0.40 (0.32, 0.49) 22 (10) 46 (40, 55) 115 (14) 70 (9)

Maternal BMI at 16 weeks (kg/m2)

< 25 6 (17) 158 (43) 0.37 (0.31, 0.46) 95 (42) 46 (39, 57) 112 (13) 66 (8)

25 to < 30 12 (34) 121 (33) 0.36 (0.30, 0.46) 76 (34) 47 (42, 52) 115 (13) 70 (9)

30 + 17 (49) 91 (25) 0.37 (0.30, 0.47) 55 (24) 47 (40, 53) 121 (12) 73 (9)

Parity

0 21 (60) 168 (45) 0.37 (0.30, 0.46) 103 (46) 46 (39, 57) 116 (14) 70 (9)

1 5 (14) 114 (31) 0.36 (0.29, 0.46) 69 (31) 46 (39, 52) 114 (12) 68 (9)

2 + 9 (26) 88 (24) 0.37 (0.31, 0.46) 54 (24) 47 (42, 55) 116 (12) 70 (9)

Season of conception

Spring (March-May) 11 (31) 112 (30) 0.36 (0.30, 0.45) 70 (31) 47 (40, 52) 115 (13) 69 (8)

Summer (Jun- Aug) 7 (20) 89 (24) 0.36 (0.30, 0.43) 63 (28) 46 (39, 52) 116 (13) 69 (8)
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Demographic Characteristic Women with HDP Total ECAT Traffic Noise SBP DBP

n (%)
a N (%) Median (25th, 75th)

< 35 
dBA n 

(%)
Median

b
 (25th, 75th) Mean (SD) Mean (SD)

Fall (Sept-Nov) 7 (20) 73 (20) 0.39 (0.30, 0.53) 35 (15) 46 (39, 57) 115 (12) 71 (8)

Winter (Dec-Feb) 10 (29) 96 (26) 0.37 (0.32, 0.46) 58 (26) 48 (40, 56) 116 (15) 70 (10)

Neighborhood socioeconomic status

First (Low) 18 (51) 122 (33) 0.40 (0.33, 0.50) 62 (27) 48 (41, 55) 116 (13) 70 (9)

Second (Medium) 8 (23) 125 (34) 0.35 (0.29, 0.44) 78 (35) 45 (39, 53) 115 (12) 69 (8)

Third (High) 9 (26) 123 (33) 0.36 (0.30, 0.44) 86 (38) 45 (38, 52) 115 (14) 69 (10)

Year residence was built

1924 or before 11 (31) 122 (33) 0.43 (0.37, 0.52) 64 (28) 47 (39, 56) 117 (14) 70 (9)

1925 to 1955 9 (26) 126 (34) 0.35 (0.30, 0.45) 80 (35) 46 (40, 53) 113 (12) 69 (8)

1956 to 1978 15 (43) 122 (33) 0.33 (0.29, 0.43) 82 (36) 47 (41, 53) 116 (13) 70 (9)

Average SBP and DBP of first highest blood pressure measure collected at ≥ 20 weeks gestation.

Abbreviations: SBP = Systolic blood pressure, DBP = Diastolic blood pressure, HDP = Hypertensive disorders of pregnancy, ECAT = Elemental 
carbon attributable to traffic. ECAT exposure during pregnancy estimated at residences ~20 weeks gestation. Approximately 10% of women moved 
residence during pregnancy.

a
Proportion of women with HDP

b
Median (25th, 75th) dBA among traffic noise estimates ≥ 35 Dba

c
Maternal tobacco smoke exposure was estimated by the average of serum cotinine (ng/mL) collected at 16 and 26 weeks gestation.
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Table 2.

Adjusted differences in SBP and DBP (mm Hg) at ≥ 20 weeks gestation and risk ratio of HDP across 

categories of residential ECAT concentrations and traffic noise levels.

DBP SBP HDP

Difference (mmHg) 95% CI p-value Difference (mmHg) 95% CI p-value RR 95% CI p-value

ECAT 0.3 (−0.9, 1.4) 0.63 1.6 (0.02, 3.3) 0.048 0.8 (0.5, 1.3) 0.35

ECAT, adjusted 0.4 (−0.9, 1.6) 0.56 1.9 (0.1, 3.7) 0.035 0.7 (0.5, 1.2) 0.23

Traffic Noise −0.2 (−1.4, 0.9) 0.72 −0.4 (−2.1, 1.2) 0.60 1.2 (0.7, 1.8) 0.52

Traffic Noise, adjusted −0.3 (−1.6, 0.9) 0.62 −1.0 (−2.8, 0.8) 0.28 1.3 (0.8, 2.0) 0.32

All models adjusted for maternal age, cotinine level, BMI, gestational age, income, education, season, race, neighborhood socioeconomic status. 

Change in blood pressure measurements and HDP risk calculated for an interquartile range (25th to 75th percentile) increase in ECAT 

concentration (ug/m3 ) or Traffic noise (dBA).

ECAT, adjusted = effect estimate for ECAT concentration when regression model is also adjusted for Traffic Noise. Traffic Noise, adjusted = effect 
estimate for Traffic Noise when regression model is also adjusted for ECAT concentration.

SBP and DBP repeated observations n = 737.

Abbreviations: SBP = Systolic blood pressure, DBP = Diastolic blood pressure, HDP = Hypertensive disorders of pregnancy, ECAT = Elemental 
carbon attributable to traffic.
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