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Air pollution is a complex mixture of gases and particulates 
formed from manmade and natural processes (e.g., power 
plants, industry, traffic, forest fires, and volcanic eruptions) 
or from chemical reactions between pollutants in the atmos-
phere.1 Long-term ambient air pollution exposure accounts 
for 2% of all cardiopulmonary disease worldwide,2 and 
even low levels of air pollution increase cardiac event and 
hypertension risk in the general population.1 Several crite-
ria of air pollutants and toxics are monitored and regulated 
because of their health threats, including carbon monoxide 
(CO), nitrogen oxides (NOx, comprising mostly nitrogen 
monoxide and dioxide), sulfur dioxide (SO2), particulate 
matter <10 μm (PM10) and <2.5 μm (PM2.5) in aerodynamic 
diameter, and ozone.1 Pregnant women might be vulnerable 
to adverse effects of air pollution because of cardiovascular 

changes and increased oxygen consumption occurring as 
part of normal pregnancy.3

Blood pressure decreases until midgestation but increases 
to prepregnancy levels or higher at term (≥37 weeks’ ges-
tation).3 Women with hypertensive disorders of pregnancy 
have higher blood pressure throughout pregnancy with a 
smaller midpregnancy nadir and a greater late-pregnancy 
elevation.4 Most women with hypertensive disorders of 
pregnancy have clustering of cardiovascular risk factors, and 
preeclampsia (new-onset hypertension with proteinuria or 
other multisystem signs) is also thought to have a placental 
or immunological origin.5

Chronic air pollution exposure increases blood pressure 
and the risk of hypertensive disorders of pregnancy, pre-
term birth, and stillbirths.6–13 However, the reported effects 
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of acute/recent air pollution exposure on blood pressure 
during pregnancy have not been consistent and appear to 
change by trimester.7,9,14 Because any hypertensive blood 
pressure measured during pregnancy increases the risk of 
later cardiac diseases,15 studying triggers for blood pressure 
elevations is important.

We studied the effects of acute air pollution exposure on 
blood pressure measured at admission to labor/delivery in 
a large population with and without hypertensive disorders 
of pregnancy, hypothesizing that women with hypertensive 
disorders have different effects than normotensive women 
because of their underlying differences in cardiovascular 
risk factors.

METHODS

The Consortium on Safe Labor (2002–2008) included 
228,562 deliveries (233,736 newborns) at ≥23 weeks’ gesta-
tion from 19 hospitals across the United States.16 Data on 
maternal demographics, medical history, labor and deliv-
ery, and discharge diagnoses were extracted from electronic 
medical records. The study was approved by the institutional 
review boards of all participating institutions. Multifetal 
pregnancies (n  =  5,050), singleton deliveries <37 weeks’ 
gestation (n = 26,144), women with eclampsia (n = 93), and 
women missing data on blood pressure (n = 45,625), blood 
pressure measurement timing (n  =  182), or age (n  =  192) 
were excluded, rendering a final sample of 138,802 women 
with 151,276 singleton term deliveries. Most women 
(126,829; 91.4%) contributed only one pregnancy.

Clinical blood pressure was measured upon admission to 
labor/delivery by hospital staff using standard equipment. 
The first systolic and diastolic blood pressures and the exact 
date/time of admission were extracted from the electronic 
medical records. The following categories were created using 
relevant cutoffs for adult and pregnant populations:5,17,18

1.	 Normal blood pressure: systolic blood pressure <120 mm 
Hg and diastolic blood pressure <80 mm Hg.

2.	 High-normal blood pressure: systolic blood pressure 
120–139 mm Hg and diastolic blood pressure <90 mm 
Hg or diastolic blood pressure 80–89 mmHg and systolic 
blood pressure <140 mm Hg.

3.	 Mild hypertension: systolic blood pressure 140–149 mm 
Hg and diastolic blood pressure <100 mm Hg or diastolic 
blood pressure 90–99 mm Hg and systolic blood pressure 
<150 mm Hg.

4.	 Moderate hypertension: systolic blood pressure 150–
159 mm Hg and diastolic blood pressure <110 mm Hg 
or diastolic blood pressure 100–109 mm Hg and systolic 
blood pressure <160 mm Hg.

5.	 Severe hypertension: systolic blood pressure ≥160 mm 
Hg with any diastolic blood pressure or diastolic blood 
pressure ≥110 mm Hg with any systolic blood pressure.

Pregnancies with gestational hypertension (n  =  3,935), 
preeclampsia (n = 5,744), chronic hypertension (n = 2,490), 
and superimposed preeclampsia (n  =  637) were identi-
fied through electronic medical records and/or maternal 
discharge summaries using International Classification 
of Diseases, Version 9 codes. Women were deemed 

normotensive (n  =  138,470) if they had no indication of 
hypertensive disorders during pregnancy.

Air pollutant exposures were estimated with a modified 
version of the three-dimensional multipollutant regional 
air quality model developed by the US Environmental 
Protection Agency, the Community Multiscale Air Quality 
model (version 4.7.1).19 The model used data on pollutant 
emission (from the National Emission Inventories), meteor-
ology (from the Weather Research and Forecasting model), 
and chemical reactions between pollutants for the air qual-
ity simulations. A  36-km resolution domain covered the 
entire continental United States for years 2001–2009 in the 
simulations. Exposure was based on the predicted hourly air 
pollutant concentrations within 15 nonoverlapping delivery 
hospital referral regions, weighted to reflect the populated 
areas, discounting places where women were unlikely to live 
and work.

The modeled estimates of ozone, CO, NOx, SO2, PM10, 
and PM2.5 were fused with observed data from the US 
Environmental Protection Agency Air Quality System using 
inverse distance weighting to correct for measurement error 
between modeled and observed exposures (G. Chen et al., 
unpublished data). Only modeled estimates were obtained 
for major PM2.5 constituents (elemental carbon, organic 
compounds, ammonium, sulfate, and nitrate) and the 
unspeciated portion of PM2.5 (dust particles) and for ambi-
ent air toxics because they were rarely measured by air qual-
ity monitors. Hourly averages of air pollutants were obtained 
for admission hour (time 0) and for the 4 hours preceding it 
(lags 1–4 hours). These times were chosen based on our pre-
vious analysis (T. Männistö et al., unpublished data).

Statistics

Differences in demographics were tested by linear, logis-
tic, or multinomial regression with generalized estimating 
equations for continuous, binary, and categorical variables, 
respectively. The effect of each air pollutant at the specified 
lag time (0, 1, 2, 3, and 4 hours preceding admission) on cate-
gorized blood pressure measured at labor/delivery admission 
was modeled as a function of the air pollutant, hypertensive 
disorder diagnosis, the interaction between air pollutant 
and hypertensive disorder diagnosis, and covariables. The 
coefficients were respectively interpreted as the pollutant 
effect among normotensive women, hypertensive disorder 
effect (pooled to a single estimate), and the pollutant effect 
among women with hypertensive disorders on blood pres-
sure category. Normotensive women acted as the comparison 
group in the analyses. Air pollutants were fitted in the model 
independently because the air quality model accounted for 
the biochemical reactions between species and the effects of 
weather, other natural phenomena, and long-term pollutant 
sources.19 We used ordinal logistic regression to estimate the 
effect of air pollutants on blood pressure categories, where 
the single obtained estimate (odds ratio (OR) with 95% con-
fidence intervals (CIs)) was interpreted as the odds of being 
in a higher blood pressure category, assuming a similar effect 
between all pairs of outcome groups. Robust standard errors 
with clustering within a woman were calculated to account 
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for multiple pregnancies of the same woman. We evaluated 
pollutant concentrations (Supplementary Table S1) and esti-
mated the effect of 1  μg/m3 increase in PM2.5, 1 parts per 
billion (ppb) increase in SO2, 0.1  μg/m3 increase in PM2.5 
constituents, 5 μg/m3 increase in PM10, 5 ppb increase in NOx 
and ozone, and 10 ppb increase in CO to assess linear rela-
tionships. Air toxics were dichotomized at the 75th percen-
tile because modeled concentrations were quite small and we 
determined that the most likely risk signal would be at the 
upper end of the distribution. All models were adjusted for 
site, maternal age, race/ethnicity, insurance status, smoking 
during pregnancy, and time of day of admission. The analyses 
of PM2.5 constituents were also adjusted for total PM2.5 mass 
to estimate the independent effect of constituents. Because 
the unadjusted and adjusted estimates were similar, only the 
adjusted models are presented. We also estimated the effect 
of air pollutants on systolic and diastolic blood pressure using 
linear regression with generalized estimating equations and 
robust standard errors (Supplementary Tables S2–S7).

Two sensitivity analyses were performed: one exclud-
ing all women taking antihypertensive medications at any 
time during pregnancy and one restricted to women in 
spontaneous labor.

All analyses were conducted using SAS version 9.3 (SAS 
Institute, Cary, NC).

RESULTS

Women with chronic hypertension and superimposed 
preeclampsia were older, less often non-Hispanic white, 
and less likely privately insured than normotensive women 
(Table  1). All hypertensive women were less likely to be 
normal weight, have spontaneous labor, and be admitted 
to labor/delivery at night, but they used antihypertensive 
medications more often and had higher blood pressure at 
admission than normotensive women. Overall, 12% of 
normotensive women, 59% of women with gestational 
hypertension or preeclampsia, 50% of women with chronic 
hypertension, and 72% of women with superimposed 
preeclampsia had hypertensive admission blood pressure. 
Increased ORs of having a higher admission blood pressure 
category were associated with all hypertension diagnoses: 
gestational hypertension (OR = 9.69; 95% CI = 9.00–10.43), 
preeclampsia (OR = 12.86; 95% CI = 12.02–13.76), chronic 
hypertension (OR = 7.89; 95% CI = 7.12–8.75), and superim-
posed preeclampsia (OR = 25.49; 95% CI = 20.83 to 31.25).

Normotensive women had increased odds of higher blood 
pressure category with exposure to nitrate and dust particles 
(by 0.1%–0.2%/0.1 units), CO (by 0.04%/10 units), NOx (by 
0.2%–0.3%/5 units), SO2 (by 0.3%–0.4%/1 unit) (Table  2), 
acenaphthene, acenaphthylene, benz[a]pyrene, fluoran-
thene, fluorene, phenanthrene, pyrene (by 4%–7%/high 
exposure) (Table  3), 1,3-butadiene, propene, and styrene 
(by 3%–6%/high exposure) (Table  4). Exposure to sulfate 
particles and sesquiterpene were associated with opposing 
effects (Tables 2 and 4). Similar effects were seen in the linear 
models, where additional associations were seen between 
PM10 and lower diastolic blood pressure and between ozone, 
chrysene, cyclohexane, and n-hexane and higher systolic 
blood pressure (Supplementary Tables S2–S7).

Women with gestational hypertension had increased odds 
of higher blood pressure category with exposure to dust par-
ticles (by 0.3%/0.1 units), acenaphthene, acenaphthylene, 
chrysene, fluoranthene, phenanthrene, pyrene, benzene, 
methyl-tertiary-butyl ether, n-hexane, xylenes, propene, 
and toluene (by 18%–27%/high exposure) (Tables 2–4). 
Additionally, in the linear models, higher systolic or diastolic 
blood pressure was associated with exposures to elemental 
carbon, cyclohexane, NOx, anthracene, ethylbenzene, and 
toluene, and lower diastolic blood pressure was associated 
with exposure to CO (Supplementary Tables S2–S7).

Preeclamptic women had increased odds of higher blood 
pressure with exposure to PM10 (by 3%/5 units), elemen-
tal carbon (by 1%/0.1 units), nitrate and dust particles 
(by 0.4%–0.6%/0.1 units), benz[a]anthracene, chrysene, 
fluorene, phenanthrene, pyrene, benzene, cyclohexane, 
n-hexane, xylenes, and sesquiterpene (by 12%–23%/high 
exposure) but lower odds with exposure to sulfate particles, 
ozone, CO, and indeno[1,2,3-Cd]pyrene (Tables 2–4). In the 
linear models, NOx, SO2, and benz[a]pyrene were also asso-
ciated with lower systolic or diastolic blood pressure, and 
methyl-tertiary-butyl ether was associated with higher dias-
tolic blood pressure (Supplementary Tables S2–S7).

Women with chronic hypertension had increased odds 
of higher blood pressure category with exposure to CO (by 
0.3%–0.4%/10 units), NOx (by 1%–2%/5 units), and SO2 
(by 2%–3%/1 unit), whereas opposing effects were observed 
with exposure to sulfate and dust particles and chrysene  
(Tables 2–4). Acenaphthene, o-xylene, and toluene expo-
sures were also associated with higher systolic or diastolic 
blood pressure in the linear models whereas ammonium 
particles associated with lower diastolic blood pressure 
(Supplementary Tables S2–S7).

Women with superimposed preeclampsia had increased 
odds of higher blood pressure with exposure to CO (by 
0.6%–0.7%/10 units), ozone (by 8%–11%/5 units), and 
anthracene (by 49%/high exposure) but lower odds with 
exposure to SO2, chrysene, fluoranthene, naphthalene, 
pyrene, sesquiterpene, and styrene (Tables 2–4). In the lin-
ear models, benz[a]anthracene, indeno[1,2,3-Cd]pyrene, 
naphthalene, 1,3-butadiene, xylenes, and toluene were also 
associated with lower systolic blood pressure, whereas naph-
thalene, methyl-tertiary-butyl ether, and xylenes increased 
diastolic blood pressure (Supplementary Tables S2–S7).

Sensitivity analyses

All results were similar after excluding women who took 
antihypertensive medications (data not shown). Results 
among normotensive women persisted after restricting data 
to spontaneous labors, with some loss of precision due to 
smaller sample sizes. In women with hypertensive disor-
ders, the results were more attenuated, but the association 
between PM10 and SO2 exposure and higher blood pres-
sure category persisted in women with preeclampsia and 
chronic hypertension, respectively, and novel association 
between PM2.5 and higher blood pressure category was seen 
in women with preeclampsia and superimposed preeclamp-
sia (data not shown).

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpu077/-/DC1
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Discussion

In this large study of women with term deliveries, acute 
exposure to several air pollutants increased the odds of hav-
ing higher blood pressure on admission to labor/delivery. 
Although most associations with blood pressure elevations 
were seen among normotensive women, we also observed 
air pollutant effects among women with preeclampsia and 
gestational hypertension. To our knowledge, this is the first 
large study evaluating the association between acute air 
pollution exposure and blood pressure during pregnancy. 
Pregnancy is associated with changes in the cardiovascular 
system and blood pressure, but blood pressure measured at 
term typically is comparable with or exceeds prepregnancy 
values.3

We found higher blood pressure on admission to labor/
delivery among normotensive women after exposure to CO, 
NOx, SO2, some PM2.5 constituents, and several air toxics. In 
the general population, acute and recent exposures to PM10, 
PM2.5, NOx, SO2, and ozone increased blood pressure in most 
studies,20–24 although in nonsmoking adults, PM10 and ozone 
exposure decreased systolic BP.23 Previous studies have also 
consistently shown that long-term air pollution exposure 
increases blood pressure and/or risk of hypertensive disor-
ders in pregnancy.6–11 Acute or recent PM10 or NOx expo-
sures increased blood pressure during pregnancy in some, 
but not all, studies.7,9,14 These studies in pregnant women 
have generally estimated the effect of short-term air pollu-
tion (e.g., daily pollution averages), excluded women with 
chronic hypertension, and lacked power to evaluate specific 
hypertensive disorders, which may explain why their results 
are somewhat different from ours.

We found that normotensive women and those with 
hypertensive disorders of pregnancy often had blood pres-
sure effects in similar direction with air pollution exposure, 
but the magnitude of effect was often stronger in women with 
hypertensive disorders. Preeclamptic women seemed sus-
ceptible to the effects of particulates because total PM10 and 
several PM2.5 constituents increased blood pressure, whereas 
opposing effects were sometimes seen among normotensive 
women. In women with chronic hypertension and superim-
posed preeclampsia, air pollution exposure generally was 
either associated with no effect on blood pressure or lower 
odds of high blood pressure. Most of our observed negative 
effects remained after excluding women using antihyperten-
sive medication. Results of previous studies have also been 
inconsistent regarding air pollution effects on blood pressure 
among people with chronic hypertension, as in 1 study, air 
pollution increased blood pressure only in elderly persons 
taking antihypertensive medication,25 whereas opposing 
effects were seen in another study.26 The underlying chronic 
hypertension and associated vascular changes may mask any 
small effects air pollutants have on blood pressure among 
women with chronic hypertension and superimposed preec-
lampsia, leading to seemingly negative or null effects.

We observed several novel associations between high 
blood pressure on admission to labor/delivery and air tox-
ics, mostly among normotensive women and/or among 
women with gestational hypertension or preeclampsia. 
Previously, increased blood pressure was observed after 
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acute exposure to oxygenated polycyclic aromatic hydro-
carbons in particulates among elderly people using antihy-
pertensive medication,25 and long-term exposure to some 
air toxics has been associated with ischemic heart disease 
and total mortality.27,28 Our results support increases in 
blood pressure associated with acute air toxics exposure in 
pregnancy.

Inhaled air pollutants have been found to have systemic 
effects in the general and pregnant populations, including 
elevations in inflammatory markers, oxidative stress, plasma 
viscosity, fibrinogen, and atherosclerosis, and endothelial 
dysfunction.1,21,29–31 The very acute effects of air pollution 
are likely mediated by autonomic nervous system imbalance, 
leading to vasoconstriction.21 Women with preeclampsia 
have increases in peripheral vascular resistance and may be 
hyperresponsive to vasoactive factors and even have rever-
sal of the circadian rhythm of blood pressure.5 Additionally, 
women with hypertensive disorders of pregnancy have 
higher rates of cardiovascular risk factors, and especially 
women with preeclampsia have higher inflammation and 
more endothelial dysfunction,5 which may precipitate and 
enhance any effects of air pollution on blood pressure. Some 
of these underlying differences may explain why women 
with preeclampsia and gestational hypertension at term 
seemed to experience stronger effects of air pollution than 
normotensive women.

Our study had several strengths, including large sample 
size, which allowed us to study women with specific hyper-
tensive disorders of pregnancy. We used established clinical 
cut points in pregnancy for our blood pressure categories 
to ensure our findings would be clinically meaningful.5,17,18 
The modeled air pollution data allowed us to include women 
even from areas without air monitors. In addition, the mod-
els accounted for atmospheric reactions between pollutants, 
the effects of weather and season on the pollutant levels, and 
source pollution, rendering a sophisticated model estimate 
of pollutant mixtures at a given time. The biggest limitation 
in our study was the use of clinical blood pressure, measured 
only once during pregnancy. However, we expect that blood 
pressure was measured with good practice by experienced 
staff using validated instruments because these measures 
are routinely taken and can be used in clinical decision-
making concerning labor and delivery. Also, because we 
used data on blood pressure at labor/delivery admission, 
these measures may be influenced by the pain and stress 
associated with labor and uterine contractions. Indeed, only 
40% of all normotensive women had normal blood pressure 
on admission to labor/delivery. We believe that these 1-time 
measurements at labor/delivery are most comparable with 
blood pressure measured at emergency department visits, 
which also are prone to be in the high-normal or hyperten-
sive range.32 One-time hypertensive blood pressure during 
pregnancy has been shown to increase risk of subsequent 
hypertension and cardiac events,15 similar to the effects of 
high blood pressure measured at emergency department 
visits,32 and even high-normal blood pressures are known 
to increase risk of chronic hypertension.18 In our study, 
0.3% of all hypertensive admission blood pressures among 
normotensive women could be attributed to small increases 
in SO2, whereas 6.5% of all hypertensive admissions were 

attributable to air toxics. Blood pressures this high could 
trigger a preeclampsia work-up in normotensive women, 
which has implications on a population level. Among the 
4 million US births per year, at least 28,000 hypertensive 
admissions and/or preeclampsia work-ups can be attributed 
to air toxics.

In our large study of women with singleton term deliv-
eries, exposure to several air pollutants in the hours before 
admission was associated with increased odds of normo-
tensive women having high normal or hypertensive blood 
pressure. We also found that women with gestational hyper-
tension and preeclampsia had higher blood pressure after air 
pollution exposure, whereas small or no effects were seen 
among women with chronic hypertension or superimposed 
preeclampsia. Acute air pollution exposure may trigger a 
hypertensive response especially in relation to the stresses 
of labor and delivery, which may trigger a preeclampsia 
workup in previously normotensive women, lead to more 
intense follow-up during labor, and even have long-term 
implications by increasing risk of subsequent hypertension 
and cardiac events.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal 
of Hypertension (http://ajh.oxfordjournals.org).
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