
NTP Monograph
on the Systematic  
Review of Traffic-related 
Air Pollution and  
Hypertensive Disorders 
of Pregnancy

December 2019



 

NTP Monograph on the 
Systematic Review of Traffic-related Air Pollution 

and Hypertensive Disorders of Pregnancy 
NTP Monograph 07 

December 2019 

National Toxicology Program 
Public Health Service 

U.S. Department of Health and Human Services 
ISSN: 2378-5144 

Research Triangle Park, North Carolina, USA



Systematic Review of TRAP and Hypertensive Disorders of Pregnancy 

ii 

Foreword 

The National Toxicology Program (NTP), established in 1978, is an interagency program within 
the Public Health Service of the U.S. Department of Health and Human Services. Its activities 
are executed through a partnership of the National Institute for Occupational Safety and Health 
(part of the Centers for Disease Control and Prevention), the Food and Drug Administration 
(primarily at the National Center for Toxicological Research), and the National Institute of 
Environmental Health Sciences (part of the National Institutes of Health), where the program is 
administratively located. NTP offers a unique venue for the testing, research, and analysis of 
agents of concern to identify toxic and biological effects, provide information that strengthens 
the science base, and inform decisions by health regulatory and research agencies to safeguard 
public health. NTP also works to develop and apply new and improved methods and approaches 
that advance toxicology and better assess health effects from environmental exposures. 
NTP conducts literature-based evaluations to determine whether exposure to environmental 
substances (e.g., chemicals, physical agents, and mixtures) may be associated with adverse 
health effects. These evaluations result in hazard conclusions or characterize the extent of the 
evidence and are published in the NTP Monograph series, which began in 2011. NTP 
Monographs serve as an environmental health resource to provide information that can be used 
to make informed decisions about whether exposure to a substance may be of concern for human 
health.  
NTP conducts these health effects evaluations following pre-specified protocols that apply the 
general methods outlined in the “Handbook for Conducting a Literature-Based Health 
Assessment Using the OHAT Approach for Systematic Review and Evidence Integration.”† The 
protocol describes project-specific procedures tailored to each systematic review in a process that 
facilitates evaluation and integration of scientific evidence from published human, experimental 
animal, and mechanistic studies. 
The key feature of the systematic review approach is the application of a transparent framework 
to document the evaluation methods and the basis for scientific judgements. This process 
includes steps to comprehensively search for studies, select relevant evidence, assess individual 
study quality, rate confidence in bodies of evidence across studies, and then integrate evidence to 
develop conclusions for the specific research question. Draft monographs undergo external peer 
review prior to being finalized and published.  
NTP Monographs are available free of charge on the NTP website and cataloged in PubMed, a 
free resource developed and maintained by the National Library of Medicine (part of the 
National Institutes of Health). Data for these evaluations are included in the Health Assessment 
and Workspace Collaborative. 
For questions about the monographs, please email NTP or call 984-287-3211. 
 
†OHAT is the abbreviation for Office of Health Assessment and Translation, which is within the Division of the 
National Toxicology Program at the National Institute of Environmental Health Sciences.  

https://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookmarch2019_508.pdf
https://ntp.niehs.nih.gov/ntp/ohat/pubs/handbookmarch2019_508.pdf
https://ntp.niehs.nih.gov/
https://www.ncbi.nlm.nih.gov/pubmed/
https://hawcproject.org/
https://hawcproject.org/
https://tools.niehs.nih.gov/webforms/index.cfm/main/formViewer/form_id/521/to/cdm
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Abstract 
Introduction: Traffic-related air pollution (TRAP) contributes significantly to ambient air 
pollution, especially in urban settings. Air pollution has been established as a risk factor for 
hypertension and cardiovascular disease in adults, but this effect is less studied in other 
susceptible populations. There is increasing evidence that air pollution may adversely affect 
hypertensive disorders of pregnancy (e.g., gestational hypertension, preeclampsia, eclampsia).  
Objective: Because reports indicate that air pollution may be linked to hypertensive disorders, 
the National Toxicology Program (NTP) conducted a systematic review to evaluate whether 
exposure to TRAP during pregnancy is associated with hypertensive disorders of pregnancy.  
Methods: A systematic review protocol was developed and utilized for this evaluation that 
followed the Office of Health Assessment and Translation approach for conducting literature-
based health assessments. This evaluation considered a range of traffic-related air pollutant 
measurements (e.g., fine particulate matter [PM2.5]) and traffic measures (e.g., proximity to 
major roads) in the literature search. Confidence ratings and level-of-evidence conclusions were 
developed for bodies of evidence for a given exposure measure when there was sufficient 
evidence (i.e., more than three studies). Changes in blood pressure during pregnancy, gestational 
hypertension, preeclampsia, eclampsia, or hemolysis, elevated liver enzyme levels, and low 
platelet count (HELLP) syndrome were considered as measures of hypertension. Hazard 
conclusions were developed using a two-step process. First, confidence ratings were developed 
for individual air pollutants (e.g., PM2.5, nitrogen oxides [NOx]) and traffic measures (traffic 
density and proximity to major roads). Overall hazard conclusions were then developed for 
TRAP, considering the combined bodies of evidence across different individual measures of 
traffic-related pollutants. 
Results and Evidence Synthesis: The literature search and screening process identified 18 
relevant epidemiological studies and one relevant animal study (from 344 potentially relevant 
references) that met the objective and the inclusion criteria. The human bodies of evidence for 
traffic-related PM2.5 and NO2 present a consistent pattern of findings that exposure to these 
pollutants is associated with the development of hypertensive disorders of pregnancy. There is a 
similar pattern of findings, but a smaller effect size, for bodies of evidence that residing in high-
traffic density regions or in close proximity to major roads are associated with developing 
hypertensive disorders during pregnancy. There is a moderate level of evidence in the combined 
human body of evidence based primarily on the TRAP air pollutant studies with support from the 
traffic measures studies. There is an inadequate level of evidence in the animal body of evidence 
due to the lack of experimental animal studies identified for these measures. Evidence for other 
traffic-related pollutants that were identified (i.e., carbon monoxide [CO], black carbon [BC], 
and elemental carbon [EC]), including one animal study for CO, were few in number or provided 
inconsistent results across studies, and level-of-evidence conclusions were not reached.  
Discussion and Conclusion: NTP concludes that exposure to TRAP is presumed to be a hazard 
to pregnant women for developing hypertensive disorders of pregnancy. This conclusion was 
based on moderate confidence and moderate level of evidence in the combined body of evidence 
from human studies reporting on multiple measures of TRAP exposure (traffic-related PM2.5 and 
NO2) with support from studies on traffic measures (residing in high-traffic density regions or in 
close proximity to major roads during pregnancy). 
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The effect of TRAP was consistent across bodies of evidence for individual TRAP components 
and was supported by meta-analyses for individual traffic-related metrics (i.e., PM2.5 and NO2) 
and supported by studies that evaluated traffic measures. The collective evidence across the air 
pollutant measurements and traffic measurements shows consistency in the direction of effect 
across multiple populations and geographic locations, strengthening the confidence in the 
association between combined TRAP exposure (versus exposure to the individual TRAP 
components) and hypertensive disorders of pregnancy. Many of the studies evaluated only one 
TRAP component, and those that evaluated more than one component still found significant 
associations between the individual components and hypertensive disorders of pregnancy after 
statistically accounting for other exposures, although the effect size may have been reduced by 
controlling for other TRAP measures. 
In addition to consistency across bodies of evidence, mechanistic data evaluating single 
pollutants indicate that the individual PM2.5 and NO2 exposures can act independently to affect 
different pathways (e.g., vascular inflammation and oxidative stress) that lead to increased blood 
pressure. Because TRAP comprises multiple pollutants, the likelihood of being exposed 
simultaneously to multiple TRAP components is high. The independent mechanisms by which 
these TRAP exposures can elevate blood pressure—combined with evidence of an association 
between increased TRAP exposure and development of hypertensive disorders of pregnancy 
(supported by meta-analyses)—increase support for the moderate level of evidence that multiple 
TRAP components can act on blood pressure parameters during pregnancy to lead to 
hypertension. Therefore, the combined body of evidence is considered robust due to the greater 
number of studies, the multiple mechanisms by which the individual components can affect 
blood pressure, and the greater likelihood of exposure to multiple components of TRAP. Taken 
together, these factors demonstrate a moderate level of evidence that exposure to TRAP is 
associated with the development of hypertensive disorders of pregnancy and support a 
conclusion of presumed to be a hazard to pregnant women. 
Overall, based on the body of evidence for the combined TRAP exposure, the available evidence 
supports that exposure to TRAP during pregnancy increases the likelihood of developing 
hypertensive disorders of pregnancy. Because of the recognized relationship between maternal 
blood pressure status and the effect of hypertension during pregnancy on fetal and infant health 
outcomes, hypertensive disorders of pregnancy associated with TRAP exposure may have 
significant adverse health effects in the developing offspring.
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Introduction 

The National Toxicology Program (NTP) Office of Health Assessment and Translation (OHAT) 
conducted a systematic review to evaluate the evidence that exposure to traffic-related air 
pollution (TRAP) is associated with hypertensive disorders of pregnancy. 

TRAP refers to air pollution exposures derived from primary emissions from motor vehicles due 
to fossil fuel combustion. Sources of TRAP include passenger cars, diesel trucks and buses, and 
nonroad equipment (e.g., recreational vehicles, lawn and garden equipment). Motor vehicles emit 
large amounts of carbon dioxide (CO2), carbon monoxide (CO), nitrogen and sulfur oxides (NOx 
and SOx, respectively), volatile organic compounds (VOCs), and particulate matter (PM). Many 
of these pollutants are regulated by the U.S. Environmental Protection Agency (EPA) and are 
used as pollutant surrogates for TRAP (https://www.epa.gov/criteria-air-pollutants1). 

Pollution-control regulations, along with innovative technologies and approaches developed to 
improve air quality domestically and abroad, reflect the increased concern over potential health 
effects associated with exposure to TRAP. Currently, 39% of the U.S. population lives in areas 
with populations greater than 2.5 million people (USEPA 2016). Rapid population growth, 
expansion of metropolitan areas, and increased dependence on motor vehicles contribute to 
TRAP exposure (HEI 2010). In addition, the fraction of the population living and working near 
busy roads and highways continues to increase. As a result, TRAP may contribute significantly 
to ambient air pollution, especially in urban settings where high-density traffic patterns and 
domiciles in close proximity to high-traffic roadways are common (Krzyzanowski et al. 2005). 

Across the United States, TRAP emissions have declined since the 1990s, but the urban setting 
continues to be an area of higher exposures to traffic-related emissions. There is considerable 
variability in fine particulate matter (PM2.5) and other TRAP component concentrations across 
the United States, with the highest concentrations of PM2.5 (>18 µg/m3) reported in areas of 
southern California, Alabama, and Pennsylvania. Overall PM2.5 concentrations have decreased 
since 1999 (the beginning of nationwide monitoring for PM2.5) and remained nearly constant 
from 2002 to 2007 (USEPA 2009). The most recent analysis from EPA’s Air Quality System 
network data indicate that PM2.5 concentrations continue to decline. Similarly, total NOx 
emissions have declined from 1990 to 2013, but highway vehicles and off-highway vehicles and 
engines continue to contribute substantially (with more than three-quarters of total emissions) in 
urban areas (USEPA 2016). With the recognized role of motor vehicles in air pollution—
particularly in urban environments—identifying and further characterizing health effects 
associated with TRAP exposure is needed, especially for susceptible populations (HEI 2010). 

The components of TRAP are recognized risk factors for cardiovascular disease in the general 
population in the United States and abroad (Coogan et al. 2012; Guo et al. 2010; Sorensen et al. 
2012; USEPA 2009; WHO 2016). Although the mechanisms by which air pollution affects 
cardiovascular disease, particularly hypertension, are not completely understood, some of the 
likely and overlapping pathways that may be involved include effects on oxidative stress, the 
autonomic nervous system, and vascular function (Brook and Rajagopalan 2009). 

 
1 The broken link http://www.epa.gov/oms/toxics.htm was changed to https://www.epa.gov/criteria-air-pollutants on 
February 16, 2021. 

https://www.epa.gov/criteria-air-pollutants
http://www.epa.gov/oms/toxics.htm
https://www.epa.gov/criteria-air-pollutants
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Epidemiological and toxicological studies suggest a causal relationship between acute and 
long-term exposures to components of PM and cardiovascular effects in the general population 
(USEPA Abraham et al. 2018; 2009). Hypertension, which is an important risk factor for 
developing cardiovascular disease, poses a greater burden in women than in men (Mozaffarian et 
al. 2016). Although hypertension affects women in all phases of life, hypertension in pregnancy 
presents unique challenges. Hypertensive disorders of pregnancy pose risks to the mother and 
child, increasing the risk for developing cardiovascular disease later in life for the mother and 
increasing the risk of preterm birth, prematurity-related diseases, and other adverse effects for 
the child. Air pollution-related research on children’s health have focused mainly on the 
development and exacerbation of asthma or other respiratory problems (HEI 2010). Fewer 
studies have evaluated other aspects of children’s health, although there is growing evidence that 
TRAP increases the likelihood of developing hypertensive disorders of pregnancy, which 
increases the risk for adverse health outcomes in children. 

The American College of Obstetricians and Gynecologists classifies hypertensive disorders of 
pregnancy into four categories: (1) gestational hypertension, (2) preeclampsia/eclampsia, 
(3) chronic hypertension, and (4) chronic hypertension with superimposed preeclampsia. These 
disorders complicate approximately 10% of pregnancies and are one of the leading causes of 
maternal and fetal morbidity and mortality worldwide (ACOG 2013). Hypertensive disorders of 
pregnancy are characterized typically by differences in the timing of onset of symptoms (Duley 
2009). Chronic hypertension with or without superimposed preeclampsia is defined by elevated 
blood pressure that predates conception or is detected during the first half of gestation, whereas 
gestational hypertension and preeclampsia/eclampsia typically occur during the second half of 
gestation. These disorders range in severity from hypertension alone to multiorgan dysfunction 
and seizures. Preeclampsia, for example, is responsible for 50,000–60,000 maternal deaths each 
year and is associated with multiple maternal complications, including edema, intravascular 
coagulation, renal and liver dysfunction, stroke, and placental abruption (separation) or infarction 
(blockage of blood supply) (Duley 2009). Although viewed as a condition specific to the 
pregnancy and (in some cases) postpartum periods, hypertensive disorders of pregnancy can 
have long-term effects on the mother’s health and the health of her offspring. Women who 
experience hypertension in pregnancy are at an increased risk for developing cardiovascular 
disease, stroke, and type 2 diabetes later in life (Bauer and Cleary 2009; Bellamy et al. 2007; 
Duley 2009). Of relevance to children’s health, infants born to mothers with hypertension during 
pregnancy are at higher risk for preterm delivery, low birth weight, being small for gestational 
age, and a range of prematurity-related neonatal diseases with long-term effects that can persist 
into adulthood (Doyle 2008). As such, this assessment will extend the literature synthesis efforts 
of the Health Effects Institute (HEI), EPA, Centers for Disease Control and Prevention (CDC), 
and other researchers to understand the effects of TRAP that are relevant to maternal and 
children’s health. 

Given the relationship between maternal blood pressure status and adverse maternal and early 
childhood health outcomes and the increasing evidence suggesting that TRAP is significantly 
associated with hypertension during pregnancy, this systematic review was developed to evaluate 
the human, animal, and mechanistic evidence for an association between TRAP and hypertensive 
disorders of pregnancy. 
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Objective and Specific Aims 

Objective 
The overall objective of this evaluation was to develop hazard identification conclusions about 
whether traffic-related air pollution is associated with hypertensive disorders of pregnancy by 
integrating levels of evidence from human and experimental animal studies. 

Specific Aims 
• Identify literature reporting the effects of TRAP exposure characterized by traffic 

measures (e.g., distance to main road, length of main streets with a buffer zone 
around homes or schools, traffic volume) and air pollutants associated with traffic 
emissions (e.g., carbon monoxide, nitrogen oxides, black carbon, coarse particulate 
matter [2.5–10 μm], fine particulate matter [0.1–2.5 μm], and ultrafine particulate 
matter [<0.1 μm] as well as benzene, diesel exhaust, and polycyclic aromatic 
hydrocarbons) on hypertensive disorders of pregnancy in humans and animals 
(experimental and wildlife). 

• Extract data on potential health effects from relevant studies (data extraction files of 
the included studies will be shared upon release of final report). 

• Assess the internal validity (risk of bias) of individual human and animal studies 
using predefined criteria. 

Dependent on the extent and nature of the available evidence: 

• Synthesize the evidence using a narrative approach or meta-analysis (if appropriate) 
considering the limitations on data integration such as study design heterogeneity. 

• Rate the confidence in the body of evidence for human and animal studies separately 
according to one of four statements: (1) High, (2) Moderate, (3) Low, or (4) Very 
Low or No Evidence Available. 

• Translate confidence ratings into level of evidence of health effects for human and 
animal studies separately according to one of four statements: (1) High, (2) Moderate, 
(3) Low, or (4) Inadequate. 

• Use the level-of-evidence ratings for human and animal data to reach one of five 
possible hazard identification conclusions: (1) Known, (2) Presumed, (3) Suspected, 
(4) Not Classifiable, or (5) Not Identified to Be a Hazard to Pregnant Women. 
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Methods 

Problem Formulation and Protocol Development 
The National Toxicology Program (NTP) Office of Health Assessment and Translation (OHAT) 
received a nomination to evaluate emerging children’s health issues associated with ambient air 
pollution (Federal Register 77 FR 41406, 13 July 2012; https://ntp.niehs.nih.gov/go/trap). The 
nomination suggested that OHAT focus on traffic-derived air pollutants and avoid reviewing the 
effects of well-characterized exposures (e.g., tobacco smoke, mercury, lead, arsenic). 

The health effects nominated for evaluation focused on emerging children’s health outcomes. To 
help refine the focus, OHAT conducted a preliminary inventory of the literature using a search 
strategy designed to capture the types of pollutants outlined in the original nomination and a 
variety of health outcomes relevant to children’s health. The preliminary search results were used 
to identify emerging health areas of concern in addition to types of air pollution that could be 
considered together in a systematic review (e.g., traffic-related sources). OHAT prioritized the 
list of emerging health outcomes to review based on the extent of the available literature and 
evaluations of health effects conducted by other federal agencies. Outcomes related to 
respiratory health were not considered for evaluation as these outcomes are studied and reviewed 
more commonly. 

Based on the results of this effort, OHAT determined that hypertensive disorders of pregnancy 
were among the best health outcomes to evaluate due to their effect on children’s health. In 
addition, the majority of literature on these health outcomes had been published recently (since 
2009) and would not have been included in the 2010 Health Effects Institute (HEI) Special 
Report 17 on health effects of traffic-related air pollution (TRAP) (HEI 2010) or the U.S. 
Environmental Protection Agency (EPA) Integrated Science Assessments for carbon monoxide 
(CO) (USEPA 2010), nitrogen oxides (NOx) (USEPA 2008), or particulate matter (PM) (USEPA 
2009). The only recent review by a federal agency evaluating health effects in children following 
TRAP exposure was published by the Centers for Disease Control and Prevention (CDC) and 
focused on pediatric cancer (Boothe et al. 2014). Two additional groups evaluated the 
association between ambient air pollution and hypertensive disorders of pregnancy, but these 
studies did not specifically focus on traffic-derived air pollution nor did they assess internal 
validity (risk of bias) for the individual studies (Hu et al. 2014; Pedersen et al. 2014). 

The overall objective and specific aims stated above were developed and refined through a series 
of problem formulation steps including: (1) review of the topic by the evaluation design team 
and other technical experts with backgrounds in air pollution, toxicology, epidemiology, 
reproductive physiology, information science, and systematic review; (2) deliberation with NTP 
staff and consultation with scientists at other federal agencies represented on the NTP Executive 
Committee;2 (3) public review of the concept for Evaluation of Traffic-Related Air Pollution and 

 
2The NTP Executive Committee provides programmatic and policy oversight to the NTP Director and meets once or 
twice a year in closed forum. Members of this committee include the heads (or their designees) from the following 
federal agencies: Consumer Product Safety Commission (CPSC), Department of Defense (DoD), Environmental 
Protection Agency (EPA), Food and Drug Administration (FDA), National Cancer Institute (NCI), National Center 
for Environmental Health/Agency for Toxic Substances and Disease Registry (NCEH/ATSDR), National Institute of 
 

https://ntp.niehs.nih.gov/go/trap
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Children’s Health at the April 16–18, 2014 meeting of the NTP Board of Scientific Counselors 
(http://ntp.niehs.nih.gov/go/9741); (4) guidance outlined in the OHAT Handbook for Conducting 
a Literature-Based Health Assessment (NTP 2015); and (5) external peer review of the draft 
protocol. The protocol was posted in June 2016 (Appendix G) and was used to conduct this 
review. Updates and clarifications to the OHAT Handbook were posted in March 2019 
(https://ntp.niehs.nih.gov/go/systematic_review) and included clarifications to the OHAT 
approach for reaching conclusions across multiple related exposures. A brief summary of the 
methods is presented below. 

PECO Statements 
To address NTP’s overall objective and specific aims, a PECO (Population, Exposure, 
Comparator, and Outcome) statement was developed as an aid to identify search terms and 
inclusion/exclusion criteria as appropriate for addressing the overall research question for the 
systematic review (AHRQ 2014; Higgins and Green 2011). The PECO statement is provided 
below for human and animal studies (Table 1). For the evaluation of hypertensive disorders of 
pregnancy associated with TRAP, the outcomes of interest were gestational hypertension; 
preeclampsia; eclampsia; hemolysis, elevated liver enzyme levels, and low platelet count 
(HELLP) syndrome; and changes in blood pressure. 

The exposure characterization was an important consideration for this assessment because it 
focuses on air pollution derived specifically from traffic rather than more general ambient air 
pollution. Exposures were characterized by direct measures of traffic or measured or modeled 
concentrations of traffic-related air pollutant surrogates. Direct measures of traffic included 
distance to the nearest road or highway, distance to street canyons (i.e., streets lined with tall 
buildings on either side), and length of main streets within a buffer zone around homes or 
schools. Concentrations of traffic-related air pollutants included those obtained from monitors or 
other sources of measurement for pollutant-exposure surrogates that could be reasonably 
attributed to traffic (e.g., roadway-specific monitoring or subjects who lived within short 
distances of fixed monitors) or those estimated from dispersion models of traffic-related air 
pollutants or other models used to estimate traffic-related air pollutants (e.g., land use regression 
model) (Table 2). Many of the air pollutants regulated by EPA are established pollutant 
surrogates for TRAP (e.g., CO, NOx, PM), and the criteria used in this assessment were peer 
reviewed and accepted by epidemiologists with expertise in exposure characterization. Although 
it is acknowledged that many exposure surrogates used to identify TRAP are also generated by 
other sources, these exposure characterization criteria substantially increase the confidence in 
reaching hazard conclusions about associations between exposure to air pollution derived from 
traffic and hypertensive disorders of pregnancy.  

 
Environmental Health Sciences (NIEHS), National Institute for Occupational Safety and Health (NIOSH), and 
Occupational Safety and Health Administration (OSHA). 

http://ntp.niehs.nih.gov/go/9741
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Table 1. PECO Statement 

PECO Element Evidence 

Population Female humans or mammalian animals who were pregnant at exposure and outcome 
assessment 

Exposure Exposure to traffic-related air pollution, including traffic measures (e.g., distance to main 
road, length of main streets with a buffer zone around homes or schools, traffic volume) and 
air pollutants associated with traffic emissions (e.g., CO, NOx, BC, EC, coarse PM, PM2.5, and 
ultrafine PM) as well as mobile source toxics (e.g., benzene, diesel exhaust, PAHs); air 
pollutants measured or modeled that estimate the pollutant-exposure surrogate and could 
reasonably be traffic-related (e.g., near-road monitors); inhalation route of exposure (human, 
animal), including nasal installation (animal) 

Comparator A comparison population exposed to lower levels (or no exposure/exposure below detection 
levels) of traffic-related air pollution 

Outcome Gestational hypertension, preeclampsia, eclampsia, HELLP syndrome, blood pressure 
measurements 

BC = black carbon; CO = carbon monoxide; EC = elemental carbon; HELLP = hemolysis, elevated liver enzymes, low platelet 
count; NOx = nitrogen oxides; PAHs = polycyclic aromatic hydrocarbons; PM = particulate matter. 

Table 2. Traffic Exposure Metrics 

Metric Examples 

Direct Measurements of Traffica 

Distance or Length Distance to nearest main road of highway; distance to street canyons (i.e., streets lined with 
tall buildings on either side); length of main streets within buffer zone around homes or 
schools 

Traffic Density Density on nearest road; average density estimated from road networks with buffer zones 
around homes or schools; street canyons with buffers 

Traffic-related Air Pollutantsb 

Measurementsc Measurements of traffic-related air pollutants from monitors or other sources of 
measurements that could reasonably be attributed to traffic (e.g., near-road monitors) 

Modeling Dispersion of traffic-related air pollutants; other models used to estimate traffic-related air 
pollution (e.g., land use regression model) 

aStudies with self-reporting of direct measures of traffic will be included; however, they will be identified as definitely high risk 
of bias.  
bIncludes carbon monoxide; black carbon; elemental carbon; nitrogen oxides; particulate matter (specifically PM2.5 [fine PM], 
ultrafine PM, and coarse PM); and mobile source toxics such as benzene, diesel exhaust, and polycyclic aromatic hydrocarbons.  
cStudies utilizing personal air monitoring and/or urine biomarkers will be used as long as some description of traffic is included 
in the methods. 

Literature Search 
Literature search strategies were developed to identify all relevant published evidence on 
hypertensive disorders of pregnancy potentially associated with TRAP through (1) review of 
PubMed’s Medical Subject Headings for relevant and appropriate terms, (2) data extraction of a 
test set of relevant studies, and (3) evaluation of search strategies presented in other reviews. The 
search strategy was performed, and the results were assessed to ensure that 100% of the 
previously identified relevant primary studies were retrieved. Three databases (PubMed, Scopus, 
and Web of Science) were searched through January 28, 2019, using a strategy customized for 
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each database (Appendix B). No publication year limits or language restrictions were imposed. 
The literature search was developed in collaboration with a librarian trained in systematic review 
methodology. Although unpublished studies were eligible (see protocol for more details; 
Appendix G), there were no unpublished data that met the PECO criteria for inclusion for this 
assessment. 

Searching Other Resources 
The reference lists of all included studies, relevant reviews, commentaries, and other nonresearch 
articles identified during the initial literature search were manually searched for additional 
relevant publications. Studies were evaluated using the same inclusion and exclusion criteria that 
were used for screening records retrieved from the electronic search. 

Study Selection 

Evidence Selection Criteria 
To be eligible for inclusion, studies had to satisfy eligibility criteria specified by the PECO 
statement in Table 1. Reviews and other papers that did not provide original data on potential 
health effects were excluded but were considered for context if the information they provided 
(e.g., exposure, metabolism data) was useful for evaluating confidence in bodies of evidence or 
integrating evidence across human and animal data from the included studies. The following 
additional exclusion criteria were applied: (1) studies using nonpregnant subjects or animals 
other than nonhuman mammals; (2) studies that evaluated CO poisoning, noninhalation routes of 
exposure to relevant pollutants, heavy or transitional metals, formaldehyde or other volatile 
organic compounds relevant to vehicle exhaust; (3) articles with no original data, conference 
abstracts or other studies published in abstract form only, and retracted articles. 

Screening Process 
References retrieved from the literature search were screened for relevance and eligibility against 
the evidence selection criteria using DistillerSR® by Evidence Partners, a web-based, systematic 
review software program with structured forms and procedures to ensure standardization of the 
process. Screeners from the evidence evaluation team were trained with an initial pilot phase to 
improve clarity of the inclusion and exclusion instructions and to improve accuracy and 
consistency among screeners. All references were independently screened by two trained 
screeners (one of which was the project lead) at the title and abstract level to determine whether 
a reference met the evidence selection criteria. Studies that were not excluded during the title and 
abstract review were screened with a full-text review. Screening conflicts were resolved through 
discussion. Following full-text review, the remaining studies were “included” and used for the 
evaluation. 

Data Extraction 

Extraction Process 
Data were collected (i.e., extracted) from included studies by one member of the evaluation team 
and checked by a second member for completeness and accuracy. Any discrepancies in data 
extraction were resolved by discussion. Information that was inferred, converted, or estimated 

https://www.evidencepartners.com/products/distillersr-systematic-review-software/
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during data extraction is annotated (e.g., using brackets [n = 10]). Study extraction files noted 
when an attempt was made to contact study authors by email (and whether a response was 
received) for missing data considered important for evaluating key study findings. 

Data Availability 
Data extraction was completed using the Health Assessment Workspace Collaborative (HAWC), 
an open-source and freely available web-based interface application, for visualization and 
warehousing.3 The data extraction results for included studies are publicly available 
(https://hawcproject.org/assessment/60/) and can be downloaded in Excel format through HAWC 
(NTP 2019a). Data extraction elements are listed separately for human, animal, and in vitro 
studies in the protocol (Appendix G) (NTP 2019b). 

Quality Assessment of Individual Studies 
Risk of bias was assessed for individual studies using a tool developed by OHAT that outlines a 
parallel approach to evaluating risk of bias in human and animal studies to facilitate 
consideration of risk of bias across evidence streams with common terms and categories (NTP 
2015). The risk-of-bias tool comprises a common set of 11 questions that are answered based on 
the specific details of individual studies to develop risk-of-bias ratings for each question. Study 
design determines the subset of questions used to assess risk of bias for an individual study 
(Figure 1). 

Assessors were trained with an initial pilot phase undertaken to improve clarity of rating criteria 
and to improve consistency among assessors. Studies were independently evaluated by two 
trained assessors who answered all applicable risk-of-bias questions with one of four options 
shown in Figure 2 following pre-specified criteria detailed in the protocol (Appendix G). The 
criteria describe aspects of study design, conduct, and reporting required to reach risk-of-bias 
ratings for each question and specify factors that can distinguish among ratings (e.g., what 
separates “definitely low” from “probably low” risk of bias). 

In the OHAT approach, some risk-of-bias questions or elements are considered potentially more 
important when assessing studies because there is more empirical evidence that these areas of 
bias have a greater effect on estimates of the effect size or because these issues are generally 
considered to have a greater effect on the credibility of study results in environmental health 
studies (Rooney et al. 2016). There were three key questions for observational human studies: 
confounding, exposure characterization, and outcome assessment. There were also three key 
questions for the experimental animal study: randomization, exposure characterization, and 
outcome assessment.  

 
3HAWC (Health Assessment Workspace Collaborative): A Modular Web-based Interface to Facilitate Development 
of Human Health Assessments of Chemicals (https://hawcproject.org/portal/). 

https://hawcproject.org/portal/
https://hawcproject.org/assessment/60/
https://hawcproject.org/portal/
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Figure 1. OHAT Risk-of-bias Questions and Applicability by Study Design 

*Experimental animal studies are controlled exposure studies. Nonhuman animal observational studies can be evaluated using the 
design features of observational human studies such as cross-sectional study design. 
**Human controlled trials are studies in humans with controlled exposure (e.g., randomized controlled trials). 
***Cross-sectional studies include population surveys with individual data (e.g., NHANES) and surveys with aggregate data 
(i.e., ecological studies). 
 
Any discrepancies in ratings between assessors were resolved through discussion to reach the 
final recorded risk-of-bias rating for each question along with a statement of the basis for that 
rating. Members of the evaluation team were consulted for assistance if additional expertise was 
necessary to reach final risk-of-bias ratings based on specific aspects of study design or 
performance reported for individual studies. Information or study procedures that were not 
reported is assumed not to have been conducted, resulting in an assessment of probably high risk 
of bias. Authors were queried by email to obtain missing information, and responses received 
were used to update risk-of-bias ratings. 

 

Risk-of-bias Questions E
xp

er
im

en
ta

l A
ni

m
al

* 

H
um

an
 C

on
tr

ol
le

d 
T

ri
al

s*
* 

C
oh

or
t 

C
as

e-
C

on
tr

ol
 

C
ro

ss
-S

ec
tio

na
l*

**
 

C
as

e 
Se

ri
es

 

1. Was administered dose or exposure level adequately randomized? X X     

2. Was allocation to study groups adequately concealed? X X     

3. Did selection of study participants result in the appropriate comparison 
groups? 

  X X X  

4. Did study design or analysis account for important confounding and 
modifying variables?  

  X X X X 

5. Were experimental conditions identical across study groups? X      

6. Were research personnel blinded to the study group during the study? X X     

7. Were outcome data complete without attrition or exclusion from analysis? X X X X X  

8. Can we be confident in the exposure characterization? X X X X X X 
9. Can we be confident in the outcome assessment (including blinding of 
outcome assessors)? X X X X X X 

10. Were all measured outcomes reported? X X X X X X 
11. Were there no other potential threats to internal validity? X X X X X X 
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Figure 2. The Four Risk-of-bias Rating Options 

Answers to the risk-of-bias (study quality) questions result in one of the four risk-of-bias ratings. 

Organizing and Rating Confidence in Bodies of Evidence 

Health Outcome and Endpoint Grouping by Categories of Health Effects 
and Exposure 
After data were extracted from all studies, the health effects results were grouped across studies 
to develop bodies of evidence or collections of studies with data on the same or related outcomes 
for the four main categories of interest: (1) blood pressure change during pregnancy, 
(2) gestational hypertension, (3) preeclampsia, and (4) eclampsia and HELLP syndrome 
(Table 3). Within these main endpoint categories, studies were grouped by exposure (e.g., traffic 
measures, PM, NOx) and evaluated individually and together as combined hypertensive disorders 
of pregnancy for each exposure. 

Table 3. Hypertensive Disorders of Pregnancy: Endpoint Categories for Human and Animal 
Studies 

Endpoint Category Description 

Blood Pressure Change An increase or decrease related to the reference pregnant population (human or 
animal) 

Gestational Hypertension Isolated systolic blood pressure (SBP) ≥140 mmHg or diastolic blood pressure 
(DBP) ≥90 mmHg during the second half of pregnancy 

Preeclampsia Gestational hypertension accompanied by proteinuria after 20 weeks of gestation 

Eclampsia and HELLP Eclampsia: Gestational hypertension, with or without proteinuria, plus at least 
one observed seizure in a woman with no prior history of a seizure disorder 
Hemolysis elevated liver enzyme low platelet count (HELLP) syndrome: 
Hemolysis (abnormal peripheral smear, bilirubin > 1.2 mg/dl, or lactose 
dehydrogenase > 600 IU/L), elevated liver enzymes (aspartate amino transferase 
or alanine aminotransferase > 70 IU/L), and low platelet count (<100,000 mm3) 
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Considerations for Pursuing a Narrative or Quantitative Evidence 
Synthesis 
Heterogeneity within the available evidence was used to determine whether a narrative approach 
with or without a quantitative synthesis (meta-analysis) was most appropriate for evidence 
integration. Meta-analysis approaches are considered most suitable if there are at least 6–10 
results for a continuous variable and at least 4 results for a categorical variable (Rudra et al. 
2011). Groups of studies for two pollutants displayed enough similarity across exposures to 
deem them appropriate for meta-analyses: PM2.5 and NO2. Due to heterogeneity of the evidence 
or small bodies of evidence across other TRAP measures, only a narrative approach (and not a 
meta-analysis) was appropriate for evidence synthesis of these measures. 

Confidence Rating: Assessment of Body of Evidence 
The quality of evidence for hypertensive disorders of pregnancy was evaluated using the 
GRADE system for rating the confidence in the body of evidence (AHRQ 2014; Guyatt et al. 
2011). More detailed guidance on reaching confidence ratings in the body of evidence as “high,” 
“moderate,” “low,” or “very low” is provided in the OHAT Handbook for Conducting a 
Literature-Based Health Assessment (http://ntp.niehs.nih.gov/go/38673, see STEP 5). In brief, 
available human and animal studies on a particular health outcome in Table 3 were initially 
grouped by key study design features, and each grouping of studies was given an initial 
confidence rating by those features. Starting at this initial rating (column 1 of Figure 3), potential 
downgrading of the confidence rating was considered for factors that decrease confidence in the 
results (column 2 of Figure 3 [risk of bias, unexplained inconsistency, indirectness or lack of 
applicability, imprecision, and publication bias]); and potential upgrading of the confidence 
rating was considered for factors that increase confidence in the results (column 3 of Figure 3 
[large magnitude of effect, dose response, consistency across study designs/populations/animal 
models or species, consideration of residual confounding, and other factors that increase 
confidence in the association or effect]). Consideration of consistency across study designs, 
human populations, or animal species is not included in the GRADE guidance (Guyatt et al. 
2011); however, it is considered in the modified version of GRADE used by OHAT (Rooney et 
al. 2014). 

Confidence ratings were assessed by federal staff and reviewed by members of the evaluation 
review team for accuracy and consistency, and discrepancies were resolved by consensus and 
consultation with technical advisors as needed. Confidence ratings for the outcomes are 
summarized in evidence profile tables for each outcome. 

http://ntp.niehs.nih.gov/go/38673
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Figure 3. Assessing Confidence in the Body of Evidence 

Preparation of Level-of-evidence Conclusions 
The confidence ratings were translated into level of evidence of health effects for each type of 
health outcome (if applicable) and hypertensive disorders of pregnancy as a whole for each 
traffic-related pollutant, each traffic measure, and traffic-related air pollution as a whole 
according to one of four statements: (1) High, (2) Moderate, (3) Low, or (4) Inadequate (Figure 4 
and Table 4). The descriptor “evidence of no health effect” is used to indicate confidence that the 
substance is not associated with a health effect. Because of the inherent difficulty in proving a 
negative, the conclusion “evidence of no health effect” is only reached when there is high 
confidence in the body of evidence. 

 
Figure 4. Translation of Confidence Ratings into Evidence of Health Effect Conclusions  
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Table 4. Definitions of Level-of-evidence Descriptors 

Evidence Descriptors Definition 

High Level of Evidence There is high confidence in the body of evidence for an 
association between exposure to TRAP and the health outcome(s). 

Moderate Level of Evidence There is moderate confidence in the body of evidence for an 
association between exposure to TRAP and the health outcome(s). 

Low Level of Evidence There is low confidence in the body of evidence for an association 
between exposure to TRAP and the health outcome(s), or no data 
are available. 

Inadequate Evidence There is insufficient evidence available to assess if exposure to 
TRAP is associated with the health outcome(s). 

Evidence of No Health Effect There is high confidence in the body of evidence that exposure to 
TRAP is not associated with the health outcome(s). 

Integration of Evidence to Develop Hazard Identification 
Conclusions 
Finally, the level-of-evidence ratings for human and animal data were integrated with 
consideration of in vitro/mechanistic data to reach one of five possible hazard identification 
categories: Known, Presumed, Suspected, Not classifiable, or Not Identified to Be a Hazard to 
Pregnant Women (Figure 5). 

Considerations for Human and Animal Data 
Initial hazard identification conclusions were reached by integrating the highest level-of-
evidence conclusions for TRAP-related hypertensive disorders of pregnancy for human and 
animal evidence streams. Hazard identification conclusions were reached on the effects of 
individual exposures to induce or exacerbate each health outcome (Figure 2) or the combined 
hypertensive disorders of pregnancy. The level-of-evidence conclusion for human data for the 
health outcome was considered together with the level of evidence for nonhuman animal data on 
the health outcome to reach one of four initial hazard identification conclusions: Known, 
Presumed, Suspected, or Not classifiable. When either the human or animal evidence stream was 
characterized as inadequate evidence for a particular outcome, conclusions were based on the 
remaining evidence stream alone (which is equivalent to treating the missing evidence as “Low” 
in Figure 5). 
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Figure 5. Hazard Identification Scheme for Hypertensive Disorders of Pregnancy 

Considerations for Evaluating Combined Traffic-related Air Pollution 
Exposure 
Evidence for an association between TRAP and hypertensive disorders of pregnancy was 
evaluated in a stepwise manner. This stepwise approach for considering the combined evidence 
across multiple exposures or the individual pollutants that make up TRAP is analogous to the 
method for evaluating multiple biologically related outcomes to inform confidence on the overall 
health outcome. In each case, the evidence is evaluated for individual exposures or outcomes and 
then the combined evidence is considered collectively. First, the bodies of evidence for 
individual TRAP components (e.g., PM2.5, NOx) were evaluated. A confidence rating for each 
TRAP component was then developed. 

Because TRAP comprises multiple pollutants, NTP considered the appropriateness of evaluating 
the evidence across all TRAP measures included in the evaluation as a single combined TRAP 
exposure. Two key points were weighed in making this determination: (1) whether individual 
TRAP components could act independently to elevate blood pressure and (2) if exposure to 
multiple TRAP components is likely during pregnancy. Most studies in the human evidence 
evaluated single TRAP components, and studies were generally consistent in finding an 
association (with the same direction of effect) between the individual TRAP components and 
elevated blood pressure during pregnancy. Studies that evaluated multiple TRAP components 
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still found significant associations between the individual components and hypertensive 
disorders of pregnancy after statistically accounting for other exposures. Further, mechanistic 
studies demonstrated that multiple TRAP components could act independently on pathways that 
lead to elevated blood pressure (e.g., through vascular inflammation and oxidative stress). 
Therefore, consistency in the evidence for an association between the individual TRAP 
components and hypertensive disorders of pregnancy and mechanistic data supporting 
independent mechanisms by which TRAP can elevate blood pressure enabled NTP to support the 
development of a hazard conclusion for the combined TRAP exposure. Thus, the evidence in the 
body of literature was considered together and then reevaluated for properties related to 
downgrading or upgrading confidence in the body of evidence. 

Consideration of Mechanistic Data 
There is no requirement to consider mechanistic or mode-of-action data to reach hazard 
identification conclusions; however, when available, this and other relevant supporting types of 
evidence may be used to raise (or lower) the category of the hazard identification conclusion. 
Mechanistic data can come from a wide variety of studies that are not intended to identify a 
disease phenotype. This source of experimental data includes in vitro and in vivo laboratory 
studies directed at cellular, biochemical, and molecular mechanisms that explain how a chemical 
produces particular adverse effects. 

The factors outlined for increasing or decreasing confidence that the mechanistic data support 
biological plausibility are conceptually similar to those used to rate confidence in bodies of 
evidence for human or animal in vivo studies and are listed below and described in depth in the 
protocol (Appendix G). Four factors were considered that contribute to increased confidence: 
potency, dose response, consistency in terms of cellular events observed at the same or lower 
doses than in vivo health effects, and consistency across cellular targets on the same pathway. 
Four factors were considered that contribute to decreased confidence: unexplained inconsistency 
across studies of the same endpoint, risk of bias, indirectness/applicability of the pathway for 
human health or concentrations for human exposure, and publication bias. Evaluations of the 
strength of evidence provided by mechanistic data were made on an outcome-specific basis 
following a discussion by the evaluation team and consultation with technical advisors as 
needed. 

• If mechanistic data provided strong support for biological plausibility of the 
relationship between exposure and the health effect, the hazard identification 
conclusion may be upgraded (indicated by black “up” arrows in Figure 5) from that 
initially derived by considering the human and nonhuman animal evidence together. 

• If mechanistic data provided strong opposition for biological plausibility of the 
relationship between exposure and the health effect, the hazard identification 
conclusion may be downgraded (indicated by gray “down” arrows in Figure 5) from 
that initially derived by considering the human and nonhuman animal evidence 
together. 

To date, the mechanism(s) underlying the effects of air pollution on blood pressure during 
pregnancy have not been investigated. A significant challenge to this area of research lies in the 
fact that the mechanisms underlying the etiology of hypertensive disorders of pregnancy 
themselves are not clearly understood, although improper remodeling of the uterine arteries 
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resulting in reduced blood flow to the placenta appears to play a role. Although studies 
investigating the physiology of vascular remodeling events and endocrine adaptations during 
pregnancy were considered to provide context for the available data, none of those studies 
investigated the effect of air pollution on those mechanisms. Thus, mechanistic data relevant to 
the hemodynamic, endocrine, and cardiovascular adaptations during normal pregnancy were not 
used to assess biological plausibility for consideration of upgrading or downgrading confidence. 

Although it is envisioned that strong evidence for a relevant process from mechanistic data alone 
could indicate a greater potential for the substance to induce or exacerbate hypertensive disorders 
of pregnancy, for this evaluation, the mechanistic data on individual TRAP components on blood 
pressure parameters in the nonpregnant state were considered only to inform the appropriateness 
of developing a hazard conclusion for the combined TRAP exposure. The mechanistic studies 
considered for this assessment evaluated several features associated with hypertensive disorders 
of pregnancy, although none of the studies specifically evaluated the effects of air pollutants 
on mechanisms affecting blood pressure during pregnancy. Studies that were considered 
included those that evaluated effects of air pollutants on placental vascularization in early 
pregnancy or effects of air pollutants on mechanisms related to blood pressure changes in the 
nonpregnant state. 

Considerations for Meta-analyses and Meta-analyses Methods 
Meta-analyses were conducted to explore the associations between exposures to PM2.5, NO2, or 
NOx and hypertensive disorders of pregnancy. The available evidence was evaluated with respect 
to several criteria to ensure results included in the meta-analyses would be sufficiently similar. 
The following criteria were considered: 

• Outcome: The outcome of interest was hypertensive disorders of pregnancy, 
including gestational hypertension, preeclampsia, and eclampsia. 

• Exposure unit: The study outcomes were evaluated with respect to a 10 μg/m3 
increase in exposure. 

• Effect estimate: The study reported effects as odds ratios (ORs) and included 95% 
confidence intervals (CIs) or standard errors (SES). 

When necessary, to ensure consistent units across studies and to allow comparisons of effect 
estimates between studies, the reported effect estimates were converted to common exposure 
increments. For example, in this assessment, most of the studies that evaluated associations 
between PM2.5 exposure and preeclampsia reported effects for every 10 µg/m3 increase in PM2.5. 
Therefore, for PM2.5 studies that reported effects associated with a 5 μg/m3 increase in PM2.5, 
effect estimates were transformed to represent effects at a 10 μg/m3 increase. Several studies 
reported exposures in parts per billion (ppb), and these exposures were converted as described in 
the Pedersen et al. (2014) meta-analysis supplement. Exposure estimations for NO2 that were 
expressed in ppb instead of mass per volume of air were converted to μg/m3 using a general 
conversion factor of 1.88 (assuming that 1 ppb equals 1.88 μg/m3 at 1 atmosphere for both 
pollutants). Thus, for each study, an OR and 95% CI were obtained for the association between 
the outcome of interest and a 10 μg/m3 increase in PM2.5, NO2, or NOx. 

Adjusted ORs were used in the meta-analyses, and if results from multiple models were reported 
within a single study, the fully adjusted, single-pollutant models were selected. 
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Wu et al. (2011) reports results associated with PM2.5, NO2, NOx, and traffic measures from two 
separate study locations (Los Angeles County and Orange County, California). Because the land 
use regression (LUR) models were originally developed based on measurements taken only in 
Los Angeles County and the difference in socioeconomic status between the two counties is 
remarkable, the two county results were treated as independent effects and both were included in 
the analyses. Furthermore, given that the focus of the assessment was on TRAP, the CALINE4 
line-source dispersion modeling estimates for PM2.5 and NOx were used (rather than the estimates 
based on ambient monitoring data) because these estimates are more precise than other exposure 
measurements and can capture the local traffic emissions within 3 km of each residence for five 
traffic-related pollutants. The adjusted LUR model results were used for the NO2 analyses. 

In general, if a study reported multiple hypertension-related results (e.g., gestational 
hypertension and preeclampsia, mild and severe preeclampsia), the effect estimates were pooled, 
and one effect estimate was included in the exposure-specific combined hypertensive disorders 
of pregnancy meta-analysis. 

The combined risk estimates for studies with categorical effect estimates were estimated using 
the highest versus the lowest exposure category. When effect estimates of two different 
categorical analyses of proximity to major roads were reported (Miranda et al. 2013), the one 
with the greatest exposure contrast was selected. 

If possible, estimates for multiple exposure periods (e.g., full gestational period, trimester 1, 
trimester 2) were reported. Meta-analyses were not performed if fewer than four results were 
available for a specific exposure-outcome combination. 

Fixed- and random-effects models were used to obtain the summary risk estimates. 
Heterogeneity of the included studies was assessed using the Q-test (Cochran 1954). The 
random-effects model results are presented when the Q-test showed evidence of heterogeneity 
(p < 0.05) (DerSimonian and Laird 1986). When the p value for heterogeneity was greater than 
0.05, the random-effects model results are identical to the fixed-effects model results (Mantel 
and Haenszel 1959). Forest plots were used to display the individual study-specific results and 
summary risk estimates. Publication bias was examined using the Egger’s test and funnel plots 
(Egger et al. 1997). 

Data management was performed with Excel. Statistical analyses were performed using STATA 
version 15 (StataCorp 2017) using the metan, metareg, metainf, metafunnel, metabias, and 
metatrim packages. 
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Results and Evidence Synthesis 

Literature Search Results 
The electronic database searches retrieved 344 individual references. From the total references 
retrieved, 246 were excluded during the title and abstract screening, and 79 studies were 
excluded during the full-text review. The screening results are outlined in a study selection 
diagram with reasons for exclusion documented at the full-text review level (Figure 6). The 19 
included studies (18 human studies and 1 animal study) are listed in Appendix C. 

 
Figure 6. Study Selection Diagram 

Health Effects Results 
The human and animal data across all studies were sorted by exposure and then, if applicable, by 
individual health outcomes: changes in blood pressure; gestational hypertension; preeclampsia; 
or eclampsia/hemolysis, elevated liver enzyme levels, and low platelet count (HELLP) 
syndrome. The associations between TRAP components or traffic measures and health outcomes 
were evaluated individually and in totality (i.e., hypertensive disorders of pregnancy). The 
majority of the available evidence for this evaluation comes from epidemiological studies; 
however, experimental animal studies are presented where applicable. Individual TRAP 
components that were evaluated within the body of evidence were fine particulate matter (PM2.5), 
nitrogen oxides (NOx), carbon monoxide (CO), black carbon (BC), and elemental carbon (EC); 
direct exposure measurements of traffic density and proximity to major roads were also 
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evaluated. When there was a sufficient number of results and similarity across studies, meta-
analyses were conducted to synthesize the findings. 

The main findings for associations between exposures to TRAP and hypertensive disorders of 
pregnancy are summarized below. Sections for Traffic-related Air Pollutants and Traffic 
Measures present the results and evidence synthesis in detail for each exposure and health 
outcome evaluated. 

Main Findings for Associations between Exposures to Traffic-related Air 
Pollution and Hypertensive Disorders of Pregnancy 
The principal findings are outlined below including a brief description for the confidence ratings 
and level-of-evidence conclusions for the data that support the hazard identification conclusion 
for associations between exposures to TRAP and hypertensive disorders of pregnancy (Figure 7). 
The overall conclusion for this assessment was developed using a stepwise process. First, 
confidence ratings were developed for the individual TRAP components. Relevant data, 
including mechanistic studies, were then used to determine the appropriateness of developing a 
hazard conclusion for the combined TRAP exposure. The bodies of evidence for each TRAP 
component were combined and considered as a single TRAP exposure measure and reevaluated 
for factors that would increase or decrease confidence. Finally, a hazard identification conclusion 
for the combined TRAP exposure was developed. 

Summary 
There is moderate confidence in the combined body of evidence from human studies reporting 
that exposures to TRAP during the entire gestation period is associated with the development of 
hypertensive disorders of pregnancy. The moderate confidence in the body of evidence across 
multiple measures of TRAP exposure translates to a moderate level of evidence. No 
experimental animal studies were identified for these measures, resulting in an inadequate level 
of evidence for the animal data. The moderate level of evidence from the human studies alone 
supports a hazard conclusion of presumed on the basis of a combined body of evidence that 
supports a consistent effect of TRAP on hypertensive disorders of pregnancy across a larger 
number of studies. This conclusion indicates multiple mechanisms by which the individual 
components can affect blood pressure and suggests a greater likelihood that individuals may be 
exposed to more than one component of TRAP. Therefore, the integration of the body of 
evidence supports a final hazard conclusion of TRAP exposure of presumed to be a hazard to 
pregnant women. 

Individual Traffic-related Air Pollution Components 
The effect of TRAP for individual traffic-related components—PM2.5, NO2, and traffic 
measures—was supported by meta-analyses. The strongest evidence from the individual TRAP 
components came from the PM2.5 data, which showed an association for preeclampsia per 10 
µg/m3 increase in PM2.5 during the full pregnancy period (meta-OR: 1.51, 95% CI: 1.04, 2.20). 
Small but positive associations were also demonstrated for NO2 exposure and preeclampsia 
(meta-OR: 1.04, 95% CI: 0.97, 1.10). Consideration of these TRAP components, along with 
traffic measures, supports moderate initial confidence for the individual components, and there 
were no factors that would increase or decrease the confidence resulting in a final confidence 
rating of moderate. 
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Combined Body of Evidence for Traffic-related Air Pollution Exposure 
Following the evaluation of individual TRAP components, other relevant factors, including 
mechanistic data, were considered to determine the appropriateness of developing a hazard 
conclusion for the combined TRAP exposure. Additional data (not evaluating blood pressure 
regulation during pregnancy) evaluating single pollutants support that individual PM2.5 and NO2 
exposures can act independently to affect vascular inflammation and oxidative stress pathways 
that lead to increased blood pressure. Indeed, there was consistency in the direction of effect for 
studies in the human evidence that evaluated single TRAP components. Studies that evaluated 
more than one TRAP component also found significant associations between individual 
components and hypertensive disorders of pregnancy after statistically accounting for other 
exposures. However, TRAP includes multiple pollutants, and the likelihood of being exposed 
simultaneously to multiple TRAP components is high. The independent mechanisms by which 
these pollutants can elevate blood pressure along with evidence of an association between 
increased TRAP exposure and development of hypertensive disorders of pregnancy (supported 
by meta-analyses) demonstrate that multiple TRAP components can act on blood pressure 
parameters during pregnancy to lead to hypertension. Therefore, it was appropriate to develop a 
hazard conclusion for combined TRAP exposure to more accurately reflect the true exposure to 
pregnant women. 

Conclusions for combined TRAP exposure were based on 18 epidemiological studies from 15 
cohort studies,4 1 cross-sectional study, and 2 case-control studies. Similar to the ratings 
developed for the individual components of TRAP, the initial confidence rating for the combined 
TRAP exposure was moderate. Factors that could increase or decrease confidence were then 
considered for the combined body of evidence. Upgrading for consistency was considered for the 
combined TRAP exposure because of the consistency in the directions of effect across multiple 
populations and geographic locations from separate lines of evidence for air pollution measures 
and traffic measures. In several cases, study authors evaluated associations between hypertensive 
disorders of pregnancy and exposure to a single air pollutant that served as a proxy for TRAP, 
whereas others evaluated associations between hypertensive disorders of pregnancy and multiple 
measures of TRAP (e.g., PM2.5 and NOx). While studies that evaluated multiple measures of 
TRAP accounted for co-exposures statistically, the body of literature does not represent 
completely independent lines of evidence, which would have strengthened the overall confidence 
in the associations. Thus, although consistency was considered as a factor for upgrading 
confidence, no changes were applied to the initial confidence, resulting in a final confidence 
rating of moderate for the combined TRAP exposure. 

The moderate confidence in the combined body of literature translates to a moderate level of 
evidence for the human data. There were no experimental animal studies in the body of evidence 
that were included in the assessment for the combined TRAP exposure, which translates to an 
inadequate level of evidence for the animal data. Integration of these level-of-evidence 
conclusions supports an initial hazard conclusion of presumed to be a hazard to pregnant women 
because of the extent and consistency of the available data. The body of evidence for combined 
TRAP exposure was determined to be presumed on the basis of a combined body of evidence 
that supports a consistent effect of TRAP on hypertensive disorders of pregnancy across a large 
number of studies. This determination indicates multiple mechanisms by which the individual 

 
4Wu et al. (2011) evaluated two independent cohorts. 
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components can affect blood pressure and suggests a greater likelihood that individuals may be 
exposed to more than one component of TRAP. 

Mechanistic data were not considered to upgrade the final hazard conclusion because, to date, 
there are no mechanistic studies that investigate the effects of combined TRAP exposure on 
blood pressure during pregnancy. Mechanistic data that were reviewed were deemed not directly 
relevant and, therefore, were not considered for potentially upgrading the initial hazard 
conclusion based on biological plausibility. Taken together, the available evidence for combined 
TRAP exposure and hypertensive disorders of pregnancy supports a final hazard conclusion of 
presumed to be a hazard to pregnant women. 

Integration of Evidence for Hypertensive Disorders of Pregnancy 
The final conclusion for the combined TRAP body of evidence was developed after considering 
the individual TRAP components separately. The effect of TRAP was consistent across bodies of 
evidence for the individual components and was supported by meta-analyses for individual 
traffic-related PM2.5, and NO2. 

Individual Traffic-related Air Pollution Components (PM2.5, NO2) and Traffic Measures 
• Human body of evidence: Moderate confidence 

o PM2.5: Moderate confidence 
o NO2: Moderate confidence 
o Traffic Measures: Low confidence 

• Animal body of evidence5: No evidence identified 
o PM2.5: No studies 
o NO2: No studies 
o Traffic Measures: No studies 

Combined Traffic-related Air Pollution Measures 
• Initial hazard conclusion (Moderate human × Inadequate animal) = Presumed to be 

a hazard to pregnant women 
• Final hazard conclusion: No change (after considering biological 

plausibility) = Presumed to be a hazard to pregnant women 
Taken together, the data support a final hazard conclusion that exposure to TRAP is presumed to 
be a hazard to pregnant women (see Table 5).  

 
5Erratum: The confidence rating for the animal body of evidence was changed from “Low (inadequate) confidence” 
to “No evidence identified” on July 25, 2019. 
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Table 5. Traffic-related Air Pollution Summary Table 

Exposure Health 
Outcome 

Confidence Rating in the 
Body of Evidence 

Level of Evidence in the Body 
of Evidence Hazard 

Conclusion 
Human Animal Human Animal 

PM2.5 Preeclampsia Moderate No Evidence 
Identified 

– – – 

NO2 Preeclampsia Moderate No Evidence 
Identified 

– – – 

Traffic 
Density 

Preeclampsia Low No Evidence 
Identified 

– – – 

Distance to 
Road Traffic 

Preeclampsia Low No Evidence 
Identified 

– – – 

Combined 
TRAP 

Hypertensive 
Disorders of 
Pregnancy 

Moderate No Evidence 
Identified 

Moderate Inadequate Presumed to 
be a hazard to 
pregnant 
women 
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Figure 7. Evidence Profile of the Main Findings for Traffic-related Air Pollution 

aDadvand et al. (2013), Rudra et al. (2011), Wu et al. (2011), Savitz et al. (2015), Choe et al. (2018). 
bMalmqvist et al. (2013), Olsson et al. (2015), Dadvand et al. (2013), Wu et al. (2011); Pereira et al. (2013), van den Hooven et 
al. (2011), Pedersen et al. (2017), Savitz et al. (2015), Madsen et al. (2018). 
cOlsson et al. (2015), Wu et al. (2011), Wu et al. (2016), van den Hooven et al. (2009), Malmqvist et al. (2013). 
dYorifuji et al. (2015), Miranda et al. (2013), van den Hooven et al. (2009), Madsen et al. (2018), Choe et al. (2018). 

Risk-of-bias Considerations 
Risk-of-bias ratings for each study for all questions are presented in Figure 8 (human studies) 
and Figure 9 (animal studies). The risk of bias for individual studies in the body of evidence and 
for the body of evidence as a whole was considered in developing the confidence ratings for each 
health effect. The key risk-of-bias questions for human studies (e.g., exposure characterization, 
confounding/modifying variables, and outcome assessment) are discussed in the consideration of 
the body of evidence for each TRAP metric. Although no study was excluded based on concerns 
for risk of bias, confidence conclusions were considered with and without higher risk-of-bias 
studies (e.g., studies rating probably high or definitively high risk of bias for at least two key 
risk-of-bias questions) to assess the influence of these higher risk-of-bias studies. 
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Figure 8. Human Study Risk-of-bias Heatmap 

Interactive figure and additional study details in Health Assessment Workspace Collaborative (HAWC) (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies. 
 

 
Figure 9. Animal Study Risk-of-bias Heatmap 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for experimental animal studies. These key questions relate to areas of bias 
that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on the 
credibility of study results in environmental health studies. 
 

https://hawcproject.org/assessment/60/
https://hawcproject.org/assessment/60/
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For this assessment, one of the key risk-of-bias questions addresses the exposure 
characterization. To draw conclusions about the associations between air pollution specifically 
derived from traffic and hypertensive disorders of pregnancy, individual studies are required to 
use valid, reliable, and sensitive methods to measure the exposure and these methods must be 
applied consistently across groups. Key considerations include reasonable alignment of the 
timing of exposure and the development of the outcome, the density of the monitoring network, 
and the use of appropriate models that account for spatial and temporal variability. Multiple 
approaches can be used to measure exposures of TRAP components in pregnant women. In 
general, ambient pollutant monitoring-based measurements, although widely used as a method 
for measuring air pollution, are generally poor in spatial coverage and are unlikely to capture the 
high spatial heterogeneity of air pollutants directly emitted from traffic. Geographical 
information systems (GIS)-based methods, such as land use regression (LUR) models, can 
provide better estimates of exposure to traffic-specific pollutants compared with monitoring-
based measurements. GIS can account for the high spatial heterogeneity of local traffic emissions 
because they consider traffic surrogate parameters (e.g., distance-weighted traffic density) in the 
models. Thus, there is higher confidence that exposures can be attributed to traffic when using 
GIS-based methods to estimate exposures, and only studies in which the exposures could be 
reasonably attributed to traffic were included in the assessment. Other considerations for 
exposure include use of models based on individual residential addresses versus aggregated 
levels and residential mobility of the women during pregnancy. Risk-of-bias responses about the 
exposure characterization were reviewed and accepted by an external technical expert on 
exposures. 

Another key risk-of-bias question for this assessment was confounding. Potential confounders 
for the individual pollutant evaluations included co-exposure to other traffic pollutants and 
traffic-related noise. When reported, correlations were discussed, however, the majority of the 
studies in the body of literature evaluated single pollutants and/or used single-pollutant models. 
Because many studies evaluated one pollutant that served as a surrogate for a combined TRAP 
exposure, the ability to reach hazard conclusions on individual exposures and hypertensive 
disorders of pregnancy was a limitation of the body of evidence. In addition, most study designs 
did not distinguish the contribution of traffic-related noise on the outcome of interest, and 
disentangling and evaluating the overall (and independent) effects of traffic noise on these 
outcomes is another limitation of this body of evidence (discussed further in Limitations of the 
Evidence Base). Other potential confounders were body mass index (BMI) and socioeconomic 
status (SES)—which are known risk factors for hypertensive disorders of pregnancy—and 
smoking, which, despite being a risk factor for hypertension in the general population, reduces 
the risk of hypertensive disorders during pregnancy. Race and ethnicity were not considered 
major confounders if the study evaluated a relatively homogeneous population, such as those 
studies observing populations in certain regions in Europe. 

The third key risk-of-bias question addresses outcome assessment. Chronic or preexisting 
hypertension refers to elevated blood pressure that occurs before 20 weeks gestation and often 
predates pregnancy. Many studies in the available body of evidence excluded pregnant women 
with chronic hypertension or adjusted for this group in the analyses; however, depending on the 
source of the outcome data (e.g., birth certificate, hospital), this is generally difficult to do with 
certainty. Consequently, outcome misclassification may be a factor in some analyses. 
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The following sections include detailed discussions of the available evidence for effects of 
TRAP on hypertensive disorders of pregnancy (individual and combined outcomes). 

Traffic-related Air Pollutants 
Traffic-related air pollutants are one of the main exposures used to characterize TRAP (the other 
exposure type, traffic measures, is discussed in the Traffic Measures section) and are defined by 
those primarily emitted by mobile sources due to fossil fuel combustion. Several major air 
pollutants regulated by the U.S. Environmental Protection Agency (EPA) are used as pollution 
surrogates for TRAP. Because many exposure surrogates used to identify TRAP are also 
generated by other sources, many studies utilized multiple exposure metrics to increase the 
confidence in the exposure characterization. The sections below begin with a brief summary of 
the bodies of evidence, followed by a narrative summary or meta-analysis of the human and 
(when applicable) animal evidence and confidence rating for the body of evidence. Some studies 
evaluated multiple traffic-related measures so there are instances of overlap across some studies. 

Particulate Matter and Hypertensive Disorders of Pregnancy 
Particulate matter (PM) is a complex mixture whose major components include solid and liquid 
organic and inorganic substances (e.g., sulfate, nitrites, ammonia, sodium chloride, black carbon, 
mineral dust, water) suspended in the air. PM is typically categorized by the aerodynamic 
diameter of the particles: PM10 (coarse particles 2.5–10 µm); PM2.5 (fine particles 0.1–2.5 µm); 
and PM0.1 (ultrafine particles ≤0.1 µm). Coarse particle measurements, measured by monitoring 
stations alone, tend to be more uniform across large areas than the finer particles and therefore 
are not the best indicator for TRAP. PM2.5 or smaller exhibits higher spatial variation and, with 
the appropriate study design, there is higher confidence that the exposure can be attributed to 
traffic. There were no studies that evaluated ultrafine PM and met the PECO criteria. Therefore, 
although coarse, fine, and ultrafine PM are present in vehicle exhaust, this assessment will focus 
on PM2.5. 

Human Health Studies for PM2.5 

Summary 
There is moderate confidence in the body of evidence that exposure to traffic-related PM2.5 

during the entire gestation period is associated with an increased risk for preeclampsia. The five 
studies identified reported consistent evidence of an association between PM2.5 and preeclampsia 
in six cohorts of pregnant women in the United States and Spain (Dadvand et al. 2013; Rudra et 
al. 2011; Savitz et al. 2015; Wu et al. 2011). The studies and data provided were sufficiently 
similar to support meta-analyses with the summary effect estimate for the main analysis of 1.51 
(95% CI: 1.04, 2.20) for risk of preeclampsia after full gestation PM2.5 exposure (Table 8; 
Figure 10). The initial confidence rating was moderate because all the studies included in the 
body of evidence were cohort studies that contained three out of four study design features 
(exposure prior to outcome, individual outcome data, and comparison group used). There was no 
change in the initial moderate confidence rating in the body of evidence after considering factors 
that may increase or decrease confidence. 
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Overview of Available Human Data for PM2.5 
Table 6 summarizes the available data in the human body of evidence that evaluated the 
association between exposure to traffic-related PM2.5 and hypertensive disorders of pregnancy. 
Five studies were identified that reported traffic-related PM2.5 exposures (Choe et al. 2018; 
Dadvand et al. 2013; Rudra et al. 2011; Savitz et al. 2015; Wu et al. 2011). These five studies 
comprised six independent cohorts from the United States or Spain. The body of evidence from 
the United States included one prospective cohort study conducted in western Washington 
(Rudra et al. 2011) and four retrospective cohort studies conducted in New York City (New 
York) (Savitz et al. 2015), Los Angeles and Orange Counties (California) (Wu et al. 2011), and 
Providence (Rhode Island) (Choe et al. 2018). In addition, there was one European study that 
was conducted in a cohort in Barcelona, Spain (Dadvand et al. 2013). The cohorts in Los 
Angeles and Orange Counties that were evaluated by Wu et al. (2011) were treated as two 
distinct populations based on the study locations and sociodemographic status of the cohorts and 
independent exposure assessments. 

Each study evaluated associations between PM2.5 exposure and the risk for developing 
preeclampsia. Additional outcomes evaluated include early- and late-onset preeclampsia 
(Dadvand et al. 2013), gestational hypertension (Choe et al. 2018; Savitz et al. 2015), severe and 
mild preeclampsia/eclampsia, and combined hypertensive pregnancy disorders (Savitz et al. 
2015). 

Most studies evaluated exposure over the entire gestational period, although two studies 
considered only trimester-specific exposures (Choe et al. 2018; Savitz et al. 2015). Dadvand et 
al. (2013) assessed the full gestational period in addition to trimester-specific exposures. 
Investigators reported the odds of developing hypertensive disorders of pregnancy associated 
with PM2.5 using various units of exposure. Most studies reported effect estimates based on 
interquartile range (IQR) increases in PM2.5, whereas others, including Rudra et al. (2011) and 
Savitz et al. (2015), reported effect estimates associated with 10 μg/m3 or 0.5 μg/m3 increases in 
PM2.5. 

The range in the number of participants varied by study from approximately 3,100 to over 
280,000, with the number of cases ranging between 47 and 3,928. Overall, the exposures were 
well characterized, and the timings of exposure were reasonably well aligned with the outcome 
assessments for the body of evidence. All studies assessed traffic-related PM2.5 exposures using 
LUR models with the exception of the Wu et al. (2011) study, which used an air dispersion 
model. The CALINE4 air dispersion model measurement reported in this study was a more 
sensitive measure of traffic-related PM2.5 because it could capture local traffic emissions within 
3 km of each residence. This study examined multiple exposure measurements and also included 
ambient monitoring data for PM2.5.
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Table 6. Studies on Hypertensive Disorders of Pregnancy with TRAP-related PM2.5 Exposure in Humans 

Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Period OR (95% CI) Unit Increase Mean (SD)a 

Exposure Level 

Covariates 
Considered for 

Inclusion 

Choe et al. 
(2018) 

Retrospective 
cohort (Rhode 
Island, USA)  
Land use 
regression 
models 

61,640 2,211 Preeclampsia Trimester 1 0.96 (0.86, 1.06) Per 3.1 µg/m3* 9.7 (1.9) µg/m3 Maternal age, parity, 
race, education, 
marital status, health 
insurance status, 
tobacco use, 
neighborhood 
socioeconomic status, 
year of last menstrual 
period 

Trimester 2 0.97 (0.87, 1.07) Undefined IQR increase 9.6 (1.9) µg/m3 
Trimester 3 0.97 (0.89, 1.05) Undefined IQR increase 9.5 (2.1) µg/m3 

2,877 Gestational 
hypertension 

Trimester 1 1.00 (0.91, 1.09) Per 3.1 µg/m3* 9.7 (1.9) µg/m3 

Trimester 2 1.04 (0.96, 1.14) Undefined IQR increase 9.6 (1.9) µg/m3 

Trimester 3 0.94 (0.87, 1.01) Undefined IQR increase 9.5 (2.1) µg/m3 

Dadvand et 
al. (2013) 

Retrospective 
cohort 
(Barcelona, 
Spain) 
Land use 
regression 
models 

8,398 103 Preeclampsia 
(all cases) 

Full gestational 
period 

1.32 (1.02, 1.71) Per 5.1 µg/m3* 16.5 (5.1) µg/m3 Maternal age, 
ethnicity, education, 
smoking, alcohol use, 
BMI, marital status, 
pre-gestational/ 
gestational diabetes, 
parity, multiple 
pregnancy, 
neighborhood 
socioeconomic status, 
season of conception, 
year of conception 

Trimester 1 1.29 (0.94, 1.76) Per 7.6 µg/m3 17.0 (7.6) µg/m3 
Trimester 2 1.12 (0.85, 1.48) Per 7.4 µg/m3* 17.3 (7.4) µg/m3 
Trimester 3 1.51 (1.13, 2.01) Per 7.3 µg/m3* 17.3 (7.3) µg/m3 

26 Early-onset 
preeclampsia 

Full gestational 
period 

1.53 (0.94, 2.49) Per 5.1 µg/m3* 16.5 (5.1) µg/m3 

Trimester 1 1.69 (0.93, 3.05) Per 7.6 µg/m3* 17.0 (7.6) µg/m3 
Trimester 2 1.41 (0.83, 2.40) Per 7.4 µg/m3* 17.3 (7.4) µg/m3 
Trimester 3 1.29 (0.72, 2.32) Per 7.3 µg/m3* 17.3 (7.3) µg/m3 

75 Late-onset 
preeclampsia 

Full gestational 
period 

1.18 (0.87, 1.60) Per 5.1 µg/m3* 16.5 (5.1) µg/m3 

Trimester 1 1.04 (0.75, 1.44) Per 7.6 µg/m3* 17.0 (7.6) µg/m3 
Trimester 2 1.14 (0.79, 1.66) Per 7.4 µg/m3* 17.3 (7.4) µg/m3 
Trimester 3 1.42 (1.01, 2.00) Per 7.3 µg/m3* 17.3 (7.3) µg/m3 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Period OR (95% CI) Unit Increase Mean (SD)a 

Exposure Level 

Covariates 
Considered for 

Inclusion 

Rudra et al. 
(2011) 

Prospective 
cohort 
(Western 
Washington, 
USA) 
Land use 
regression 
models 

3,675 117 Preeclampsia Periconceptionalb 1.02 (0.93, 1.12) Per 0.5 µg/m3 10.1  
(8.7–11.4) µg/m3 

Maternal age, 
nulliparity, BMI, 
race/ethnicity, 
education, marital 
status, smoking, 
household income, 
employment in early 
pregnancy, pre-
pregnancy secondhand 
smoke, physical 
activity, history of 
asthma, diabetes, 
chronic hypertension, 
year and month of 
conception 

Savitz et al. 
(2015) 

Retrospective 
cohort (New 
York City, 
USA)  
Land use 
regression 
models 

268,601 NRc Total 
hypertensive 
disorders 

Trimester 1 0.93 (0.86, 1.0) Per 10 µg/m3 11.9 (2.5) µg/m3 Maternal age, parity, 
race/ethnicity, 
conception year, 
education, BMI, BMI2, 
Medicaid status, social 
deprivation index, 
hospital of delivery  

Trimester 2 0.91 (0.84, 0.99) Per 10 µg/m3 11.9 (2.4) µg/m3 

Gestational 
hypertension 

Trimester 1 0.97 (0.86, 1.1) Per 10 µg/m3 11.9 (2.5) µg/m3 
Trimester 2 0.88 (0.77, 1.0) Per 10 µg/m3 11.9 (2.4) µg/m3 

Severe 
preeclampsia/ 
eclampsia 

Trimester 1 0.95 (0.82, 1.1) Per 10 µg/m3 11.9 (2.5) µg/m3 
Trimester 2 0.96 (0.81, 1.1) Per 10 µg/m3 11.9 (2.4) µg/m3 

Mild 
preeclampsia 

Trimester 1 0.88 (0.78, 1.0) Per 10 µg/m3 11.9 (2.5) µg/m3 
Trimester 2 0.91 (0.80, 1.0) Per 10 µg/m3 11.9 (2.4) µg/m3 

Wu et al. 
(2011) 

Retrospective 
cohort (Los 
Angeles 
County, USA) 
CALINE 4 air 
dispersion 
modelsd 

38,709 1,303 Preeclampsia Full gestational 
period 

1.08 (1.02, 1.15) Per 1.4 µg/m3* 2.1 (1.2) µg/m3 Maternal age, 
race/ethnicity, parity, 
prenatal care insurance 
type, season of 
conception, diabetes, 
poverty 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Period OR (95% CI) Unit Increase Mean (SD)a 

Exposure Level 

Covariates 
Considered for 

Inclusion 

Wu et al. 
(2011) 

Retrospective 
cohort (Orange 
County, USA) 
CALINE 4 air 
dispersion 
modelsd 

42,477 1,139 Preeclampsia Full gestational 
period 

1.10 (1.04, 1.17) Per 1.4 µg/m3* 1.6 (1.4) µg/m3 Maternal age, 
race/ethnicity, parity, 
prenatal care insurance 
type, season of 
conception, diabetes, 
poverty 

*Effect estimates marked with an asterisk were reported per interquartile range increase in PM2.5. 
aDadvand et al. (2013) and Rudra et al. (2011), reported median (IQR) levels of PM2.5. 
bRudra et al. (2011) defined the periconceptional period as the 7 months surrounding conception. 
cNR = Not reported: The overall number of cases for this study was not reported. The number of cases used in the statistical analyses are presented below in Table 7. 
dWu et al. (2011) also reported land use regression model estimates that are based on ambient air pollution data. The CALINE4 dispersion modeling estimates for PM2.5 and NOx 
were selected as these estimates capture local traffic emissions at a finer resolution (within 3 km of each residence) for five traffic-related pollutants.
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Synthesis of Human Evidence and Meta-analysis 
The studies that evaluated associations between exposure to PM2.5 and hypertensive disorders of 
pregnancy generally reported an increased risk for developing hypertensive disorders of 
pregnancy (particularly preeclampsia) with increasing exposures to PM2.5. The mean exposures 
reported by the study authors ranged from 9.3–17.3 µg/m3 in studies that modeled exposures 
using LUR methods. The Wu et al. (2011) study modeled PM2.5 exposures using the CALINE4 
air dispersion model (but also measured PM2.5 using ambient monitoring stations; data not 
included in the assessment), and mean exposure levels were lower due to the finer resolution by 
which the model estimate could capture PM2.5 concentrations from a single emission source (i.e., 
local traffic within 3 km of a residence). Associations were evaluated for PM2.5 exposures during 
the entire pregnancy period and/or during each trimester. Studies that estimated exposure to 
traffic-related PM2.5 during the entire pregnancy period reported consistent associations between 
this TRAP component and hypertensive disorders of pregnancy. Results for trimester-specific 
exposures were less consistent. Many of the trimester-specific evaluations showed positive 
associations that did not reach statistical significance, except for Choe et al. (2018) who reported 
slightly negative (not statistically significant) associations. First trimester associations were 
generally weakly correlated with hypertensive disorders of pregnancy. In the Savitz et al. (2015) 
study, trimester-specific odds ratios (ORs) from the standard adjusted model showed significant 
associations between first and second trimester exposures to PM2.5 and total hypertensive 
disorders, gestational hypertension, and severe preeclampsia, but those associations were 
eliminated when the models were further adjusted for delivery hospital. Although the 
pathogenesis of hypertensive disorders of pregnancy (discussed in more detail in the Discussion) 
is thought to originate in the first trimester, there is inadequate evidence from these studies to 
determine if specific trimesters are more strongly correlated with hypertensive disorders of 
pregnancy. The lack of consistent associations during these windows is more likely due to the 
small number of studies that evaluated trimester-specific exposures and might not reflect the true 
relationship between these exposure windows and hypertensive disorders of pregnancy. 

Correlations across multiple pollutants were not consistently reported across the body of 
evidence. Some studies evaluated correlations between exposures (e.g., Rudra et al. (2011), Wu 
et al. (2011)); others used single-pollutant models (Dadvand et al. 2013) and/or adjusted for the 
other exposures evaluated (Choe et al. 2018; Savitz et al. 2015). For those studies that did 
evaluate correlations between exposures, authors generally reported moderate correlations 
between LUR-modeled PM2.5 and other pollutants; the CALINE4 model showed high correlation 
among pollutants (Wu et al. 2011). 

The available data for the full pregnancy exposure period were sufficient to perform a 
meta-analysis to evaluate the effects of PM2.5 exposure on the risk of preeclampsia as three or 
more individual study results were available (Table 7). Choe et al. (2018) did not report an 
association between PM2.5 exposure and preeclampsia. This study was not included in the 
meta-analysis because this study included ORs for all three trimesters but did not include 
trimester-specific interquartile range increases. Savitz et al. (2015) reported risk estimates for 
trimesters 1 and 2, and these results were pooled into one risk estimate for trimesters 1 and 2 
combined. Rudra et al. (2011) reported an exposure window around the conception period (i.e., a 
7-month period). Because Savitz et al. (2015) and Rudra et al. (2011) reported exposure 
windows other than the entire pregnancy period, sensitivity analyses were performed with and 
without these two studies.
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Table 7. References Included in Meta-analysis: Studies on Hypertensive Disorders of Pregnancy with TRAP-related PM2.5 Exposure in Humans 

Study Study Design 
(Location) 

Analysis 
Sample 

Size 

Cases 
Included in 

Analysis 
Outcome Exposure Period 

OR (95% CI) 
per 10 µg/m3 

Increase* 

Mean (SD)a 
Exposure Level 

Covariates Included in 
Final Model 

Dadvand 
et al. 
(2013) 

Retrospective 
cohort (Barcelona, 
Spain) 

8,398 103 Preeclampsia Full gestational 
period 

1.72 (1.22, 2.43) 16.5 (5.1) µg/m3 Maternal age, ethnicity, 
education, smoking, alcohol 
use, BMI, marital status, pre-
gestational/ gestational 
diabetes, parity, multiple 
pregnancy, neighborhood 
socioeconomic status, season 
of conception, year of 
conception 

Rudra et 
al. (2011) 

Prospective cohort 
(Western 
Washington, USA) 

3,509 117 Preeclampsia Periconceptionalb 1.49 (1.35, 1.63) 10.1 
(8.7–11.4) µg/m3 

Maternal age, nulliparity, 
BMI, race/ethnicity, 
smoking, season, and year of 
conception 

Savitz et 
al. (2015)  

Retrospective 
cohort (New York 
City, USA) 

268,601 4,226 Severe preeclampsia Trimesters 1, 2 0.96 (0.89, 1.03) Pooled mean not 
reportedc 

Maternal age, ethnicity, 
education, Medicaid status, 
parity, conception year, 
social deprivation index, 
BMI, BMI2, hospital of 
delivery 

6,940 Mild preeclampsia Trimesters 1, 2 0.90 (0.86, 0.94) Pooled mean not 
reportedc 

11,166 Combined mild and 
severe preeclampsia 

Trimesters 1, 2 0.92 (0.88, 0.95)d Pooled mean not 
reportedc 

Wu et al. 
(2011) 

Retrospective 
cohort (Los Angeles 
County, USA) 

Not 
reportede 

1,303 Preeclampsia Full gestational 
period 

1.73 (1.62, 1.85) 2.1 (1.2) µg/m3 Maternal age, race/ethnicity, 
parity, diabetes, prenatal care 
insurance type, poverty, 
season of conception Retrospective 

cohort (Orange 
County, USA) 

Not 
reportede 

1,103 Preeclampsia Full gestational 
period 

1.98 (1.85, 2.11) 1.6 (1.4) µg/m3 

*All ORs were converted to a 10 µg/m3 increase before analysis. 
aDadvand et al. (2013) and Rudra et al. (2011) reported median (IQR) levels of PM2.5. 
bRudra et al. (2011) defined the periconceptional period as the 7 months surrounding conception. 
cSavitz et al. (2015) reported mean PM2.5 exposures for trimester 1 and trimester 2 separately. 
dThis effect estimate was calculated by combining the severe and mild preeclampsia values that were reported by Savitz et al. (2015). 
eNot reported = The overall number of participants included in each analysis was not reported by county. The adjusted NO2 LUR model included 81,186 subjects total, and the 
NOx CALINE4 model included 79,629 individuals total.
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The available evidence indicate that the meta-OR for preeclampsia was 1.51 (95% CI: 1.04, 
2.20) per 10 µg/m3 increase in PM2.5 concentration (Table 8; Figure 10). Sensitivity analyses 
with and without Rudra et al. (2011) and Savitz et al. (2015) were performed and showed a 
larger effect estimate when the analysis only included studies that evaluated the full gestational 
period (Table 8). 

There was evidence of heterogeneity among studies that reported PM2.5 exposure during the full 
gestational period (p < 0.001 [Table 8]). Separate sensitivity analyses that excluded each study 
one at a time and reevaluated the model revealed that no single study influenced the 
meta-analysis to a large degree (Table E-1; Figure E-1). In addition, a formal test of publication 
bias (Egger's test and funnel plots) revealed no evidence of publication bias (p = 0.318) 
(Figure E-2; Table E-2); thus, a trim and fill analysis was not necessary. 

Table 8. Pooled ORs and 95% CIs for TRAP-related PM2.5 and Preeclampsia 

Exposure Window Number of 
Results 

OR (95% CI) 
per 10 µg/m3 Increase 

Heterogeneity 

P Value* I2 

Full Gestational Perioda 5 1.51 (1.04, 2.20) <0.001 99% 

Full Gestational Period [Excluding Savitz et al. 
(2015)] 

4 1.73 (1.51, 1.98) <0.001 88% 

Full Gestational Period [Excluding Rudra et al. 
(2011)] 

4 1.52 (0.96, 2.40) <0.001 99% 

Full Gestational Perioda 

[Excluding Rudra et al. (2011) and Savitz et al. 
(2015)] 

3 1.84 (1.64, 2.07) 0.017 76% 

*P value for test for heterogeneity. Significant values (p < 0.05) reflect results of the random-effects model. 
aOne study (Wu et al. 2011) contributed two effect estimates to the analysis. 
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Figure 10. Full Gestation Exposure to PM2.5 and Preeclampsiaa 

When I2 p value is significant (p < 0.05), the random-effects model results are presented. When nonsignificant, the 
random-effects model results are identical to the fixed-effects model results. 
aAll ORs were converted to a 10 µg/m3 increase before analysis. 

Risk-of-bias Considerations 
The PM2.5 studies were generally rated probably low or definitely low across all risk-of-bias 
domains, including the key risk-of-bias questions, as shown in the risk-of-bias heatmap 
(Figure 11) and bar chart (Figure 12). Therefore, confidence in the body of evidence for PM2.5 
was not changed for risk of bias. The key risk-of-bias considerations are detailed below, and the 
study-specific rating details can be found in HAWC (https://hawcproject.org/assessment/60/) 
(NTP 2019a). 

https://hawcproject.org/assessment/60/
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Figure 11. Risk-of-bias Heatmap: PM2.5 and Hypertensive Disorders of Pregnancy 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies. 
 

 
Figure 12. Risk-of-bias Bar Chart: PM2.5 and Hypertensive Disorders of Pregnancy 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies. 

Exposure Characterization 
Overall, the exposure and outcome data were reasonably well aligned, although the exposures 
were not truncated at the time of diagnosis in three studies (Choe et al. 2018; Savitz et al. 2015; 
Wu et al. 2011). The monitoring networks were sufficiently dense. The LUR exposure models 
used in all but one study have high resolution to capture the spatial heterogeneity of air pollutants 

https://hawcproject.org/assessment/60/
https://hawcproject.org/assessment/60/
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directly emitted from traffic and can characterize temporal variability using temporal trends 
derived from ambient monitoring stations to reasonably attribute the PM2.5 exposures to traffic. 
The CALINE4 air dispersion model has high spatial and moderate temporal variability and has 
the resolution to estimate concentrations of PM2.5 from local traffic within 3 km of a residence 
(Wu et al. 2011), thus making it a more sensitive model to estimate traffic-related contributions. 
Exposures were assessed at the residential address level at the time of delivery, however, there is 
a potential exposure misclassification due to the lack of residential mobility information (e.g., 
moving or working in a different location) from any of the studies for this exposure. This might 
represent a nondifferential exposure misclassification, which would likely bias the results toward 
the null because exposures may vary at a different location. 

Outcome Assessment 
Chronic hypertension was usually excluded from analyses, and study authors explicitly stated 
this exclusion or it was inferred from the definition of the outcome evaluated (e.g., preeclampsia 
was defined as elevated blood pressure and proteinuria after 20 weeks gestation in previously 
normotensive women). In some cases, the availability of this information depends on the source 
of outcome data. In general, birth certificate data poorly report information surrounding 
preexisting hypertension because they are more often dependent on the timing of the first 
prenatal visit in clinical records for first pregnancies. However, documentation for both hospital 
and birth certificate data of preexisting (chronic) hypertension is typically more complete in 
women who have pregnancy complications. Thus, there is likely some outcome misclassification 
in the “noncases” for these studies that would bias the effect estimates toward the null. There 
were no other risk-of-bias concerns about outcome classification in the other studies evaluating 
associations between PM2.5 and hypertensive disorders of pregnancy. 

Confounding and Modifying Variables 
Covariates used in the models are provided in tables for this report. All of the studies considered 
the standard covariates that are thought to be associated with hypertensive disorders of 
pregnancy (e.g., maternal age, race/ethnicity, socioeconomic status [SES]). Smoking was not 
addressed consistently across the body of evidence. Statistical adjustments were made for 
smokers in half of the studies examined; in other studies, smokers were excluded. Because of the 
established, although paradoxical, negative association (Conde-Agudelo et al. 1999; Engel et al. 
2013; England and Zhang 2007; Jeyabalan et al. 2008; Karumanchi and Levine 2010; Wei et al. 
2015; Wikstrom et al. 2010) between smoking and hypertensive disorders of pregnancy, the lack 
of adjustment in some studies could bias the effect sizes toward the null, and the true relationship 
between the PM2.5 exposure and preeclampsia may be greater than what is reported in the 
analyses. Considerations of BMI were more consistent, with most studies adjusting for BMI. In 
general, the same studies that included smokers in the analysis also did not adjust for BMI (Wu 
et al. 2011). The lack of adjustments for BMI in some cohorts complicates the interpretation of 
results because obesity is also a risk factor for hypertensive disorders of pregnancy. Savitz et al. 
(2015) reported positive associations between exposure to PM2.5 during the first and second 
trimesters and total hypertensive disorders, gestational hypertension, and severe preeclampsia 
using standard adjustments (e.g., maternal age, race/ethnicity, education, parity, conception year, 
BMI); however, when data were adjusted for the delivery hospital, those positive associations 
were eliminated. This potential source of confounding was not considered in other studies, and 
the interpretation of those findings is unclear. The outcome data were obtained primarily from 
hospital discharge data (some data were obtained from linked birth certificate files if they were 
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available), and the impact of the delivery hospital more likely reflects differences in disease 
coding for degrees of hypertensive disorders of pregnancy across the different hospitals. While 
this adjustment may be warranted for gestational hypertension and mild preeclampsia, as 
disorders with milder effects are more likely to be misclassified, this is less of a concern when 
evaluating total hypertensive disorders of pregnancy and severe preeclampsia/eclampsia. Thus, 
adjusting for hospital would likely be an over adjustment; however, for consistency, only the 
fully adjusted models (including hospital delivery) were included in the analysis. Because the 
standard adjusted model showed positive associations for several outcomes, the overall effect 
size would be slightly larger (meta-OR: 1.58 (95% CI: 1.35, 1.86)) if those estimates were 
included in the analysis. Other potential or known confounders and variables were appropriately 
adjusted in the analyses. 

Summary 
While there were some risk-of-bias concerns, those concerns would potentially bias the results 
toward and away from the null. Given the general consistency of effects across studies despite 
the different directions of potential bias, the results support the likelihood of a true association 
between exposure to PM2.5 during pregnancy and hypertensive disorders of pregnancy. For all 
remaining risk-of-bias questions in all other individual studies that evaluated PM2.5, there was 
low risk of bias and, thus, no major concerns over the internal validity of the reported results that 
would decrease the overall confidence in the body of evidence. 

Experimental Animal Studies for PM2.5 
There were no animal data evaluating associations between PM2.5 exposure and hypertensive 
disorders of pregnancy that met the PECO criteria for this assessment. 

Evidence Synthesis for Studies of PM2.5 
Traffic-related PM2.5 exposure is consistently associated with the development of preeclampsia in 
humans based on the available evidence. There is moderate confidence in the body of evidence 
that exposure to traffic-related PM2.5 during the entire gestation period is associated with an 
increased risk for preeclampsia. The summary effect estimate for the meta-analysis is 1.51 (95% 
CI: 1.04, 2.20) for developing preeclampsia with increasing (per 10 µg/m3 increase) traffic-
related PM2.5 exposure. No animal studies were identified. The confidence ratings are 
summarized below. 

• Human body of evidence: Moderate confidence 
• Animal body of evidence: No studies 

Nitrogen Oxides and Hypertensive Disorders of Pregnancy 
Nitrogen oxides (NOx) is a generic term that refers to the sum of seven nitrogen oxide 
compounds, including nitric oxide (NO) and nitrogen dioxide (NO2). These compounds are 
derived primarily from combustion-related emissions sources, such as motor vehicles, although 
NOx are also produced naturally by lightning and (minimally) by microbial processes in soils. 
NOx can react with other chemicals in the air to form PM and ozone. Of the seven NOx 
compounds, NO2 is used as the indicator for the larger group of NOx because it is the most 
prevalent form in the atmosphere generated by human activities. Thus, although the available 
evidence for this assessment evaluated associations between NO2 or combined NOx exposures 
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and hypertensive disorders of pregnancy, the main conclusions are based primarily on NO2 
evidence. 

Human Health Studies for NO2 or NOx 

Summary 
There is moderate confidence in the body of evidence that exposure to traffic-related NO2 or 
NOx during the entire gestation period is associated with an increased risk for preeclampsia or 
hypertensive disorders of pregnancy. The nine studies identified (eight cohort studies and one 
case-control study in the United States, Spain, Sweden, Australia, Denmark, Norway, and The 
Netherlands) reported consistent evidence of an association between NO2 or NOx and 
preeclampsia or combined hypertensive disorders of pregnancy. The studies and data for NO2 
were sufficiently similar to perform meta-analyses with a summary effect estimate for the main 
analysis of 1.04 (95% CI: 0.97, 1.10) for risk of preeclampsia after full gestation exposure to 
NO2 (Figure 14). The initial confidence rating was moderate because all of the studies included 
in the body of evidence were cohort studies that contained three out of four study design features 
(exposure prior to outcome, individual outcome data, comparison group used). There was no 
change in the initial moderate confidence rating in the body of evidence after considering factors 
that may increase or decrease confidence. 

Overview of Available Human Data for NO2 or NOx 
Table 9 summarizes the available data in the human body of evidence that evaluated the 
associations between exposure to traffic-related NO2 or combined NOx and the health outcomes 
of interest. Nine studies were identified that evaluated associations between traffic-related NO2 

or NOx exposures and preeclampsia or combined hypertensive disorders of pregnancy. The 
available evidence included five retrospective cohort studies from Spain (Dadvand et al. 2013), 
Sweden (Olsson et al. 2015), the United States (Savitz et al. 2015; Wu et al. 2011) and Australia 
(Pereira et al. 2013); three prospective cohort studies from Denmark (Pedersen et al. 2017), 
Norway (Madsen et al. 2018), and The Netherlands (van den Hooven et al. 2011); and one case-
control study from Sweden (Malmqvist et al. 2013). The number of participants in these studies 
ranged from 7,000 to more than 260,000 pregnant women and included between 100 and 17,000 
cases. All studies assessed traffic-related NO2 or NOx exposures using LUR models (Dadvand et 
al. 2013; Madsen et al. 2018; Pereira et al. 2013; Savitz et al. 2015) or air dispersion models 
(Malmqvist et al. 2013; Olsson et al. 2015; Pedersen et al. 2017; van den Hooven et al. 2011). 
Wu et al. (2011) compared multiple exposure measures and estimated NO2 exposures using LUR 
models and NOx exposures using air dispersion models for each cohort in Los Angeles and 
Orange Counties. 

With the exception of the Olsson et al. (2015) study, which evaluated only combined 
hypertensive disorders of pregnancy, preeclampsia was the primary outcome in every study. In 
addition to preeclampsia, four studies assessed gestational hypertension (Madsen et al. 2018; 
Pedersen et al. 2017; Savitz et al. 2015; van den Hooven et al. 2011) and one study evaluated 
changes in blood pressure (van den Hooven et al. 2011).
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Table 9. Studies on Hypertensive Disorders of Pregnancy with TRAP-related NO2 or NOx Exposure in Humans 

Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Exposure Period OR 

(95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Dadvand 
et al. 
(2013) 

Retrospective 
cohort 
(Barcelona, 
Spain) 
Land use 
regression 
models 

8,398 103 Preeclampsia 
(all cases) 

NO2 Full gestational period 1.09 (0.94, 1.27) Per 19.7 µg/m3* 55.7 (19.7) µg/m3 Maternal age, 
ethnicity, 
education, 
smoking, alcohol 
use, BMI, 
marital status, 
pre-gestational/ 
gestational 
diabetes, parity, 
multiple 
pregnancy, 
neighborhood 
socioeconomic 
status, season of 
conception, year 
of conception  

Trimester 1 1.11 (0.91, 1.35) Per 28.1 µg/m3* 56.8 (28.1) µg/m3 
Trimester 2 1.05 (0.85, 1.30) Per 27.8 µg/m3* 58.0 (27.8) µg/m3 
Trimester 3 1.17 (0.99, 1.37) Per 27.7 µg/m3* 57.7 (27.7) µg/m3 

NOx Full gestational period 1.07 (0.97, 1.18) Per 43.7 µg/m3* 107.5 (43.7) µg/m3 
Trimester 1 1.09 (0.94, 1.26) Per 73.4 µg/m3* 105.3 (73.4) µg/m3 
Trimester 2 1.06 (0.90, 1.26) Per 73.6 µg/m3* 107.8 (73.6) µg/m3 
Trimester 3 1.14 (0.99, 1.29) Per 73.8 µg/m3* 106.5 (73.8) µg/m3 

26 Early-onset 
preeclampsia 

NO2 Full gestational period 1.11 (0.86, 1.44) Per 19.7 µg/m3* 55.7 (19.7) µg/m3 
Trimester 1 1.17 (0.85, 1.59) Per 28.1 µg/m3* 56.8 (28.1) µg/m3 
Trimester 2 1.13 (0.82, 1.55) Per 27.8 µg/m3* 58.0 (27.8) µg/m3 
Trimester 3 1.08 (0.73, 1.60) Per 27.7 µg/m3* 57.7 (27.7) µg/m3 

NOx Full gestational period 1.10 (0.95, 1.27) Per 43.7 µg/m3* 107.5 (43.7) µg/m3 
Trimester 1 1.14 (0.94, 1.38) Per 73.4 µg/m3* 105.3 (73.4) µg/m3 
Trimester 2 1.13 (0.90, 1.42) Per 73.6 µg/m3* 107.8 (73.6) µg/m3 
Trimester 3 1.12 (0.85, 1.46) Per 73.8 µg/m3* 106.5 (73.8) µg/m3 

75 Late-onset 
preeclampsia 

NO2 Full gestational period 1.06 (0.86, 1.29) Per 19.7 µg/m3* 55.7 (19.7) µg/m3 
Trimester 1 1.06 (0.82, 1.37) Per 28.1 µg/m3* 56.8 (28.1) µg/m3 
Trimester 2 1.01 (0.77, 1.33) Per 27.8 µg/m3* 58.0 (27.8) µg/m3 
Trimester 3 1.14 (0.93, 1.40) Per 27.7 µg/m3* 57.7 (27.7) µg/m3 

NOx Full gestational period 1.04 (0.98, 1.21) Per 43.7 µg/m3* 107.5 (43.7) µg/m3 
Trimester 1 1.04 (0.84, 1.22) Per 73.4 µg/m3* 105.3 (73.4) µg/m3 
Trimester 2 0.94 (0.72, 1.22) Per 73.6 µg/m3* 107.8 (73.6) µg/m3 
Trimester 3 1.10 (0.92, 1.32) Per 73.8 µg/m3* 106.5 (73.8) µg/m3 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Exposure Period OR 

(95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Madsen et 
al. (2018) 

Prospective 
cohort 
(Norway) 
Land use 
regression 
models 

17,533 590 Preeclampsia NO2 Full gestational period 0.89 (0.74, 1.08) Per 10 µg/m3 13.6 (6.9) µg/m3 Maternal age, 
marital status, 
education, BMI, 
parity, smoking, 
diabetes, chronic 
hypertension, 
child sex, area, 
year of birth 

941 Hypertension 
during 
pregnancy 

NO2 Full gestational period 0.91 (0.78, 1.06) 

Malmqvist 
et al. 
(2013) 

Case-control 
(Sweden) 
Dispersion 
models 

81,110 2,323 Preeclampsia 
(all cases) 

NOx Trimester 1 1.43 (1.25, 1.63) For >22.7 µg/m3 
compared with 
2.5–8.9 µg/m3 

(reference) 

14.2 µg/m3 Maternal age, 
BMI, smoking, 
parity, ethnicity, 
type 1 diabetes, 
gestational 
diabetes, year of 
delivery 

Trimester 2 1.50 (1.31, 1.71) 
Trimester 3 1.51 (1.32, 1.73) 

1,799 Mild 
preeclampsia 

NOx Trimester 1 1.47 (1.26, 1.71) 
Trimester 2 1.59 (1.36, 1.86) 
Trimester 3 1.51 (1.29, 1.77) 

571 Severe 
preeclampsia 

NOx Trimester 1 1.30 (1.00, 1.69) 
Trimester 2 1.24 (0.95, 1.62) 
Trimester 3 1.48 (1.12, 1.95) 

Olsson et 
al. (2015) 

Retrospective 
cohort 
(Sweden) 
Dispersion 
models 

102,768 2,762 Pregnancy-
induced 
hypertensive 
disorders 

NOx Trimester 1 1.17 (1.10, 1.26) Per 10 µg/m3 15.1 (7.4) µg/m3 Maternal age, 
asthma, region 
of origin, 
education, 
parity, date of 
conception, first 
trimester ozone, 
first trimester 
temperature, 
smoking, BMI, 
family situation 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Exposure Period OR 

(95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Pedersen 
et al. 
(2017) 

Prospective 
cohort 
(Denmark) 
Dispersion 
models 

72,745 1,880 Preeclampsia 
(all cases) 

NO2 Full gestational period 1.08 (1.01, 1.15) Per 10 µg/m3 11.5 (6.7) µg/m3 Maternal age, 
BMI, height, 
parity, season of 
conception, 
education, 
household 
income, 
smoking, 
physical activity, 
railway or 
airport noise, 
year of last 
menstrual period 

487 Severe 
preeclampsia 

NO2 Full gestational period 0.90 (0.78, 1.04) 

1,393 Mild 
preeclampsia 

NO2 Full gestational period 1.14 (1.06, 1.23) 

671 Early-onset 
preeclampsia 

NO2 Full gestational period 1.19 (1.07, 1.32) 

1,209 Late-onset 
preeclampsia 

NO2 Full gestational period 1.01 (0.93, 1.10) 

765 Gestational 
hypertension 

NO2 Full gestational period 1.01 (0.91, 1.13) 

2,430 Hypertensive 
disorders in 
pregnancy 

NO2 Full gestational period 1.07 (1.01, 1.14) 

Pereira et 
al. (2013) 

Retrospective 
cohort 
(Perth, 
Australia) 
Land use 
regression 
models 

23,425 943 Preeclampsia NO2 Full gestational period 1.12 (1.01, 1.25) Per 5.63 ppb* 
(10.58 µg/m3) 

23.04 (4.14) ppb 
[43.32 
(7.8) µg/m3] 

Maternal age, 
pre-gestational 
and gestational 
diabetes, 
aboriginal status, 
parity, season of 
conception, 
smoking, area 
socioeconomic 
status 

Trimester 1 1.07 (0.91, 1.27) Per 15.99 ppb* 
(30.06 ug/m3) 

23.29 (10.19) ppb 
[43.79 
(19.2) µg/m3] 

Trimester 2 1.04 (0.86, 1.26) Per 16.97 ppb* 
(31.90 µg/m3) 

23.27 (10.29) ppb 
[43.75 
(19.3) µg/m3] 

Trimester 3 1.30 (1.07, 1.58) Per 16.64 ppb* 
(31.28 µg/m3) 

22.54 (9.87) ppb 
[42.38 
(18.6) µg/m3] 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Exposure Period OR 

(95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Savitz et 
al. (2015) 

Retrospective 
cohort  
(New York 
City, USA)  
Land use 
regression 
models 

268,601 4,226 Severe 
preeclampsia 

NO2 Trimester 1 0.96 (0.90, 1.0) Per 10 ppb  
(18.8 µg/m3) 

27.8 (6.2) ppb 
[52.26 
(11.7) µg/m3] 

Maternal age, 
parity, 
race/ethnicity, 
conception year, 
education, BMI, 
BMI2, Medicaid 
status, social 
deprivation 
index, hospital 
of delivery 

Trimester 2 0.93 (0.87, 0.99) Per 10 ppb 
(18.8 µg/m3) 

27.0 (6.2) ppb 
[50.76 
(11.7) µg/m3] 

6,940 Mild 
preeclampsia 

NO2 Trimester 1 0.89 (0.84, 0.93) Per 10 ppb 
(18.8 µg/m3) 

27.8 (6.2) ppb 
[52.26 
(11.7) µg/m3] 

Trimester 2 0.94 (0.89, 0.99) Per 10 ppb 
(18.8 µg/m3) 

27.0 (6.2) ppb 
[50.76 
(11.7) µg/m3] 

5,834 Gestational 
hypertension 

NO2 Trimester 1 0.95 (0.90, 1.0) Per 10 ppb  
(18.8 µg/m3) 

27.8 (6.2) ppb 
[52.26 
(11.7) µg/m3] 

Trimester 2 1.0 (0.95, 1.1) Per 10 ppb 
(18.8 µg/m3) 

27.0 (6.2) ppb 
[50.76 
(11.7) µg/m3] 

17,000 Total 
Hypertensive 
Disorders 

NO2 Trimester 1 0.93 (0.90, 0.96) Per 10 ppb 
(18.8 µg/m3) 

27.8 (6.2) ppb 
[52.26 
(11.7) µg/m3] 

Trimester 2 0.96 (0.93, 0.99) Per 10 ppb 
(18.8 µg/m3) 

27.0 (6.2) ppb  
[50.76 
(11.7) µg/m3] 

van den 
Hooven et 
al. (2011) 

Prospective 
cohort 
(Rotterdam, 
Netherlands) 
Dispersion 
Models  

7,006 250 Preeclampsia NO2 Full gestational period 1.23 (0.75, 2.02) Per 10 µg/m3 39.9 (4.2) µg/m3 Maternal age, 
height, weight, 
ethnicity, 
education, 
parity, 
gestational age, 
folic acid 
supplementation, 
smoking, alcohol 

141 Pregnancy-
induced 
hypertension  

NO2 Full gestational period 1.21 (0.83, 1.77) Per 10 µg/m3 39.9 (4.2) µg/m3 

4,853b Diastolic blood 
pressure 

NO2 Trimester 1 0.35 (−0.15, 0.86)c Per 10 µg/m3 40.5 (5.4) µg/m3 
6,361b Trimester 2 0.37 (−0.11, 0.85)c Per 10 µg/m3 40.3 (5.0) µg/m3 
6,488b Trimester 3 −0.05 (−0.59, 0.50)c Per 10 µg/m3 40.0 (4.5) µg/m3 
4,853b NO2 Trimester 1 1.19 (0.54, 1.83)c Per 10 µg/m3 40.5 (5.4) µg/m3 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Sample 
Size Cases Outcome Exposure Exposure Period OR 

(95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

6,361b Systolic blood 
pressure 

Trimester 2 1.35 (0.76, 1.95)c Per 10 µg/m3 40.3 (5.0) µg/m3 use, road traffic 
noise exposure 

6,488b Trimester 3 0.73 (0.04, 1.41)c Per 10 µg/m3 40.0 (4.5) µg/m3 

Wu et al. 
(2011) 

Retrospective 
cohort (Los 
Angeles 
County, 
USA) 
Land use 
regression 
(NO2); 
CALINE 4 
dispersion 
models (NOX) 

38,709 1,303 Preeclampsia NO2 Full gestational period 1.12 (1.02, 1.23) Per 5.1 ppb  
(9.59 µg/m3) 

28.6 (6.0) ppb 
[53.77 
(11.3) µg/m3] 

Maternal age, 
race/ethnicity, 
parity, diabetes, 
prenatal care 
insurance type, 
poverty, season 
of conception 

NOx Full gestational period 1.08 (1.02, 1.15) Per 5.6 ppb* 
(10.53 µg/m3) 

8.9 (4.9) ppb 
[16.73 
(9.2) µg/m3] 

Wu et al. 
(2011) 

Retrospective 
cohort 
(Orange 
County, 
USA) 
Land use 
regression 
(NO2); 
CALINE 4 
dispersion 
models (NOx) 

42,277 1,139 Preeclampsia NO2 Full gestational period 1.01 (0.93, 1.10) Per 5.1 ppb* 
(9.59 µg/m3) 

27.5 (7.7) ppb 
[51.70 
(14.8) µg/m3] 

Maternal age, 
race/ethnicity, 
parity, diabetes, 
prenatal care 
insurance type, 
poverty, season 
of conception 

NOx Full gestational period 1.08 (1.01, 1.16) Per 5.6 ppb* 
(10.53 µg/m3) 

5.7 (5.0) ppb 
[10.72 
(9.4) µg/m3] 

*Effect estimates marked with an asterisk were reported per interquartile range increase in NOx or NO2. 
aDadvand et al. (2013), Malmqvist et al. (2013), and Pedersen et al. (2017) reported median (IQR) levels of NO2 and NOx. 
bBlood pressure case sample size reflects the number of women who had blood pressure measurements taken. 
cvan den Hooven et al. (2011) reported results for blood pressure as regression coefficients rather than odds ratios.
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Summary of the Human Evidence and Meta-analyses 
The human evidence evaluating the associations between hypertensive disorders of pregnancy 
and NO2 or NOx generally reported slight but significant increased risk for developing 
preeclampsia or hypertensive disorders of pregnancy with increasing concentrations of NO2 or 
combined NOx exposures. Slight negative associations were reported between exposure to 
relatively low levels of NO2 during the full gestational period and preeclampsia and gestational 
hypertension (Madsen et al. 2018) and between first and second trimester NO2 exposures and 
hypertensive disorders of pregnancy (after adjusting for the delivery hospital [Savitz et al. 
(2015)]). NO2 or NOx exposures that were estimated using air dispersion models were between 
10.7 and 16.7 µg/m3 for most studies (Malmqvist et al. 2013; Olsson et al. 2015; Pedersen et al. 
2017; Wu et al. 2011), but the highest concentration (40 µg/m3) was reported by van den Hooven 
et al. (2011). Estimates of NO2 concentrations using LUR models ranged from 43.3–55.7 µg/m3 

(Dadvand et al. 2013; Pereira et al. 2013; Savitz et al. 2015; Wu et al. 2011). Lower 
concentrations (13.6 µg/m3) were reported by Madsen et al. (2018), which may have contributed 
to the lack of an association observed between NO2 exposure and hypertensive disorders of 
pregnancy. Only one study estimated NOx concentrations using LUR (2013), and those 
concentrations (105.3–107.8 µg/m3) were higher than those estimated using air dispersion 
models. Multiple studies evaluated trimester-specific exposures in addition to the entire 
pregnancy period (Dadvand et al. 2013; Malmqvist et al. 2013; Olsson et al. 2015; Pereira et al. 
2013; Savitz et al. 2015; van den Hooven et al. 2011), and positive associations were reported for 
most trimester exposure windows and hypertensive disorders of pregnancy, although some did 
not reach statistical significance for some outcomes. Third trimester exposures were also 
positively associated with hypertensive disorders of pregnancy and, in some cases (e.g., for 
preeclampsia or severe preeclampsia), were more strongly correlated than first trimester 
exposures (Malmqvist et al. 2013; Pereira et al. 2013). These correlations may reflect different 
mechanisms of action for NOx exposure on the pathogenesis of hypertension during pregnancy, 
but additional studies would be needed to support this assertion. Most studies evaluated 
preeclampsia (and various subcategories of preeclampsia) or combined hypertensive disorders of 
pregnancy, but one study found a statistically significant positive association between NOx 
exposures and systolic blood pressure, particularly in the first trimester. However, the evidence 
from a single study is inadequate to draw conclusions on associations between systolic and/or 
diastolic blood pressures and hypertensive disorders of pregnancy following NOx exposure. 
There were also limited data to determine if associations between NO2 or NOx concentrations 
were more strongly correlated with subcategories of preeclampsia (e.g., mild versus severe, early 
onset versus late onset). 

Correlations across exposures were the highest between NOx and NO2 and were generally low to 
moderate for other pollutants when reported (although the majority of studies used single-
pollutant models). The data were sufficient to evaluate the effects of NO2 exposure on 
hypertensive disorders of pregnancy using meta-analyses (Table 10). The analyses evaluated 
associations between traffic-related NO2 exposures during the full gestational period and 
(1) preeclampsia and (2) combined hypertensive disorders of pregnancy. 

Four studies (Madsen et al. 2018; Pedersen et al. 2017; Savitz et al. 2015; van den Hooven et al. 
2011) reported both gestational hypertension and preeclampsia as separate effect estimates; those 
risk estimates were first combined for each study, and the pooled estimates from each study were 
included in the combined hypertensive disorders of pregnancy meta-analysis. As discussed for 
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the PM analysis, Wu et al. (2011) evaluated two cohorts, and risk estimates from each these 
groups were treated as independent effects. Savitz et al. (2015) reported risk estimates for 
trimesters 1 and 2 for mild and severe preeclampsia. These were pooled into one risk for 
trimesters 1 and 2 for preeclampsia combined. Because Savitz et al. (2015) reported exposure 
windows other than the entire pregnancy period, sensitivity analyses were performed with and 
without this study. 

Six studies reported effects following exposure to NO2 over the full gestational period, and all of 
those studies reported preeclampsia as the outcome. In addition to preeclampsia, three studies 
(Pedersen et al. 2017; Savitz et al. 2015; van den Hooven et al. 2011) reported gestational 
hypertension. Together with the two separate risk estimates reported by Wu et al. (2011), a total 
of eight results were included in the combined hypertensive disorders of pregnancy meta-
analysis (Table 11;  Figure 13). Eight results were included in the preeclampsia-only meta-
analysis (Table 11; Figure 14). 

The available evidence indicates that the summary risk estimates from this meta-analysis were 
1.03 (95% CI: 0.97, 1.09) and 1.04 (95% CI: 0.97, 1.10) for the associations between exposure to 
traffic-related NO2 and combined hypertensive disorders of pregnancy (Table 11; Figure 13) and 
preeclampsia only (Table 11; Figure 14), respectively. The summary risk estimate was 1.06 
(95% CI: 0.98, 1.14) for the association between traffic-related NOx and preeclampsia only 
(Figure 15). For both combined hypertensive disorders of pregnancy and preeclampsia-only 
analyses, there was moderate heterogeneity among the studies, and an influence analysis 
revealed that no single study influenced either meta-analysis to a large degree (Table E-3; 
Table E-4; Figure E-3; Figure E-4). A formal test for publication bias revealed no evidence of 
publication bias (p-values = 0.068, and 0.089, respectively) in the meta-analyses (Table E-5; 
Table E-6; Figure E-5; Figure E-6).
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Table 10. References Included in Meta-analysis: Studies on Hypertensive Disorders of Pregnancy with TRAP-related NO2 Exposure in 
Humans 

Study Study Design 
(Location) 

Sample 
Size 

Cases 
Included in 

Analysis 
Outcome Exposure Exposure 

Period 
OR 

(95% CI)* 
Mean (SD)a 

Exposure Levels 
Covariates Included 

in Final Model 

Dadvand et al. 
(2013) 

Retrospective 
cohort (Barcelona, 
Spain) 

8,398 103 Preeclampsia NO2 Full gestational 
period 

1.04 (0.89, 1.23) 55.7 (19.7) µg/m3 Maternal age, 
ethnicity, education, 
smoking, alcohol use, 
BMI, marital status, 
pre-gestational/ 
gestational diabetes, 
parity, multiple 
pregnancy, 
neighborhood 
socioeconomic status, 
season of conception, 
year of conception 

Madsen et al. 
(2018) 

Prospective cohort 
(Norway) 

17,533 526 Preeclampsia NO2 Full gestational 
period 

0.89 (0.74, 1.08) 13.6 (6.9) µg/m3 Maternal age, BMI, 
diabetes, chronic 
hypertension, 
education, marital 
status, parity, smoking, 
area, season, and year 
of birth  

841 Hypertension 
during 
pregnancy 

NO2 Full gestational 
period 

0.91 (0.78, 1.06) 

1,367 Combined 
hypertensive 
disorders of 
pregnancy 

NO2 Full gestational 
period 

0.90 (0.80, 1.02)b 

Pedersen et al. 
(2017) 

Prospective cohort 
(Denmark) 

72,745 1,880 Preeclampsia 
(all cases) 

NO2 Full gestational 
period 

1.08 (1.01, 1.15) 11.5 (6.7) µg/m3 Maternal age, parity, 
BMI, height, 
household income, 
education, season of 
conception, traffic 
noise 

765 Gestational 
hypertension 

NO2 Full gestational 
period 

1.01 (0.91, 1.13) 

2,430 Combined 
hypertensive 
disorders of 
pregnancy 

NO2 Full gestational 
period 

1.07 (1.01, 1.14)c 
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Study Study Design 
(Location) 

Sample 
Size 

Cases 
Included in 

Analysis 
Outcome Exposure Exposure 

Period 
OR 

(95% CI)* 
Mean (SD)a 

Exposure Levels 
Covariates Included 

in Final Model 

Pereira et al. 
(2013) 

Retrospective 
cohort (Perth, 
Australia) 

23,452 943 Preeclampsia NO2 Full gestational 
period 

1.11 (0.99, 1.25) 23.04 (4.14) ppb 
[43.32 
(7.8) µg/m3] 

Maternal age, diabetes, 
aboriginal status, 
parity, season of 
conception, smoking, 
area socioeconomic 
status 

Savitz et al. 
(2015) 

Retrospective 
cohort (New York 
City, USA) 

268,601 4,226 Severe 
preeclampsia 

NO2 Trimesters 1, 2 0.97 (0.94, 1.01) Pooled mean not 
reportedc 

Maternal age, 
ethnicity, education, 
Medicaid status, parity, 
conception year, social 
deprivation index, 
BMI, BMI2, and 
hospital of delivery 

6,940 Mild 
preeclampsia 

NO2 Trimesters 1, 2 0.95 (0.92, 0.98) 

11,166 Combined mild 
and severe 
preeclampsia 

NO2 Trimesters 1, 2 0.96 (0.94, 0.98)d 

5,834 Gestational 
hypertension 

NO2 Trimesters 1, 2 0.98 (0.94, 1.02) 

17,000 Combined 
hypertensive 
disorders of 
pregnancy 

NO2 Trimesters 1, 2 0.96 (0.95, 0.98)f 

van den 
Hooven et al. 
(2011) 

Prospective cohort 
(Rotterdam, 
Netherlands) 

6,518 250 Preeclampsia NO2 Full gestational 
period 

1.23 (0.75, 2.02) 39.9 (4.2) µg/m3 Maternal age, height, 
weight, parity, 
ethnicity, education, 
folic acid 
supplementation, 
smoking, alcohol use, 
gestational age, road 
traffic noise exposure 

6,626 141 Pregnancy-
induced 
hypertension  

NO2 Full gestational 
period 

1.21 (0.83, 1.77) 

6,626 391 Combined 
hypertensive 
disorders of 
pregnancy 

NO2 Full gestational 
period 

1.22 (0.90, 1.65)g 
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Study Study Design 
(Location) 

Sample 
Size 

Cases 
Included in 

Analysis 
Outcome Exposure Exposure 

Period 
OR 

(95% CI)* 
Mean (SD)a 

Exposure Levels 
Covariates Included 

in Final Model 

Wu et al. 
(2011)i 

Retrospective 
cohort  
(Los Angeles 
County, USA) 

Not 
reportedh 

1,303 Preeclampsia NO2 Full gestational 
period 

1.13 (1.01, 1.25) 28.6 (6.0) ppb 
[53.77 
(11.3) µg/m3] 

Maternal age, 
race/ethnicity, parity, 
diabetes, prenatal care 
insurance type, 
poverty, season of 
conception Retrospective 

cohort (Orange 
County, USA) 

Not 
reportedh 

1,139 Preeclampsia NO2 Full gestational 
period 

1.01 (0.93, 1.10) 27.5 (7.7) ppb 
[51.7 
(14.5) µg/m3] 

*All ORs were converted to a 10 µg/m3 increase before analysis. The numbers in parentheses were calculated by the authors of monograph. 
aDadvand et al. (2013) and Pedersen et al. (2017) reported median (IQR) levels of NO2 and NOx. 
bThis effect estimate was calculated by combining the preeclampsia and hypertensive during pregnancy values that were reported by Madsen et al. (2018). 
cThis effect estimate was calculated by combining the preeclampsia (all cases) and gestational hypertension values that were reported by Pedersen et al. (2017). 
dThis effect estimate was calculated by combining the severe and mild preeclampsia values that were reported by Savitz et al. (2015). 
eSavitz et al. (2015) reported mean NO2 exposures for trimester 1 and trimester 2 separately. 
fThis effect estimate was calculated by combining the severe preeclampsia, mild preeclampsia, and gestational hypertension values that were reported by Savitz et al. (2015). 
gThis effect estimate was calculated by combining the preeclampsia and pregnancy-induced hypertension values that were reported by van den Hooven et al. (2011). 
hNot reported = The overall number of participants included in each analysis was not reported by county. The adjusted NO2 LUR model includes 81,186 subjects total, and 
the NOx. 
iCALINE4 model included 79,629 individuals total.
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Table 11. Pooled ORs and 95% CIs for Full Gestational Period TRAP-related NO2 Exposures and 
Hypertensive Disorders of Pregnancy 

Outcome Number of 
Results 

OR (95% CI) 
per 10 µg/m3 increase 

Heterogeneity 

P Value* I2 

Hypertensive Disorders of 
Pregnancya,b 

8 1.03 (0.97, 1.09) <0.001 74% 

Preeclampsiac 8 1.04 (0.97, 1.10) 0.001 73% 

Hypertensive Disorders of 
Pregnancya 

[excluding Savitz et al. 
(2015)] 

7 1.05 (1.01, 1.09) 0.085 46% 

Preeclampsiad 

[excluding Savitz et al. 
(2015)] 

7 1.06 (1.02, 1.11) 0.299 17% 

*P value for test for heterogeneity. When significant (p < 0.05), the random-effects model results are presented. When 
nonsignificant, the random-effects model results are identical to the fixed-effects model results. 
aFour studies (Madsen et al. 2018; Pedersen et al. 2017; van den Hooven et al. 2011; Wu et al. 2011) contributed two effect 
estimates each to the analysis. 
bOne study (Savitz et al. 2015) contributed three effect estimates to the analysis. 
cTwo studies (Savitz et al. 2015; Wu et al. 2011) contributed two effect estimates each to the analysis. 
dOne study (Wu et al. 2011) contributed two effect estimates to the analysis. 
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Figure 13. Full Gestation Exposure to NO2 and Hypertensive Disorders of Pregnancya 

When I2 p value is significant (p < 0.05), the random-effects model results are presented. When nonsignificant, the 
random-effects model results are identical to the fixed-effects model results. 
HDP = hypertensive disorders of pregnancy. 
aAll ORs were converted to a 10 µg/m3 increase before analysis. 



Systematic Review of TRAP and Hypertensive Disorders of Pregnancy 

51 

 
Figure 14. Full Gestation Exposure to NO2 and Preeclampsiaa 

When I2 p value is significant (p < 0.05), the random-effects model results are presented. When nonsignificant, the 
random-effects model results are identical to the fixed-effects model results. 
aAll ORs were converted to a 10 µg/m3 increase before analysis. 
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Figure 15. Full Gestation Exposure to NOx and Preeclampsiaa 

When I2 p value is significant (p < 0.05), the random-effects model results are presented. When nonsignificant, the 
random-effects model results are identical to the fixed-effects model results. 
aAll ORs were converted to a 10 µg/m3 increase before analysis. 

Risk-of-bias Considerations 
The NO2 and NOx studies were generally rated probably low or definitely low across all risk-of-
bias domains, including the key risk-of-bias questions, as shown in the risk-of-bias heatmap 
(Figure 16) and bar chart (Figure 17). Therefore, confidence in the body of evidence for NO2 and 
NOx was not changed for risk of bias. The key risk-of-bias considerations are discussed below, 
and the study-specific rating details can be found in HAWC 
(https://hawcproject.org/assessment/60/ ) (NTP 2019a). 

https://hawcproject.org/assessment/60/
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Figure 16. Risk-of-bias Heatmap: NOx and Hypertensive Disorders of Pregnancy 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies. 
 

 
Figure 17. Risk-of-bias Bar Chart: NOx and Hypertensive Disorders of Pregnancy 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies. 

Exposure Characterization 
Overall, the exposure measurements were well characterized for the assessment of NO2 and NOx. 
Most studies utilized LUR models or air dispersion-based models that used dense monitoring 
networks to allow for high temporal and spatial resolution. There was reasonable alignment 
between the exposure and outcome data, and appropriate adjustments were made to account for 
temporal trends in pollutants between the monitoring period and the study period. Residential 
mobility information was included in four studies (Madsen et al. 2018; Malmqvist et al. 2013; 
Pedersen et al. 2017; Pereira et al. 2013) and, of those, the three that performed sub-analyses 
(Madsen et al. 2018; Pedersen et al. 2017; Pereira et al. 2013) found slightly stronger 
associations between NO2 or NOx exposures and hypertensive disorders of pregnancy in 

https://hawcproject.org/assessment/60/
https://hawcproject.org/assessment/60/
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nonmovers compared with those who had moved to a different location during pregnancy. The 
other studies included in these analyses did not account for residential mobility, and there may be 
some exposure misclassification as a result. In addition, the LUR model used in the Wu et al. 
(2011) study was developed based on data from Los Angeles, but the model was used to estimate 
NO2 concentrations in both Los Angeles and Orange Counties. Consequently, there might be 
exposure misclassification in the Orange County study which may contribute to the lack of 
statistical significance between NO2 exposure and preeclampsia for this cohort. There were no 
other concerns about exposure characterization in the body of evidence for NO2 or NOx 
exposures. 

Outcome Assessment 
As discussed in the PM2.5 section, chronic hypertension was usually excluded from the analyses 
by the study authors, but this is difficult to do with certainty, and outcome misclassification is 
likely to occur in the “noncases,” resulting in bias for the effect estimates toward the null. In 
addition, the apparent effect of the delivery hospital on associations between NO2 exposure and 
hypertensive disorders of pregnancy is not entirely clear but may reflect differences in coding of 
hypertensive disorders of pregnancy across hospitals. As indicated in the PM2.5 section, the 
additional adjustment for delivery hospital is likely not necessary when evaluating severe 
preeclampsia or combined hypertensive disorders of pregnancy because outcome 
misclassification is less of a concern in these analyses. Estimates using fully adjusted models 
(including delivery hospital) were included in the meta-analyses and contributed over 20% to the 
overall effect estimate. Because the standard adjusted models showed positive associations for 
several outcomes, the overall effect size would be slightly larger (and would have reached 
statistical significance) if those estimates were included in the meta-analyses. 

Confounding and Modifying Variables 
Potential confounders are provided in tables for this report. All of the studies considered the 
standard covariates that are thought to be associated with hypertensive disorders of pregnancy 
(e.g., maternal age, race/ethnicity, socioeconomic status [SES]). Most studies adjusted for 
smoking and BMI, and the few studies that did not make those adjustments could have biased the 
results in opposing directions; however, given the consistency of the data and the fact that no 
single study significantly influenced the meta-analyses, these studies did not affect the overall 
confidence in the conclusions. There were no concerns over the internal validity or other factors 
that would increase or decrease the confidence in the body of evidence. 

Summary 
The few risk-of-bias concerns within the same studies potentially biased the results toward and 
away from the null. Given the general consistency of effects across studies despite the different 
directions of bias, the results support the likelihood of a true association between exposure to 
NOx during pregnancy and hypertensive disorders of pregnancy. For all remaining risk-of-bias 
questions in all other individual studies that evaluated NOx, there was low risk of bias and, thus, 
no major concerns over the internal validity of the reported results that would decrease the 
overall confidence in the body of evidence. 

Experimental Animal Studies for NO2 or NOx 
There were no animal data evaluating associations between NO2 or NOx exposures and 
hypertensive disorders of pregnancy that met the PECO criteria for this assessment. 
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Evidence Synthesis for Studies of NO2 or NOx 
Traffic-related NO2 or NOx exposures are consistently associated with increased risk of 
hypertensive disorders of pregnancy in the available human studies. Because NO2 is a better 
indicator of anthropogenic NOx contributions, the hazard conclusions are based on the NO2 data. 
There is moderate confidence in the body of evidence that exposure to traffic-related NO2 during 
the entire gestation period is associated with an increased risk for hypertensive disorders of 
pregnancy. The effect estimate for the main meta-analysis is 1.03 (95% CI: 0.97, 1.09) for risk of 
hypertensive disorders of pregnancy during the full gestation NO2 exposure. No animal studies 
were identified. The confidence ratings are summarized below. 

• Human body of evidence: Moderate confidence 
• Animal body of evidence: No studies 

The human body of evidence presents a consistent pattern of findings that exposure to higher 
levels of traffic-related NO2 or NOx is associated with the development of hypertensive disorders 
of pregnancy and supports a moderate confidence rating. 

Other Pollutants and Hypertensive Disorders of Pregnancy 
Three additional TRAP components were identified in the literature that met the inclusion 
criteria: carbon monoxide (CO), elemental carbon (EC), and black carbon (BC). CO is produced 
in the incomplete combustion of carbon-containing fuels, and vehicle emissions represent the 
largest anthropogenic source of CO in the United States. EC that is attributable to traffic (ECAT) 
is generated from traffic-related diesel combustion. BC is a component of fine PM consisting of 
several linked forms of pure carbon and is formed through the incomplete combustion of a 
variety of sources, including fossil fuels, biofuels, and biomass. The available evidence for these 
exposures was limited: Three studies evaluated carbon monoxide, two studies evaluated BC, and 
one study evaluated EC. The studies evaluated associations between these exposures and 
preeclampsia, gestational hypertension, combined hypertensive disorders of pregnancy, or blood 
pressure changes. 

Human and Experimental Animal Health Effects for CO, ECAT, and BC 

Summary 
There were too few studies to conduct a full evaluation on these bodies of evidence for either 
CO, ECAT, or BC. The following section describes the available evidence for all three TRAP 
components (Table 12; Table 13). 

Overview of Available Data and Summary of Carbon Monoxide, Elemental Carbon 
Attributable to Traffic, and Black Carbon Findings 
Two human studies (three cohorts) and one animal study in the body of evidence evaluated the 
association between exposure to CO and health outcomes of interest. The human studies (Rudra 
et al. 2011; Wu et al. 2011) were conducted in the United States and evaluated preeclampsia. The 
single animal study measured changes in blood pressure in mice (Venditti et al. 2014). The data 
from the human studies are inadequate to evaluate whether exposure to CO is related to 
hypertension in pregnancy due to the paucity of studies and inconclusive findings across studies. 
Wu et al. (2011) reported a positive association for CO exposure measured by monitors and 
preeclampsia in the Los Angeles County cohort (OR: 1.11, 95% CI: 1.03, 1.91 per IQR 
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increase); however, the OR was close to unity in the Orange County cohort. In a study in 
Washington State, no association was found between predicted periconceptional CO exposure 
and preeclampsia in a statistical model that adjusted for year of conception, although a positive 
association was found using a statistical model adjusting for other factors but not year of 
conception (OR: 0.98, 95% CI: 0.91, 1.06 per 0.1 CO ppm increase) (Rudra et al. (2011)). It is 
unclear whether adjusting for conception year was appropriate because both the incidence of 
preeclampsia and CO concentrations had decreased over time. The experimental animal study 
found decreased blood pressure following CO exposure in mice (Venditti et al. 2014), which is 
consistent with known vasodilatory effects of CO. However, it is important to note that the 
objective for that animal study was to determine the effectiveness of CO in decreasing blood 
pressure in a hypertensive pregnant mouse model rather than to determine if CO affected blood 
pressure in normotensive pregnant mice. The risk-of-bias ratings for the two human studies were 
generally rated probably low or definitely low risk of bias, and any potential threats to bias were 
unclear (likely directed toward and away from the null) (Figure D-2 and Figure D-4). The animal 
study was rated probably high risk of bias for five of the nine domains, although the exposure 
was well characterized (Figure D-1 and Figure D-3). 

In addition to CO, one study conducted in Ohio evaluated associations between ECAT exposure 
and blood pressure or hypertensive disorders of pregnancy (Sears et al. 2018). Systolic blood 
pressure in late pregnancy was significantly associated with ECAT exposures; however, no 
significant associations were observed between ECAT and hypertensive disorders of pregnancy 
in the same study (Sears et al. 2018). Two U.S. studies (Assibey-Mensah et al. 2019; Choe et al. 
2018) evaluated BC exposure and gestation hypertension, preeclampsia, or combined 
hypertensive disorders of pregnancy (Assibey-Mensah et al. 2019; Choe et al. 2018). No 
significant associations were found between exposure to BC and hypertensive disorders of 
pregnancy for two studies that evaluated these associations for each trimester (Assibey-Mensah 
et al. 2019; Choe et al. 2018) or gestational month (Assibey-Mensah et al. 2019). There were no 
major risk-of-bias concerns for most of the domains for these studies, although there was a 
probably high risk of bias for the exposure characterization in one study (Assibey-Mensah et al. 
2019) because the monitoring network may not have been sufficiently dense for this evaluation. 
Overall, the data were inconsistent across studies, or the small number of studies precluded the 
ability to draw meaningful conclusions. As such, additional evaluation of this body of evidence 
was not conducted.
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Table 12. Studies on Hypertensive Disorders of Pregnancy with TRAP-related CO, ECAT, and BC Exposure in Humans 

Study 

Study Design 
(Location) 
Exposure 
Measure 

Outcome Exposure Exposure Period Sample Size Cases OR (95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Assibey-
Mensah et 
al. (2019) 

Retrospective 
cohort 
(Monroe County, 
New York, USA) 
Land use 
regression 
models 

Hypertensive 
disorders of 
pregnancy 

Black 
carbon 

Month 1 4,726 387 1.03 (0.90–1.17) Per 0.86 µg/m3* 1.14 (0.75) µg/m3b Parity, multi-fetal 
gestation, pre-
pregnancy diabetes, 
gestational diabetes, 
maternal age, 
race/ethnicity, 
education, paternity 
acknowledgement, 
BMI, year and 
season of conception, 
birth hospital, 
prenatal care 
received, trimester 
prenatal care began, 
Medicaid-funded 
delivery, smoking, 
alcohol consumption, 
average relative 
humidity, average 
relative temperature 

Month 2 5,069 401 1.07 (0.94–1.23) 

Month 3 5,261 402 1.12 (0.98–1.28) 

Month 4 5,246 403 0.97 (0.85–1.12) 

Month 5 5,224 407 1.04 (0.91–1.19) 

Month 6 5,017 394 1.05 (0.91–1.20) 

Month 7 4,688 375 1.12 (0.96–1.29) 

Month 8 4,327 339 1.04 (0.89–1.21) 

Month 9 3,777 267 0.89 (0.74–1.06) 

Choe et al. 
(2018) 

Retrospective 
cohort 
(Rhode Island) 
Land use 
regression 
models 

Preeclampsia Black 
carbon 

Trimester 1 61,640 2,221 0.98 (0.92–1.06) Per 0.13 µg/m3 0.5 (0.1) µg/m3 Maternal age, parity, 
race, education, 
marital status, health 
insurance status, 
tobacco use, 
neighborhood 
socioeconomic 
status, year of last 
menstrual period 

Trimester 2 1.03 (0.95–1.10) Undefined IQR 
increase 

Trimester 3 0.94 (0.88–1.01) Undefined IQR 
increase 

Gestational 
hypertension 

Black 
carbon 

Trimester 1 61,640 2,877 0.95 (0.89–1.01) Per 0.13 µg/m3 

Trimester 2 0.97 (0.91–1.04) Undefined IQR 
increase 

Trimester 3 0.95 (0.90–1.01) Undefined IQR 
increase 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Outcome Exposure Exposure Period Sample Size Cases OR (95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Rudra et 
al. (2011) 

Prospective 
cohort 
(Western 
Washington, 
USA) 
Land use 
regression 
models 

Preeclampsia Carbon 
monoxide 

Periconceptionalc 3,675 117 0.98 (0.91–1.06) Per 0.1 ppm 0.80 (0.43) ppm Maternal age, 
nulliparity, BMI, 
race/ethnicity, 
education, marital 
status, smoking, 
household income, 
employment in early 
pregnancy, pre-
pregnancy 
secondhand smoke, 
physical activity, 
history of asthma, 
diabetes, chronic 
hypertension, year, 
and month of 
conception 

Sears et 
al. (2018) 

Prospective 
cohort 
(Cincinnati, 
Ohio, USA) 
Land use 
regression 
models 

Hypertensive 
disorders of 
pregnancy 

Elemental 
carbon 
attributable 
to traffic 

Full gestational 
period 

370 35 0.7 (0.5–1.2) Per 0.16 µg/m3 0.37 (0.16) µg/m3 Maternal age, race, 
education, marital 
status, tobacco 
smoke exposure, 
BMI, parity, income, 
gestational age, 
exposure to traffic 
noise, season of 
conception, 
neighborhood 
socioeconomic status 

Wu et al. 
(2011)  

Retrospective 
cohort  
(Los Angeles 
County, USA)  
CALINE 4 air 
dispersion 
models 

Preeclampsia Carbon 
monoxide 

Full gestational 
period 

38,709 1,303 1.11 (1.03–1.19) Per 0.4 ppm 0.9 (0.4) ppm Maternal age, 
race/ethnicity, parity, 
prenatal care 
insurance type, 
season of conception, 
diabetes, poverty 
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Study 

Study Design 
(Location) 
Exposure 
Measure 

Outcome Exposure Exposure Period Sample Size Cases OR (95% CI) Unit Increase Mean (SD)a 
Exposure Level 

Covariates 
Considered for 

Inclusion 

Retrospective 
cohort 
(Orange County, 
USA) 
CALINE 4 air 
dispersion 
models 

Preeclampsia Carbon 
monoxide 

Full gestational 
period 

42,477 1,139 0.97 (0.87–1.09) Per 0.4 ppm 0.6 (0.3) ppm 

*Effect estimates marked with an asterisk were reported per interquartile range increase. 
aRudra et al. (2011) and Sears et al. (2018) reported median (IQR) levels of elemental carbon attributable to traffic. 
bAssibey-Mensah et al. (2019) reported mean (SD) values for gestational month 1 only. 
cRudra et al. (2011) defined the periconceptional period as the 7 months surrounding conception.  
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Table 13. Studies on Hypertensive Disorders of Pregnancy with TRAP-related CO, ECAT, and BC Exposure in Animals 

Study Species/ 
Strain Sample Size Exposure Dose 

Level  
Dose 

Duration Groups Endpoints 
Measured Findings 

Venditti et 
al. (2014) 

Pregnant 
female CD-
1 mice 

6/group Ambient 
carbon 
monoxide 

250 ppm Gestational 
day 10.5–15.5 

Untreated Control ± CO Proteinuria No significant difference in 
proteinuria between unexposed 
control and control+CO groups 

Systolic 
blood 
pressure 

No significant difference in systolic 
blood pressure between control and 
control+CO groups 

12–18/group Ambient 
carbon 
monoxide 

250 ppm Gestational 
day 10.5–15.5 

AdsFlt-1-induced 
preeclampsia (hypertension 
and proteinuria) ± CO 

Proteinuria Significant increase in proteinuria 
in the AdsFlt-1-induced unexposed 
group compared with the AdsFlt-
1+CO group 

Systolic 
blood 
pressure 

Significant increase in systolic 
blood pressure in the AdsFlt-1-
induced unexposed group 
compared with the AdsFlt-1+CO 
group 

7–9/group Ambient 
carbon 
monoxide 

250 ppm Gestational 
day 10.5–15.5 

AdEV ± CO Proteinuria No significant difference in 
proteinuria between unexposed 
AdEV and AdEV+CO groups 

Systolic 
blood 
pressure 

No significant difference in systolic 
blood pressure between unexposed 
AdEV and AdEV+CO groups 

AdsFlt = fms-like tyrosine kinase-1 Adenovirus encoding vector. 
AdEV = Ad Empty Vector control.
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Traffic Measures 
Traffic measures are surrogate indicators of exposure to TRAP. Traffic measures may include 
distance to main road, length of main streets with a buffer zone around homes or schools, and 
traffic volume. These measurements are relatively easy to obtain and often involve use of GIS-
based methods. One potential limitation of traffic measures is the lack of precision because often 
they do not account for meteorology, dispersion, and terrain (HEI 2010). However, information 
from studies evaluating associations between traffic measures and hypertensive disorders of 
pregnancy are still useful, particularly when evaluating potential effects of a combined TRAP 
exposure. Further, when considered with surrogates of traffic pollutants, traffic measures can 
strengthen the confidence in the body of evidence. 

The following sections begin with a brief summary of the body of evidence followed by a 
narrative summary or meta-analysis of the human evidence and a confidence rating for the body 
of evidence. Because some studies evaluated multiple measures of TRAP, there are instances of 
overlap across studies. 

Traffic Measures and Hypertensive Disorders of Pregnancy 
Traffic density (i.e., number of vehicles per day on a given stretch of roadway) and proximity to 
a major road were the two traffic measures that were reported in the available literature. For the 
analyses that follow, traffic density and proximity to a major road were evaluated separately and 
then combined as “traffic measures” to determine associations with hypertensive disorders of 
pregnancy. 

Human Traffic Measures Data 

Summary 
There is low confidence in the body of evidence that combined traffic measures is associated 
with an increased risk for hypertensive disorders of pregnancy. The nine studies identified (six 
cohort studies, one cross-sectional study, and two case-control studies (Choe et al. 2018; Madsen 
et al. 2018; Malmqvist et al. 2013; Miranda et al. 2013; Olsson et al. 2015; van den Hooven et al. 
2009; Wu et al. 2011; Wu et al. 2016; Yorifuji et al. 2015)) reported consistent evidence of an 
association between traffic density and proximity to a major road and the risk for hypertensive 
disorders of pregnancy. There were small but positive ORs reported for associations between 
hypertensive disorders of pregnancy and living in close proximity to a major road or near high-
traffic density regions during the entire pregnancy period (Figure 18). The initial confidence 
rating was moderate based on the six cohort studies included in the body of evidence that 
contained three out of four study design features (exposure prior to outcome, individual outcome 
data, comparison group used). The initial confidence was downgraded to low for imprecision 
because several studies reported positive but nonsignificant associations between hypertensive 
disorders of pregnancy and traffic measures. There were no other changes to the confidence 
rating after considering factors that may increase or decrease confidence. 

Overview of Available Human Data for Traffic Measures 
Table 14 summarizes the available data in the human body of evidence that evaluated the 
associations between exposure to traffic measures and the health outcomes of interest. Nine 
studies were identified that reported associations between traffic measures and hypertensive 
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disorders of pregnancy (Choe et al. 2018; Madsen et al. 2018; Malmqvist et al. 2013; Miranda et 
al. 2013; Olsson et al. 2015; van den Hooven et al. 2009; Wu et al. 2011; Wu et al. 2016; 
Yorifuji et al. 2015). The available evidence comprised four retrospective cohort studies (Choe et 
al. 2018; Olsson et al. 2015; Wu et al. 2011; Yorifuji et al. 2015), two prospective cohort studies 
(Madsen et al. 2018; van den Hooven et al. 2009), one cross-sectional study (Miranda et al. 
2013), and two case-control studies (Malmqvist et al. 2013; Wu et al. 2016). Three studies were 
conducted in the United States (Choe et al. 2018; Miranda et al. 2013; Wu et al. 2011), one study 
was conducted in Japan (Yorifuji et al. 2015), and five studies were conducted in Europe. 

All but one study (Miranda et al. 2013) evaluated preeclampsia. Miranda et al. (2013) only 
assessed gestational hypertension, and van den Hooven et al. (2009) and Choe et al. (2018) 
assessed both gestational hypertension and preeclampsia. Five studies assessed traffic density as 
the exposure metric (Malmqvist et al. 2013; Olsson et al. 2015; van den Hooven et al. 2009; Wu 
et al. 2011; Wu et al. 2016) and five studies considered the proximity to major roadways (Choe 
et al. 2018; Madsen et al. 2018; Miranda et al. 2013; van den Hooven et al. 2009; Yorifuji et al. 
2015). All included studies evaluated exposure over the entire gestational period. Sample sizes 
ranged from just over 7,300 to more than 460,000 women and included 50 to approximately 
26,000 cases.
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Table 14. Studies on Hypertensive Disorders of Pregnancy and Traffic Measures in Humans 

Study Study Design 
(Location) 

Sample 
Size Cases Traffic Measure Outcome Exposure 

Period 
OR 

(95% CI) Exposure Level Covariates Considered 
for Inclusion 

Choe et al. (2018) Retrospective 
cohort (Rhode 
Island, USA) 

61,541 2,221 Proximity to road: 
living ≤150 m of an 
A1 or A2 roadway 
or ≤50 m of an A3 
roadway 

Preeclampsia Full 
gestational 
period 

0.99 (0.87, 1.12) 19.8% live 
within ≤150 m 
of an A1 or A2 
roadway 
or ≤50 m of an 
A3 roadway 

Maternal age, parity, 
race, education, marital 
status, health insurance 
status, tobacco use, year 
of last menstrual period, 
neighborhood 
socioeconomic status 

57,793 2,877 Proximity to road: 
living ≤150 m of an 
A1 or A2 roadway 
or ≤50 m of an A3 
roadway 

Gestational 
hypertension 

Full 
gestational 
period 

0.97 (0.87, 1.09) 

Madsen et al. 
(2018) 

Prospective 
cohort 
(Norway) 

17,533 590 Proximity to road: 
road within 15 m 

Preeclampsia Full 
gestational 
period 

1.16 (0.96, 1.39) 46.6% live 
within 15 m of a 
road 

Maternal age, marital 
status, education, BMI, 
parity, smoking, 
diabetes, chronic 
hypertension, child sex 
of child, area, year of 
birth  

941 Proximity to road: 
road within 15 m 

Hypertension 
during 
pregnancy 

Full 
gestational 
period 

1.12 (0.96, 1.29) 

Malmqvist et al. 
(2013) 

Case-control 
(Sweden) 

81,110 2,323 Traffic density: no 
road within 200 m 
(reference) versus 
road with 
>10 vehicles/min 
within 200 m 

Preeclampsia 
(all cases) 

Full 
gestational 
period 

1.10 (0.94, 1.30) Summary 
measure not 
reported 

Maternal age, BMI, 
smoking, ethnicity, 
parity, type 1 diabetes, 
and gestational diabetes 

1,799 Traffic density: no 
road within 200 m 
(reference) versus 
road with 
>10 vehicles/min 
within 200 m 

Mild 
preeclampsia 

Full 
gestational 
period 

1.04 (0.86, 1.26) 

571 Traffic density: no 
road within 200 m 
(reference) versus 
road with 
>10 vehicles/min 
within 200 m 

Severe 
preeclampsia 

Full 
gestational 
period 

1.24 (0.86, 1.77) 
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Study Study Design 
(Location) 

Sample 
Size Cases Traffic Measure Outcome Exposure 

Period 
OR 

(95% CI) Exposure Level Covariates Considered 
for Inclusion 

Miranda et al. 
(2013) 

Cross-sectional 
(North Carolina, 
USA) 

468,517 25,768 Proximity to road: 
≥500 m to major road 
(reference) vs. <250 m 
to major roads 

Gestational 
hypertension 

Full 
gestational 
period 

1.04 (1.00, 1.07) 65.8% Live 
within ≥500 m 
of major roads 
 
18.4% 
Live within 
<250 m of 
major roads 

Maternal age, race, 
nativity, education, 
marital status, parity, 
tobacco use, season of 
birth, tract-level 
urbanization, and tract-
level median income 

Olsson et al. (2015) Retrospective 
cohort (Sweden) 

102,726 2,671 Traffic density: per 
3,672 vehicles/day 
increase within 
100 m2 of home 
address 

Pregnancy-
induced 
hypertensive 
disorders 

Full 
gestational 
period 

1.02 (1.00, 1.04) Mean (SD) 
maximal traffic 
flow within 
100 m2 of home 
address: 2,569 
(7,712) 
vehicles/day  

Maternal age, education, 
region of origin, asthma, 
parity, date of 
conception, first 
trimester ozone, and first 
trimester temperature, 
smoking, BMI, family 
situation 

van den Hooven et 
al. (2009) 

Prospective 
cohort 
(Rotterdam, 
Netherlands) 

7,339 144 Traffic density: 
<158,503 
vehicles/day*m within 
150 m (reference) 
versus >1,235,384 
vehicles/day*m within 
150 m  

Preeclampsia Full 
gestational 
period 

1.14 (0.71, 1.82) Median traffic 
density: 
550,000 
vehicles/day*m 

Maternal age, education, 
ethnicity, BMI, parity, 
smoking, alcohol use, 
and fetal sex  

250 Traffic density: 
<158,503 
vehicles/day*m within 
150 m (reference) 
versus >1,235,384 
vehicles/day*m within 
150 m 

Pregnancy-
induced 
hypertension 

Full 
gestational 
period 

1.07 (0.75, 1.53) Median traffic 
density: 
550,000 
vehicles/day*m 

144 Proximity to road: 
>200 m to major roads 
(reference) versus 
<50 m to major roads 

Preeclampsia Full 
gestational 
period 

1.03 (0.63, 1.69) Median distance 
to major road: 
143 m 

250 Proximity to road: 
>200 m to major roads 
(reference) versus 
<50 m to major roads 

Pregnancy-
induced 
hypertension 

Full 
gestational 
period 

1.08 (0.74, 1.60) Median distance 
to major road: 
143 m 
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Study Study Design 
(Location) 

Sample 
Size Cases Traffic Measure Outcome Exposure 

Period 
OR 

(95% CI) Exposure Level Covariates Considered 
for Inclusion 

Wu et al. (2011) Retrospective 
cohort (Los 
Angeles 
County, 
California 
United States) 

38,709 1,303 Traffic density: 
per 76.6 
vehicles/day*m/m2 
increase within 300 m 

Preeclampsia Full 
gestational 
period 

1.03 (0.99, 1.06) Mean (SD) 
traffic density: 
82.5 (114.2) 
vehicles/day*m/
m2 

Maternal age, 
race/ethnicity, parity, 
prenatal care insurance 
type, season of 
conception, diabetes, 
and poverty 

Retrospective 
cohort (Orange 
County, 
California, 
United States) 

42,477 1,139 Traffic density: 
per 76.6 
vehicles/day*m/m2 
increase within 300 m 

Preeclampsia Full 
gestational 
period 

1.03 (1.00, 1.07) Mean (SD) 
traffic density: 
66.0 (117.6) 
vehicles/day*m/
m2 

Maternal age, 
race/ethnicity, parity, 
prenatal care insurance 
type, season of 
conception, diabetes, 
and poverty  

Wu et al. (2016) Case-control 
(Basel, 
Switzerland) 

100 50 Traffic density: total 
length of major roads 
within 500 m  

Preeclampsia Full 
gestational 
period 

Significant 
difference in 
median total 
length between 
cases (1,571 m) 
and controls 
(2,311 m) 

Summary 
measure not 
reported 

Maternal age 

Proximity to road: 
distance to nearest 
first-class main road 

Preeclampsia Full 
gestational 
period 

No statistical 
difference 
between cases 
(114 m) and 
controls (160 m) 

Proximity to road: 
distance to nearest 
freeway 

Preeclampsia Full 
gestational 
period 

No statistical 
difference 
between cases 
(1,087 m) and 
controls (926 m) 

Yorifuji et al. 
(2015) 

Retrospective 
cohort (Japan) 

19,077 630 Proximity to road: 
>200 m to major roads 
(reference) vs. ≤200 m 
to major roads 

Preeclampsia Full 
gestational 
period 

1.3 (1.0, 1.8) Summary 
measure not 
reported 

Maternal age, 
occupation, smoking, 
BMI, area 
socioeconomic status, 
season, and year of 
conception 
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Summary of the Human Evidence 

Traffic Density 
In general, there were small but positive associations that did not reach statistical significance 
between traffic density measures and combined hypertensive disorders of pregnancy (Figure 18) 
or preeclampsia only (Figure 19). With the exception of van den Hooven et al. (2009), these 
studies also evaluated one or more traffic-related air pollutants. Although correlations between 
the air pollutants and traffic density were not discussed for most studies, Wu et al. (2011) found 
that traffic density measures were moderately correlated with CALINE4-modeled exposures and 
poorly correlated with ambient monitor-based measures. In all studies, ORs for traffic density 
and hypertensive disorders of pregnancy were smaller than those reported for the air pollutants 
(Malmqvist et al. 2013; Olsson et al. 2015; van den Hooven et al. 2009; Wu et al. 2011). 

 

 
Figure 18. Traffic Density and Hypertensive Disorders of Pregnancy 

When I2 p value is significant (p < 0.05), the random-effects model results are presented. When nonsignificant, the 
random-effects model results are identical to the fixed-effects model results. 
HDP = hypertensive disorders of pregnancy. 
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Figure 19. Traffic Density and Preeclampsia 

HELLP = hemolysis, elevated liver enzyme levels, and low platelet count syndrome. 

Proximity to Road Measures 
The five studies that evaluated proximity to main road measures and hypertensive disorders of 
pregnancy reported small but positive associations, with some reaching statistical significance 
(Choe et al. 2018; Madsen et al. 2018; Miranda et al. 2013; van den Hooven et al. 2009; Yorifuji 
et al. 2015) (Figure 20). Correlations between these proximity to road measures and modeled or 
measured air pollutants were not reported, but ORs were similar in the studies that evaluated 
both metrics (Choe et al. 2018; Madsen et al. 2018). In addition, Wu et al. (2016) reported 
statistically significant positive associations between exposure to TRAP and development of 
late-onset preeclampsia but only performed descriptive analyses for incidence of preeclampsia 
and road density parameters and did not calculate ORs or CIs. 
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Figure 20. Proximity to Traffic and Combined Hypertensive Disorders during Pregnancy 

HDP = hypertensive disorders of pregnancy. 

Risk-of-Bias Considerations 
Risk-of-bias ratings for individual studies of traffic density or proximity to road measures were 
generally rated probably low or definitely low across most risk-of-bias domains, as shown in the 
risk-of-bias heatmap (Figure 21) and bar chart (Figure 22), and the overall confidence rating was 
not changed because of risk of bias. 

Exposure Characterization 
Inherent in studies evaluating traffic measures is a reduction in precision (resulting in bias 
toward the null) for the exposure measurements compared with measurements of surrogates for 
traffic-related air pollutants. Therefore, the true effect of TRAP exposure on hypertensive 
disorders of pregnancy may not be reflected in studies that evaluate traffic measures. Two 
studies were included in which there were risk-of-bias concerns about the exposure 
characterization (Miranda et al. 2013; Yorifuji et al. 2015). In both cases, there was a probably 
high risk of bias for the exposure characterization because there was poor alignment between the 
exposure assessments and outcome measurements (i.e., the timing of the exposure measurements 
did not line up well with the timing of the pregnancy periods). Most studies accounted for 
residential mobility in sensitivity analyses; thus, exposure misclassification due to residential 
mobility was minimal. 
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Outcome Assessment 
Risk-of-bias ratings for the outcome assessment were probably low or definitely low for all 
studies that reported traffic measurements. 

Confounding and Modifying Variables 
Most studies that evaluated traffic measures adjusted for smoking and BMI; however, those 
studies that did not adjust for smoking also did not adjust for BMI resulting in potential bias in 
both directions. In the Wu et al. (2016) study, there were also clear risk-of-bias concerns that 
would lower the confidence of the overall conclusions in this study, including probably high risk 
of bias for comparison groups and confounding variables. However, exclusion of this study did 
not affect the overall ratings for traffic measures and hypertensive disorders of pregnancy. 

Summary 
In some studies, there were a few risk-of-bias concerns about exposure characterization and 
confounding variables that would potentially bias the results toward and away from the null. For 
all remaining risk-of-bias questions for all of the individual studies that evaluated traffic 
measures, there was probably low or definitely low risk of bias and, therefore, no concerns over 
the internal validity of the reported results that would further decrease the confidence in the body 
of evidence. 

 
Figure 21. Risk-of-bias Heatmap: Traffic and Hypertensive Disorders of Pregnancy 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies.  

https://hawcproject.org/assessment/60/


Systematic Review of TRAP and Hypertensive Disorders of Pregnancy 

70 

 
Figure 22. Risk-of-bias Bar Chart: Traffic and Hypertensive Disorders of Pregnancy 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
*Questions in bold are the key risk-of-bias questions for human epidemiological studies. These key questions relate to areas of 
bias that may have a greater impact on estimates of the overall effect size and are generally considered to have a greater effect on 
the credibility of study results in environmental health studies. 

Animal Traffic Measures Data 
There were no animal data evaluating associations between traffic measures and hypertensive 
disorders of pregnancy that met the PECO criteria for this assessment. 

Evidence Synthesis for Traffic Measures 
Both traffic density and proximity to road measures showed positive but nonsignificant 
associations with increased risk for developing hypertensive disorders of pregnancy in the 
available human evidence. There is low confidence in the body of evidence that close proximity 
to a major road or increased traffic density during pregnancy is associated with an increased risk 
for a hypertensive disorder of pregnancy. The confidence ratings are summarized below. 

• Human body of evidence: Low confidence 
• Animal body of evidence: No studies 

The human body of evidence suggests that one’s proximity to main roads and proximity to high-
traffic density regions during pregnancy could be associated with the development of a 
hypertensive disorder of pregnancy. 

https://hawcproject.org/assessment/60/
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Discussion 

Following a systematic review of the evidence, the National Toxicology Program (NTP) reached 
conclusions on hypertensive disorders of pregnancy following exposures to traffic-related air 
pollution (TRAP). NTP concludes that exposure to TRAP is presumed to be a hazard to 
pregnant women on the basis of the available evidence across multiple measures of TRAP 
exposure (e.g., traffic-related fine particulate matter [PM2.5] and nitrogen dioxide [NO2], residing 
in high-traffic density regions or in close proximity to major roads) and that TRAP is associated 
with the development of hypertensive disorders of pregnancy. The overall hazard conclusion was 
based on moderate confidence and moderate level of evidence in the human evidence for the 
combined TRAP exposure. 

The hazard conclusion for combined TRAP exposure was considered to better reflect true 
exposure to TRAP than individual measures of exposure. The effect of TRAP was consistent 
across bodies of evidence for individual components and was supported by meta-analyses for 
individual traffic-related metrics (i.e., PM2.5 and NO2). When considered together, evidence 
across the air pollutant and traffic measures collectively showed consistency in the direction of 
effect across multiple populations and geographic locations, strengthening the confidence in the 
association between the combined TRAP exposure and hypertensive disorders of pregnancy 
compared with exposure to individual TRAP components and this outcome. Many studies 
evaluated only one TRAP component (with or without a traffic measurement), and those that 
evaluated more than one component still found significant associations between the individual 
components and hypertensive disorders of pregnancy after statistically accounting for other 
exposures. The robustness of the body of evidence for the combined TRAP exposure due to the 
greater number of studies, the consistency in the direction of the effect across multiple 
populations and geographic locations, and the high likelihood of exposure to multiple TRAP 
components strengthened the confidence in the evidence for combined TRAP exposure 
compared with exposure to the individual TRAP components, resulting in a hazard conclusion of 
presumed to be a hazard to pregnant women. 

In addition to the evidence for PM2.5, NO2, and traffic measures, a few studies were available 
that investigated potential associations between carbon monoxide (CO), black carbon (BC), or 
elemental carbon (EC) and hypertensive disorders of pregnancy. Although findings from the 
epidemiological studies for CO exposure were unclear, the experimental animal study used in 
this assessment (as well as other studies evaluating the effects of smoking on blood pressure 
during pregnancy) suggest carbon monoxide may promote vasodilation and reduce the risk of 
preeclampsia (Conde-Agudelo et al. 1999; Engel et al. 2013; England and Zhang 2007; 
Jeyabalan et al. 2008; Karumanchi and Levine 2010; Wei et al. 2015; Wikstrom et al. 2010). 
However, consistent with the observed associations between TRAP components and 
hypertensive disorders of pregnancy, potential protective effects of CO on blood pressure do not 
appear to be mitigating the associations between TRAP and hypertensive disorders of pregnancy. 
This is further illustrated by small but positive associations between traffic measures (which 
would include the totality of traffic-related air pollutants, including CO) and hypertensive 
disorders of pregnancy, supporting an overall effect of TRAP on this outcome. The few studies 
in the available evidence for BC and EC exposures are inadequate for reaching meaningful 
conclusions. 
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Potential Mechanisms 
The mechanisms by which TRAP components increase blood pressure during pregnancy is not 
entirely understood, and a mechanistic understanding is challenged by the complexity of the 
series of adaptive processes that occur for a healthy pregnancy. However, insights from 
mechanistic studies that demonstrate how blood pressure is elevated in the nonpregnant state 
show significant overlap with mechanisms that appear to play a role in the pathogenesis of 
preeclampsia, thus providing a plausible mechanism for the observed association between TRAP 
exposure and increased risk for hypertensive disorders. Exposure to PM can induce endothelial 
and/or smooth muscle dysfunction through vascular inflammation and oxidative stress pathways 
(Haberzettl et al. 2018). NO2 exposures can also induce oxidative stress. In addition, changes in 
autonomic nervous system (ANS) balance favoring sympathetic nervous system-mediated 
arterial vasoconstriction, the generation and release of endogenous biological mediators from 
various sources (most notably from lung cells), and/or potential direct vascular actions of PM 
constituents that can reach the systemic circulation may all contribute to hypertension. TRAP-
mediated increases in blood pressure likely occur in a biphasic manner, with an initial response 
caused by rapid changes in ANS balance followed by increased sensitivity to vasoconstrictive 
responses (Link and Dockery 2010) [reviewed in Brook and Rajagopalan (2009)]. 

During a normal healthy pregnancy, highly coordinated events occur to ensure adequate blood 
flow to the placenta and fetus and to facilitate the exchange of gas and nutrients. This process 
includes early vascular adaptations that begin during embryo implantation in the uterus, resulting 
in a series of migration and invasion events by fetus-derived cytotrophoblasts into the maternal 
spiral arteries. These invasive trophoblasts gradually replace the endothelial lining of the spiral 
arteries, themselves undergoing a shift to become endothelial-like cells, to remodel these 
normally low capacitance, high resistance vessels to high capacitance, low resistance vessels by 
the second trimester (reviewed in George and Granger (2011)). In addition, maternal hormones 
increase blood volume, and cardiac output increases by up to 50% compared with the 
nonpregnant state, with the majority of this change occurring during the first 8 weeks of 
pregnancy (Clark et al. 1989). Such a change in the nonpregnant state would result in a 
compensatory increase in vascular resistance and blood pressure to maintain homeostasis. 
However, during pregnancy, the increase in blood volume and cardiac output is associated with a 
decrease in blood pressure because of the general decrease in vascular resistance resulting from 
the early arterial remodeling events. Although vascular resistance decreases throughout the body, 
there is a disproportionally large drop in vascular resistance in the uterine circulation, resulting in 
a greater proportion of the cardiac output going to the uteroplacental unit to meet the demands of 
the growing fetus (reviewed in Boeldt and Bird (2017)). 

Although the data are limited, some studies have suggested associations between diminished 
vascularization indices in the placenta during the first trimester of pregnancy and air pollutants, 
particularly NO2 (Hettfleisch et al. 2017). These indices have been shown to be lower in patients 
with preeclampsia compared with normotensive pregnancies (Costa et al. 2010). Animal studies 
evaluating ozone exposure during pregnancy have also demonstrated impaired implantation 
processes and impaired trophoblast metabolic capacity (Miller et al. 2019), and as technologies 
continue to improve, these relationships will be explored in more detail and may provide more 
insight on the role of air pollutants on blood flow to the placenta and subsequent effects. 
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In addition, a large body of literature has highlighted the importance of endothelial cells in the 
normal adaptive processes of pregnancy, and endothelial dysfunction is a key event that 
contributes to all major symptoms of preeclampsia. Endothelial cells play a critical role on the 
control of vascular function by sensing the blood composition as well as providing a physical 
barrier to the improper movement of water, ions, proteins, and cells from the blood vessel into 
the vessel walls. In women who develop hypertensive disorders of pregnancy, there is evidence 
to suggest that these key physiologic functions of endothelial cells are compromised (Boeldt and 
Bird 2017). Long-term exposure to constituents of PM can induce an inflammatory response and 
oxidative stress, which has been shown to play a causal role in the endothelial cell dysfunction 
and impaired vasomotor balance observed in humans and animal models in the nonpregnant state 
(Gamboa et al. 2007; Lassegue and Griendling 2004; Nedeljkovic et al. 2003; Sun et al. 2008). 
Activation of inflammation and oxidative stress pathways sensitize the vasculature to the pro-
vasoconstrictive effects of endogenous mediators that lead to vasoconstriction and, ultimately, 
elevated blood pressure. Similar to the increased sensitivity to vasoconstrictors in the 
nonpregnant state, endothelial dysfunction in preeclamptic pregnancies results in a failure to 
develop insensitivity to vasoconstrictors as well as insufficient calcium signaling and vasodilator 
production (Krupp et al. 2013), causing an increase in vascular resistance. Thus, the normal 
increase in blood volume paired with the insufficient drop in uterine and vascular resistance 
contributes significantly to the hypertensive component of preeclampsia. Further, endothelial 
dysfunction in glomerular cells in the kidney leads to proteinuria due to the loss of barrier 
function integrity causing pathologically permissive protein movement into the urine (Wang et 
al. 2015). Direct evidence demonstrating that exposure to TRAP components during pregnancy 
activates inflammation and oxidative stress pathways, thus causing endothelial dysfunction and 
impaired sensitivity to vasoconstrictive and vasodilatory factors to increase vascular resistance 
and elevate blood pressure is not yet available. However, studies evaluating components of these 
pathways and evidence from studies in the nonpregnant state provide a biologically plausible 
mechanism for the observed association between TRAP exposure and hypertensive disorders of 
pregnancy reported in this assessment. Additional studies will be needed to test components of 
the proposed mode of action to support the epidemiological findings. 

Limitations of the Evidence Base 
Several limitations in the body of evidence apply across the different exposures. The air 
pollutants identified for inclusion have been commonly used as exposure surrogates for TRAP in 
other evaluations. While the specificity of the exposure characterization in the inclusion criteria 
along with the supporting evidence from the traffic measures do increase the confidence that the 
exposures reported and subsequent associations with hypertensive disorders of pregnancy are 
due to traffic, it is recognized that many of the exposure surrogates used to identify TRAP are 
also generated by other sources. Thus, this limits the ability to attribute associations exclusively 
to traffic-derived sources. It is also likely that exposure to other TRAP components (e.g., 
ultrafine particles, sulfur oxides, volatile organic compounds) may contribute to the development 
or exacerbation of hypertensive disorders of pregnancy; however, to date, no studies have 
evaluated those associations. In addition, traffic noise is likely a co-exposure for all TRAP 
studies, but relatively few studies have tried to disentangle the possible effects of traffic noise 
verses TRAP. Because the correlation between the two exposures is not always colinear (Fecht et 
al. 2016), the extent to which TRAP is confounded by traffic noise is unclear. In addition, 
exposure levels are based on 2-dimensional maps and assumes pregnant women residing in tall 
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buildings are exposed to the same levels of TRAP as those residing at ground level. Exposures 
are likely to be lower for women at higher levels, and this source of heterogeneity may bias the 
results toward the null, particularly when tall multi-unit residence buildings are colinear with 
traffic density and modeled exposure levels. 

In general, relatively few studies evaluated TRAP and hypertensive disorders of pregnancy and 
almost all of the studies were cohort studies. The overall prevalence of hypertensive disorders of 
pregnancy in these cohorts is low, and the cases identified in these studies are likely more serious 
because the more severe cases are more likely to be diagnosed. Opportunities for more 
prospective studies and studies using larger data sets with improved data sources (e.g., electronic 
health records that include prenatal care) will increase the likelihood of capturing the full range 
of hypertensive disorders during pregnancy, including early- and late-onset preeclampsia, which 
are thought to have different etiologies. Although many studies stated that women with 
preexisting hypertension were excluded, given the challenges of accurately excluding those 
women (which would depend on when they began treatment and the quality of the source of the 
outcome assessment), considerable heterogeneity is likely within the study populations for this 
condition. However, women with preexisting hypertension may represent a particularly 
vulnerable group that warrants more evaluation because they are often understudied and at a high 
risk for developing pregnancy complications and other adverse outcomes, including those in 
their infants. In addition, no studies to date use personal sampling data or biomonitoring methods 
to determine exposure to TRAP in humans and use of those methods could improve the exposure 
data. Additional studies that better characterize actual TRAP exposures in pregnant women and 
evaluate outcomes of interest would increase the confidence in the body of evidence. 

Finally, very few studies evaluated TRAP exposure and blood pressure parameters during 
pregnancy in experimental animal models. Studies conducted in nonpregnant animals can likely 
elucidate potential overlapping mechanisms but would not provide insight on how environmental 
exposures affect mechanisms related to blood pressure and hemodynamic regulation during 
pregnancy. Animal studies and mechanistic studies in humans or human cell-based systems 
could help elucidate mechanisms to strengthen overall conclusions. 

Limitations of the Systematic Review 
The hazard identification conclusions in this evaluation were based solely on the epidemiological 
data because there were no experimental animal studies that met the specific PECO inclusion 
criteria, nor were there studies that evaluated hypertensive disorders of pregnancy associated 
with exposure to other traffic-related air pollutants (e.g., diesel, sulfur oxides, BC). Although 
there are studies that evaluate effects of other traffic-related air pollutants, there were no other 
studies that evaluated these pollutants in relation to hypertensive disorders of pregnancy that also 
characterized the exposure to the extent that would allow for exposure to be reasonably attributed 
to traffic. Additional prospective epidemiological studies with well-characterized exposure and 
outcome assessments would strengthen the human evidence. In addition, this evaluation focused 
on primary emissions from traffic sources. Although there are studies that have evaluated effects 
of secondary products on hypertensive disorders of pregnancy, such as ozone, inclusion of those 
studies was beyond the scope of this review and were not evaluated. The dearth of animal data 
and exposure data are significant data gaps that need to be addressed to strengthen overall 
conclusions about the potential causal relationship between TRAP constituents and hypertensive 
disorders of pregnancy. 
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Conclusion 

NTP concludes that exposure to traffic-related air pollution (TRAP) is presumed to be a hazard 
to pregnant women for developing hypertensive disorders of pregnancy based on the available 
evidence across multiple measures of TRAP exposure (i.e., traffic-related PM2.5 and NO2) with 
support from studies on traffic measures (residing in high-traffic density regions or in close 
proximity to major roads during pregnancy). 

The effect of TRAP was consistent across bodies of evidence for individual TRAP components 
and was supported by meta-analyses for individual traffic-related air pollutants (i.e., PM2.5 and 
NO2). There is a similar pattern of findings, but smaller effect sizes, for bodies of evidence that 
residing in high-traffic density regions or in close proximity to major roads are associated with 
developing hypertensive disorders during pregnancy. The collective evidence across the air 
pollutant measures and the traffic measures shows consistency in the direction of effect across 
multiple populations and geographic locations, strengthening the confidence in the association 
between the combined TRAP exposure (versus exposure to the individual TRAP components) 
and hypertensive disorders of pregnancy. The combined body of evidence is more robust due to 
the greater number of studies, the multiple mechanisms by which the individual components can 
affect blood pressure, and the greater likelihood of exposure to multiple components of TRAP. 

Overall, the available evidence supports that exposure to TRAP increases the odds for 
developing hypertensive disorders of pregnancy. Because of the recognized relationship between 
maternal blood pressure status and the effect of hypertension during pregnancy on fetal and 
infant health outcomes, hypertensive disorders of pregnancy associated with TRAP exposure 
may have significant adverse health effects in the developing offspring.  
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Appendix A. Data Figures 

 
Figure A-1. NOx Exposure and Hypertensive Disorders of Pregnancy in Humans 

Results are indicated as significant if the associated confidence interval did not encompass 1.0, regardless of whether the study 
reported p values. Interactive figure and additional study details in HAWC (NTP, 2019a).

https://hawcproject.org/assessment/60/
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Appendix B. Literature Search Strategy 

The search terms for PubMed, Scopus, and Web of Science are provided below. The specific 
search strategies for other databases are available in the protocol (Appendix G). 

Table B-1. Literature Search Strategy 

Database Set Search Terms 

PubMed 1 "air pollution"[mh:noexp] OR "air pollutants"[mh:noexp] OR (("air pollution"[tiab] OR 
"air pollutant"[tiab] OR "air pollutants"[tiab]) NOT (indoor*[tiab] OR household[tiab])) 
OR "particulate matter"[mh:noexp] OR smog[mh] OR soot[mh] OR "particulate 
matter"[tiab] OR PM2.5[tiab] OR "PM(2.5)"[tiab] OR PM10[tiab] OR "PM(10)"[tiab] 
OR smog[tiab] OR soot[tiab] OR "carbon black"[tiab] OR "black carbon"[tiab] OR 
"elemental carbon"[tiab] OR ((air[tiab] OR airborne[tiab] OR coarse[tiab] OR 
ultrafine[tiab] OR fine[tiab]) AND (particle*[tiab] OR particulate*[tiab])) OR "vehicle 
emissions"[mh] OR motor vehicles[mh] OR ((vehicle[tiab] OR vehicles[tiab] OR 
vehicular[tiab] OR auto[tiab] OR automobile[tiab] OR bus[tiab] OR buses[tiab] OR 
car[tiab] OR truck*[tiab] OR engine[tiab] OR transport[tiab]) AND (emissions[tiab] OR 
exhaust[tiab] OR fume*[tiab])) OR (traffic[tiab] NOT (safety[tiab] OR accident*[tiab] 
OR injur*[tiab] OR collision*[tiab] OR crash*[tiab])) OR ((proximity OR near) AND 
(road*[tiab] OR highway*[tiab] OR freeway*[tiab] OR motorway*[tiab])) OR 
((air[tiab] OR outdoor[tiab] OR ambient[tiab] OR pollut*[tiab] OR emissions[tiab] OR 
exhaust*[tiab]) AND ("sulfur dioxide"[mh] OR "sulfur dioxide"[tiab] OR S02[tiab] OR 
ozone[mh] OR ozone[tiab] OR O3[tiab] OR "hydrogen sulfide"[mh] OR "hydrogen 
sulfide"[tiab] OR H2S[tiab] OR "carbon monoxide"[mh] OR "carbon monoxide"[tiab] 
OR "nitric oxide"[tiab] OR "nitrogen oxide"[tiab] OR "nitrogen oxides"[tiab] OR 
"nitrogen dioxide"[mh] OR "nitrogen dioxide"[tiab] OR NOx [tiab] OR "NO(x)"[tiab] 
OR NO2[tiab])) OR "volatile organic compounds"[mh] OR "fossil fuels"[mh] OR 
"volatile organic compounds"[tiab] OR gasoline*[tiab] OR diesel[tiab] OR petrol*[tiab] 
OR Polycyclic hydrocarbons, aromatic[mh:noexp] OR "benzo(a)pyrene"[mh] OR 
benzene[mh] OR "polycyclic aromatic hydrocarbons"[tiab] OR "benzopyrene"[tiab] OR 
"benzo a pyrene"[tiab] OR "3,4-benzopyrene"[tiab] OR benzene[tiab] 

2 AND 
"Hypertension, Pregnancy-Induced"[Mesh] OR "Gestational Hypertension"[tiab] OR 
"pregnancyinduced hypertension"[tiab] OR (pregnan*[tiab] AND hypertens*[tiab]) OR 
pre-eclampsia[tiab] OR preeclampsia[tiab] OR (pregnan*[tiab] AND toxemia*[tiab]) 

Scopus 1 ((("air pollution" OR "air pollutant" OR "air pollutants") AND NOT (indoor* OR 
household)) OR "particulate matter" OR PM2.5 OR PM10 OR smog OR soot OR 
"carbon black" OR "black carbon" OR "elemental carbon" OR ((air OR airborne OR 
coarse OR ultrafine OR fine) AND (particle* OR particulate*)) OR ((vehicle OR 
vehicles OR vehicular OR auto OR automobile OR bus OR buses OR car OR truck* OR 
engine OR transport) AND (emissions OR exhaust OR fume*)) OR (traffic AND NOT 
(safety OR accident* OR injur* OR collision* OR crash*)) OR ((proximity OR near) 
AND (road* OR highway* OR freeway* OR motorway*)) OR ((air OR outdoor OR 
ambient OR pollut* OR emissions OR exhaust*) AND ("sulfur dioxide" OR S02 OR 
ozone OR O3 OR "hydrogen sulfide" OR H2S OR "carbon monoxide" OR "nitric 
oxide" OR "nitrogen oxide" OR "nitrogen oxides" OR "nitrogen dioxide" OR NOx OR 
"NO(x)" OR NO2)) OR "volatile organic" OR "fossil fuel" OR "fossil fuels" OR 
gasoline* OR diesel OR petrol* OR "polycyclic aromatic hydrocarbons" OR 
"benzopyrene" OR "benzo a pyrene" OR "3,4-benzopyrene" OR benzene) 
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Database Set Search Terms 

2 AND  
("Gestational Hypertension" OR "pregnancy-induced hypertension" OR (pregnan* w/8 
hypertens*) OR pre-eclampsia OR preeclampsia OR (pregnan* w/8 toxemia*)) 

Web of 
Science 

1 ((("air pollution" OR "air pollutant" OR "air pollutants") NOT (indoor* OR household)) 
OR "particulate matter" OR PM2.5 OR "PM(2.5)" OR PM10 OR "PM(10)" OR smog 
OR soot OR "carbon black" OR "black carbon" OR "elemental carbon" OR ((air OR 
airborne OR coarse OR ultrafine OR fine) AND (particle* OR particulate*)) OR 
((vehicle OR vehicles OR vehicular OR auto OR automobile OR bus OR buses OR car 
OR truck* OR engine OR transport) AND (emissions OR exhaust OR fume*)) OR 
(traffic NOT (safety OR accident* OR injur* OR collision* OR crash*)) OR 
((proximity OR nearby) AND (road* OR highway* OR freeway* OR motorway*)) OR 
((air OR outdoor OR ambient OR pollut* OR emissions OR exhaust*) AND ("sulfur 
dioxide" OR S02 OR ozone OR O3 OR "hydrogen sulfide" OR H2S OR "carbon 
monoxide" OR "nitric oxide" OR "nitrogen oxide" OR "nitrogen oxides" OR "nitrogen 
dioxide" OR NOx OR NO2)) OR "volatile organic" OR "fossil fuel" OR "fossil fuels" 
OR gasoline* OR diesel OR petrol* OR "polycyclic aromatic hydrocarbons" OR 
"benzopyrene" OR "benzo a pyrene" OR "3,4-benzopyrene" OR benzene) 

2 AND  
("Gestational Hypertension" OR "pregnancy-induced hypertension" OR (pregnan* 
near/8 hypertens*) OR pre-eclampsia OR preeclampsia OR (pregnan* near/8 toxemia*)) 
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Appendix C. List of Included Studies 

C.1. Studies in Humans 
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Appendix D. Risk-of-bias Figures 
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Figure D-1. Risk-of-bias Heatmap: Other Pollutants and Hypertensive Disorders of Pregnancy for 
Animal Studies 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
 

 
Figure D-2. Risk-of-bias Heatmap: Other Pollutants and Hypertensive Disorders of Pregnancy for 
Epidemiological Studies 

Interactive figure and additional study details in HAWC (NTP, 2019a). 

https://hawcproject.org/assessment/60/
https://hawcproject.org/assessment/60/


Systematic Review of TRAP and Hypertensive Disorders of Pregnancy 

D-3 

 
Figure D-3. Risk-of-bias Bar Chart: Other Pollutants and Hypertensive Disorders of Pregnancy for 
Animal Studies 

Interactive figure and additional study details in HAWC (NTP, 2019a). 
 

 
Figure D-4. Risk-of-bias Bar Chart: Other Pollutants and Hypertensive Disorders of Pregnancy for 
Epidemiological Studies 

Interactive figure and additional study details in HAWC (NTP, 2019a).

https://hawcproject.org/assessment/60/
https://hawcproject.org/assessment/60/
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Appendix E. Meta-analysis Sub-analyses Results 
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Exposure and Preeclampsia Meta-analysis ................................................................ E-2 
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Exposure and Hypertensive Disorders of Pregnancy Meta-analysis ......................... E-4 
Table E-4. Influence Analysis of References Included in the Full Gestational Period NO2 

Exposure and Preeclampsia Meta-analysis ................................................................ E-5 
Table E-5. Publication Bias in References Included in the Full Gestational Period NO2 

Exposure and Hypertensive Disorders of Pregnancy Meta-analysis ......................... E-5 
Table E-6. Publication Bias in References Included in the Full Gestational Period NO2 

Exposure and Preeclampsia Meta-analysis ................................................................ E-5 

Figures 
Figure E-1. Influence Analysis Plot: References Included in the Full Gestational Period 

PM2.5 Exposure and Preeclampsia Meta-analysis .................................................... E-3 
Figure E-2. Publication Bias in References Included in the Full Gestational Period PM2.5 

Exposure and Preeclampsia Meta-analysis .............................................................. E-4 
Figure E-3. Influence Analysis Plot: References Included in the Full Gestational Period 

NO2 Exposure and Hypertensive Disorders of Pregnancy Meta-analysis ................ E-6 
Figure E-4. Influence Analysis Plot: References Included in the Full Gestational Period 

NO2 Exposure and Preeclampsia Meta-analysis ...................................................... E-7 
Figure E-5. Publication Bias in References Included in the Full Gestational Period NO2 

Exposure and Hypertensive Disorders of Pregnancy Meta-analysis ........................ E-8 
Figure E-6. Publication Bias in References Included in the Full Gestational Period NO2 
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E.1. Full Gestation PM2.5 Results 

Table E-1. Influence Analysis of References Included in the Full Gestational Period PM2.5 Exposure 
and Preeclampsia Meta-analysis 

Study Omitted Odds Ratio (95% Confidence Interval) 

Dadvand et al. (2013) 1.47 (0.97, 2.32) 

Rudra et al. (2011) 1.52 (0.95, 2.40) 

Savitz et al. (2015) 1.73 (1.14, 1.98) 

Wu et al. (2011) 1.41 (0.93, 2.09) 

Wu et al. (2011) 1.46 (0.95, 2.32) 

Combined 1.51 (1.04, 2.20) 

Table E-2. Publication Bias in References Included in the Full Gestational Period PM2.5 Exposure 
and Preeclampsia Meta-analysis 

Egger’s Test for Small-study Effects: 
Regress Standard Normal Deviate of Intervention Effect Estimate against Its Standard Error 

Number of Studies = 5 Root MSE = 11.22 

Standard Effect Coefficient Standard Error t P > |t| 95% Confidence Interval 

Slope −0.1397884 0.3333834 −0.42 0.703 (−1.200763, 0.9211864) 

Bias 12.52648 10.47258 1.20 0.318 (−20.80195, 45.85491) 

Test of H0: No small-study effects p = 0.318 
MSE = mean square error. 
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Figure E-1. Influence Analysis Plot: References Included in the Full Gestational Period PM2.5 
Exposure and Preeclampsia Meta-analysis 
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Figure E-2. Publication Bias in References Included in the Full Gestational Period PM2.5 Exposure 
and Preeclampsia Meta-analysis 

E.2. Full Gestation NO2 Results 

Table E-3. Influence Analysis of References Included in the Full Gestational Period NO2 Exposure 
and Hypertensive Disorders of Pregnancy Meta-analysis 

Study Omitted Odds Ratio (95% Confidence Interval) 

Dadvand et al. (2013) 1.03 (0.97, 1.10) 

Madsen et al. (2018) 1.05 (0.98, 1.12) 

Pedersen et al. (2017) 1.02 (0.96, 1.09) 

Pereira et al. (2013) 1.02 (0.96, 1.09) 

Savitz et al. (2015) 1.05 (0.99, 1.11) 

van den Hooven et al. (2011) 1.03 (0.97, 1.09) 

Wu et al. (2011) 1.03 (0.97, 1.11) 

Wu et al. (2011) 1.02 (0.96, 1.08) 

Combined 1.03 (0.97, 1.09) 



Systematic Review of TRAP and Hypertensive Disorders of Pregnancy 

E-5 

Table E-4. Influence Analysis of References Included in the Full Gestational Period NO2 Exposure 
and Preeclampsia Meta-analysis 

Study Omitted Odds Ratio (95% CI) 

Dadvand et al. (2013) 1.03 (0.97, 1.11) 

Madsen et al. (2018) 1.04 (0.98, 1.12) 

Pedersen et al. (2017) 1.02 (0.96, 1.10) 

Pereira et al. (2013) 1.02 (0.96, 1.09) 

Savitz et al. (2015) 1.06 (1.01, 1.11) 

van den Hooven et al. (2011) 1.03 (0.97, 1.10) 

Wu et al. (2011) 1.04 (0.96, 1.12) 

Wu et al. (2011) 1.02 (0.96, 1.09) 

Combined 1.04 (0.97, 1.10) 

Table E-5. Publication Bias in References Included in the Full Gestational Period NO2 Exposure 
and Hypertensive Disorders of Pregnancy Meta-analysis 

Egger’s Test for Small-study Effects: 
Regress Standard Normal Deviate of Intervention Effect Estimate against Its Standard Error 

Number of Studies = 8 Root MSE = 1.563 

Standard Effect Coefficient Standard Error t P > |t| 95% CI 

Slope −0.0499923 0.0204239 −2.45 0.050 (−0.0999678, −0.0000169) 

Bias 1.758844 0.7933426 2.22 0.068 (−0.1823958, 3.700083) 

Test of H0: No small-study effects p = 0.068 
MSE = mean square error. 

Table E-6. Publication Bias in References Included in the Full Gestational Period NO2 Exposure 
and Preeclampsia Meta-analysis 

Egger’s Test for Small-study Effects: 
Regress Standard Normal Deviate of Intervention Effect Estimate against Its Standard Error 

Number of Studies = 8 Root MSE = 1.591 

Standard Effect Coefficient Standard Error t P > |t| 95% CI 

Slope −0.0516838 0.0246087 −2.10 0.080 (−0.1118992, 0.0085316) 

Bias 1.674924 0.8264967 2.03 0.089 (−0.3474407, 3.697288) 

Test of H0: No small-study effects p = 0.089 
MSE = mean square error. 



Systematic Review of TRAP and Hypertensive Disorders of Pregnancy 

E-6 

 
Figure E-3. Influence Analysis Plot: References Included in the Full Gestational Period NO2 
Exposure and Hypertensive Disorders of Pregnancy Meta-analysis 
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Figure E-4. Influence Analysis Plot: References Included in the Full Gestational Period NO2 
Exposure and Preeclampsia Meta-analysis 
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Figure E-5. Publication Bias in References Included in the Full Gestational Period NO2 Exposure 
and Hypertensive Disorders of Pregnancy Meta-analysis 
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Figure E-6. Publication Bias in References Included in the Full Gestational Period NO2 Exposure 
and Preeclampsia Meta-analysis
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Appendix F. Protocol History 

The original and revised protocols are available in Appendix G. 

Table F-1. Protocol History and Revisions 

Date Activity or Revision 

September 5, 2015 Draft protocol reviewed: sent to peer reviewers for comment/review 

June 24, 2016 Evaluation protocol to be posted on OHAT website 

August 7, 2019 Revised protocol posted on OHAT website to reflect principal updates made during 
evaluation with justifications and date implemented noted: 
 
1. Added Brandiese Beverly, Ph.D., as the Project Co-Lead (February 2017); 
 
2. Protocol was originally developed to outline two OHAT systematic reviews, 
however, only TRAP and Hypertensive Disorders of Pregnancy was pursued (January 
2018); 
 
3. Systematic review on neurological disorders and TRAP was not pursued because 
this topic is currently under review by other organizations; here and throughout, text 
related to neurological disorders has a strike-through notation or is noted with a 
footnote that NTP will not pursue this topic (January 2018); 
 
4. Here and throughout, the term pregnancy-induced hypertension or pregnancy-
associated hypertension has been replaced with hypertensive disorders of pregnancy to 
reflect the more accurate term to describe the collection of disorders (February 2017); 
 
5. The American College of Obstetrics and Gynecology recognizes 4 categories of 
hypertensive disorders of pregnancy, which include chronic hypertension and chronic 
hypertension with superimposed preeclampsia, and studies were not excluded solely 
based on the inclusion of pregnant women with chronic hypertension (August 2018); 
 
6. Updated Figure 3 to reflect a clarification and update to the OHAT approach for 
systematic review and evidence integration, which clarified how hazard conclusions 
are reached when there is moderate level-of-evidence for human data with low or 
inadequate level-of-evidence for the animal evidence stream (March 2019); 
 
7. Brandiese Beverly, Ph.D., added as Project Co-Lead in affiliation section, along 
with updates to contributor affiliations (July 2019); and 
 
8. Paradoxically, smoking is a negative risk factor for preeclampsia and is not a 
confounder. Body mass index (BMI) is a risk factor for preeclampsia and was added as 
a confounder (August 2018). 
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Appendix G. Supplemental Files 

The following supplemental files are available at https://doi.org/10.22427/NTP-DATA-MGRAPH-
7. 

G.1. Protocol Information 

Protocol 
Protocol.pdf 

Revised Protocol 
TRAP_Revised_Protocol.pdf 

https://doi.org/10.22427/NTP-DATA-MGRAPH-7
https://doi.org/10.22427/NTP-DATA-MGRAPH-7
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