
Appendix I
Health Effects 

2022
AIR QUALITY 
MANAGEMENT PLAN

DRAFT FINAL



   
 

   
 

DRAFT FINAL 2022 AQMP 

APPENDIX I 
 
 

HEALTH EFFECTS 

 
 
 
 
 
 
 

NOVEMBERMAY 2022



 

 

 

 

SOUTH COAST AIR QUALITY MANAGEMENT DISTRICT 

GOVERNING BOARD 

Chair: BEN J. BENOIT 
 Mayor, Wildomar 
 Cities of Riverside County 

Vice Chair: VANESSA DELGADO 
 Senator (Ret.) 
 Senate Rules Committee Appointee 
MEMBERS: 

MICHAEL A. CACCIOTTI 
Mayor, South Pasadena 
Cities of Los Angeles County/Eastern Region 

ANDREW DO  
Supervisor, First District 
County of Orange 

GIDEON KRACOV 
Governor’s Appointee 

SHEILA KUEHL 
Supervisor, Third District 
County of Los Angeles 

LARRY MCCALLON 
Mayor, Highland 
Cities of San Bernardino County 

VERONICA PADILLA-CAMPOS 
Speaker of the Assembly Appointee 

V. MANUEL PEREZ 
Supervisor, Fourth District 
County of Riverside 

NITHYA RAMAN 
Council Member, Fourth District 
City of Los Angeles Representative 

REX RICHARDSON 
Vice Mayor, City of Long Beach 
Cities of Los Angeles County/Western Region 

CARLOS RODRIGUEZ 
Mayor, Yorba Linda 
Cities of Orange County 

JANICE RUTHERFORD 
Supervisor, Second District 
County of San Bernardino 

EXECUTIVE OFFICER: 

WAYNE NASTRI 



 

 

CONTRIBUTORS 

South Coast Air Quality Management District 
 (South Coast AQMD) 

 
 

Wayne Nastri  
Executive Officer 

 

Susan Nakamura  
Chief Operating Officer 

 

Sarah L. Rees, Ph.D. 
Deputy Executive Officer 

Planning, Rule Development, and Implementation 

 

Ian MacMillan 
Assistant Deputy Executive Officer 

Planning, Rule Development, and Implementation 

 

Sang-Mi Lee, Ph.D. 
Planning and Rules Manager 

Planning, Rule Development, and Implementation 

Authors  

Khadeeja Abdullah, MPH, D.Env (contractor) 

  Reviewers  

Barbara Baird, Esq., Chief Deputy Counsel 
Scott Epstein, Ph.D., Program Supervisor  

Xiang Li, Ph.D., Air Quality Specialist 
Melissa Maestas, Ph.D., Air Quality Specialist 

Production 

Rosalee Mason, Administrative Assistant I 
Alex Jimenez, Graphics Arts Illustrator II 

South Coast AQMD Print Shop  



Table of Contents 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Introduction           I-1 

• Health Effects of Air Pollution       I-1  

• U.S. EPA’s Evaluation of Health Effects Data   I-3 

• Ozone            I-5 
Attainment Status in the South Coast Air Basin     I-6 
Short-Term Exposure Effects of Ozone      I-76 
Long-Term Exposure Effects of Ozone      I-3229 
Sensitive Populations for Ozone-Related Health Effects   I-4440 
Summary – Ozone Health Effects       I-4542 

• Particulate Matter         I-4643  
Attainment Status in the South Coast Air Basin     I-50 
Short-Term Exposure Effects of PM       I-5148 

PM2.5           I-5148 
PM10-2.5           I-6864 
Ultrafine Particles (UFP)        I-7670 

Long-Term Effects of PM Exposure       I-8376 
PM2.5           I-8376 
PM10-2.5           I-10996 
Ultrafine Particles (UFP)        I-114101 

Sensitive Populations for PM-Related Health Effects    I-117104 
Summary – Particulate Matter Health Effects     I-118105 

• Estimates of the Health Burden Impact of Ozone and 
Particulate Matter in the South Coast Air Basin   I-118105 



 

 

 

 

 

 

  

• Nitrogen Dioxide          I-126110 
Attainment Status in the South Coast Air Basin     I-126 
Respiratory Effects          I-127 
Cardiovascular Effects and Mortality       I-131 
Nervous System Effects         I-133 
Other Health Effects          I-134 

• Sulfur Dioxide          I-136117 
Attainment Status in the South Coast Air Basin     I-136 
Respiratory Effects          I-137118 
Cardiovascular Effects         I-140120 
Reproductive and Developmental Effects      I-141122 
Mortality            I-142122 
Cancer            I-145125 

• Carbon Monoxide         I-147126 
Attainment Status in the South Coast Air Basin     I-147 
Health Effects           I-147 

• Lead            I-151130 
Attainment Status in the South Coast Air Basin     I-151 
Health Effects           I-151 

• Toxic Air Contaminants        I-157136 

• Diesel Particulate Matter        I-157136 

• Volatile Organic Compounds       I-158137 

• Odors            I-161139 

• Conclusions           I-163141 

• Recent Research and Upcoming Topics     I-165143 
High Temperatures          I-165 
Wildfires            I-167143 
COVID-19           I-169143 
Satellite Data           I-169 

• References           I-171 



Appendix I: Health Effects 

I-1 

INTRODUCTION 
This document presents a summary of scientific findings on the health effects of ambient air pollutants. 

The California Health and Safety Code Section 40471(b) requires that the South Coast Air Quality 

Management District (South Coast AQMD) prepare a report on the health impacts of particulate matter 

in the South Coast Air Basin (SCAB) in conjunction with the preparation of the Air Quality Management 

Plan (AQMP) revisions. This document, which was prepared to satisfy that requirement, also includes 

sections discussing the health effects of the other major pollutants. The intention of this document is to 

provide a brief summary of the conclusions of scientific reviews conducted by U.S. EPA and other scientific 

agencies, with some additional information from more recently published studies.  

In addition to the air pollutant health effects summaries, this Appendix also includes a Reference section 

which lists publications that have resulted from health-related research projects sponsored by South 

Coast AQMD over the past several years. Some of these studies are discussed in this Appendix, as 

appropriate, although there are many other studies referenced. These studies also help inform the South 

Coast AQMD’s work in characterizing the air pollution and its effects in our local region and the influences 

of sources of air pollution in the Basin. 

While information on ambient air quality statistics, attainment status, spatial distribution of air pollutants, 

environmental justice, socioeconomic impacts, control strategies, and cost-effectiveness are important 

issues that may relate to health effects, these issues are not the focus of this Appendix. These issues are 

instead discussed in detail in other chapters and appendices of the AQMP, or in the AQMP Socioeconomic 

Report. 

HEALTH EFFECTS OF AIR POLLUTION 
Ambient air pollution is a major public health concern. Excess deaths and increases in illnesses associated 

with high air pollution levels have been documented in several episodes as early as 1930 in Meuse Valley, 

Belgium; 1948 in Donora, Pennsylvania; and 1952 in London. Although levels of pollutants that occurred 

during these acute episodes are now unlikely in the United States, ambient air pollution continues to be 

linked to increases in illness and other health effects (morbidity) and increases in death rates (mortality). 

Adverse health outcomes linked to air pollution include cardiovascular effects, premature mortality, 

respiratory effects, cancer, reproductive effects, neurological effects, and other health outcomes. The 

evidence linking these effects to air pollutants is derived from population-based observational and field 

studies (epidemiological), toxicological studies, as well as controlled laboratory studies involving human 

subjects and animals. There have been an increasing number of studies focusing on the mechanisms - how 

specific organs, cell types, and biomarkers are involved in the human body’s response to air pollution. Yet 

the underlying biological pathways for these effects are not always clearly understood.  

Although individuals inhale pollutants as a mixture under ambient conditions, the regulatory framework 

and the control measures developed are pollutant-specific for six major outdoor pollutants covered under 

Sections 108 and 109 of the Clean Air Act. This is appropriate, in that different pollutants can differ in their 

sources, their times and places of occurrence, the kinds of health effects they may cause, and their overall 

levels of health risk. Different pollutants, from the same or other sources, often occur together. Evidence 
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from recent studies is consistent with the 2020 Ozone Integrated Science Assessment (ISA) and 2019 

Particulate Matter ISA (U.S. EPA, 2020, U.S. EPA, 2019) in supporting an association between a single 

pollutant concentrations and respiratory health effects independent of coexposures to correlated 

pollutants. For example, across pollutants, single-pollutant associations reported between ozone and a 

range of respiratory-related hospital admissions and emergency department (ED) visits were persistent, 

although sometimes lessened, in copollutant models (U.S. EPA, 2020). While the combined effects of 

multiple air pollutants that occur simultaneously may be important, single-pollutant associations still hold 

true. Furthermore, the air quality standards address each criteria pollutant separately. Therefore, this 

Appendix is divided into sections by pollutant. A brief overview of the health effects observed and 

attributed to various air pollutants is presented in this Appendix. Because the region exceeds the federal 

standards for ozone and PM2.5, this Appendix focuses more on discussing these two pollutants. 

Furthermore, the health impacts within the region are potentially greater for these two pollutants 

compared to the health impacts of the other criteria pollutants. In addition, U.S EPA published a the Ozone 

ISA in 2020 and a Policy Assessment for the reconsideration of PM in 2021 and a Draft Policy Assessment 

for reconsideration of Ozone in 2022, which include new relevant information for the health effects 

assessment of these two pollutants. For the other pollutants, a brief summary of the associated health 

effects is provided. 

This summary is drawn substantially from reviews presented previously (South Coast Air Quality 

Management District 1996; South Coast Air Quality Management District 2003; South Coast Air Quality 

Management District 2007; South Coast Air Quality Management District 2013b; South Coast Air Quality 

Management District 2016), and from the most recent U.S. EPA Integrated Science Assessment (ISA) 

reviews for Ozone (U.S. EPA, 2020), Carbon Monoxide (U.S. EPA 2010), Particulate Matter (U.S. EPA 2019), 

Nitrogen Oxides (U.S. EPA 2016), Sulfur Dioxide (U.S. EPA 2017), and Lead (U.S. EPA, 2013a). In addition 

to the ISAs is the Draft Policy Assessment for the Reconsideration of the National Ambient Air Quality 

Standards for Particulate Matter (2021) and Draft Policy Assessment for Ozone (2022).). Additional 

reviews prepared by the California Air Resources Board and the California EPA Office of Environmental 

Health Hazard Assessment for Particulate Matter (California Air Resources Board and Office of 

Environmental Health Hazard Assessment 2002), for Ozone (California Air Resources Board and Office of 

Environmental Health Hazard Assessment 2005) and for Nitrogen Dioxide (California Air Resources Board 

and Office of Environmental Health Hazard Assessment 2007) were included in the summary. In addition, 

several large review articles on the health effects of air pollution also helped inform this Appendix 

(American Thoracic Society 1996a; Brunekreef et al. 2002). The American Heart Association (AHA) also 

periodically publishes scientific statements based on expert review on cardiovascular effects from air 

pollution. The most recent of these statements was published in 2020. More detailed citations and 

discussions on air pollution health effects can be found in these references. Additionally, a supplemental 

literature review of mortality and morbidity impacts of the criteria pollutants was included, particularly 

those published since the most recent ISA’s. Opposing the U.S. EPA position and broader scientific 

community there is research that challenges the presented human health effects and personal human 

exposure.1 

This summary highlights studies that were conducted in the South Coast Air Basin or in Southern 

California, or alternatively, in California, if few studies from our local region are available on the specific 

 
1 http://www.aqmd.gov/docs/default-source/planning/aqmp-public-comments/comment-letter-81.pdf?sfvrsn=16. 
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topic. Studies conducted in Southern California give an important “local perspective” in understanding 

and evaluating the health effects of air pollution. However, studies conducted in other locations also 

provide critical information that is pertinent to advancing the scientific understanding of the health effects 

of air pollution, including effects on our local population. As such, this summary also discusses key studies 

that were conducted in other locations.  

U.S. EPA'S EVALUATION OF HEALTH EFFECTS DATA 
Over the decades of national reviews of outdoor air pollution and their health impacts, the U.S. EPA has 

developed a list of five criteria by which the strength and credibility of data can be judged. This five-tier 

weight-of-evidence approach provides an objective basis for assessing the breadth, specificity, and 

consistency of evidence concerning a particular health outcome. Table I-1 shows the five descriptors used 

by the U.S. EPA for assessing causality, using a weight-of-evidence approach. Within each section 

discussing a specific pollutant are tables showing summaries of the U.S. EPA conclusions regarding the 

causality of air pollution health effects, which are the conclusions of their scientific evaluation of the 

research studies they have reviewed. For the criteria pollutants, the discussion in this Appendix will focus 

only on those categories of health effects for which the U.S. EPA has determined there is a causal or likely 

causal relationship with the pollutant, while other health effects may be discussed briefly.  

The U.S. EPA is tasked with assessing new and emerging air quality science, including health studies, as 

part of the process of setting the federal air quality standards. In other words, the U.S. EPA’s role is to 

assess the causal relationships between the pollutants and the different types of health endpoints. It is 

South Coast AQMD’s role to describe the public health impacts of poor air quality in our region, as well as 

to develop and implement an emission reduction strategy to attain the federal and state ambient air 

quality standards. Therefore, it is not the intention of this Appendix to assess whether there is or is not 

an effect of a specific air pollutant on any particular health endpoint, but rather to summarize the health 

effects and causal determinations as assessed by U.S. EPA and other scientific agencies, to discuss some 

recent studies published since the latest U.S. EPA reviews, to give some quantitative estimates of the 

health impacts of air pollution in the South Coast Air Basin, and to present a “local perspective” by 

highlighting studies conducted in the South Coast Air Basin, Southern California, or California. 
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TABLE I-1 

U.S. EPA’S WEIGHT OF EVIDENCE DESCRIPTIONS FOR CAUSAL DETERMINATION OF HEALTH EFFECTS 

DETERMINATION WEIGHT OF EVIDENCE 

Causal Relationship Evidence is sufficient to conclude that there is a causal relationship with 

relevant pollutant exposures (e.g., doses or exposures generally within one to 

two orders of magnitude of recent concentrations). That is, the pollutant has 

been shown to result in health effects in studies in which chance, 

confounding, and other biases could be ruled out with reasonable confidence. 

For example: (1) controlled human exposure studies that demonstrate 

consistent effects, or (2) observational studies that cannot be explained by 

plausible alternatives or that are supported by other lines of evidence (e.g., 

animal studies or mode of action information). Generally, the determination 

is based on multiple high-quality studies conducted by multiple research 

groups. 

Likely To Be a Causal 

Relationship 

Evidence is sufficient to conclude that a causal relationship is likely to exist 

with relevant pollutant exposures. That is, the pollutant has been shown to 

result in health effects in studies where results are not explained by chance, 

confounding, and other biases, but uncertainties remain in the evidence 

overall. For example: (1) observational studies show an association, but 

copollutant exposures are difficult to address and/or other lines of evidence 

(controlled human exposure, animal, or mode of action information) are 

limited or inconsistent, or (2) animal toxicological evidence from multiple 

studies from different laboratories demonstrate effects, but limited or no 

human data are available. Generally, the determination is based on multiple 

high-quality studies.  

Suggestive of, but Not 

Sufficient to Infer, a 

Causal Relationship 

Evidence is suggestive of a causal relationship with relevant pollutant 

exposures but is limited, and chance, confounding, and other biases cannot 

be ruled out. For example: (1) when the body of evidence is relatively small, 

at least one high-quality epidemiologic study shows an association with a 

given health outcome and/or at least one high-quality toxicological study 

shows effects relevant to humans in animal species, or (2) when the body of 

evidence is relatively large, evidence from studies of varying quality is 

generally supportive but not entirely consistent, and there may be coherence 

across lines of evidence (e.g., animal studies or mode of action information) 

to support the determination.  

Inadequate to Infer 

the Presence or 

Absence of a Causal 

Relationship 

Evidence is inadequate to determine that a causal relationship exists with 

relevant pollutant exposures. The available studies are of insufficient 

quantity, quality, consistency, or statistical power to permit a conclusion 

regarding the presence or absence of an effect. 



Appendix I: Health Effects 

I-5 

DETERMINATION WEIGHT OF EVIDENCE 

Not Likely to Be a 

Causal Relationship 

Evidence indicates there is no causal relationship with relevant pollutant 

exposures. Several adequate studies, covering the full range of levels of 

exposure that human beings are known to encounter and considering at-risk 

populations and life stages, are mutually consistent in not showing an effect 

at any level of exposure.  

(Adapted from U.S. EPA, 2020) 

OZONE  
Ozone is a gaseous air pollutant that is a highly reactive compound and a strong oxidizing agent. When 

ozone comes into contact with the respiratory tract, it can react with tissues and cause damage in the 

airways. Ozone, or its reaction products, can penetrate the gas exchange region of the deep lung. Both 

short-term and long-term exposures to ozone have been linked to respiratory effects. Ozone from man-

made sources is formed by photochemical reactions when pollutants such as volatile organic compounds, 

nitrogen oxides, and carbon monoxide react with sunlight. The main sources of such ozone precursors are 

discussed in detail in the Draft Finaldraft 2022 AQMP Chapter 3. Additionally, a discussion of the spatial 

distribution of ozone is provided in the Draft Finaldraft 2022 AQMP Chapter 2. 

In 1997, the U.S. EPA established the first National Ambient Air Quality Standards (NAAQS) for ozone 

averaged over 8 hours, at 0.08 ppm. In 2005, the California Air Resources Board (CARB) established 

standards of 0.09 ppm averaged over one hour and at 0.070 ppm averaged over eight hours. In 2008, the 

U.S. EPA lowered the federal standard for ozone to 0.075 ppm averaged over eight hours. In 2015, the 

U.S. EPA concluded that the current national standard was not adequate to protect public health and 

lowered the 8-hour ozone standard to 0.070 ppm (annual fourth-highest daily max 8-hour concentration 

averaged over 3 years) (U.S. EPA 2015b). On December 23, 2020, U.S. EPA completed its review of the full 

body of currently available scientific evidence and exposure/risk information and decided to retain the 

existing ozone NAAQS. On October 29, 2021,2 the U.S. EPA announced that it will reconsider the 2020 

decision to retain the ozone standard and a draft policy assessment for the Reconsideration of Ozone 

NAAQS was released in April 2022.3 While the federal standards must be attained within a specified time 

frame, the California standards do not have specific defined deadlines, but must be attained by the earliest 

practicable date.  

The table below provides the overall U.S. EPA staff conclusions on the causality of short-term (i.e., hours, 

days, weeks) and long-term (i.e., months, years) ozone health effects for the health outcomes evaluated 

(U.S. EPA, 2020).  

  

 
2 https://www.epa.gov/ground-level-ozone-pollution/epa-reconsider-previous-administrations-decision-retain-
2015-ozone. 
3 87 FR 25485. 
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TABLE I-2  

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATIONS FOR HEALTH EFFECTS OF OZONE  

Health Outcome Conclusion in 2020 ISA 

Short-term exposure of ozone  
Respiratory effects Causal relationship 

Cardiovascular effects Suggestive of, but not sufficient to infer, a causal relationship 

Metabolic effects Likely to be causal relationship 

Total mortality  Suggestive of, but not sufficient to infer, a causal relationship 

Central nervous system effects Suggestive of, but not sufficient to infer, a causal relationship 

Long-term exposure to ozone  
Respiratory effects Likely to be causal relationship 

Cardiovascular effects Suggestive of, but not sufficient to infer, a causal relationship 

Metabolic effects Suggestive of, but not sufficient to infer, a causal relationship 

Total mortality  Suggestive of, but not sufficient to infer, a causal relationship 

Reproductive effects 

Effects of fertility and reproduction: suggestive of, but not 
sufficient to infer, a causal relationship 

Effects on pregnancy and birth outcomes: suggestive of, but not 
sufficient to infer, a causal relationship 

Central nervous system effects Suggestive of, but not sufficient to infer, a causal relationship 

Cancer 
Inadequate to infer the presence of absence of a causal 
relationship 

(From U.S. EPA, 2020 Table ES-1) 

Attainment Status in the South Coast Air Basin 

TABLE I-3 

ATTAINMENT STATUS OF OZONE STANDARDS IN THE SOUTH COAST AIR BASIN 

CRITERIA 
POLLUTANT 

STANDARD AVERAGING TIME DESIGNATION 4 ATTAINMENT DATE 5 

1-Hour Ozone 

NAAQS 
1979 1-Hour 
(0.12 ppm) 

Nonattainment 
(Extreme) 

2/26/2023 
Originally 11/15/2010 

(not attained)6 

CAAQS 
1-Hour 

(0.09 ppm) Nonattainment N/A 

NAAQS 
1997 8-Hour 
(0.08 ppm) 

Nonattainment 
(Extreme) 

6/15/2024 

 
4 U.S. EPA often only declares Nonattainment areas; everywhere else is listed as Unclassifiable/Attainment or 
Unclassifiable. 
5 A design value below the NAAQS for data through the full year or smog season prior to the attainment date is 
typically required for attainment demonstration. 
6 1-hour O3 standard (0.12 ppm) was revoked, effective June 15, 2005; however, the Basin has not attained this 
standard based on 2008-2010 data and is still subject to anti-backsliding requirements. 



Appendix I: Health Effects 

I-7 

8-Hour Ozone7 

NAAQS 
2008 8-Hour 
(0.075 ppm) 

Nonattainment 
(Extreme) 

7/20/2032 

NAAQS 
2015 8-Hour 
(0.070 ppm) 

Nonattainment 
(Extreme) 

8/3/2038 

CAAQS 
8-Hour 

(0.070 ppm) Nonattainment Beyond 2032 

 
 

Short-Term Exposure Effects of Ozone 

TheConsistent with conclusions from the 2013 Ozone ISA (U.S. EPA 2013b), the 2020 Ozone ISA (U.S. EPA 

2020) concludes that there is a “causal relationship” between short-term ozone exposure and respiratory 

effects. The relationship between short-term ozone exposure and central nervous system effects is still 

“suggestive, but not enough evidence to infer, a causal relationship.” Short term ozone exposure that was 

thought to “likely cause” cardiovascular effect and mortality has been downgraded to “suggestive” of a 

causal relationship in the most recent Ozone ISA. Key uncertainties that led to the downgrade included a 

lack of coherence between epidemiologic mortality and morbidity studies. Although multicity studies and 

a multicontinent study reported positive associations between short-term ozone exposure and 

cardiovascular mortality, with few exceptions, the findings from epidemiologic studies on short-term 

ozone exposure and cardiovascular-related morbidity outcomes, specifically hospital admissions and 

emergency department (ED) visits, were generally null. Furthermore, due to the potential for copollutant 

confounding in many studies, some uncertainty remains regarding the extent to which ozone is driving 

the positive associations reported in studies of mortality. Finally in terms of metabolic effects the U.S. EPA 

determinedEPA also determined in that document that it is also “likely” that there is a causal relationship 

between short term ozone exposure and metabolic effects (U.S. EPA 2020).    

Several adverse health effects associated with ambient ozone levels have been identified from laboratory 

and epidemiological studies (American Thoracic Society 1996b; U.S. EPA 2006; U.S. EPA, 2013, U.S. EPA, 

2020).  These include increased respiratory symptoms, damage to cells of the respiratory tract, decrease 

in lung function, increased susceptibility to respiratory infection, asthma exacerbation, an increased risk 

of hospitalization, and increased risk of mortality (U.S. EPA, 2020). The majority of epidemiological studies 

show that both short- and long-term exposures to ozone with median or average levels below the current 

8- hour NAAQS were associated with adverse health outcomes, including: 

• Decreased lung function (Karakatsani et al. 2017; Ierodiakonou et al. 2016); 

• Asthma (Wendt et al. 2014; Tétreault et al. 2016); and 
• Preterm birth (Wallace et al. 2016; Lavigne et al. 2016). 

The adverse effects reported with short-term ozone exposure are greater with increased activity because 

activity increases the breathing rate, the depth of the breaths, and the volume of air reaching the lungs, 

resulting in an increased amount of ozone reaching deeper into the lungs.  Children are considered to be 

 
7 1997 8-hour O3 standard (0.08 ppm) was reduced (0.075 ppm), effective May 27, 2008; the revoked 1997 O3 
standard is still subject to anti-backsliding requirements. 
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a particularly vulnerable population to air pollution effects because their lungs are still growing, they 

typically spend more time outdoors, are generally more physically active, and have a higher ventilation 

rate relative to their body weight, compared to adults (U.S. EPA, 2013).  

Respiratory effects 

Studies have found associations between short exposure to ozone and markers of lung function 

decrements, respiratory symptoms, airway responsiveness, respiratory tract inflammation, injury and 

oxidative stress, and emergency department (ED) visits and hospital admissions for asthma and 

respiratory infections (U.S. EPA, 2020). 

Lung Function 

In the laboratory, exposure of human subjects to low levels of ozone causes reversible decreases in lung 

function as assessed by various measures such as respiratory volumes, airway resistance and reactivity, 

irritative cough and chest discomfort. The results of several studies where human volunteers were 

exposed to ozone for 6.6 hours at levels between 0.04 and 0.12 ppm were summarized by Brown (Brown 

et al. 2008) showing a reduction in lung function (FEV1) and other respiratory effects. A study published 

after the analysis by Brown et al. exposed healthy young adults for 6.6 hours under intermittent moderate 

exercise to each of the following: filtered air, and ozone at 0.06, 0.07, 0.08, and 0.087 ppm (Schelegle et 

al. 2009). The study found decreases in lung function (forced expiratory volume in 1 second, or FEV1) with 

each of the different levels of ozone exposure, although the decrease in lung function at 0.06 ppm was 

not statistically different from exposure to filtered air. Lung function (FEV1) decreases were approximately 

5%, 7%, and 11% at ozone exposure levels of 0.07, 0.08, and 0.087 ppm. A more recent study (Kim et al. 

(2011) exposed young healthy adults to ozone in the range of 0.06 to 0.10 ppm for 6.6 hours while 

engaging in intermittent moderate exercise, and found that the study participants exhibited an 

approximately 2 percent reduction in lung function (FEV1) and an increase in pulmonary inflammation 

after exposure to ozone at the 0.06 ppm concentration. Epidemiological studies of individuals exercising 

outdoors, as well children attending summer camp (Berry et al., 1991; Spektor and Lippmann, 1991; Avol 

et al., 1990; Burnett et al., 1990; Higgins et al., 1990; Raizenne et al., 1989; Spektor et al., 1988), have 

shown associations of reduced lung function with ozone exposure. A Canadian study also reports a 

positive association between short-term ambient ozone concentrations and lung function effects in a 

healthy population (Dales et al. (2013).  

Figure I-1 taken from the Ozone ISA 2020 summarizes results from multiple studies showing an increasing 

response on lung function with increasing exposure levels in subjects. 
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“All illustrated studies used a constant target quasi-continuous exercise ventilation rate of ~20 L/minute per m2 body surface 
area (BSA). For studies using step-wise (s) or triangular (t) increases and decreases in ozone concentration, the FEV1 response is 
plotted at the average ozone exposure concentration for the 6.6-hour exposure. Some exposures were conducted using a 
facemask (m), all other studies were conducted within a chamber. All responses at and above 70 ppb (targeted concentration) 
were statistically significant relative to filtered air exposure. At a constant exposure concentration of 60 ppb in a chamber, 
statistically significant FEV1 responses were found by Kim et al. (2011) and in the Adams (2006) study based on the analysis of 
Brown et al. (2008). With the exception of the Schelegle et al. (2009) data, the data at 60, 80, and 120 ppb have been offset 
along the x-axis for illustrative purposes. The McDonnell et al. (2013) line illustrates the predicted FEV1 decrements at 6.6 hours 
as a function of ozone concentration using Model 3 coefficients for a 23.5-year-old with a BMI of 23.1 kg/m2 having a 
ventilation rate during rest and exercise of 6 and 20 L/minute per m2 BSA. 80 ppb data for 30 health subjects were collected as 
part of the Kim et al. (2011) study, but only published in Figure 5 of McDonnell et al. (2012).”  

 

FIGURE I-1 

CROSS-STUDY COMPARISONS OF MEAN OZONE-INDUCED FORCED EXPIRATORY VOLUME IN 1 SECOND 

(FEV1) DECREMENTS IN YOUNG HEALTHY ADULTS FOLLOWING 6.6 HOURS OF EXPOSURE TO OZONE. 

(ADAPTED FROM FIGURE 3-3 OF 2020 OZONE ISA (U.S. EPA, 2013A). STUDIES APPEARING IN THE FIGURE LEGEND ARE: 

ADAMS (2006), ADAMS (2003A), ADAMS (2002), ADAMS (2000), ADAMS AND OLLISON (1997), FOLINSBEE ET AL. 

(1994), FOLINSBEE ET AL. (1988), HORSTMAN ET AL. (1990), KIM ET AL. (2011), MCDONNELL ET AL. (2013), 

MCDONNELL ET AL. (1991), AND SCHELEGLE ET AL. (2009).) 

Of theThere are more recent studies looking at lung function with ozone exposure, one. One study 

evaluated the effect of ozone on lung function at concentrations below 80 ppb. The results of this study 

of older adults (55−70 years) exposed for 3 hours to 0, 70, and 120 ppb ozone showed small decrements 

in lung function (Arjomandi et al., 2018). The mean (95% confidence interval) FEV1 and FVC increased 

from preexposure values by 2.7% (2.0-3.4) and 2.1% (1.3-2.9), respectively, 15 minutes after exposure to 

filtered air (0 ppb). Exposure to ozone reduced these increases in a concentration-dependent manner. 

After 120-ppb exposure, FEV1 and FVC decreased by 1.7% (1.1-2.3) and 0.8% (0.3-1.3), respectively 



Draft Final 2022 AQMP 

I-10 

(Arjomandi et al.,, with a group mean ozone-induced FEV1 decrement of only 1.2% (Arjomandi et al., 2018). 

Several studies have investigated the effects of 100−300 ppb ozone exposure on lung function (Biller et 

al. 2011, Ghio et al. 2014, Frampton et al. 2015, Hoffmeyer et al. 2013, Madden et al. 2014, Stiegel et al. 

2017, Tank et al. 2011) In school aged children, Karakatsani et al (2017) showed that an increase 

of 10 μg/m3 in weekly ozone concentration was associated with a decrease in FVC (forced vital capacity) 

and FEV1 (forced expiratory volume in 1 s) of 0.03L (95% CI) and 0.01L (95% CI) respectively.. Given that 

lower ambient concentrations are more common currently in the South Coast Basin, these studies are 

more relevant when studying mechanistic information or existence of associations between lung function 

and other indicators of respiratory health.  

Looking at repeated exposure Madden et al. (2014), consistent with older studies, reported that 2 

consecutive days of ozone exposure caused a statistically greater decrement in FEV1 (18.2 ± 4.5%) than 

the decrement immediately after the first day of ozone exposure (i.e., 9.9 ± 2.5%; p < 0.05) and 

immediately after ozone exposure (i.e., 10.9 ± 2.6%) preceded by an air exposure on the prior day. 

However previous studies have also shown attenuated responses or a reduction in magnitude of 

responses when exposures are repeated (Linn et al. 1988). It has been argued that the observed shift in 

response is evidence of a probable development of tolerance, it appears that while functional changes 

may exhibit attenuation, biochemical and cellular changes which may be associated with episodic and 

chronic exposure effects may not exhibit an attenuation. Cellular and biochemical changes associated 

with respiratory tract inflammation have been consistently found in the airway lining after low- level 

exposure to ozone. These changes include an increase in specific cell types and in the concentration of 

biochemical mediators of inflammation and injury such as Interleukin-1, Interleukin-6, Interleukin-8, 

Tumor Necrosis Factor α (TNF-α), and fibronectin (Van Bree et al. 2002; Johnston et al. 2007; U.S. EPA, 

2013). Significant relationships have also been reported between FEV1 decrements and plasma ferritin [r 

= −0.67, p = 0.003; i.e., larger FEV1 decrements in individuals with lower baseline plasma ferritin (Ghio et 

al., 2014), and with the inflammatory cytokine IFN-γ in the blood (Stiegel et al., 2017). That is to show 

that, internal damage to the respiratory system may continue with repeated ozone exposures, even if 

externally observable effects (chest symptoms and reduced lung function) disappear. An additional 

argument against toleration is that after several days or weeks without ozone exposures, the 

responsiveness (in terms of lung function as well as symptoms) returns, which is evidence that any 

tolerance developed is relatively short-lived (U.S. EPA, 2013).  

Lung function changes havewere also been studied in sensitive populations. Based on studies reviewed in 

the 1996 and 2006 Ozone AQCDs (U.S. EPA, 1996a, 2006) and the 2013 Ozone ISA (U.S. EPA, 2013), it was 

concluded that individuals with asthma were at least as sensitive to acute effects of ozone as healthy 

individuals. In the 2013 Ozone ISA (U.S. EPA, 2013), the study by Horstman et al. (1995) showedwas 

recognized as showing clearly larger FEV1 responses in individuals with asthma relative to those without 

(19 vs. 10% FEV1 decrements, respectively, p = 0.04) following 7.6-hour exposures to 160 ppb ozone with 

light quasi-continuous exercise. In asthmatics, ozone-induced FEV1 decrements were also well correlated 

with baseline percent predicted FEV1 (r = 0.53, p < 0.05); that is, responses to ozone increased with severity 

of disease, and individuals using bronchodilators experienced greater ozone-induced lung function 

decrements. Based on FEV1/FVC, this study also showed that the obstructive response to ozone is greater 

in individuals with asthma than those without. Kreit et al. (1989) also reported a large statistically 

significant difference in ozone-induced FEV1 decrements between individuals with asthma and those 
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without (25 vs. 16%, respectively, p < 0.05) exposed to 400 ppb ozone with heavy intermittent exercise 

for 2 hours.  

A large body of epidemiologic studiesSince the 2013 Ozone ISA, four controlled provides generally 

consistent evidence that increases in short-term ozone concentrations are associated with decreased lung 

function in children with asthma. Associations were observed across a range of ozone concentrations, 

daily averaging times (e.g., 24-hour avg, 8-hour avg, 8-hour max, and 1-hour max), and diverse geographic 

locations, including multicity U.S. studies (O'Connor et al., 2008; Mortimer et al., 2002; Mortimer et al., 

2000). Somewhat greater decrements in lung function (4.9 to 7.3 percent) were found in children with 

asthma who had respiratory infections or were using corticosteroid medication. Ierodiakonou et al. (2016) 

examined associations of lung function and methacholine responsiveness (PC20) with ozone, carbon 

monoxide (CO), nitrogen dioxide, and sulfur dioxide concentrations in 1003 asthmatic children 

participating in a 4-year clinical trial. Four-month averaged ozone concentrations were negatively 

associated with FEV1/FVC ratio (P < .05). Controlled human exposure studies examining ozone effects on 

lung function in individuals with asthma have also been published (Hao et al., 2022; Arjomandi et al., 2015; 

Leroy et al., 2015; Bartoli et al., 2013; Fry et al., 2012). Neither Arjomandi et al. (2015) nor Fry et al. (2012) 

reported FEV1 responses to ozone differentiated by the presence of asthma. 

Hao et al (2022), conducted a panel study of 40 children aged 8-16 years with moderate-to-severe asthma 

in Los Angeles, California. Hourly ambient (PM2.5, nitrogen dioxide (NO2), ozone (O3)) and traffic-related 

(nitrogen oxides (NOx) and PM2.5) air pollution exposures were modeled based on location. They used 

mixed-effects models to examine the association of same day and lagged (up to 2 days) exposures with 

daily changes in % predicted FEV1 and % predicted peak expiratory flow (PEF), count of rescue inhaler 

puffs, and symptoms. One SD increase in previous day O3 exposure was associated with reduced morning 

(beta [95% CI]: -4.11 [-6.86, -1.36]), evening (-2.65 [-5.19, -0.10]) and daily average %predicted FEV1 (-

3.45 [-6.42, -0.47]). Exposure to ambient O3, NOx, and NO was significantly associated with increased 

rescue inhaler use (rate ratio [95% CI]: O3 1.52 [1.02, 2.27], NOx 1.61 [1.23, 2.11], NO 1.80 [1.37, 2.35]). 

 Bartoli et al. (2013) found that the magnitude of ozone-induced FEV1 response increased with decreasing 

baseline FEV1 (p = 0.02). Bartoli et al. (2013) also found that inhaled corticosteroid treatment was 

associated with a decrease in ozone-induced FEV1 decrements (p = 0.04). This study, however, did not 

include a healthy non-asthmatic control group, limiting our understanding of differences between 

asthmatic and non-asthmatic individuals. In a smaller study of healthy non-asthmatic individuals (5 F, 7 

M; 31.8 ± 6.0 years) and subjects with mild asthma (5 F, 3 M; 33.7 ± 10.1 years), although baseline FEV1 

and FEV1/FVC were significantly lower in asthmatics than non-asthmatics, there was no significant 

association between the presence of asthma and lung function response to ozone (Leroy et al., 2015).  

ManyOverall, most controlled human exposure studies found little to no difference in ozone-induced lung 

function responses between individuals with and without asthma. However, it should be noted that there 

are limitations to these types of human exposure studies. For example, even though some studies enroll 

patients with previously diagnosed asthma, people with poorly controlled asthma would unlikely be 

eligible for such studies. Additionally, human exposure studies typically only enroll adults rather than 

children. 

Laboratory studies have also compared the degree of lung function change seen in healthy individuals 

versus those with chronic obstructive pulmonary disease (COPD). In several laboratory studies of 

individuals with COPD, the percent decreases in lung function from short-term ozone exposures ≤0.30ppm 
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among patients with COPD generally did not differ from the lung function decrements experienced by 

healthy patients (Linn et al. 1982; Solic et al. 1982; Linn et al. 1983; Kehrl et al. 1985).  That finding, 

however, may not accurately reflect the true impact of exposure on these respiration-compromised 

individuals.  Since the respiration-compromised group may have lower lung function to begin with, the 

same total percent change in lung function may represent a substantially greater relative adverse effect 

overall.   

With overweight individuals there is evidence showing ozone-induced FEV1 decrements increasing with 

increasing BMI. With overweight individuals, the 2013 Ozone ISA (U.S. EPA, 2013) included two 

retrospective analyses of controlled human exposure studies showing ozone-induced FEV1 decrements 

increased with increasing BMI. There is a new controlledIn a 2007 study, short-term ozone concentrations 

were associated with decreases in lung function in older adults with airway hyperresponsiveness (Alexeeff 

et al., 2007). The observed association was stronger among those who were obese. An analysis of the 

Offspring and Third Generation Framingham Heart Study cohorts also found that obese participants had 

significantly stronger associations between 8-hour max summertime ozone concentrations and reduced 

lung function (Rice et al., 2013).  

In a controlled human exposure study and a larger retrospective analysis demonstrating an effect of BMI 

on lung function responses to ozone, discussed in the 2020 Ozone ISA (U.S. EPA, 2020). Bennett et al. 

(2016) exposed obese (19 F; 27.7 ± 5.2 years) and normal-weight (19 F;24 ± 3.7 years) women to 0 and 

400 ppb ozone for 2 hours during intermittent exercise (15-minute periods of seated rest and exercise at 

25 L/minute per m2 BSA). The ozone-induced FVC decrement was significantly (p < 0.05) greater in the 

obese women (12.5%) than normal-weight women (8.0%). The FVC decrement also tended (p = 0.08) to 

be greatest in the obese African-Americans (15.7%) relative to other obese subjects (9.6%). There was 

also a tendency (p = 0.11) for greater ozone-induced FEV1 decrements in obese women (15.9%) relative 

to the normal-weight women (11.7%). While respiratory function was diminished, respiratory symptoms 

in response to ozone exposure did not differ between obese and normal-weight women. The new 

retrospective analysis by McDonnell et al. (2010 and 2013) includes data from prior studies of young 

healthy adults (104 F, 637 M; 18−36 years) exposed one or more times to ozone and/or filtered air. The 

prior analysis by McDonnell et al. (2010), discussed in the 2013 Ozone ISA in relation to BMI effects, used 

data from 541 healthy nonsmoking white males (18−35 years). The analysis based on a larger data set 

continues to show that the BMI effect is of the same order of magnitude but in the opposite direction of 

the age effect. Thus, the modelpredictsmodel predicts FEV1 responses increase with increasing BMI and 

diminish with increasing age.  

In animal studies changes in frequency of breathing and tidal volume, reflecting a pattern of rapid, shallow 

breathing, were commonly observed at ozone concentrations of about 0.2 ppm. Decreased lung volumes 

were observed in rats exposed to 0.5 ppm, while changes in compliance and resistance were observed at 

ozone concentrations of 1 ppm and above. Repeated acute exposures over several days led to attenuation 

of the pulmonary function decrement response. A lung imaging study found that continuous or half-day 

exposure to 0.5 ppm ozone for several days led to ventilatory abnormalities that suggested narrowing of 

peripheral small airways and increased airway resistance (U.S. EPA, 2013). While ozone concentrations in 

animal toxicological studies seem to be high, it should be noted that deposition of ozone resulting from a 

2-hour exposure to 2 ppm ozone in a resting rat is roughly equivalent to deposition of ozone resulting 

from a 2-hour exposure to 0.4 ppm ozone in an exercising human (Hatch et al., 1994). More recently, 

Hatch et al. (2013) showed that resting rats and resting humans receive similar alveolar ozone doses.  
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A large number of recent animal studies have further evaluated changes in lung function in response to 

even lower concentrations, short term ozone exposure. All these studies were conducted in rodent strains 

with varying degrees of sensitivity to ozone. Lung function was assessed by changes in ventilatory 

parameters such as tidal volume and enhanced pause. Enhanced pause is a measure of respiratory distress 

that may or may not be related to an increase in airway resistance. These recent studies demonstrated 

that exposure to 0.1−2 ppm ozone results in changes in lung function, as measured by altered ventilatory 

parameters (Ghio et al., 2014; Bao et al., 2013; Lee et al., 2013). Changes in enhanced pause and evidence 

of sensory and pulmonary irritation were observed following acute exposure to 2 ppm ozone (Hansen et 

al. (2016). Changes in enhanced pause and tidal volume were observed with acute exposure to 0.5−1 ppm 

ozone (Gordon et al., 2016b; Dye et al., 2015; Schelegle and Walby, 2012; Dye et al., 2015). Repeated 

exposure to ozone resulted in numerous effects, with decreased respiratory frequency occurring at 

concentrations of 0.1 ppm ozone (Wolkoff et al., 2012; Snow et al., 2016; Miller et al., 2016b, Gordon et 

al., 2017b; Henriquez et al., 2017).   

There have been recent animal studies looking at short term ozone exposure in sensitive populations as 

well. Several recent studies evaluated respiratory effects of acute ozone exposure (0.2−1 ppm, 3−6 hours) 

in rodent models of cardiovascular disease. Some of the studies provide evidence that cardiovascular 

disease exacerbates the respiratory effects of ozone exposure, like lung function changes (U.S. EPA, 2020).  

Regarding obesity and FEV response to short term ozone exposure a recent study (Gordon et al., 2016b) 

involved male and female rats fed normal, high-fructose or high-fat diets prior to acute and subacute 

ozone exposure (0.8 ppm × 5 hours). While there were some differences in effects depending on duration 

of exposure, diet, and sex of rat, ozone exposure generally resulted in statistically significant increases in 

enhanced pause and tidal volume, which are ventilatory parameters that reflect a change in lung function. 

In addition to controlled laboratory conditions for both human and animal subjects, 
epidemiological 
There were wide ranges in responses among individuals.  U.S. EPA’s 2013 ISA indicated that most studies 

found reductions in lung function (FEV1) in the range of approximately <1 to 2 percent when standardized 

to an increase of 0.04 ppm for a 1-hour maximum, an increase of 0.03 ppm for an 8-hour maximum, and 

an increase of 0.02 ppm for a 24-hour average (U.S. EPA, 2013).    A more recent study in Canada also 

reports a positive association between short-term ambient ozone concentrations and lung function 

effects in a healthy population (Dales et al. (2013).  

A large body of epidemiologic studies reviewed in the 2020 Ozone ISA (U.S. EPA, 2020)In addition to 

studies of children with asthma, the 2013 Ozone ISA evaluated a limited number of studies that examined 

lung function in adults with asthma (U.S. EPA, 2013). In contrast to results from studies of children, short-

term ozone concentrations were not consistently associated with lung function decrements in adults with 

asthma. 

A recent analysis of the Offspring and Third Generation Framingham Heart Study cohorts also found that 

obese participants had significantly stronger associations between 8-hour max summertime ozone 

concentrations and reduced lung function (Rice et al., 2013). 

Respiratory symptoms 

In addition to lung function decrements, controlled human exposure studies clearly indicate ozone-

induced increases in respiratory symptoms including pain on deep inspiration, shortness of breath, and 
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cough. In brief, the available evidence during the last AQMP (2016) indicated that respiratory symptoms 

increase with increasing ozone concentration, duration of ozone exposure, and activity level of exposed 

subjects. For exposures of 1−2 hours to ≥120 ppb, statistically significant respiratory symptoms and effects 

on FEV1 were observed when exercise sufficiently increased ventilation rates (McDonnell et al., 1999b). 

During exposures at rest, 5% of young healthy adults exposed to 400 ppb ozone for 2 hours experienced 

pain on deep inspiration, but not at 1 hour of exposure. Respiratory symptoms were also not observed 

following 1 to 2 hours of resting exposure at lower concentrations of 120 to 300 ppb. However, when 

exposed during light to moderate intermittent exercise (22−35 L/minute) to 120 ppb for 2 hours, 9% of 

individuals experienced pain on deep inspiration, 5% experienced cough, and 4% experienced shortness 

of breath. For longer duration, 6.6-hour exposures to 80 ppb with moderate quasi-continuous exercise, 

FEV1 decrements and total respiratory symptoms diverge from filtered air responses after 3 hours and 

become statistically different by 6.6 hours (Adams, 2006). For the 6.6-hour exposures to ozone, 70 ppb is 

the lowest concentration where statistically significant ozone-induced lung function decrements and 

subjective symptoms have been reported (Schelegle et al., 2009). Although several studies have 

investigated the effects of 6.6-hour exposures during moderate exercise to 60 ppb ozone, none have 

observed a statistically significant increase in respiratory symptoms following ozone relative to filtered 

air. Horstman et al. (1995) showed that after 7.6 hours of exposure to 160 ppb ozone with light quasi-

continuous exercise there was a statistically significant increase in the incidence of wheeze in subjects 

with asthma relative to healthy controls, which did not experience wheeze. There was also a statistically 

significant increase in the incidence of wheeze in the subjects with asthma on their ozone exposure day 

relative to their filtered-air exposure day.  

In a recent study by Pepper et al. (2020) ambient ozone exposure was positively associated with asthma 

rescue inhaler use (p = 0.01). Age-specific associations were identified (interaction p = 0.01), with a larger 

increase in asthma rescue inhaler use for children (11.3%; 95% CI: 7.0%-18.2%) than adults (8.4%; 95% CI: 

6.4%-11.0%) per interquartile range (IQR) increase of ozone (16.8 ppb). These findings support existing 

evidence that short-term exposure to ozone can cause respiratory symptoms in individuals with asthma, 

and suggest that ozone exposures below the current U.S. EPA standard may be associated with increased 

asthma rescue inhaler use. 

A recent study in guinea pigs and rabbits found that ozone acts through sensory nerves to enhance 

coughing that is elicited by citric acid (Clay et al., 2016). Acute exposure to 2 ppm ozone for 0.5−1 hour 

resulted in statistically significant increases in cough frequency and decreases in time to cough in response 

to citric acid. Experiments with pharmacological agents implicated TRPV1 receptors, a type of sensory 

nerve receptor often found on C-fibers, in mediating the hypertussive response to ozone (U.S. EPA, 2020). 

A few California studiesSeveral epidemiologic panel studies evaluated in the 2013 Ozone ISA (U.S. EPA, 

2013a) examined the relationship between short-term ozone exposure and incidence of respiratory 

symptoms (and increased symptom scores in children with asthma. Evidence from a limited number of 

multicity U.S. studies was inconsistent, but many single-city studies provided evidence of an association. 

These studies conducted in various cities in the U.S. and in other countries have reported increased 

respiratory symptoms among children with asthma, including wheeze, cough, difficulty breathing, and 

chest symptoms/tightness) and increased symptom scores in children with asthma.. The Children’s Health 

Study, conducted by researchers at the University of Southern California, followed for several years a 

cohort of children that live in 12 communities in Southern California with differing levels of air pollution.  

A publication from this study reported that school absences in fourth graders for respiratory illnesses were 
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positively associated with short-term increases in ambient ozone levels.  An increase of 20 ppb (0.02 ppm) 

ozone was associated with a 63 percent increase in illness-related absence rates and an 83 percent 

increase in respiratory illnesses (Gilliland et al. 2001). A small panel study of Hispanic children with asthma 

living in the Huntington Park neighborhood of Los Angeles, California reported that a 10.8 ppb increase in 

ozone averaged over 8 hours nearly doubled the odds of having asthma symptoms that interfered with 

daily activities (Delfino et al. 2003). One recent panel study of school-aged children in Detroit tracked 

respiratory symptoms in children with asthma for periods of 14 consecutive days during 11 seasons (Lewis 

et al., 2013). The authors reported increases in a range of respiratory symptoms, including cough, wheeze, 

shortness of breath, and chest tightness, associated with increases in 1- and 8-hour daily max ozone 

concentrations. Consistent with results from studies evaluated in the 2013 Ozone ISA, Lewis et al. (2013) 

observed associations that were larger in magnitude in children taking corticosteroids. However, these 

associations were much less precise (i.e., wider 95% CIs) than the associations for children not taking 

steroids.  

Airway Responsiveness 

Ozone has been shown to cause an increase in airway responsiveness in controlled human exposure 

studies. In general, airway responsiveness is assessed by increasing inhaled concentrations of a broncho 

constrictive drug and measuring the effect on lung mechanics (FEV1 or sRaw). A dose-dependent increase 

in airway responsiveness of young, healthy, nonsmoking males following exposures to 0, 80, 100, and 120 

ppb ozone (6.6 hours, quasi-continuous moderate exercise at 39 L/minute) has been demonstrated. 

Changes in airway responsiveness appear to persist longer than changes in pulmonary function, although 

this has been studied only on a limited basis. Studies suggest that ozone-induced increases in airway 

responsiveness usually resolve 18 to 24 hours after exposure but may persist in some individuals for longer 

periods. Although FEV1 decrements and respiratory symptoms become attenuated following several 

consecutive days of ozone exposure, the ozone-induced increase in airway responsiveness (measured by 

increase in sRaw upon methacholine challenge) over 5 consecutive days is not attenuated. Increases in 

airway responsiveness following ozone exposure do not appear to be associated with ozone-induced 

changes in lung function, respiratory symptoms, or changes in epithelial permeability. First described in 

the 1986 ozone AQCD (U.S. EPA, 1986), a mechanistic study of subjects exposed to 600 ppb ozone while 

exercising added to the understanding of mechanisms underlying changes in airway responsiveness 

caused by ozone exposure. Atropine inhibited an ozone-induced increase in airway responsiveness to 

histamine, indicating the involvement of the parasympathetic nervous system in this response (U.S. EPA, 

2013).  

A recent study of 38 healthy adult women (average age, 26 years) exposed to 0 and 400 ppb ozone for 2 

hours performing light intermittent exercise (15-minute periods of exercise at 25 L/minute and seated 

rest) showed a tendency for increases in airway responsiveness due to ozone with 4 and 12 subjects being 

responsive to methacholine after exposure to filtered air and ozone, respectively (Bennett et al., 2016).  

Controlled human exposure studies previously evaluated in the 2013 Ozone ISA indicate that individuals 

with and without asthma exhibit similar relative increases in ozone-induced airway responsiveness. 

However, in general individuals with asthma have greater baseline airway responsiveness than individuals 

without asthma. Increased airway responsiveness can result in the narrowing of airways upon inhalation 

of a variety of stimuli, providing biological plausibility for ozone-induced asthma exacerbation, as 

supported by the epidemiologic associations observed between increases in ozone and hospital and 
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emergency room visits for asthma and prevalence of respiratory symptoms in children with asthma (U.S. 

EPA, 2020).  

Concerning airway responsiveness in overweight individuals, a recent study showed no difference 

between normal-weight and obese women in airway responsiveness after ozone exposure (Bennett et al., 

2016).  

Most of the animal studies discussed in the 2013 Ozone ISA (U.S. EPA, 2013) found increased airway 

responsiveness in guinea pigs, rats, or mice exposed to 1 ppm and higher concentrations of ozone, 

although increased airway responsiveness was, in a few cases, demonstrated after exposure to less than 

0.3 ppm ozone. While ozone concentrations in animal toxicological studies seem to be high, it should be 

noted that deposition of ozone resulting from a 2-hour exposure to 2 ppm ozone in a resting rat is roughly 

equivalent to deposition of ozone resulting from a 2-hour exposure to 0.4 ppm ozone in an exercising 

human (Hatch et al., 1994). More recently, Hatch et al. (2013) showed that resting rats and resting humans 

receive similar alveolar ozone doses. 

In more recent experimental animal studies, increases in airway responsiveness resulted from ozone 

exposures in the range of 0.8 to 2 ppm but not in response to acute and repeated exposures of 0.25 and 

0.5 ppm (U.S. EPA, 2020; Zychowski et al., 2016; Groves et al., 2012; Cho et al., 2018; Mathews et al., 

2018; Malik et al., 2017; Stoberet al., 2017; Elkhidir et al., 2016; Kasahara et al., 2015; Razvi et al., 2015; 

Barreno et al., 2013; Cho et al., 2013; Sunil et al., 2013; Zhu et al., 2016). Mechanistic studies provide 

evidence that local reflex responses and activation of parasympathetic pathways mediate increases in 

airway responsiveness due to ozone exposure (Verhein et al., 2013; Barker et al., 2015). This may explain 

the ability of ozone to act as a nonallergic asthma trigger resulting in bronchoconstriction (U.S. EPA, 2020).  

In mouse models of obesity, airways were innately more responsive and responded more vigorously to 

acute ozone exposure (2 ppm for 3 hours) than lean controls. Newly available information confirms and 

extends these findings. Several recent studies evaluated the respiratory effects of acute ozone exposure 

(2 ppm, 3 hours) in mouse models of obesity (Mathews et al., 2018; Mathews et al., 2017a; Mathews et 

al., 2017b; Williams et al., 2015). Baseline and nonspecific (i.e., methacholine challenge) airway 

responsiveness were greater in obese mice than lean mice in the absence of ozone exposure. Acute ozone 

exposure increased baseline and nonspecific airway responsiveness in obese mice, but not in lean mice. 

Respiratory Tract Inflammation, Injury, and Oxidative Stress 

Controlled human exposure studies evaluated in the 1996 and 2006 Ozone AQCDs (U.S. EPA, 2006, 1996a) 

established evidence of respiratory tract inflammation in response to acute ozone exposures. Acute ozone 

exposure initiates an acute inflammatory response throughout the respiratory tract that has been 

observed to persist for at least 18−24 hours post-exposure. A single acute exposure (1−4 hours) of humans 

to moderate concentrations of ozone (200−600 ppb) while exercising at moderate to heavy intensities 

results in a number of cellular and biochemical changes in the lung, including an inflammatory response 

characterized by increased numbers of white blood cells (Polymorphonuclear Leukocytes (PMNs)), 

increased permeability of the epithelial lining of the respiratory tract, cell damage, and production of 

proinflammatory cytokines and prostaglandins. These changes also occur in humans exposed to 80 and 

200 ppb ozone for 6−8 hours.  

The presence of PMNs in the lung has long been accepted as a hallmark of inflammation and is an 

important indicator that ozone causes pulmonary inflammation. Notably, these inflammatory responses 
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are not correlated with lung function changes but are at least partially correlated with airway resistance. 

These results indicate that changes in pulmonary inflammation and airway obstruction may share similar 

underlying mechanisms, while inflammation and lung function as measured by FEV1 may not. Additionally, 

the evidence suggested that there is interindividual variability in inflammatory responses to ozone. In the 

2013 Ozone ISA (U.S. EPA, 2013), significant (p = 0.002) increases in sputum PMN (16−18 hours post-

exposure) relative to filtered air responses had been reported for 60 ppb ozone which is the lowest 

exposure concentration that has been investigated in young healthy adults. This was expanded upon in 

the 2013 Ozone ISA (U.S. EPA, 2013) in studies that demonstrated GSTM1 genotype interaction with ozone 

exposure on pulmonary inflammation. A more recent study (Alexis et al., 2013) provides some further 

evidence suggesting that young healthy GSTM1-null adults may be more susceptible to ozone-related 

inflammatory responses, although the evidence is not entirely consistent, with a relatively large study of 

older adults by Arjomandi et al. (2018) reporting that inflammatory responses to ozone are not dependent 

on GSTM1 genotype (50 GSTM1 null, 37 GSTM1 positive). 

Controlled human exposure studies evaluated in the 2013 Ozone ISA (U.S. EPA, 2013a) established 

evidence of enhanced allergic inflammation to ozone in individuals with asthma. Specifically, markers of 

airway and lung inflammation, and innate immunity, were increased in response to short-term ozone 

exposures. As with the findings for lung function, there is limited evidence that ozone-induced 

inflammatory responses differ due to the presence of asthma. 

Bennett et al. (2016) recently investigated PMN responses in obese (19 F; 27.7 ± 5.2 years) and normal-

weight (19 F; 24 ± 3.7 years) women exposed to 0 and 400 ppb for 2 hours during intermittent exercise. 

Although PMN were significantly increased after ozone exposure relative to air, the PMN response did not 

differ between groups. Arjomandi et al. (2015) also found that adjustment for age, sex, and BMI did not 

affect the association between PMN responses and ozone exposure. A recent panel study of adults with 

type 2 diabetes mellitus reported decreases in pulmonary inflammation corresponding to 6- (3:00 a.m. to 

9:00 a.m.) and 24-hour avg ozone concentrations (Peng et al., 2016). The apparent protective association 

may be explained by negative correlations between ozone and NOX, black carbon (BC), and particle 

number (PN), each of which demonstrated strong positive associations with pulmonary inflammation (U.S. 

EPA, 2020). 

Consistent with experimental studies in humans, a large body of evidence from recent animal toxicological 

studies and studies previously evaluated in the 2013 Ozone ISA (U.S. EPA, 2013a) demonstrate 

inflammatory responses to acute, subacute, and repeated ozone exposures in various animal models. 

Additionally, results from recent experimental animal studies are also consistent with previous findings of 

ozone-related pulmonary injury (0.3−2 ppm ozone) and oxidative stress (0.15−2 ppm ozone) (U.S. EPA, 

2020). Mechanistic studies present a plausible pathway by which ozone reacts with respiratory tract 

components, produces oxidized species that injure barrier function and activates innate immunity, 

resulting in a cycle of inflammation, injury, and oxidative stress.  

Several recent studies evaluated respiratory effects of acute ozone exposure (0.2−1 ppm, 3−6 hours) in 

rodent models of cardiovascular disease. Injury, inflammation, oxidative stress, lung function changes, 

and increased airway responsiveness were seen in animals with cardiovascular disease in response to 

ozone exposure (U.S. EPA, 2020).  Two recent studies employed an animal model of progressive 

pulmonary inflammation as a surrogate for COPD. Results suggest that chronic inflammation enhanced 

sensitivity to short-term ozone exposure (Groves et al. 2012, 2013). 
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Several recent studies have evaluated the respiratory effects of ozone exposure in animal models of 

obesity, high fructose/fat diet, and diabetes. Enhanced inflammatory and injury responses were found in 

obese compared with lean mice and in animals fed high-fat/high-fructose diets compared with those fed 

a normal diet (U.S. EPA, 2020) In mouse models of obesity, respiratory tract inflammation and injury 

responses to acute ozone exposure (2 ppm for 3 hours) were enhanced compared with lean controls 

(Mathews et al., 2018; Mathews et al., 2017a; Mathews et al., 2017b; Williams et al., 2015). However, the 

inflammatory response to subacute ozone exposure (0.3 ppm for 72 hours) was dampened (Ying et al., 

2016; Zhong et al., 2016).  

A limited number of epidemiologic panel studies evaluated in the 2013 Ozone ISA (U.S. EPA, 2013a) 

observed evidence of pulmonary inflammation in children without asthma associated with short-term 

ambient ozone exposure. These results are coherent with results from experimental studies in humans 

and animals. Recent studies have examined pulmonary inflammation in general population studies of 

children (Patel et al., 2013; Salam et al., 2012), with asthma prevalence ranging from 14 to 47%.  

Respiratory Infection and other Associated Health Effects 

The inflammatory effects of ozone involve the innate immune system, as indicated by increases in airway 

neutrophils. The adaptive immune system may also be involved via alterations in antigen presentation 

and co-stimulation by innate immune cells such as macrophages and dendritic cells, which may lead to T-

cell activation. Controlled human exposure studies show that ozone exposure results in airway 

neutrophilia, reflecting activation of the innate immune system, and altered antigen presentation in 

macrophages and dendritic cells. Subjects involved in these studies were exposed to 80−400 ppb ozone 

with moderate intermittent exercise. Enhanced adaptive immunity may bolster defenses against 

infection, as well as increase allergic responses via T-cell activation. Other controlled human exposure 

studies showed minimal effects of ozone exposure on macrophage phagocytosis or function. In 

asthmatics, there is increased uptake of particles by airway macrophages that may also enhance the 

processing of particulate antigens and lead to greater progression of allergic airway disease and contribute 

to an increased risk of asthma exacerbation (U.S. EPA, 2020). 

In animal toxicological studies there is evidence of impaired host defense resulting from exposure to 

ozone. Increased susceptibility to challenge with infectious agents was observed at ozone concentrations 

of 0.08−0.5 ppm. Decreases in mucociliary clearance occurred following exposure to 1 ppm ozone and 

altered macrophage phagocytosis or function following exposure to 0.1 ppm ozone. In addition, effects 

on adaptive immunity, such as altered T cell subsets in the spleen (0.6 ppm), decreased antibody response 

following influenza virus infection (0.5 ppm), and decreased mitogen activated T-cell proliferation (0.5 

ppm), have been reported. Effects on natural killer cells, which are effectors of innate and adaptive 

immunity, have also been reported with decreased activity at concentrations of 0.6−1 ppm, and increased 

activity or no effect at lower concentrations. Acute exposures to 2 ppm ozone resulted in SP-A oxidation 

and impairment of SP-A dependent phagocytosis, which led to increased susceptibility to pneumonia. This 

ozone exposure (2 ppm, 3 hours) increased the area and severity of lung inflammation in both male and 

female mice, with a larger response observed in females. In addition, spleen red pulp congestion, 

indicating compromised spleen immune function, occurred in female mice (U.S. EPA, 2020).  

There are larger epidemiological studies, including one for California, that have looked at the association 

between ozone exposure and respiratory infection ED visits. Stieb et al. (2009) observed no evidence of 

an association between ozone exposure and respiratory infection ED visits at any lag examined (i.e., 0, 1, 
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or 2 days) in an all-year analysis across seven Canadian cities. SeveralHowever, several recent studies 

provide generally consistent evidence of an association between short-term exposure to ozone and ED 

visits for a range of respiratory infection endpoints (U.S. EPA, 2020). The large multicity studies in the U.S., 

including California (Malig et al. 2016), and Canada reported associations between ozone and ED visits for 

pneumonia (Malig et al., 2016; Xiao et al., 2016), acute respiratory infections (Malig et al., 2016), upper 

respiratory tract infections (Barry et al., 2018; Szyszkowicz et al.,2018; Malig et al., 2016; Xiao et al., 2016), 

and ear infections (Xiao et al., 2016). Increases in ED visits ranged from about 2 to 6% per standardized 

increase in 24-hour avg (Szyszkowicz et al.,2018), 8-hour max (Barry et al., 2018; Xiao et al., 2016), and 1-

hour max (Malig et al., 2016) ozone concentrations. Stieb et al. (2009) observed no evidence of an 

association between ozone exposure and respiratory infection ED visits at any lag examined (i.e., 0, 1, or 

2 days) in an all-year analysis across seven Canadian cities. 

Large single-city studies in Atlanta (Darrow et al., 2014), Edmonton (Kousha and Rowe, 2014), and St. Louis 

(Sarnat et al., 2015; Winquist et al., 2012) also provided generally consistent evidence that ozone is 

associated with increases in ED visits for pneumonia (Sarnat et al., 2015; Darrow et al., 2014), upper 

respiratory tract infection (Darrow et al., 2014), and acute bronchitis (Kousha and Rowe, 2014). In contrast 

to results to these studies, a time-series study in St. Louis did not observe an association between ozone 

and ED visits for pneumonia (Winquist et al., 2012). Notably smaller studies in Windsor, Canada (Kousha 

and Castner, 2016) and Little Rock, AR (Rodopoulou et al., 2015) did not observe associations between 

ozone and ED visits for acute respiratory infections, pneumonia, or ear infections. The observed effect 

estimates were imprecise (i.e., wide 95% CIs), likely due to the limited sample sizes. Malig et al. (2016) 

evaluated copollutant confounding for ED visits for respiratory infection. 

Respiratory Related Hospital Admissions and Emergency Department (ED) Visits for 

Aggregated Respiratory-Related Diseases  
Numerous studies have found associations of short-term ozone levels and hospital admissions and 

emergency department admissions for respiratory conditions (U.S. EPA, 2020). The strongest evidence 

comesfrom the 2013 Ozone ISA came from multicity studies of hospital admissions (Katsouyanni et al., 

2009; Cakmak et al., 2006; Malig et al. 2016, O' Lenick et al. 2017; Barry et al. 2018)  and large single-city 

studies examining ED visits (Tolbert et al., 2007; Darrow et al., 2011; Sarnat et al., 2015). The studies 

generally found stronger associations for asthma and COPD in the warm season or in the summer months, 

compared to the cold season, and also provided evidence that children are at greatest risk of ozone-

related respiratory health effects. Several of these studies reviewed in the ISA had average ozone 

concentrations well below 60 ppb averaged over 8 hours and still reported associations with respiratory 

outcomes. One study of asthma emergency department visits reported ozone effects at concentrations 

as low as 30 ppb (Strickland et al. 2010). A large time-series study in St. Louis, MO (Winquist et al., 2012) 

reported that 8-hour daily max ozone concentrations were associated with hospital admissions for 

respiratory disease in children ages 2 to 18 years.  Figure I-2, taken from the U.S. EPA Ozone ISA (2020) 

presents examples of studies regarding all-year and seasonal analysis of ozone exposure and hospital 

admissions or emergency department visits. This figure illustrates the associations found between 

ambient ozone exposure and key respiratory outcomes (asthma, COPD and pneumonia), and shows the 

stronger effects with summertime ozone exposures.  
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DL = distributed lag.  
Note: †Studies published since the 2013 Ozone ISA. Black text = studies included in the 2013 Ozone ISA.  
aMean concentrations reported in ppb and are for an 8-hour daily max averaging time unless otherwise noted.  
Results standardized to a 15-ppb increase in 24-hour avg, 20-ppb increase in 8-hour daily max, or 25-ppb increase in 1-hour 
daily max ozone concentrations. Corresponding quantitative results are reported in Table 3-40 and Table 3-41.  

FIGURE I-2  

SUMMARY OF ASSOCIATIONS FROM STUDIES OF SHORT-TERM OZONE EXPOSURES AND 

RESPIRATORY-RELATED HOSPITAL ADMISSIONS AND EMERGENCY DEPARTMENT (ED) VISITS FOR A 

STANDARDIZED INCREASE IN OZONE CONCENTRATIONS. 

A recent study in Central California also confirmed that short-term exposure to O3 is associated with 

asthma ED visits but also looked at this association by sex (female and male), race (White, Black and 

Hispanic), age (2-5, 6-18, 19-40, 41-64 and > = 65) and county (Merced, Madera, Kings, Fresno and Kern) 

(Gharibi et al., 2019). The results showed that an IQR range (18.1 ppb) increase in O3 exposure three days 

before an asthma attack was associated with a 6.6% [OR: 1.066 (95% CI: 1.032, 1.082)] increase in the 

odds of having an asthma ED visit. The overall ORs differed across age groups and races/ethnicities, with 

strongest for children aged 6-18 years [OR: 1.219 (95% CI: 1.159, 1.280)], adults 19-40 years [OR: 1.102 

(95% CI: 1.053, 1.154)] and Blacks [OR: 1.159 (95% CI: 1.088, 1.236)], respectively. O3 exposure was not 

positively associated with asthma ED visits for Whites, while it was for other underrepresented groups. 

Fresno had the highest number of asthma ED visits and positive association among all five counties.   
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Respiratory Mortality 

The U.S. EPA, 2020 ISA concluded that there was a suggestive causal relationship between mortality and 

short-term ozone exposures. Many studies have found positive associations between short-term 

increases in ozone levels and excess risk of mortality from all non-accidental causes, cardiovascular 

causes, and respiratory causes (Bell et al. 2004; Bell et al. 2005; Huang et al. 2005; Ito et al. 2005; Levy et 

al. 2005; Bell et al. 2008; Zanobetti et al. 2008).  Studies conducted across multiple cities in the U.S., 

Canada, Europe, and Asia reported increased cardiovascular and respiratory mortality risks with increased 

short-term ozone exposures, and several studies additionally reported increased mortality risk for 

summer season ozone exposures (Katsouyanni et al. 2009; Samoli et al. 2009; Stafoggia et al. 2010; Wong 

et al. 2010). Vanos et al. (2014) examined respiratory mortality and reported positive associations in all-

year and summer season analyses, which is consistent with the multicity studies previously evaluated. 

Studies have demonstrated that positive associations with mortality persist even when other variables 

including season and levels of particulate matter are accounted for, indicating that ozone mortality effects 

may be independent of other pollutants, although there is some variability across studies with regard to 

the sensitivity of the ozone associations to adjustment for PM (Bell et al. 2004; Huang et al. 2005; 

Katsouyanni et al. 2009; Stafoggia et al. 2010).   

Inconsistent with the large body of evidence from the above multicity studies Klemm et al. (2011) 

conducted a study in Atlanta, GA that included 7.5 additional years of data compared with Klemm and 

Mason (2000) and Klemm et al. (2004) and reported no evidence of an association with respiratory 

mortality (−0.44% change in mortality [95% CI: −6.06, 5.51] for a 20-ppb increase in 8-hour max ozone 

concentrations). 

Examples of studies showing the relative change in mortality risks for all-year and summer-only analyses 

are shown in Figure I-3.  
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Note: Effect estimates are for a 20 ppb increase in 24-hour; 30 ppb increase in 8-hour max; and 40 ppb increase in 1-hour max O3 concentrations. HA=hospital admission; 

ED=emergency department. Black=All-year analysis; Red=Summer only analysis; Blue=Winter only analysis.  (Taken from U.S. EPA (2013), Figure 6-19) 

 

FIGURE I-3 

CHANGE IN RESPIRATORY-RELATED HOSPITAL ADMISSION AND EMERGENCY DEPARTMENT VISITS IN STUDIES THAT PRESENTED ALL-YEAR 

AND/OR SEASONAL RESULTS.  
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Cardiovascular effects 

Heart Failure, Impaired Heart Function, and Associated Cardiovascular Effects 

Heart failure refers to a set of conditions in which the heart’s pumping action is compromised. In 

congestive heart failure (CHF), the flow of blood from the heart slows and fails to meet the body’s oxygen 

demand. Several studies in the U.S., Canada, and the U.K., observed null results for the association 

between CHF-related emergency department or hospital visits and ozone exposure averaged over either 

8 or 24 hours (Rodopoulou et al., 2015; Milojevic et al., 2014, U.S. EPA, 2020). However, a study in St. 

Louis, MO reported a 5% increase in ED visits (RR: 1.05; 95% CI: 1.01, 1.09) Winquist et al., 2012) associated 

with 8-hour max ozone. Similarly, an additional study in St. Louis observed a 4% (RR: 1.04; 95% CI: 0.99, 

1.10) increase in ED visits for CHF, which increased to 6% (RR: 1.06; 95% CI: 1.00, 1.12) when CO was 

included in the model (Sarnat etal., 2015). Copollutant models with either PM2.5 or NO2 did not change 

the predicted risk for ozone and hospital admissions (95% CI: 1.02, 1.09) for CHF. Studies evaluating the 

role of life stage in ozone’s effects on heart failure reported no notable differences for older adults (≥65 

or 70 years) compared with other adult age groups [19−64 or<70 years; Milojevic et al. 2014; Winquist et 

al. 2012). 

In a recent controlled human study in healthy subjects with or without deletion of GSTM1, Frampton et 

al. (2015) reported that short-term exposure (3 hours) to ozone (0.1, 0.2 ppm) did not result in statistically 

significant changes in stroke volume or left ventricular ejection time. Results were independent of the 

GSTM1 phenotype. 

Many recent animal studies provide additional evidence that short-term exposure (3−4 hours, some 

studies with multiple day exposures) to ozone can result in impaired cardiac function (U.S. EPA, 2020).  

Ischemic Heart Disease (IHD) and Associated Cardiovascular Effects 

Ischemic Heart Disease (IHD) is a chronic condition characterized by atherosclerosis and reduced blood 

flow to the heart. Myocardial infarction (MI), more commonly known as a heart attack, occurs when heart 

tissue death occurs secondary to prolonged ischemia due to occlusion of the coronary artery. All the 

studies involving U.S. or European populations reported null effect estimates for IHD and myocardial 

infarction (MI), but mixed findings for angina.  A multicity study in Europe reported no association for MI, 

but the same study observed a positive association (OR: 1.19; 95% CI: 1.05, 1.35) for angina pectoris during 

the warm season [April−September; von Klot et al. (2005)]. One study reported elevated risks for recurrent 

MIs (Henrotin et al., 2010), while another observed no associations between short-term ozone exposure 

and ST-segment depression in elderly men withIn contrast, a history of coronary artery disease (Delfino 

et al., 2011). 

Another study in London, reported null results for angina [OR: 0.98; 95% CI: 0.94, 1.03; Poloniecki et al. 

(1997)]. Recent studies from Europe, Canada, and the U.S. consistently reported null or small positive 

effect estimates (i.e., OR ≤ 1.02) in analyses of MI (Nuvolone et al. 2017). A study in Iceland that analyzed 

associations with air pollutants, including ozone, and dispensing glyceryl trinitrate against angina pectoris 

did not observe increases in odds ratios in single pollutant models (Finnbjornsdottir et al., 2013).  

Endothelial Dysfunction 

Endothelial dysfunction is the physiological impairment of the inner lining of blood vessels. Recent panel 

studies have specifically evaluated short-term ozone exposure and the effects on endothelial function 
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(e.g., FMD, BAD) and biomarkers. Considering a number of endpoints in epidemiologic panel studies, there 

is some evidence from a small number of these studies of endothelial dysfunction following short-term 

ozone exposures (Lanzinger et al., 2014, Mirowsky et al., 2017). 

Animal toxicological evidence is generally consistent. Studies, including a handful of recent studies, have 

demonstrated increased vasoconstriction while others showed impaired vasodilation. This evidence is 

further supported by studies reporting increased blood markers associated with vasoconstriction and/or 

endothelial injury (U.S. EPA, 2020) 

Cardiac Depolarization, Repolarization, Arrhythmia, and Arrest 

Two studies in the U.S. and Australia reported no positive associations for out-of-hospital cardiac arrest 

(Dennekamp et al., 2010; Silverman et al., 2010). A modest elevation in risk of arrhythmia was associated 

with 8-hour max ozone concentrations during the warm season in Helsinki, Finland [OR: 1.04; 95% CI: 0.8, 

1.35; Halonen et al. (2009)], but null results were reported in Atlanta, London, and a multicity study in 

Canada (Stieb et al., 2009; Peel et al., 2007; Poloniecki et al., 1997). Several recent studies in the U.S., 

Europe, and Australia have analyzed the association between ozone concentration and cardiac arrest, 

arrhythmias, or dysrhythmias. Findings from these studies indicate increases in out-of-hospital cardiac 

arrests associated with 8-hour max or 24-hour avg increases in ozone concentrations; however, null 

associations are reported for other endpoints. 

There is little evidence from a small number of controlled human exposure studies indicating that ozone 

exposure may result in conduction abnormalities or arrhythmia (U.S. EPA 2020).  

In animal studies short-term ozone exposure in rats induced premature atrial contraction, indicators of 

atrial block, and arrhythmia (U.S. EPA, 2013). Recent studies demonstrate similar effects resulting from 

short-term exposure (3−4 hours, some studies with multiple day exposures) to ozone (U.S. EPA, 2020). 

Blood Pressure Changes and Hypertension 

High blood pressure is typically defined as a systolic blood pressure above 130 mm Hg or a diastolic blood 

pressure above 80 mm Hg. Prolonged high blood pressure is known as hypertension and can lead to a 

thickening of the ventricular wall resulting in diminished filling during diastole. This can ultimately 

contribute to the development of arrythmia and heart failure. 

A study of emergency department (ED) visits for hypertension in two Canadian cities, Calgary and 

Edmonton, reported an increased OR of 1.15 among women (95% CI: 1, 1.31), but not men, during the 

warm season (Brook and Kousha, 2015). No association was observed for women or men during the cold 

season. A study in Lithuania analyzed emergency medical service records of emergency calls for 

exacerbations of essential hypertension with elevated arterial blood pressure and found associations with 

8-hour max ozone concentrations primarily during the warm season (Vencloviene et al., 2017). While 

median ozone concentrations in the two study areas were similar (approximately 20 ppb), the maximum 

concentration in Kaunas, Lithuania (102 ppb) was twice that in the two Canadian cities (50 ppb). No 

association with ED visits for hypertension and 8-hour max ozone concentration was reported in a time-

series study in Arkansas, an area with a higher median ozone concentration (39 ppb) compared with the 

two other studies that analyzed associations with hypertension (Rodopoulou et al., 2015). A study of 

elderly non-smokers in the Los Angeles area with a history of heart disease found no associations between 

ozone exposure and blood pressure nor ST-segment depression, a measure of cardiac ischemia (Delfino 
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et al. 2010; Delfino et al. 2011). This recent evidence is limited in number and generally inconsistent. 

Evidence from recent epidemiological panel studies remains inconsistent (U.S. EPA, 2020). 

There is some evidence for animal studies to suggest that short-term exposure (3−8 hours, some studies 

with multiple day exposures) to ozone can result in changes in blood pressure in animals (U.S. EPA, 2020).  

Heart Rate (HR) and Heart Rate Variability (HRV) 

Heart rate (HR) is a key indicator of autonomic function. Heart rate variability (HRV) represents the degree 

of difference in the inter-beat intervals of successive heartbeats. Given that both arms of the autonomic 

nervous system contribute, changes in HRV are an indicator of the relative balance of sympathetic and 

parasympathetic tone to the heart and their interaction (Rowan III et al., 2007). Low HRV is associated 

with an increased risk of cardiac arrhythmia and an increased risk of mortality in patients with congestive 

heart failure awaiting a heart or lung transplant (Fauchier et al., 2004; Bigger et al., 1992). Low HRV has 

also been shown to be predictive of coronary artery disease (Kotecha et al., 2012). Notably, increases in 

HRV have also been associated with increases in mortality (Carll et al., 2018). 

Epidemiological studies evaluating heart rate (HR) and HRV have continued to have inconsistent results. 

The inconclusive evidence may result from the variations in studies, including, but not limited to, sample 

size, demographics, exposure, and time lags evaluated for these endpoints (U.S. EPA, 2020).  

Past studies have demonstrated some evidence of changes in HRV following short-term ozone exposure 

(Devlin et al., 2012; El Fakhri et al., 2009). One CHE study reported an increase in HR following ozone 

exposure in a combined group of hypertensive and healthy controls (Gong et al., 1998). Recent CHE 

studies have examined the relationship between short-term exposure (1 to 4 hours) to ozone and HRV-

related measures, but evidence of an ozone-mediated effect remains limited. There is also no evidence 

from more recent CHE studies for an ozone effect on HR (U.S. EPA, 2020).  

Animal studies show some evidence that short-term exposure to ozone could result in changes in HR and 

HRV (U.S. EPA, 2013). With respect to HR, recent studies in animals have reported inconsistent results 

following short-term ozone exposure (3−8 hours, some studies with multiple-day exposures) (U.S. EPA, 

2020). 

Coagulation and Thrombosis  

Coagulation refers to the process by which blood changes from a liquid to a semisolid state to form a clot. 

Increases in coagulation factors (e.g., fibrinogen, thrombin) or decreases in factors that promote 

fibrinolysis like tissue plasminogen activator (tPA) can promote clot formation, and thus, increase the 

potential for MI. 

In a case-crossover study of cases identified from discharge data in Spain from 2001−2013, an increased 

risk of pulmonary embolism was reported for ozone concentrations averaged over the 3 days around the 

time of diagnosis as compared to the average concentration for a similar period 3 weeks prior (de Miguel-

Diez et al., 2016). No associations were observed when control periods closer to the time of diagnosis 

were analyzed. No associations with first diagnosis for pulmonary embolism and average monthly ozone 

concentration were reported by a case-control study in Italy (Spiezia et al., 2014) or in a case-crossover 

study in the U.K. that analyzed 8-hour max ozone concentrations and lags of 0−4 days (Milojevic et al., 

2014). 
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A controlled human exposure study demonstrated changes in markers of coagulation following short-

term ozone exposure (Devlin et al., 2012). Several recent CHE studies have examined the potential for 

short-term ozone exposure (1−2 hours) to result in changes to markers of coagulation or fibrinolysis, but 

evidence of an effect on these endpoints remains limited (U.S. EPA, 2020). 

Very limited animal toxicological evidence shows that short-term exposure (4 hours, some studies with 

multiple-day exposures) to ozone could result in changes to factors related to coagulation or fibrinolysis 

(U.S. EPA, 2020). 

Systemic Inflammation and Oxidative Stress 

Systemic inflammation has been linked to a number of CVD-related outcomes. For example, circulating 

cytokines such as IL-6 can stimulate the liver to release inflammatory proteins (e.g., CRP) and coagulation 

factors that can ultimately increase the risk of thrombosis and embolism. Other indicators of systemic 

inflammation include an increase in inflammatory cells such as neutrophils and monocytes and other 

cytokines such as TNF. Similarly, oxidative stress can result in damage to healthy cells and blood vessels 

and further increase the inflammatory response. Recent and older epidemiologic panel studies provide 

evidence that short-term ozone exposure is associated with increased inflammatory responses (U.S. EPA, 

2020).  

Controlled human exposure studies have provided limited additional evidence for changes in 

inflammatory markers following short-term ozone exposure (0.5−4 hours). A biomarker study of students 

at UC Berkeley who spent their summer vacation in either the Los Angeles or San Francisco Bay Area found 

that ozone exposures over a period of 2 weeks or 1 month were associated with increases in a biomarker 

of lipid peroxidation, but no association was found for a biomarker of antioxidant capacity (Chen et al. 

2007). Lipid peroxidation is an indicator of oxidative stress, which may be triggered by pulmonary 

inflammation caused by ozone exposure.  

Biller et al. (2011) reported an increase in percentage blood neutrophils (p < 0.05) relative to FA exposure 

at 5, 7, but not 24 hours post-exposure (0.25 ppm) in healthy volunteers. In a time course study, Bosson 

et al. (2013) reported a decrease in blood neutrophils (p < 0.05) in healthy volunteers at 1.5 hours post-

exposure (0.2 ppm) when compared to FA exposure. In healthy volunteers, Stiegel et al. (2016) reported 

an increase in percentage neutrophils following ozone exposure (0.3 ppm) immediately after (p > 0.05), 

but not 24 hours post-exposure when compared to pre-exposure. In California, Arjomandi et al. (2015) 

reported a decline in eosinophil levels from 0−4 (p < 0.05), but not 0−24 hours associated with increasing 

ozone concentrations from 0.1 to 0.2 ppm in adults with or without asthma. In addition, a study reported 

statistically significant increases in blood CRP levels across exposures ranging from 0 to 200 ppb, while 

another reported a significant increase in CRP when comparing post-exposure to pre-exposure levels 

(Arjomandi et al., 2015; Biller et al., 2011). However, Frampton et al. (2017) found no statistically 

significant changes in CRP, IL-6, P-selectin, or 8-isoprostane (an oxidative stress marker) levels in older 

adults following 70 or120 ppb ozone exposure. Ramanathan et al. (2016) also demonstrated that ozone 

exposure (0.12 ppm) did not alter HDL antioxidant or anti-inflammatory capacity in healthy adults. 

In the 2013 Ozone ISA, animal toxicological studies demonstrated that short-term exposure to ozone 

resulted in an increase in inflammatory markers (U.S. EPA, 2013). In addition, studies in mice and monkeys 

demonstrated that short-term exposure to ozone resulted in an increase in markers of oxidative stress. 

Although not entirely consistent within and across studies, more recent animal toxicological studies 
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provide some evidence that short-term exposure (2−24 hours, some studies with multiple-day exposures) 

to ozone results in an increase in markers of inflammation and oxidative stress (U.S. EPA, 2020). 

Stroke and Associated Cardiovascular Effects 

A Canadian study reported a weak elevated risk of ischemic and hemorrhagic stroke for 24-hour avg ozone 

concentrations during the warm season, but not in other seasons; however, confidence intervals were 

wide (Villeneuve et al., 2006). In contrast, an inverse association with transient ischemic stroke during the 

warm season was observed. Recent studies have been inconsistent. Confidence intervals around the risk 

ratios tended to be wide, indicating the relative imprecision in the reported associations (U.S. EPA, 2020). 

Nonspecific Cardiovascular Effects 

Several studies of ozone concentrations and cardiovascular hospital admissions and ED visits for all CVD 

diagnoses combined did not report an association between ozone concentrations and an increased risk of 

aggregated CVD in populations in the U.S., Canada, Europe, and Australia (U.S. EPA, 2013).  Studies 

conducted in the Los Angeles area or in California also do not provide consistent evidence of short-term 

ozone effects on cardiovascular morbidity. A Los Angeles-based study of cardiovascular hospital 

admissions did not find increased risk with ozone exposures (Linn et al. 2000). Recent studies that 

reported a risk ratio for combined cardiovascular disease outcomes show a similar pattern, although 

associations were positive during the cold season and negative during the warm season (U.S. EPA, 2020). 

Cardiovascular Mortality 

Epidemiological studies, including some multi-city studies show relatively consistent associations between 

short-term ozone exposures and cardiovascular mortality (U.S. EPA, 2013). All studies reported positive 

associations for cardiovascular mortality in all-year and summer/warm season analyses. Of the recent 

multicity studies evaluated, only Vanos et al. (2014) examined cardiovascular mortality and reported 

positive associations in all-year and summer season analyses, which is consistent with the multicity studies 

previously evaluated.   

Metabolic Effects 

Metabolic Syndrome 

Individuals with metabolic syndrome are at a fivefold increased risk for developing type 2 diabetes and a 

twofold increased risk for developing cardiovascular disease within 5−10 years (Alberti et al., 2009). 

Criteria for metabolic syndrome include elevated fasting blood glucose (hyperglycemia), elevated 

triglycerides, low levels of high-density lipoprotein (HDL), obesity (particularly abdominal obesity), and 

high blood pressure. The presence of three out of the five criteria meets the clinical diagnosis for 

metabolic syndrome (U.S. EPA, 2020). 

Most available animal toxicological evidence shows short-term ozone exposure results in hyperglycemia 

and elevated triglycerides, with inconsistencies between studies potentially arising from differences in 

rodent strain, sex, or diet (U.S. EPA, 2020). In the controlled human exposure study, while circulating free 

fatty acids increased, there were no significant changes in triglycerides following short-term ozone 

exposure (Miller et al., 2016a). Some epidemiologic studies examining changes in glucose and lipids 

provide support for effects associated with short-term ozone exposure, reporting, for example, a positive 

association between the 5-day mean ozone concentration and fasting glucose and triglyceride levels (Kim 

and Hong, 2012).  
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Complications from Diabetes 

Dales et al. (2012) evaluated associations of short-term ozone exposure and hospital admissions for 

diabetic ketoacidosis and diabetic coma in the Santiago region of Chile. Using a 6-day distributed lag, a 

null association was observed for the relationships of hospital admissions for diabetic ketoacidosis or 

diabetic coma (1.02; 95% CI: 1.00, 1.04). However, the effect increased in populations aged 75−84 years 

(1.08; 95% CI: 1.01, 1.15) and over 85 years (1.08; 95% CI: 1.01, 1.1). While increases were noted in the 

higher age brackets, the risks were not higher in other age groups (<64 or 65−74 years). 

Other Indicators of Metabolic Function 

A limited number of animal toxicological studies provide evidence that short-term exposure to ozone may 

result in inflammation of the visceral or perirenal adipose tissue (U.S. EPA, 2020). Inflammation has been 

implicated in the development of type 2 diabetes and atherosclerosis leading to coronary heart disease 

(Ray et al., 2009). 

Multiple metabolic indicators from the liver provide evidence that ozone exposure induces hepatic 

changes affecting glucose homeostasis. Healthy volunteers who exercised with ozone exposure in 

controlled human exposure studies had increased ketone body formation. In animal toxicological studies, 

ozone exposure induced changes to the liver including hepatic gluconeogenesis, altered bile acid profile, 

alterations to β-oxidation, and alterations to proteins in hepatic metabolic pathways (Miller et al, 2015, 

Miller et al., 2016b). 

Following short-term ozone exposure, elevated circulating stress hormones were consistently observed 

in animal models and in a single controlled human exposure study. Removal of the adrenal glands 

prevented the release of adrenaline and corticosterone, and further, prevented ozone-induced metabolic 

effects. Thus, neuroendocrine stress activation may be a primary mechanism through which adverse 

metabolic outcomes develop from short-term ozone exposure (U.S. EPA, 2020). 

Recent animal studies indicate exposure to ozone may alter the composition of the gut microbiota. The 

study by Fouladi et al. (2020) provides the first evidence of significant associations between exposure to 

ozone and the compositional and functional profile of the human gut microbiome. These results identify 

O3 as an important pollutant that may alter the human gut microbiome (Fouladi et al., 2020). 

Total Mortality  

Relatively few recent studies have been conducted within the U.S. and Canada that examined the 

relationship between short-term ozone exposure and total (nonaccidental) mortality.  The strongest 

recent evidence comes from a study by Di et al. (2017a), who evaluated more recent air quality data (i.e., 

2000−2012) and analyzed the largest study population, with over 22 million case days included in the case-

crossover analysis. Using a well-validated hybrid exposure model, the authors reported a 1.1% increase in 

all-cause mortality (95% CI: 0.96, 1.24) at lag 0−1 for a 20-ppb increase in 8-hour max ozone 

concentrations in a single-pollutant model. When limiting ozone data to days where 8-hour max ozone 

concentrations were less than 60 ppb, there continued to be evidence of a positive association with all-

cause mortality in copollutant models with PM2.5 (1.16% [95% CI: 0.92, 1.40]; lag 0−1). A recent study by 

Madrigano et al. (2015) provides additional evidence for a positive association between short-term ozone 

exposure and total mortality and characterizes the variation in the association across urban and nonurban 

areas. The authors examined older air quality data (i.e., 1988−1999) and used kriging to spatially 

interpolate ozone concentrations using available monitoring data in 12 counties to examine associations 
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between short-term ozone exposure and total mortality across 91 northeastern U.S. counties. The authors 

examined associations in both urban (≥1,000 persons/mile2) and nonurban (<1,000 persons/mile2) 

counties. The authors reported positive associations when using both observed and interpolated ozone 

concentrations (Figure 6-1); they reported evidence of associations that are larger in magnitude for non-

urban counties (1.47% [95% CI: 0.38, 2.54], lag 0 for 20-ppb increase in 8-hour max ozone concentrations) 

than for urban counties (0.90% [95% CI: 0.16, 1.67], lag 0).  

Multiple recent studies that relied on data from NMMAPS spanning the years 1987−2000 also provide 

evidence of positive associations between short-term ozone exposure and mortality, but the studies vary 

by the number of cities, lags, exposure metrics, and seasons examined (Liu et al.,2016; Jhun et al., 2014; 

Moolgavkar et al., 2013). Peng et al. (2013) provides additional evidence of positive associations for short-

term ozone exposure and mortality using 1987−1996 air quality data from NMMAPS (50 U.S. cities all-

year data; 36 U.S. cities summer only) as well as data from 12 Canadian cities as part of the Air Pollution 

and Health: A European and North American Approach (APHENA) study. Positive associations were 

observed in both all-year and summer season analyses, with evidence of associations that are larger in 

magnitude in the summer in the U.S. when using the NMMAPS data. 

Reproductive and Developmental Effects 

Male reproduction 

 
Associations between male reproductive health and ozone exposure have been examined through effects 

on sperm. There is evidence from a limited number of epidemiologic studies that associations between 

reductions in sperm concentration and both short- and long-term ozone exposures (U.S. EPA 2013). A 

toxicological study provided evidence of impaired spermatogenesis with ozone exposure that was 

attenuated by antioxidant supplements (Jedlinska-Krakowska et al., 2006a). 

Female Reproduction 

Legro et al. (2010) showed some evidence for increased in vitro fertilization (IVF) success with short-term 

ozone exposure during ovulation, but long-term exposure during gestation reduced the likelihood of a live 

birth. In recent studies, the overall findings are mixed. In a French population undergoing IVF, Carré et al. 

(2016) observed an increased number of top embryos (i.e., those considered of the best quality) with at 

least 1 day of high ozone exposure in the 30-day period before ovulation. Another study found no 

evidence of association with exposures that occurred up to 2 months before conception, but did show an 

improvement in fecundity with ozone exposure post-conception (Slama et al., 2013). However, a 

longitudinal study in 500 U.S. couples reported decreased fecundity with short-term ozone exposure near 

time of ovulation (Nobles et al., 2018). 

In manyEvidence from the 2013 Ozone ISA showed that, in most toxicological studies, reproductive 

success appears to be unaffected by ozone exposure. Nonetheless, one study reported that 25% of the 

BALB/c mouse dams in the highest ozone exposure group (1.2 ppm, short-term exposure GDs 9−18), 

compared to 55% in the filtered air group, did not complete a successful pregnancy (Sharkhuu et al., 2011). 
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Nervous System  

Cognitive and Behavioral Effects 

In a recent study, Lim et al. (2012) examined older adults in South Korea during a 3-year, follow-up study 

using the Korean Geriatric Depression Scale-Short Form (SGDS-K). An increase in SGDS-K score, indicating 

increased depressive symptoms, largely driven by the emotional component of the test, was associated 

with 3-day moving avg ozone concentration. This finding was supported by a toxicological study of FSL 

rats (Mokoena et al., 2015). Experimental animal studies reported decreased motor activity and impaired 

learning and memory following short-term exposure to ozone (Gordon et al., 2016; Mokoena et al., 2015; 

Pinto-Almazan et al., 2014). There were no epidemiologic studies of cognition or motor function-related 

effects. Some of the behavioral effects in animals are supported by data showing effects on 

neurotransmitter levels that are associated with these outcomes (U.S. EPA, 2020).  

Neuroendocrine Effects 

Two older studies provide evidence that ozone alters neuroendocrine function, affecting levels of thyroid 

hormones and corticosterone following short-term exposure (U.S. EPA, 2013).  Thomson et al. (2013)A 

recent study evaluated potential neuroendocrine effects of ozone in the nervous system following a short-

term ozone exposure in rats. (Thomson et al., 2013). A 4-hour exposure to ozone concentrations of 0.4 or 

0.8 ppm induced a transient effect on a wide array of genes involved in antioxidant response, xenobiotic 

metabolism, inflammation, and endothelial dysfunction.  

In a recent Los Angeles cross-sectional study, morning serum cortisol level was assessed after a supervised 

overnight fast in 203 overweight and obese Latino children and adolescents (female/male: 88/115; mean 

age: 11.1 ± 1.7 years; pre-pubertal/pubertal/post-pubertal: 85/101/17; BMI z-score: 

2.1 ± 0.4). Hypothalamic-pituitary-adrenal (HPA)-axis dysfunction has been associated with a variety of 

mental health and cardio-metabolic disorders. Single and multi-pollutant models showed that higher 

O3 exposure (derived from maximum 8-h exposure windows) in the prior 1–7 months was associated with 

higher serum morning cortisol (p < 0.05) and longer term PM2.5 exposure (4–10 months) was associated 

with lower serum morning cortisol levels (p < 0.05). Stratification by pubertal status showed associations 

in pre-pubertal children compared to pubertal and post-pubertal children (Toledo-Corral et al., 2021).  

Hospital Admissions and Emergency Department Visits  

Some positive associations with hospitalizations for migraine, dementia, and multiple sclerosis were 

observed in single studies. Several studies also reported associations of short-term ozone exposure with 

mental health hospital admissions or emergency department (ED) visits for conditions such as depression 

and panic attack, but the results were not entirely consistent (U.S. EPA, 2020). Because hospitalizations 

or ED visits among those with chronic diseases may be related to comorbid conditions, the extent to which 

these studies are informative regarding the effect of short-term ozone exposure on nervous system health 

is uncertain. 
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Long-Term Exposure Effects of Ozone 

The U.S. EPA, 2020 ISA for Ozone concluded that there was a likely causal relationship between long-term 

ozone exposure and respiratory effects.  Evidence supporting this determination comes from 

epidemiological and toxicological studies, particularly studies of asthma and related symptoms, asthma-

related hospital admissions, lung function, lung inflammation and oxidative stress. Long term ozone 

exposure was suggestive of casual relationship but not sufficient to infer cardiovascular effects, metabolic 

effects, total mortality, reproductive effects, and central nervous system effects. The 2020 Ozone ISA 

confirmed these classifications from the 2013 Ozone ISA except that metabolic effects went from “no 

determination made” to “suggestive of casual relationship.”  

Respiratory Health Effects 

Development of Asthma and Asthma Symptoms 

The Adventist Health and Smog Study (AHSMOG) and Children’s Health Study cohorts are two large long-

term studies conducted in California that examined several aspects of long-term ozone effects in adults 

and children, respectively. Several of these studies focused on asthma development and exacerbation. 

The AHSMOG study included adult, non-smoking, non-Hispanic white Seventh Day Adventists living in 

California. The 10-year follow-up AHSMOG study reported that a 10 ppb increase in annual mean ozone 

exposures increased the risk of asthma development in males by three-fold (relative risk 3.12, 95 percent 

confidence interval: 1.16, 5.85), but no effect was seen among females (relative risk 0.94, 95 percent 

confidence interval: 0.65, 1.34) (Greer et al. 1993). The 15-year follow-up AHSMOG study used an ozone 

metric focusing on 8-hour average exposures, and reported that a 10 ppb increase was associated with a 

30 percent increased risk of developing asthma in males (relative risk 1.31, 95 percent confidence interval: 

1.01, 1.71), and these effects persisted even after accounting for other pollutants (McDonnell et al. 1999). 

The latter study also found no effect in females, although this may reflect a greater potential for 

misclassification of air pollution exposure in females compared to males, due to different time-activity 

patterns resulting in greater time spent outdoors among males (U.S. EPA, 2013). In the Children’s Health 

Study, among children living in 12 Southern California communities with high ozone concentrations, the 

relative risk of developing asthma in children playing three or more sports was found to be over three 

times higher than in children playing no sports (McConnell et al. 2002).  The high ozone communities had 

a 4-year mean daytime ozone concentration of 59.6 ppb, compared to 40.0 ppb for the low-ozone 

communities. These findings indicate that new cases of asthma in children may be associated with 

performance of heavy exercise in communities with high levels of ozone.   In an analyses of a large 

administrative database birth cohort in Quebec, an increase in average summertime ozone 

concentrations at participants’ birth addresses were associated with a 19% increase (95% CI: 16, 23%) in 

asthma onset in children of all ages (Tétreault et al., 2016a).  A study of Medicaid-enrolled children in 

Harris County, Texas, exposed to a mean 8-hour maximum of 37.9 ppb between 2005 and 2007, found 

that each 10 ppb increase in ozone was significantly associated with new-onset asthma during the warm 

season (May-October), with the strongest association seen when a 6-day cumulative average period was 

used as the exposure metric (Wendt et al. 2014). While it has long been known that air pollution can 

exacerbate symptoms in individuals with preexisting respiratory disease, these studies indicate that ozone 

exposure may contribute to asthma onset. Additionally, decreases in baseline ozone concentrations in 

three CHS cohorts, enrolled in 1993, 1996, and 2006, were associated with decreased asthma incidence. 

A recent CHS analysis examined asthma incidence in relation to improved air quality in nine southern 
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California communities (Garcia et al., 2019). The findings indicate that improved air quality is associated 

with lower asthma incidence.  

With differing results three recent Southern California studies did not find an association between ozone 

exposures and childhood asthma incidence but did report increased risks of asthma onset with higher 

exposures to particulate matter or NO2 (Islam et al. 2007; McConnell et al. 2010; Nishimura et al. 2013). 

These studies did not examine whether genetic factors may have played a role in making some people 

more susceptible than others to the respiratory effects of ozone exposure. Some analyses from the 

Children’s Health Study identified specific genetic variants that, when combined with ambient ozone 

exposure, either increase or decrease the risk of developing asthma (Islam et al. 2008; Islam et al. 2009; 

Salam et al. 2009). These genetic variants are involved with antioxidant and/or anti-inflammatory 

pathways, and are likely involved in key elements of asthma development (U.S. EPA, 2013). A recent 

pooled retrospective case-control analysis of minority children in the U.S. reported null associations 

between early-life ozone exposure and asthma incidence (Nishimura et al.,2013). The study was much 

smaller than above mentioned Quebec study (Tétreault et al., 2016a) and consequently had less precision 

(i.e., wider 95% CIs).  

Other studies examined the impact of long-term ozone exposures and respiratory symptoms, particularly 

among asthmatics. Studies have linked long-term ozone exposures to increased risk of having poorly 

controlled asthma, increased asthma symptoms, and respiratory-related school absences (Gilliland et al. 

2001; Akinbami et al. 2010; Jacquemin et al. 2012). Notably, Meng et al. (2010) reported an association 

between ozone concentrations and self-reported asthma symptoms. Similarly, McConnell et al. (2003) 

observed that bronchitic symptoms in children with asthma were associated with yearly variation in ozone 

within CHS communities, although the association was reduced when accounting for other pollutants. Like 

McConnell et al. (2003), Berhane et al. (2016) and Gilliland et al. (2017) observed decreased prevalence 

of bronchitic symptoms in children with asthma associated with decreased ozone exposure over two 

decades of follow-up of CHS cohorts. Another cross-sectional study, in the U.K., reported that ozone 

concentrations (annual accumulated ozone over 40 ppb per daylight hour) were associated with more 

severe emphysema, as measured by a density mask analysis of a CT Scan (Wood et al., 2009). Contrary to 

this evidence though an analysis from the CHS found no association between long-term ozone exposures 

and chronic lower respiratory tract symptoms (McConnell et al. 1999). Another study in New York State 

demonstrated significant increases in children’s asthma hospital admissions with increased chronic ozone 

exposure levels; these results were stronger for younger children and groups of low socioeconomic status 

(Lin et al. 2008). 

Two studies from the CHS demonstrated gene-environment interactions for genes that are involved in 

inflammation or antioxidant pathways. One study found that asthmatic children with a particular genetic 

variant that reduces expression of the cytokine TNF-α (as part of an inflammatory response) had reduced 

risk of bronchitic symptoms for children in low-ozone communities, but not for children in high-ozone 

communities (Lee et al. 2009). A second study found that a particular genetic variant reduced the risk of 

respiratory-related school absences among children living in communities with high levels of ozone 

(defined in this study as being above the median value of 46.9 ppb) (Wenten et al. 2009). 

Results of epidemiologic studies of hospital admissions and emergency department visits support the 

relationship between ozone exposure and respiratory effects. In a 2007 study conducted in Southern 

California, an increased risk of having poorly controlled asthma was associated with living in areas above 
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the 90th percentile ozone level (28.7 ppb, annual average) among men and elderly individuals (Meng et al. 

2007). A study in the South Coast Air Basin found that ozone was associated with increased hospital 

discharges for asthma among children (Moore et al. 2008). Another study in the South Coast Air Basin 

looked at infants hospitalized for bronchiolitis. This study found a reduced risk of infant bronchiolitis 

hospitalization with increased ozone exposure, although there was no association for ozone when 

accounting for the effect of PM2.5, which was positively associated with this respiratory outcome (Karr et 

al. 2007). A study of people with asthma was conducted in the San Joaquin Valley of California, and found 

that a 10 ppb increase in ozone exposures averaged over one year increased the odds of asthma-related 

hospital admissions and emergency department visits by approximately 50 percent, and the odds of 

asthma symptoms among adults by about 40 percent (Meng et al. 2010). Studies conducted in other 

locations have also reported increases in asthma hospitalizations (U.S. EPA, 2013). 

There is also animal toxicological evidence of the development of asthma resulting from ozone exposure 

during the early postnatal period (U.S. EPA, 2013). Several studies found that cyclic challenge of infant 

rhesus monkeys to allergen and ozone during the postnatal period compromised airway growth and 

development and resulted in changes that favor allergic airways responses, increased airway 

responsiveness, and persistent effects on the immune system. These changes observed in airway 

responsiveness provide support for the long-term effects of ozone in asthma development or 

exacerbation (U.S. EPA, 2013). 

Recent studies in the infant monkey model of allergic airway disease demonstrated airway smooth muscle 

hyperreactivity, an enhanced allergic phenotype, and priming of responses to oxidant stress as a result of 

postnatal ozone exposure. In nonallergic infant monkeys, recent studies demonstrated increased 

serotonin-positive airway cells and immunomodulation as a result of postnatal ozone exposure. Recent 

studies in rats demonstrated impaired airway growth and altered airway sensory nerve innervation as a 

result of postnatal ozone exposure (U.S. EPA, 2020). These animal studies indicate possible chronic effects 

including functional and structural changes of the lung. However, morphological, developmental, and 

immunological differences make it difficult to apply these results to humans experiencing ambient 

exposures.   

Lung Function and Development 

Epidemiologic studies provided inconsistent evidence of an association between long-term exposure to 

ozone and lung development in children. In an 8-year follow-up of the CHS cohort, Gauderman et al. 

(2004) observed a null association between mean annual 8-hour ozone concentrations and deficits in lung 

function growth (FEV1). In contrast, in a subsequent CHS analysis, Breton et al. (2011) reported ozone-

related deficits in 8-year lung function growth among children without a particular GSS glutathione gene 

haplotype. Cross-sectional studies of ozone and lung function in children or adults were similarly 

inconsistent.  

A limited number of recent studies in the U.S. continue to provide inconsistent evidence of an association 

between ozone and lung development or lung function.  An extended follow-up of the CHS combined data 

obtained from three separate cohorts to examine the association between long-term reductions in air 

pollution and lung development in children between the ages of 11 and 15 (Gilliland et al., 2017; 

Gauderman et al., 2015). The authors did not observe a notable change in lung function growth or cross-

sectional lung function corresponding to decreasing ozone concentrations. Other cross-sectional studies 

reported modest decreases in lung function metrics associated with ozone, including a pooled 



Appendix I: Health Effects 

I-35 

retrospective case-control analysis of minority children with asthma in the U.S. (Neophytou et al., 2016), 

another analysis of a recent CHS cohort that overlaps with one of the cohorts included in the Gauderman 

et al. (2015) study (Urman et al., 2014), and another study conducted in Greece that looked at long-term 

exposure to O3 on respiratory health outcomes in 10-11-year old children (Dimakopoulou et al., 2020). 

Dimakopoulou et al. (2020) saw that a 10 μg/m3 increase in calibrated long-term O3 exposure, using 

measurements from fixed site monitors was associated with lower FVC and FEV1 by 17 mL (95% 

Confidence Interval: 5-28) and 13 mL (3-21) respectively and small decreases in lung growth: 0.008% 

(0.002-0.014%) for FVC and 0.006% (0.000-0.012%) in FEV1 over the study period. A recent longitudinal 

study of lung function in older adults in the U.S. reported decrements in FEV1 and FVC relative to ozone 

concentrations (Eckel et al., 2012). 

In contrast to the limited and inconsistent evidence from epidemiologic studies, recent experimental 

studies in animals provide consistent evidence that postnatal ozone exposure may affect the developing 

lung. Results from studies of neonatal rodents demonstrate ozone-induced injury and changes in 

inflammatory and oxidative stress responses during lung development. In an infant monkey model with 

similarities to childhood asthma, postnatal ozone exposure resulted in impaired alveolar morphogenesis, 

a key step in lung development. Notably, these studies indicated some capacity for repair. Additional 

studies in adult rats suggest that chronic ozone exposure may alter ventilatory parameters (U.S. EPA, 

2020). 

Development of Chronic Obstructive Pulmonary Disease (COPD) and Other Associated 

Respiratory Effects 

One recent study used the Ontario Asthma Surveillance Information System to identify adults with asthma 

and found that ozone was associated with an increase in the odds of COPD incidence in this population 

(To et al., 2016). 

Animal toxicological studies reviewed in the 2013 Ozone ISA found that chronic ozone exposure can 

damage the distal airways and proximal alveoli, resulting in persistent inflammation and lung tissue 

remodeling that leads to irreversible changes including fibrotic- and emphysematous-like changes in the 

lung. Additionally, recent animal toxicological studies provide consistent evidence that subchronic ozone 

exposure can lead to airway injury and inflammation. In adult animals these changes may underlie the 

progression and development of chronic lung disease and provide biological plausibility for ozone-induced 

development of COPD (U.S. EPA, 2020). 

Respiratory Infection and Other Associated Respiratory Effects 

Two recent studies observed inverse associations between ozone and respiratory infection. Smith et al. 

(2016) reported an inverse association between 2-year avg ozone concentrations and pulmonary 

tuberculosis in a nested case-control study of adults in northern California. The authors did observe a 

strong positive association with NO2 and a negative correlation between ozone and NO2, which may 

explain the inverse association. In a study of otitis media in the first 2 years of life, 2-month avg ozone 

concentrations were associated with decreased risk of infection (MacIntyre et al., 2011). 

Allergic Responses 

Cross-sectional studies reported increases in prevalence of hay fever (Parker et al., 2009) and rhinitis 

(Hwang et al., 2006; Penard-Morand et al., 2005), and increased total serum IgE levels (Rage et al., 2009) 

associated with ozone concentrations. In copollutant models adjusting for NO2, the observed association 

between ozone and rhinitis was persistent (Penard-Morand et al., 2005), while the association with IgE 
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levels was attenuated, but still positive (Rage et al., 2009). In contrast to generally consistent evidence of 

an association, one study reported null associations between ozone and hay fever (Ramadour et al., 2000).  

One recent cross-sectional study provides additional support for an association between long-term 

exposure to ozone and allergic response. A 2005−2006 National Health and Nutrition Examination 

Survey (NHANES) analysis, comprising a nationally representative sample of the U.S. population, 

examined allergic sensitization measured by detectable allergen-specific IgE levels (Weir et al., 2013). 

Weir et al. (2013) found that annual average ozone concentrations were associated with increased odds 

of sensitization to indoor allergens and inhalants. 

Another recent large study from China also shows evidence for allergic rhinitis and bronchitic symptoms 

(e.g., persistent cough and phlegm) associated with O3. This study included a total of 59,754 children from 

the seven northeastern cities study (SNEC), who were aged 2 to 17 years and from 94 kindergarten, 

elementary and middle schools. A higher level of O3 was significantly associated with increased risk of 

allergic rhinitis and bronchitic symptoms. After controlling for potential confounders, the OR (95% CI) 

were 1.13 (1.07-1.18), 1.10 (1.06-1.16), and 1.12 (1.05-1.20) for AR, persistent cough, and persistent 

phlegm, respectively, associated with each interquartile range (IQR) rise in O3 concentration. Interaction 

analyses showed stronger adverse effects of O3 on allergic rhinitis in children aged 7-17 years than those 

aged 2-6 years, while the adverse association of O3 with cough was more prominent in females and 

children aged 7-12 years than in males and children aged 2-6 and 13-17 years. This study showed that 

long-term exposure to ambient O3 was significantly associated with higher risk of allergic rhinitis and 

bronchitic symptoms in children, and the association varies across age and gender (Zhou et al., 2021). 

Animal toxicological evidence also shows allergic responses resulting from exposure to ozone. A 4-week 

exposure to ozone (0.5 ppm for 5 hours, once a week) increased injury, inflammation, and allergic 

responses in a rodent model of allergic airway disease. Newly available evidence shows that repeated 

subchronic exposure to 0.1 ppm ozone promoted eosinophilic airway inflammation in a model of allergic 

sensitization (U.S. EPA, 2020). 

Respiratory Effects in Pregnancy 

Newly available evidence shows that pregnant rats responded to ozone exposure with immediate effects 

on ventilatory parameters and later effects reflecting airway injury. A recent study in pregnant rats (Miller 

et al., 2017) demonstrated that exposure to 0.4 and 0.8 ppm ozone on Gestational Days 5 and 6 resulted 

in altered ventilatory parameters (decreased minute volume and increased enhanced pause) immediately 

post-exposure and increased markers of injury (gamma glutamyl transferase and N-acetyl-glutaminidase) 

in BALF on Gestational Day 21. The observed alterations in enhanced pause were dose dependent. 

Respiratory Effects in Populations with Metabolic Syndrome 
A recent study (Gordon et al., 2016b) was conducted in male and female rats fed high-fructose and high-

fat diets prior to and during 4 weeks of ozone exposure (0.8 ppm for 5 hours/day, once a week). Ozone 

exposure increased a marker of injury (albumin) and a marker of inflammation(eosinophils) in BALF of 

males on the high-fructose and high-fat diets. Females on the high-fat diet had increased albumin and 

females on the high-fructose diet had increased eosinophils in response to ozone exposure. The high-

fructose and high-fat diets enhanced some of the effects of ozone on inflammatory or injury-related 

markers. 
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Respiratory Mortality 

Unlike short-term ozone exposures, there is limited evidence linking long-term ozone exposures with 

mortality. A large study based on the American Cancer Society Cancer Prevention Study II (CPS-II) cohort 

included 96 metropolitan statistical areas in the U.S., and reported that a 10 ppb increase in daily 

maximum 1-hour ozone concentrations averaged between April and September (warm season) was 

associated with a relative risk of 1.040 (95 percent confidence interval: 1.010, 1.067) for respiratory 

deaths, but no association with cardiovascular deaths (Jerrett et al. 2009). A U.S. study of Medicare 

enrollees reported increased risk of mortality with higher ozone exposures averaged over the warm 

season, among patients who had previously been hospitalized for congestive heart failure, myocardial 

infarction, COPD and diabetes (Zanobetti et al. 2011). Two recent large-scale studies found increased risk 

of all-cause, cardiovascular, and respiratory mortality with long-term ozone exposures, even after 

accounting for the effects of PM2.5 and NO2, as well as other behavioral and demographic factors, 

including smoking (Turner et al. 2016; Kim et al. 2020). In contrast, Jerrett et al. (2013) reported a null 

association between long-term ozone exposure and respiratory mortality in an analysis of the ACS cohort 

limited to participants from California. Several recent analyses of the CanCHEC cohort in Canada provide 

inconsistent evidence for an association between long-term ozone exposure and respiratory mortality, 

with one reporting a positive association (Weichenthal et al., 2017) and the other reporting a negative 

association (Crouse et al., 2015). Cohort studies conducted in France (Bentayeb et al., 2015) and the U.K. 

(Carey et al., 2013) also report negative associations between long-term ozone exposure and respiratory 

mortality. 

Other studies have found temperature to be an important potential risk factor for mortality and may 

confound or modify the associations between air pollution exposure and mortality (Basu et al. 2002; 

Cheng et al. 2008). The Turner 2016 study examined the role of temperature, and found that the 

associations between ozone and mortality differed based on average daily maximum temperatures 

(Turner et al. 2016). 

Cardiovascular Effects 

Atherosclerosis 

A recent U.S. cohort study evaluated long-term ozone exposure, averaged in early life (ages 0−5 years), 

during elementary school (ages 6−12 years) and during the first 20 years of life (Breton et al., 2012). These 

authors observed positive associations between ozone averaged over all three exposure windows and 

increases in CIMT measured in southern California college students. 

The 2013 Ozone ISA (U.S. EPA, 2013) presented evidence that long-term exposure to ozone in ApoE−/− 

mice resulted in enhanced aortic atherosclerotic lesions when compared with filtered air exposure. Recent 

studies have provided inconsistent evidence of an effect of long-term ozone exposure (4−17 weeks) on 

potential markers of atherosclerosis (U.S. EPA, 2020). 

Heart Failure and Impaired Heart Function  

A recent national cohort study conducted in England observed an inverse association between long-term 

ozone exposure and heart failure (Atkinson et al., 2013), and a cohort study conducted in South Korea 

observed an inverse association Kim et al. 2017.  

There was evidence from an animal toxicological study that long-term ozone exposure decreased LVDP, 

rate of pressure development, and rate of change of pressure in isolated perfused rat hearts (U.S. EPA, 
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2013). Similarly, two recent studies from the same laboratory reported a decrease in LVDP following long-

term exposure (4−8 weeks) to ozone (0.8 ppm) in isolated perfused rat hearts [p < 0.05; Perepu et al. 

(2012); Sethi et al. (2012). Moreover, Perepu et al. (2012) also reported a decrease in the rate of pressure 

development and a decrease in pressure decay in these hearts (p < 0.05). This decrease in pressure decay 

is consistent with impaired diastolic function (i.e., cardiac filling) and is consistent with additional results 

from this study indicating an increase in left ventricular end diastolic pressure. Thus, both studies 

demonstrate that long-term ozone exposure can result in abnormal cardiac function (U.S. EPA, 2020). 

Blood Pressure Changes and Hypertension 

Chuang et al. (2011) investigated the relationship between long-term ozone exposure and blood pressure 

and observed increases in both systolic and diastolic blood pressure associated with ozone concentrations 

among older adults in Taiwan, although these increases were attenuated in models that included 

copollutants. A number of recent studies, conducted mainly in Asia, observed inconsistent results 

between long-term ozone exposure and blood pressure or hypertension among healthy adults. However, 

there is some emerging evidence that long-term ozone exposure may be associated with changes in blood 

pressure or hypertension among different life stages or those with pre-existing disease. A U.S. cohort 

study observed positive associations between long-term ozone exposure and incident hypertension 

among black women (Coogan et al., 2017). Similarly, cross-sectional studies conducted in China observed 

positive associations between long-term ozone concentrations and prevalent prehypertension (Yang et 

al.,2017) and hypertension (Dong et al., 2015; Dong et al., 2014; Dong et al., 2013b; Zhao et al.,2013).  

Heart Rate and Heart Rate Variability 

A recent cohort study observed positive associations between annual average ozone concentrations and 

increases in heart rate in a Spanish population (Cole-Hunter et al., 2018). Recently, Gordon et al. (2013) 

reported that long-term exposure (17 weeks) to ozone (0.8 ppm) did not result in changes in HR in adult 

or senescent rats. However, in an additional study using a different exposure protocol this group did find 

an increase in HR following long-term episodic exposure (13 weeks) to ozone (1.0 ppm; p < 0.05) in adult 

or senescent rats (Gordon et al., 2014). 

Coagulation 

There is some evidence that long-term exposure to ozone results in changes in factors involved in 

coagulation (U.S. EPA, 2020). 

Systemic Inflammation and Oxidative Stress 

Epidemiological studies provide inconsistent results. Animal studies do provide some evidence that long-

term exposure (4−17 weeks) to ozone can result in an increase in markers of inflammation and oxidative 

stress (U.S. EPA, 2020).  

Stroke and Associated Cardiovascular Effects 

A recent national cohort study conducted in England observed null associations between long-term ozone 

exposure and both stroke and cerebrovascular disease (Atkinson et al., 2013). In addition, several recent 

publications report results from a cross-sectional study conducted in 33 Chinese communities, noting 

positive associations between long-term ozone exposure and stroke (Dong et al., 2013a). When stratified 

by obesity status, positive associations were observed between long-term ozone exposure and stroke for 

adults that were overweight or obese, and null associations for adults with normal weight (Qin et al., 

2015). 
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Other Cardiovascular Endpoints 

A recent case-control study conducted in Italy (Spiezia et al., 2014) reported negative associations 

between monthly average ozone concentrations and unprovoked acute isolated pulmonary embolism.  

A recent U.S. nationwide study in a cohort of older men (Tallon et al., 2017) observed positive (though 

imprecise) associations between self-reported incident erectile dysfunction and long-term warm-season 

ozone exposure averaged over 1 to 7 years. 

Cardiovascular Mortality 

The strongest evidence for an association between long-term ozone exposure and cardiovascular 

mortality comes from nationwide analyses of the ACS cohort, demonstrating positive associations with 

cardiovascular mortality (Turner et al., 2016; Jerrett et al., 2013; Jerrett et al., 2009), IHD mortality (Jerrett 

et al., 2013), cerebrovascular disease mortality (Turner et al., 2016), and mortality due to dysrhythmia 

and heart failure (Turner et al., 2016). Several recent analyses of the CanCHEC cohort in Canada provide 

consistent evidence for a positive association between long-term ozone exposure and cardiovascular and 

IHD mortality (Cakmak et al., 2018; Cakmak et al., 2016; Crouse et al., 2015). A recent nationwide cohort 

study from China shows that long-term ozone exposure contributes to elevated risks of cardiovascular 

mortality, particularly from ischemic heart disease, in a middle-income setting (Nui et al, 2022). However, 

cohort studies conducted in France (Bentayeb et al., 2015), the U.K. (Carey et al., 2013), and South Korea 

(Kim et al., 2017) report negative associations between long-term ozone exposure and respiratory 

mortality. Furthermore, several recent studies conducted in the U.S. and Canada provide limited and 

inconsistent evidence for an association between long-term ozone exposure and mortality due to 

cerebrovascular disease (U.S. EPA, 2020). 

Metabolic Effects 

Metabolic Syndrome 

Individuals with metabolic syndrome are at a fivefold increased risk for developing type 2 diabetes and a 

twofold increased risk for developing cardiovascular disease within 5−10 years (Alberti et al., 2009). 

Criteria for metabolic syndrome include elevated fasting blood glucose (hyperglycemia), elevated 

triglycerides, low levels of high-density lipoprotein (HDL), obesity (particularly abdominal obesity), and 

high blood pressure. 

Results from one animal study suggest ozone impairs insulin secretion, and in another, that senescent 

animals are more sensitive to ozone-induced effects on insulin (Bass et al., 2013; Miller et al., 2016b). 

These same studies suggest long-term ozone exposure may result in decreased serum triglycerides and 

decreased HDL-C in some groups, with differences potentially mediated by age and the amount of time 

elapsed since ozone exposure. Kim et al., (2019) showed that higher exposure to regional air pollutants, 

including ozone, was associated with higher fasting serum lipid measures. These associations were more 

pronounced in obese participants, suggesting obesity may exacerbate the effects of air pollution exposure 

on lipid levels in young adults.  

A few recent epidemiological studies have shown that long-term exposure to ozone is associated with 

increased weight gain and obesity, although these studies do not specifically address waist circumference 

(Dong et al., 2014; Li et al., 2015, White et al., 2016). Huang et al., 2020 did a meta-Analysis in Chinca and 

O3 were associated with higher level of body mass index, with the pooled β (95% CIs) of 0.34 (0.30–0.38) 

and 0.21 (0.17–0.24) per 10 μg/m3 increment, respectively. In addition, increased NO2, SO2 and O3 were 
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associated with higher risk of having overweight/obesity, with the corresponding pooled OR (95% CI) of 

1.13 (1.01–1.26), 1.04 (1.01–1.06) and 1.07 (1.02–1.13) per 10 μg/m3 increment. 

There is some emerging evidence that long-term ozone exposure may be associated with changes in blood 

pressure or hypertension among different life stages or in those with pre-existing disease (U.S. EPA, 2020). 

Chen et al., 2019 indicates that near roadway air pollution exposure is associated with altered fatty acid 

metabolism, which could contribute to the metabolic perturbation in obese youth. 

Development of Diabetes 

Recent studies, that include large cohort studies around the world provide evidence for increased 

incidence for type 2 diabetes and metabolic syndrome. Jerrett et al. (2017) analyzed data from the Black 

Women’s Health Study Cohort in a prospective study of type 2 diabetes. The 43,003 women were greater 

than 30 years old, resided in56 metropolitan areas, and had BMI information at baseline. The study 

observed increased hazard ratios for incident diabetes (1.28; 95% CI: 1.06, 1.55); when adjusted for NO2, 

this relationship was slightly weaker and had wider confidence intervals (1.20; 95% CI: 0.96, 1.50). Renzi 

et al. (2017) evaluated the effects of ozone exposure in over one million subjects over 35 years old without 

diabetes at baseline. The study observed modest positive hazard ratios for incidence of diabetes for those 

living in Rome (1.01; 95% CI: 1.00, 1.02). Yang et al. (2018) looked at the odds of developing metabolic 

syndrome due to exposure to ozone in adults from the 33 Communities Chinese Health Study Cohort in 

participants that were 18−74 years of age and had lived in the same location for more than 5 years. The 

study reported high correlations of ozone with PM10 (r = 0.81) and SO2 (r = 0.84); these high correlations 

may indicate copollutant confounding and are a source of uncertainty in estimating the direct effect of 

ozone on metabolic syndrome (U.S. EPA, 2020). 

The evidence relating to the effect of long-term exposure to ozone on Type 1 Diabetes (T1D) is limited to 

a prospective study in Scania, Sweden (Malmqvist et al., 2015). The study evaluated prenatal exposure 

during first, second, and third trimesters of pregnancies for children born between 1999−2005. There 

were elevated ORs for T1D in the highest quartile of ozone concentrations in the first (1.52; 95% CI: 0.88, 

2.61) and second trimester (1.62; 95% CI: 0.99, 2.65), although confidence intervals were wide. There was 

no evidence of association with third-trimester exposure levels. 

Several studies of gestational diabetes were conducted. Generally, the results of the studies were 

inconsistent, although several reported positive associations with gestational diabetes or impaired 

glucose tolerance with ozone exposures during the second trimester (U.S. EPA, 2020). 

Metabolic Disease Mortality 

A recent analysis from the ACS cohort in the U.S. and the CanCHEC cohort in Canada provide consistent 

evidence for positive associations between long-term ozone exposure and mortality due to diabetes or 

cardiometabolic diseases (Turner et al., 2016; Crouse et al., 2015). 

 Total Mortality 

A limited number of recent epidemiologic studies have assessed the relationship between long-term 

ozone exposure and total mortality in adults. The strongest evidence for an association between long-

term ozone exposure and total mortality comes from an analysis among four sub cohorts with pre-existing 

disease from the Medicare cohort (Zanobetti and Schwartz, 2011), demonstrating positive associations 
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among those with pre-existing heart failure, MI, diabetes, or COPD. A recent analysis of the entire 

Medicare cohort, including over 61 million older adults, observed positive associations between long-term 

ozone exposure and total mortality, even when limited to areas in the U.S. where the predicted annual 

average ozone concentrations were less than 50 ppb (Di et al., 2017b). Several recent analyses of the 

CanCHEC cohort in Canada provide additional evidence of a modest positive association [consistent in 

magnitude with the association reported by Di et al.(2017b)] between long-term ozone exposure and total 

mortality (Cakmak et al., 2018; Weichenthal et al., 2017; Cakmak et al., 2016; Crouse et al., 2015). A recent 

study conducted in California among a cohort of individuals with cancer observed a positive association 

between long-term ozone exposure and total mortality (Eckel et al., 2016).  However, evidence from the 

ACS cohort provide little evidence for an association between long-term ozone exposure and total 

mortality (Turner et al., 2016; Jerrett et al., 2013; Jerrett et al., 2009) and several studies conducted 

outside of North America report negative associations between long-term ozone exposure and total 

mortality, specifically in France (Bentayeb et al., 2015), the U.K. (Carey et al., 2013), and South Korea (Kim 

et al., 2017). Looking at various group disparities another study showed that seniors, women, Black 

persons, and those with atrial fibrillation were particularly vulnerable to dying from ambient ozone 

exposure, and that vulnerability differences were notable in cities with ambient ozone levels (Medina-

Ramon & Schwartz 2008). 

Reproductive and Developmental Effects 

Male reproduction 

Recent evidence includes a small panel study in Brazilian men with systematic lupus erythematosus that 

reported decreases in sperm concentration and count with long-term (0−90 days before collection) ozone 

exposure (Farhat et al., 2016), and a Chinese cohort that observed no evidence of association (Liu et al., 

2017).  

Female Reproduction 

Legro et al. (2010) showed some evidence for increased in vitro fertilization (IVF) success with short-term 

ozone exposure during ovulation, but long-term exposure during gestation reduced the likelihood of a live 

birth. 

Pregnancy and Birth Outcomes 

There is some epidemiologic evidence for the effects of ozone on fetal growth, especially for continuous-

term birth weight (Vinikoor-Imler et al. 2014; Laurent et al. 2013; Laurent et al. 2016; Tu et al., 2016, Chen 

et al. 2017, Smith et al., 2017; Ha et al., 2014; Olsson et al.,2013), a conclusion supported by toxicological 

evidence in rodents (Sharkhuu et al., 2011; Haro and Paz, 1993, Miller et al., 2017). 

There is also consistent evidence for an association between ozone exposures during early to mid 

pregnancy with preterm birth in epidemiologic studies (U.S. EPA, 2020). In a meta analysis, Rapazzo et al. 

(2021) showed that an increase in ozone exposure during early pregnancy is associated with preterm birth 

across studies 18 different studies. A study that examined singleton births between 2002 and 2008 with 

maternal exposure to median daily ozone exposures near 30 ppb found increased premature rupture of 

membranes, which is a major factor predisposing women to preterm delivery (Wallace et al. 2016). 

Some studies conducted in California have examined reproductive or developmental effects, including 

birth defects, low birth weight or birth weight reductions, stillbirth and autism (Ritz et al. 2002; Ritz et al. 

2007; Morello-Frosch et al. 2010; Becerra et al. 2013; Mobasher et al. 2013; Trasande et al. 2013; Laurent 
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et al. 2014; Green et al. 2015; Laurent et al. 2016; Symanski et al. 2016, Jo et al., 2019; Steurer et al., 2020, 

Sarovar et al., 2020, Patterson et at., 2021).  

Nervous System 

Brain Inflammation and Morphology 

Long-term ozone exposure elicited similar effects on the brain versus short-term exposure, with many 

studies showing increases of inflammatory and oxidative-stress responses, elevated cell death, and 

changes in neuronal morphology in various regions of the brain. In general, the magnitude and severity of 

the effects was generally increased with longer exposure durations; however, some studies found these 

effects could be mitigated by coexposure with antioxidants (U.S. EPA, 2020). 

Effects on Cognition, Motor Activity, and Mood 

A cross-sectional analysis of NHANES III (1988−1991) data showed declines on tests of cognitive function 

measured using Neurobehavioral Evaluation System-2 (NES2) (Chen and Schwartz, 2009). A small number 

of recent studies examine the effect of long-term exposure to ozone with performance on 

neurobehavioral tests, Alzheimer’s disease, and other forms of dementia.  

Domain-specific (i.e., executive function) decrements were observed in association with long-term 

exposure to ozone in a cross-sectional analysis of older adult women in Los Angeles, CA (Gatto et al., 

2014). Cleary et al. (2018) examined the rate of cognitive decline using the MMSE among subjects 

followed through U.S. Alzheimer’s Disease Centers, reporting an effect of ozone among those who had 

normal cognition at baseline. In a study from San Diego, looking at Hispanics/Latinos, llango et al. (2021) 

found that for every 10 μg/m3 increase in PM2.5, verbal fluency worsened (β: -0.21 [95%CI: -0.68, 0.25]). 

For every 10 ppb increase in O3, verbal fluency and executive function worsened (β: -0.19 [95%CI: -0.34, -

0.03]; β: -0.01 [95%CI: -0.01, 0.09], respectively). 

Overall, the limited number of epidemiologic studies support an effect of long-term exposure to ozone on 

reduced cognitive function, but effect estimates reported in studies of dementia are inconsistent (U.S. 

EPA, 2020).  

Motor Function-Related Effects 

A prospective cohort study of depression onset among older women enrolled in the Nurses’ Health Study 

(NHS) reports an association of long-term exposure to ozone with use of antidepressant medication (HR: 

1.08; 95% CI: 1.02, 1.14) but not with self-reported doctor-diagnosed depression (HR: 1.00; 95% CI: 0.92, 

1.08) (Kioumourtzoglou et al., 2017). The animal data do not support an association between long-term 

ozone exposure and mood disorders (U.S. EPA, 2020). 

Neurodevelopmental Effects 

Several recent studies conducted in the U.S. and Taiwan report positive associations, but associations are 

imprecise (i.e., wide confidence intervals) and are not consistently observed across pregnancy periods. 

Becerra et al. (2013) conducted a case-control study of autistic disorder, diagnosed between 3 and5 years 

of age, in Los Angeles, CA. Ozone exposure during the entire pregnancy but not trimester-specific 

exposures was associated with autistic disorder (OR: 1.05; 95% CI: 1.01, 1.10). Also in California, among 

children enrolled in the Childhood Autism Risks from Genetics and the Environment (CHARGE) study, Volk 

et al. (2013) reported small imprecise (relative the width of the confidence interval) associations of full 

syndrome autism with ozone concentrations during the 1st year of life, during the entire pregnancy and 
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with trimester-specific ozone concentrations (e.g., OR: 1.05; 95% CI: 0.84, 1.31; entire pregnancy). 

Additional analyses of the CHARGE cohort reported an interaction between ozone exposure and 

chromosome copy number variation, indicating a larger risk for the joint effect compared to the effect of 

ozone or duplication burden alone (Kim et al., 2017), but not between ozone exposure and folic acid 

(Goodrich et al., 2017). A cohort study in Taiwan reported an association between long-term ozone 

exposure and Autism Syndrome Disorder [HR: 1.59; 95% CI: 1.42, 1.78; Jung et al. (2013)]. 

Cancer and Related Health Effects 

Genotoxicity 

Several epidemiologic studies evaluated in the 2013 Ozone ISA (U.S. EPA 2013) observed positive 

associations between long-term ozone exposure and DNA damage (i.e., DNA adduct levels, oxidative DNA 

damage, DNA strand breaks). In addition, there was some evidence of cytogenetic damage (i.e., 

micronuclei frequency among lymphocytes and buccal cells) after long-term. Such DNA and cytogenic 

damage may be relevant to mechanisms leading to cancer development and serve as early indicators of 

an elevated risk of mutagenicity. A few recent studies have looked at the relationship between ozone 

exposure and the potential for DNA damage and found inconsistent results (U.S. EPA, 2020). Studies in 

experimental animals and in vivo have indicated that ozone can produce oxidative stress and induce 

genetic effects (Di Mauro et al., 2019).   

Cancer Incidence, Mortality, and Survival 

The number of studies examining the relationship between ozone exposure and the potential for 

carcinogenesis reman few. The reanalysis of the full American Cancer Society (ACS) Cancer Prevention 

Study II (CPS II) cohort reported no association between lung cancer mortality and ozone concentration 

[HR: 1.00; 95% CI: 0.96, 1.04; Krewski et al. (2009)]. Additionally, no association was observed when the 

analysis was restricted to the summer months. There was also no association between ozone 

concentration and lung cancer mortality present in a sub analysis of the cohort in the Los Angeles area. 

Animal toxicological studies did not demonstrate enhanced lung tumor incidence in male or female 

rodents. However, there was an increase in the incidence of oviductal carcinoma in mice exposed to 0.5 

ppm ozone for 16 weeks (U.S. EPA, 2013) The implications of this result are unclear because the report 

lacked statistical information. 

However, several recent cohort and case-control studies have observed positive associations between 

long-term ozone exposure and lung cancer incidence or mortality. A case-control study conducted in 

Canada (Hystad et al., 2013) and a cohort study conducted in China (Guo et al., 2016) observed positive 

associations between long-term ozone exposure and lung cancer incidence. Two U.S.-based cohort 

studies (Eckel et al., 2016; Xu et al., 2013) reported positive associations between long-term ozone 

exposure and lung cancer mortality or respiratory cancer mortality among individuals that had already 

been diagnosed with cancer. Wu et al. (2020) showed that O3 exposure was associated with meningioma 

risk in men (HR = 1.77, 95% CI = 1.02 to 3.06).  

Nonetheless recent studies conducted in the U.S., Canada, and Europe provided limited and inconsistent 

evidence for an association between long-term ozone exposure and lung cancer mortality (Cakmak et al., 

2018; Turner et al., 2016; Crouse et al., 2015; Carey et al., 2013; Jerrett et al., 2013). A case-crossover 

study conducted in Shenyang, China observed null associations between short-term ozone exposure and 

lung cancer mortality (Xue et al., 2018). Additionally, studies of childhood leukemia (Badaloni et al., 2013) 
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and breast tissue density, an indicator of breast cancer (Yaghjyan et al., 2017), observed null associations 

with long-term ozone exposure. 

Sensitive Populations for Ozone-Related Health Effects 

Several population groups are potentially at increased risk for ozone exposure effects.  The U.S. EPA has 

identified several populations as having adequate evidence for increased risk from ozone exposures.  

These include children, older adults, outdoor workers, and individuals with asthma, certain variations in 

genes related to oxidative metabolism or inflammation, or reduced intake of certain nutrients such as 

Vitamins C and E (Kreit et al. 1989; Horstman et al. 1995; Sienra-Monge et al. 2004; Romieu et al. 2012; 

U.S. EPA, 2013; Bell et al. 2014, U.S. EPA, 2020).  There is suggestive evidence for other potential factors, 

such as a person’s sex, socioeconomic status, and obesity (U.S. EPA, 2020).  Some other factors that could 

affect sensitivity to ozone have also been studied; however, there was inadequate evidence to conclude 

whether these were risk factors for ozone sensitivity. The table below summarizes the evidence for factors 

affecting sensitivity to ozone from the 2020 ISA for ozone. 

TABLE I-3 4  

SUMMARY OF EVIDENCE FOR POTENTIAL INCREASED SUSCEPTIBILITY TO OZONE-RELATED HEALTH 

EFFECTS  

Evidence Classification Potential At Risk Factor 

Adequate evidence Pre-existing Asthma 

Children 

Older adults 

Outdoor worker 

Genetic factors 

Diet 

Suggestive evidence Sex 

Pre-existing obesity 

Socio economic status (SES) 

Inadequate evidence Race/ethnicity 

Pre-existing COPD 

Pre-existing CVD 

Pre-existing diabetes 

Smoking 

Evidence of no effect -- 

From (U.S. EPA, 2020) Table IS-10 

As previously mentioned, one group that has been recognized as being particularly sensitive to the effects 

of ozone is young children with asthma, because their lungs are still developing, their potential for 

increased exposure due to time spent exercising outdoors, and their high ventilation rates relative to body 
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weight (U.S. EPA, 2013). Some factors that may contribute to the increased sensitivity among people with 

asthma include having an altered innate immune function and factors that decrease their antioxidant 

defenses (Alexis et al. 2014). Ozone creates secondary oxidation products that are electrophilic, and 

certain genetic factors influence a person’s ability to metabolize these electrophiles, which can affect 

respiratory function (U.S. EPA, 2013). Asthma exacerbations are more prevalent and severe in young boys 

than in girls, but the evidence on whether boys are more susceptible than girls to the effects of air 

pollution on asthma symptoms is not consistent (Guarnieri et al. 2014).  

Summary – Ozone Health Effects 

Outdoor ozone exposures have been associated with a range of negative human health effects. The 

strongest evidence for negative health impacts is on the respiratory system. Recent evidence continues 

to support this. For short-term ozone exposure, controlled human exposure studies conducted over many 

decades provide experimental evidence for ozone-induced lung function decrements, airway 

responsiveness, respiratory symptoms, and respiratory tract inflammation. Epidemiologic studies 

continue to provide evidence that ozone concentrations in ambient air are associated with a range of 

respiratory effects, including asthma exacerbation, chronic obstructive pulmonary disease (COPD) 

exacerbation, respiratory infection, and hospital admissions and emergency department (ED) visits for 

combined respiratory diseases. A large body of animal toxicological studies demonstrate ozone-induced 

alterations in lung function, inflammation, increased airway responsiveness, and impaired lung host 

defense (U.S. EPA, 2020). With respect to long-term ozone exposure, there is strong coherence between 

animal toxicological studies of changes in lung morphology and epidemiologic studies reporting positive 

associations between long-term ozone exposure and new-onset asthma, respiratory symptoms in children 

with asthma, and respiratory mortality.  

In addition, recent evidence indicates that short-term exposure to ozone is likely to induce metabolic 

effects. Recent evidence from animal toxicological, controlled human exposure, and epidemiologic studies 

indicate there is a “likely to be causal relationship” between short-term ozone exposure and metabolic 

effects (U.S. EPA, 2020).”  

There is also some evidence that ozone exposure can affect the cardiovascular and nervous systems, 

reproduction and development, and mortality, although there are more uncertainties associated with 

interpretation of the evidence for these effects. Notably, there are changes in the causality 

determinations for short-term ozone exposure and cardiovascular effects, as well as for total mortality. In 

both cases new evidence indicating inconsistent results, a paucity of positive evidence from epidemiologic 

studies, and uncertainties due to a lack of control for potential confounding by copollutants in 

epidemiologic studies, has elicited the reclassification from “likely to be causal relationship,” to 

“suggestive of, but not sufficient to infer, a causal relationship” between short-term ozone exposure and 

cardiovascular effects or total mortality in the most recent ISA (U.S. EPA 2020). 
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PARTICULATE MATTER  
Airborne particulates are a complex group of pollutants that vary in physical, chemical, and biological 

dimensions. Physically, particles can vary by size, surface area and roughness, shape, and mass. 

Chemically, they vary by chemical composition. Biologically, they can vary by toxicity. In addition, particles 

vary by source, and can come from anthropogenic (man-made, such as from combustion of fuels, or 

frictional abrasion) or “natural” (plants – for example, pollens and spores) origins. The composition of 

particulate matter can vary across sub-regions, and a description of the spatial differences in PM 

composition can be found in the Draft Finaldraft 2022 AQMP Chapter 2 and Appendix II. 

The National Ambient Air Quality Standard for particulate matter was established in 1971 and set limits 

on the ambient level of Total Suspended Particulates (TSP).  In 1987, the national particulate matter 

standards were revised to focus on particles sized 10 μm (micrometers) aerodynamic diameter and 

smaller.  These can be inhaled and deposited throughout the upper and lower respiratory system, 

depositing in both airways and gas-exchange areas of the lung.  These particles are referred to as PM10.  

U.S. EPA initially promulgated ambient air quality standards for PM10 of 150 μg/m3 averaged over a 24-

hour period, and 50 μg/m3 for an annual average.  U.S. EPA has since rescinded the annual PM10 standard 

but kept the 24-hour standard.   

As more health research data has become available, concerns have centered on smaller and smaller 

particles. Additional focus has been placed on particles having an aerodynamic diameter of 2.5 μm or less 

(PM2.5).  A greater fraction of particles in this size range can penetrate and deposit deep in the lungs.  The 

U.S. EPA established standards for PM2.5 in 1997 and in 2006 lowered the air quality standards for PM2.5 

to 35 μg/m3 for a 24-hour average and reaffirmed 15 μg/m3 for an annual average standard.  There was 

considerable controversy and debate surrounding the review of particulate matter health effects and the 

consideration of ambient air quality standards (Kaiser 1997; Vedal 1997) when the U.S. EPA promulgated 

the initial PM2.5 standards in 1997. In 2002, the California Air Resources Board adopted an air quality 

standard for PM2.5 at a level of 12 µg/m3, in the form of an annual average.  

Since that time, additional studies have been published and some of the key studies were closely 

scrutinized and the data reanalyzed by additional investigators.  The reanalysis confirmed the original 

findings, and there are now additional data confirming and extending the range of the adverse health 

effects of PM2.5 exposures.  In 2012, the U.S. EPA revised the PM2.5 annual average standard to 12.0 

µg/m3 (U.S. EPA 2013c). This federal standard is set at same level as the current California PM2.5 annual 

standard, although the California standard does not have a specified attainment date. Most recently in 

December of 2020, after reviewing the most recent available scientific evidence and technical 

information, and consulting with the Agency’s independent scientific advisors, U.S. EPA announced its 

decision to retain, without revision, the existing primary (health-based) and secondary (welfare-based) 

National Ambient Air Quality Standards (NAAQS) for particulate matter. However, in June of 2021, the 

U.S. EPA announced it will reconsider the decision made in December of 2020. The Draft Finaldraft AQMP 

Chapter 2 and Appendix II provide additional information about how PM levels in the South Coast Air 

Basin compare to the federal and state standards.  

There have been several reviews of the health effects of ambient particulate matter (American Thoracic 

Society 1996a; Brunekreef et al. 2002; U.S. EPA 2004; U.S. EPA 2009; Brook et al. 2010; U.S. EPA 2019; U.S. 

EPA 2021).  In addition, the California Air Resources Board (CARB) and the Office of Environmental Health 
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and Hazard Assessment (OEHHA) have reviewed the adequacy of the California Air Quality Standards for 

Particulate Matter (California Air Resources Board and Office of Environmental Health Hazard Assessment 

2002). 

The major types of health effects associated with particulate matter include: 

• Increased mortality 

• Increased respiratory infections 

• Increased number and severity of asthma attacks 

• COPD exacerbation 

• Increased combined respiratory-diseases and number of hospital admissions  

• Adverse birth outcomes 

• Effects on lung function  

• Changes in lung morphology 

Higher levels of PM2.5 have also been related to increased mortality due to: 

• Cardiovascular or respiratory diseases 

• Hospital admissions for acute respiratory conditions 

• Increased school absences and lost work days 

• A decrease in respiratory function in children 

• Increased medication use in children and adults with asthma.   

Long-term exposure to PM has been found to be associated with: 

• Reduced lung function growth in children 

• Changes in lung development  

• Development of asthma in children 

• Increased risk of cardiovascular diseases in adults 

• Increased total mortality (reduction in life-span and increased mortality) from lung cancer. 

In addition, new evidence is suggestive of metabolic, nervous system, and reproductive and 

developmental effects for short-term and long-term exposure to PM2.5.   

In the 2019 Integrated Science Assessment for Particulate Matter, the U.S. EPA presented conclusions on 

the particulate matter causal determination of several health effects based on an updated review of 

scientific studies (U.S. EPA 2019).  In May 20222021 a supplement to this assessment was 

publisheddrafted (U.S. EPA, 20222021). The conclusions are presented separately for particulates in the 

size range of 2.5 to 10 micrometers (μm) in aerodynamic diameter (PM10-2.5, often referred to as the 
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coarse fraction), ≤2.5 µm (PM2.5, or fine particles), and ultrafine particles. Of note, there is currently no 

federal or California standard for PM10-2.5, although a PM10 standard remains in effect. These 

conclusions are depicted in the following tables.  

TABLE I-45 

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATIONS FOR HEALTH EFFECTS OF PM10-2.5, PM2.5, UFP 

Size Fraction Causality Determination 
Respiratory Effects  
Short-Term Exposure  
PM2.5 Likely to be causal 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Suggestive of, but not sufficient to infer 

Long-Term Exposure  
PM2.5 Likely to be causal 

PM10-2.5 Inadequate 

UFP Inadequate 

Cardiovascular Effects  
Short-Term Exposure  
PM2.5 Causal  

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Suggestive of, but not sufficient to infer 

Long-Term Exposure  
PM2.5 Causal 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Inadequate 

Metabolic Effects  
Short-Term Exposure  
PM2.5 Suggestive of, but not sufficient to infer 

PM10-2.5 Inadequate 

UFP Inadequate 

Long-Term Exposure  
PM2.5 Suggestive of, but not sufficient to infer 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Inadequate 

Nervous System Effects  
Short-Term Exposure  
PM2.5 Suggestive of, but not sufficient to infer 

PM10-2.5 Inadequate 

UFP Suggestive of, but not sufficient to infer 

Long-Term Exposure  
PM2.5 Likely to be causal 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Suggestive of, but not sufficient to infer 



Appendix I: Health Effects 

I-49 

Reproductive and Developmental Effects  
Male and Female Reproduction and Fertility  

PM2.5 Suggestive of, but not sufficient to infer 

PM10-2.5 Inadequate 

UFP Inadequate 

Pregnancy and Birth Outcomes  

PM2.5 Suggestive of, but not sufficient to infer 

PM10-2.5 Inadequate 

UFP Inadequate 

Cancer  

PM2.5 Likely to be causal 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Inadequate 

Mortality  

Short-Term Exposure  

PM2.5 Casual 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Inadequate 

Long-Term Exposure  

PM2.5 Casual 

PM10-2.5 Suggestive of, but not sufficient to infer 

UFP Inadequate 

(Taken from U.S. EPA (2019) Table ES 1) 

There are also differences in the composition and sources of particles in the different size ranges that may 

have implications for health effects.  The particles in the coarse fraction (PM10-2.5) are mostly produced 

by mechanical processes.  These include automobile tire wear, industrial processes such as cutting and 

grinding, and resuspension of particles from the ground or road surfaces by wind and human activities, 

such as agricultural, mining, and construction operations, which may be particularly important in rural 

areas. 

In contrast, particles smaller than 2.5 μm are mostly derived from combustion sources, such as 

automobiles, trucks, and other vehicle exhaust, as well as from stationary combustion sources.  The 

particles are either directly emitted or are formed in the atmosphere from gases that are emitted.  

Components from material in the earth’s crust, such as dust, are also present, with the amount varying in 

different locations. 

Attention to another range of very small particles has been increasing over the last several years.  These 

are generally referred to as “ultrafine” particles, with diameters of 0.1 mm or less.  Ultrafine particles are 

mainly composed of particles from fresh emissions of combustion sources but are also formed in the 

atmosphere by condensation of vapors that are emitted or by chemical or photochemical reactions with 

other contaminants in the air.   

Ultrafine particles have relatively short half-lives (minutes to hours) and the particle size rapidly grows 

through condensation and coagulation processes into particles within the PM2.5 size range.  Ultrafine 
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particles are garnering interest since a limited number of epidemiological and some laboratory studies, 

though not all, indicate that their toxicity may be higher on a mass basis than larger particles.  There is 

also evidence that these small particles, or toxic components carried on their surface, can translocate 

from the lung to the blood and to other organs of the body, or through the olfactory bulb into the brain 

(U.S. EPA 2019). Currently, there are no federal or California standards for ultrafine particles, but its health 

effects will be discussed as a subsection in the short-term and long-term health effects.  

The current federal and California standards for particulate matter are listed in Table I-6. 

TABLE I-56 

AMBIENT AIR QUALITY STANDARDS FOR PARTICULATE MATTER 

STANDARD FEDERAL CALIFORNIA 

PM10 24-Hour average 150 µgmg/m3 50.0 µg mg/m3 

PM10 Annual Average -- 20.0 µg mg/m3 

PM2.5 24-Hour Average 35.0 µg mg/m3 -- 

PM2.5 Annual Average 12.0 µg mg/m3 12.0 µg mg/m3 

 

Attainment Status in the South Coast Air Basin 

TABLE I-7 

ATTAINMENT STATUS OF PARTICULATE MATTER STANDARDS IN THE SOUTH COAST AIR BASIN 

CRITERIA 
POLLUTANT 

STANDARD AVERAGING TIME DESIGNATION8 ATTAINMENT DATE9 

PM10 NAAQS 
1987 24-hour 
(150 µg/m3) 

Attainment 
(Maintenance)10 

7/26/2013 
(attained) 

 CAAQS 
24-hour (50 µg/m3) 
Annual (20 µg/m3) 

Nonattainment N/A 

PM2.5 NAAQS 
1997 24-Hour 

(65 µg/m3) 
Attainment (final 

determination pending) 

8/24/2016 
(clean data determination 

approved) 

 
8 U.S. EPA often only declares Nonattainment areas; everywhere else is listed as Unclassifiable/Attainment or 
Unclassifiable. 
9 A design value below the NAAQS for data through the full year or smog season prior to the attainment date is 
typically required for attainment demonstration. 
10 Annual PM10 standard was revoked, effective December 18, 2006; 24-hour PM10 NAAQS deadline was 
12/31/2006; SCAQMD request for attainment redesignation and PM10 maintenance plan was approved by U.S. 
EPA on June 26, 2013, effective July 26, 2013. 
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 NAAQS 
2006 24-Hour 
(35 µg/m3)11 

Nonattainment (Serious) 12/31/202312 

 NAAQS 
1997 Annual 
(15.0 µg/m3) 

Attainment (final 
determination pending)13 

8/24/2016 
(clean data determination 

approved) 

 NAAQS 
2012 Annual 
(12.0 µg/m3) 

Nonattainment (Serious) 12/31/2025 

 CAAQS Annual (12.0 µg/m3) Nonattainment N/A 

 

Short-Term Exposure Effects of PM 

PM2.5 

Respiratory Effects 

Like the previous ISA’s the 2019 ISA concluded that there is likely to be causal relationship between short-

term PM2.5 exposure and respiratory effects (U.S. EPA, 2019).
 
This conclusion was based mainly on 

epidemiologic evidence demonstrating associations between short-term PM2.5 exposure and various 

respiratory effects. The more limited evidence from controlled human exposure and animal toxicological 

studies provided coherence and biological plausibility for a subset of respiratory effects for which PM2.5-

related associations were observed in epidemiologic studies. In addition, the epidemiologic evidence 

consistently showed PM2.5-associated increases in hospital admissions and emergency department (ED) 

visits for chronic obstructive pulmonary disease (COPD) and respiratory infection among adults or people 

of all ages, as well as increases in respiratory mortality (U.S. EPA, 2019).  

Previous studies have indicated the following respiratory outcomes, asthma exacerbation, COPD 

exacerbation, respiratory infection, combinations of respiratory-related disease hospital admissions and 

ED visits, and respiratory mortality. Newer studies are now indicating allergy exacerbation, and showing 

respiratory effects in healthy populations, and respiratory effects in populations with cardiovascular 

disease. These studies are discussed below.  

 
11 Attainment deadline for the 2006 24-Hour PM2.5 NAAQS (designation effective December 14, 2009) is 
December 31, 2019 (end of the 10th calendar year after effective date of designations for Serious nonattainment 
areas). Annual PM2.5 standard was revised on January 15, 2013, effective March 18, 2013, from 15 to 12 µg/m3. 
Designations effective April 15, 2015, so Serious area attainment deadline is December 31, 2025. 
12 As specified in the “South Coast Air Basin Attainment Plan for 2006 24-Hour PM2.5 Standard”, but subject to 
change. Document available at http://www.aqmd.gov/docs/default-source/clean-air-plans/air-quality-
management-plans/2022-air-quality-management-plan/2-final-attainment-plan-for-2006-24-hour-pm2-5-
standard-for-the-south-coast-air-basin.pdf?sfvrsn=6. 
13 The U.S. EPA made a determination of attainment based on air quality levels on August 24, 2016, but has not 
redesignated the area as an attainment area. See https://www.govinfo.gov/content/pkg/FR-2016-07-25/pdf/2016-
17410.pdf#page=1. 
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Asthma Exacerbation 

Recent epidemiologic studies strengthen the evidence for a relationship between short-term PM2.5 

exposure and asthma exacerbation in children. Recent studies add evidence supporting associations 

between short-term PM2.5 concentration and asthma hospital admissions, ED visits, and physician visits 

in children. This evidence is supported by studies that examined associations with PM2.5 within a state, 

across multiple cities, or individual cities. In 12 California counties encompassing the south coast and 

Central Valley, Yap et al. (2013) focused on examining the influence of socioeconomic status (SES) on 

hospital admissions for pediatric (children ages 1 to 9 years) respiratory conditions associated with PM2.5 

exposure. For childhood asthma hospital admissions, the authors reported positive associations across 

each individual city with varying width of confidence intervals, resulting in relative risks for south coast 

and Central Valley combined ranging from 1.03−1.07 at lag 0−2 days. While Yap et al. (2013) reported 

evidence of positive associations in children, Bell et al. (2015) in a study of 213 U.S. counties focusing on 

older adults (i.e., .65 years of age), 70 of which had asthma data, did not observe an increase in asthma 

hospital admissions (RR: 1.00 [95% CI: 0.99, 1.01]; lag 1), but the authors only examined single-day lags.  

Additional single-city studies conducted in the U.S., Canada, and internationally further examined 

associations between short-term PM2.5 exposure and asthma hospital admissions in different age groups 

(i.e., people of all ages, children, and older adults). In New York City, NY, Silverman and Ito (2010) focused 

on asthma hospital admissions consisting of severe episodes that required a stay in the intensive care unit 

(ICU) and those that did not (non-ICU) across several different age ranges. Due to the focus on both PM2.5 

and O3, the study authors limited analyses to the warm season (April−August). The authors examined 

people of all ages as well as children and adults. An increased risk for total asthma hospital admissions 

(combined ICU and non-ICU) for children 6−18 years of age was reported for PM2.5 (RR: 1.16 [95% CI: 

1.10, 1.22]; lag 0−1). An elevated risk due to PM2.5 exposure was also evident when examining both ICU 

and non-ICU admissions for children 6−18 years of age. Results similar in magnitude were observed for 

both children and people of all ages, with associations smaller in magnitude and with wider confidence 

intervals for ages 50 and older. The results of Silverman and Ito (2010) are consistent with a study 

conducted by Winquist et al. (2012) in St. Louis, MO that also examined associations across several age 

ranges. The authors reported the strongest evidence of an association when examining people of all ages 

and children 2−18 years of age, with no evidence of an association for older adults. Kim et al. (2012), in a 

study in Denver, CO examined a longer lag structure, a 14-day distributed lag model, and reported 

evidence of a positive association between short-term PM2.5 exposure and asthma hospital admissions 

for people of all ages. However, Liu et al. (2016), in a study conducted in the greater Houston, TX area, did 

not report evidence of an association with PM2.5 and unscheduled hospital admissions. It is important to 

note that the population examined in Liu et al. (2016) consisted of individuals with private insurance, 

which differs from the other studies evaluated in this section that did not differentiate among insurance 

coverage when identifying hospital admissions; therefore, the results may not be comparable.  

Studies that examined several age ranges tended to indicate stronger associations, in both magnitude and 

precision, for children. Additional studies focusing only on children provide supporting evidence for 

associations between short-term PM2.5 exposure and asthma hospital admissions. Li et al. (2011) in 

Detroit, MI; Chen et al. (2016) in Adelaide, Australia; and Iskandar et al. (2012) in Copenhagen, Denmark 

all reported evidence of positive associations at lag 0−4 days. 

Like hospital admission studies, recent ED visit studies provide evidence of generally consistent positive 

associations with short-term PM2.5 exposures, particularly in studies focusing only on children and people 
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of all ages, but not older adults. However, compared to the hospital admission studies, the magnitude of 

the association tends to be smaller for ED visits. Both Malig et al. (2013) and Ostro et al. (2016) in 

multilocation studies conducted in California that focused on people of all ages, 35 counties and 8 

metropolitan areas, respectively, provided evidence of positive associations at lag 0. These results are 

consistent with those of Weichenthal et al. (2016) who also reported a positive association with asthma 

ED visits for people of all ages in a study in Ontario, Canada. This study, however, examined a multiday lag 

of 0−2 days. Krall et al. (2016) in a study of four U.S. cities (i.e., Atlanta, GA; Birmingham, AL; St. Louis, 

MO; and Dallas, TX) that primarily focused on PM2.5 sources also reported positive associations with 

asthma/wheeze ED visits in city-specific analyses for people of all ages at lag 3 (quantitative results not 

presented). Additional evidence from single-city studies conducted in St. Louis, MO (Sarnat et al., 2015; 

Winquist et al., 2012) and Seoul, South Korea (Kim et al., 2015) reported associations similar in magnitude 

to the multilocation studies, but with wider confidence intervals. However, Byers et al. (2015) reported 

no evidence of an association for asthma hospital admissions for people of all ages in a study conducted 

in Indianapolis, IN (RR: 0.99 [95% CI: 0.98, 1.01]; lag 0−2).  

Several recent studies have focused exclusively on the relationship between short-term PM2.5 exposure 

and asthma ED visits in children. Both Winquist et al. (2012) and Byers et al. (2015) reported associations 

larger in magnitude in children compared with people of all ages combined in St. Louis, MO (RR: 1.05 [95% 

CI: 1.02, 1.09]; lag 0−4) and Indianapolis, IN (RR: 1.01 [95% CI: 0.98, 1.05]; lag 0−2), respectively. The 

results of Winquist et al. (2012) and Byers et al. (2015) are consistent with single-city (Strickland et al., 

2010) and whole-state (Xiao et al., 2016; Gleason and Fagliano, 2015; Strickland et al., 2015) analyses that 

focused on pediatric asthma ED visits, with ORs and RRs across studies ranging from 1.01−1.05. An 

additional study encompassing three U.S. cities (i.e., Atlanta, GA, St. Louis, MO; and Dallas, TX), which also 

examined associations in older adults, provides additional support for the associations observed in other 

recent studies focusing on children [RR: 1.03 (95% CI: 1.01, 1.05); lag 0−2; Alhanti et al. (2016)].  

Looking at short-term exposure and asthma ED visits in adults, both Byers et al. (2015) in Indianapolis, IN 

and Winquist et al. (2012) in St. Louis, MO reported evidence of a null association with asthma ED visits in 

adults 45 and older, and 65 and older, respectively.  

Additional evidence of PM2.5-related increases in asthma symptoms, lung function decrements, and 

pulmonary inflammation is provided by recent panel studies in children with asthma. Findings were not 

entirely consistent, but overall, several well-conducted studies measuring total personal exposure, 

residential outdoor concentration, and school outdoor PM2.5 concentration observed associations with 

asthma-related effects (U.S. EPA, 2019).  A limited number of panel studies reviewed in the 2009 PM ISA 

(U.S. EPA, 2009) provide evidence of an association between PM2.5 and respiratory symptoms (Mar et al., 

2004; Gent et al., 2003; Slaughter et al., 2003) and medication use (Gent et al., 2009; Rabinovitch et al., 

2006; Slaughter et al., 2003) in children with asthma. In studies that examined copollutant confounding, 

associations between PM2.5 and asthma severity were robust to the inclusion of CO in a copollutant 

model (Slaughter et al., 2003), while PM2.5 associations with persistent cough, chest tightness, and 

shortness of breath no longer persisted in models adjusting for O3 (Gent et al., 2003).  

In a recent study from Los Angeles, California Hao et al (2022) conducted a panel study of 40 children aged 

8-16 years with moderate-to-severe asthma. Daily (lag 0) exposure to traffic-related PM2.5 exposure was 

associated with reduced morning %predicted PEF (-3.97 [-7.69, -0.26]) and greater odds of "feeling scared 

of trouble breathing" symptom (odds ratio [95% CI]: 1.83 [1.03, 3.24]).  
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A few recent studies provide some additional evidence of an association between PM2.5 and a composite 

index of multiple symptoms. In a panel study including 90 school children with asthma in Santiago, Chile, 

PM2.5 concentrations were associated with increases in coughing and wheezing, as well as a composite 

index of respiratory symptoms (Prieto-Parra et al., 2017). The observed associations were strongest in 

magnitude for 7-day avg PM2.5. Similarly, among children at two schools in El Paso, TX, 5-day avg PM2.5 

concentrations measured outside of the schools were associated with poorer asthma control scores, 

which reflect symptoms and activity levels (Zora et al., 2013). The two schools included in the study 

differed in nearby traffic levels but varied similarly in outdoor PM2.5 concentration over time. In contrast, 

students attending schools with varying nearby traffic levels were also examined in the Bronx, NY, 

although asthma symptoms were not associated with outdoor school or total personal PM2.5 

concentrations (Spira-Cohen et al., 2011). A low correlation between school and personal PM2.5 

concentrations (r = 0.17) and a reportedly high proportion of time spent indoors (89%), suggests that 

personal PM2.5 exposure was largely influenced by indoor rather than ambient sources. In an additional 

study related to respiratory symptoms, asthma-related school absence was associated with 19-day avg 

PM2.5 concentrations in a U.S. multicity study (O'Connor et al., 2008). Notably, it is difficult to control for 

confounding by meteorological factors over long averaging times.  

In addition to respiratory symptoms, recent studies of medication use in children add to the limited 

evidence base, providing some additional evidence of PM2.5-associated increases in the use of 

bronchodilators, which can provide quick relief from asthma symptoms. Panel studies of school children 

with asthma in Denver, CO (Rabinovitch et al., 2011) and Mexico City (Escamilla-Nuñez et al., 2008) 

observed associations between PM2.5 concentrations and bronchodilator use. Escamilla-Nuñez et al. 

(2008) reported comparable associations using lag 0 and 5-day avg PM2.5, while Rabinovitch et al. (2011) 

observed associations that were stronger in magnitude when estimated using 2-day moving avg PM2.5 

compared with single-day lags. In contrast, PM2.5 concentrations were associated with decreased 

bronchodilator use in a panel study in Santiago, Chile (Prieto-Parra et al., 2017). 

Overall, panel studies in children with asthma find generally consistent evidence of associations between 

short-term PM2.5 exposure and lung function decrements. In Seattle, WA, decrements in some measures 

of lung function (PEF – peak expiratory flow, MEF-maximal expiratory flow, FEV1- forced expiratory volume 

in the first second of expiration) were associated with PM2.5 concentrations (Allen et al., 2008; Trenga et 

al., 2006). PM2.5 concentrations at fixed-site monitors were associated with larger decrements in FEV1 

among children with asthma in Denver, CO after adjusting for an estimate of the ambient-generated 

portion based on the ratio of personal to ambient sulfur concentrations (Strand et al., 2006).  Several 

recent studies continue to provide evidence of an association between short-term PM2.5 exposure and 

FEV1 decrements in children with asthma (U.S. EPA 2019). In Riverside and Whittier, CA, personal PM2.5 

and monitor PM2.5 concentrations were associated with decreased FEV1 (Delfino et al., 2008). However, 

uncertainty regarding potential copollutant confounding remains. Evidence is more limited and less 

consistent in panel studies involving adults with asthma. Further, several controlled human exposure 

studies failed to observe lung function decrements in adults with asthma following short-term PM2.5 

exposure. Evidence for a relationship between short-term PM2.5 exposure and asthma exacerbation in 

adults continues to be inconsistent (U.S. EPA, 2019).  

Allergy Exacerbation 

Animal toxicological studies reviewed in the 2009 PM ISA (U.S. EPA, 2009) provided evidence that PM2.5 

can facilitate delivery of allergenic material to the airways, promote allergic sensitization, and exacerbate 
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allergic responses. The epidemiologic evidence, however, was limited, with a single study reporting an 

association between short-term PM2.5 concentrations and hospital admissions for allergic rhinitis in 

children in Turkey (Tecer et al., 2008). Recent evidence that PM2.5 exposure enhances allergic 

inflammation in animal models of allergic airway disease, supports PM2.5-related asthma exacerbation 

and also indicates that PM2.5 exposure could affect respiratory responses in people with allergies, but 

not asthma. Several recent epidemiologic studies add to the evidence base, but do not consistently link 

short-term PM2.5 exposure to allergy exacerbation in children or adults (U.S. EPA, 2019). Recent studies 

have examined an array of outcomes, including allergy symptoms and lung function changes and 

pulmonary inflammation in populations with allergies (Kousha and Valacchi, 2015; Song et al., 2011; 

Kousha and Valacchi, 2015). 

Chronic Obstructive Pulmonary Disease (COPD) Exacerbation 

Recent studies generally support an association between short-term increases in PM2.5 concentration 

and exacerbation of COPD. Overall, the evidence links short-term PM2.5 exposure to COPD hospital 

admissions and ED visits.  These recent studies report positive associations across both multi-and single-

city studies, especially for hospital admissions in populations aged 65 years and older (U.S. EPA, 2019). In 

a multicity study conducted in the Mid-Atlantic region of the U.S., Kloog et al. (2014) examined 

associations between short-term PM2.5 exposure and COPD hospital admissions. The authors reported a 

1.83% (95% CI: 1.18, 2.48) increase in COPD hospital admissions at model lag 0−1 days. Bell et al. (2015) 

also examined COPD hospital admissions in adults ages 65 years and older in a multicounty time-series 

analysis conducted in 213 U.S. counties and reported a 0.34% (95% CI: −0.05, 0.74) increase in COPD 

hospital admissions at lag 0. Consistent with the U.S. multicity studies, Hwang et al. (2017) also reported 

a positive association of 2% (95% CI: 0.8, 2.9; lag 0−2) with COPD hospital admissions in a study of four 

cities in southwestern Taiwan focusing on people of all ages.  

Several recent single-city studies in the U.S. reported inconsistent evidence of an association between 

short-term exposure to PM2.5 and hospital admissions for COPD. Kim et al. (2012) found no evidence of 

an association with COPD hospital admissions in Denver, CO. Several single-city international studies 

examined the association with COPD hospital admissions and support the evidence reported in the U.S. 

multicity studies (U.S. EPA, 2019). A single-city study conducted in Rome, Italy focusing on adults aged 35 

years and older investigated the association between PM2.5 and COPD hospital admissions in a case-

crossover analysis (Belleudi et al., 2010). Halonen et al. (2009a) observed a 3% increase (95% CI: −1.9, 8.1) 

at lag 0 in a model adjusted for O3 for hospital admissions in Helsinki, Finland, but with a wide confidence 

interval due to the low count of hospital admissions compared with other studies. Cheng et al. (2015), 

examining hospital admissions in a case-crossover study in Kaohsiung, Taiwan, found no association 

between PM2.5 at a 0−2-day lag (RR: 1.00 [95% CI: 0.98, 1.03]). 

Several recent multicity studies conducted in the U.S. examined associations between short-term PM2.5 

exposure and COPD ED visits. In a multicity study conducted in 35 California counties, Malig et al. (2013) 

examined the association between short-term PM2.5 exposures and respiratory ED visits, including COPD. 

In a time-stratified case-crossover analysis, the authors examined single-day lags and reported positive 

associations at lags 1 and 2 days, with the most precise estimate at lag 2 (1.47% [95% CI: 0.40, 2.6]). In a 

copollutant model with PM10−2.5, the PM2.5 association was relatively unchanged [1.58% (95% CI: 0.56, 

2.62); Malig et al. (2013)]. The positive association observed in the multicounty study conducted by Malig 

et al. (2013) is supported by a study conducted in Little Rock, AR (Rodopoulou et al., 2015) that observed 

a 3.08% increase (95% CI: −0.98, 7.30) in COPD ED visits at lag 2. Rodopoulou et al. (2015) also examined 
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the PM2.5-COPD ED visits association in a copollutant model with O3 and reported that the association 

remained positive, but confidence intervals increased in size (2.86% [95% CI: −1.35, 7.24]). A multicity 

case-crossover study of 15 cities in Ontario, Canada found an increase on the same order (2.2%) with 

higher precision (95% CI: 1.4, 2.9) than (Rodopoulou et al., 2015) using a 3-day mean lag structure. In 

contrast, Sarnat et al. (2015) in a time-series study of PM2.5 and cardiorespiratory ED visits in the St. Louis 

Missouri-Illinois (MO-IL) metropolitan area also reported no evidence of an association with COPD ED 

visits (RR: 0.99 [95% CI: 0.95, 1.03]) in a 3-day unconstrained distributed lag model (i.e., lag 0−2). 

A limited number of recent studies followed populations consisting of adults with moderate or severe 

COPD to show some evidence indicating associations between PM2.5 concentrations and increases in 

respiratory symptoms in adults with COPD. Wu et al. (2016) examined the self-reported occurrence of 

several respiratory symptoms in relation to short-term PM2.5 concentrations in a panel study of 23 adults 

in Beijing. The authors reported associations between most multiday (2−7) avg PM2.5 concentrations and 

sore throat, cough, sputum, wheeze, and dyspnea symptoms. Similarly, in a panel of 29 adults in Mexico 

City, total personal PM2.5 exposure was associated with cough and phlegm, but not wheeze (Cortez-Lugo 

et al., 2015). A notable limitation of the study was the high loss to follow-up, with only 4 of the 29 subjects 

completing all three of the 2-week study phases. In contrast, in a study of adults in Worcester, MA, PM2.5 

was associated with a decrease in COPD exacerbations, defined as a worsening of respiratory symptoms 

(Devries et al., 2016). A few recent studies also evaluated lung function changes in populations with COPD 

and the results were inconsistent (U.S. EPA, 2019). 

Information from a few available recent studies continues to support a relationship between PM2.5 and 

increases in pulmonary inflammation in adults with COPD (Chen et al., 2015b, Wu et al., 2016). A strength 

of these studies is their assessment of personal PM2.5 exposures. Overall, copollutant confounding was 

not adequately examined. Thus, the extent to which the results can be attributed specifically to PM2.5 

exposure is unclear. However, experimental studies in individuals with COPD and in an animal model of 

COPD support an independent effect of short-term PM2.5 exposure on exacerbation of COPD. Changes in 

lung function-related parameters (oxygen saturation and tidal volume), as well as lung injury and 

inflammation, were observed following short-term PM2.5 concentrated ambient particles (CAPs) 

exposure and provide biological plausibility for the findings of the epidemiologic studies (U.S. EPA, 2019).  

Respiratory Infections 

The body of evidence for associations between short-term exposure to PM2.5 and respiratory infection 

consists mainly of studies of hospital admissions and ED visits. In a multicity study conducted in 35 

California counties, Malig et al. (2013) examined the association between short-term PM2.5 exposures 

and ED visits, including pneumonia and acute respiratory infections. Using a time-stratified case-crossover 

analysis, the authors reported positive associations at 1-day lags between short-term PM2.5 and acute 

respiratory infections (1.9% [95% CI: 1.1, 2.7]) and pneumonia (0.86% [95% CI: −0.06, 1.8]) ED visits in 

single-pollutant models.  

Recent single-city studies have also expanded the evidence for associations with ED visits. Winquist et al. 

(2012) observed a positive association for hospital admissions through ED visits, which can be compared 

with a more recent study conducted in the same St. Louis, Missouri-Illinois (MO-IL) metropolitan area, 

that found similar results except there was no evidence of an associations between PM2.5 and pneumonia 

ED visits (RR: 0.98 [95% CI: 0.96, 1.00]) at lag 0−2 days (Sarnat et al. (2015).  
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Several studies investigated the associations between PM2.5 and ED visits related to several respiratory 

infections in Atlanta, GA. Darrow et al. (2014) conducted an 18-year (1993−2010) study examining the 

association between PM2.5 and pediatric (ages 0−4) ED visits for respiratory infections, including 

bronchitis and bronchiolitis, pneumonia, and upper respiratory infection (URI). Pneumonia ED visits were 

positively associated with PM2.5 (for children aged 0−4 years, RR: 1.01 [95% CI: 0.99, 1.03]). PM2.5 at lag 

0−2 days was not associated with an increase in ED visits for bronchiolitis and bronchitis, but results for 

URI and pneumonia were positive, albeit with wide confidence intervals, for children aged 1−4 years. In 

the same location, Strickland et al. (2015) examined children ages 0−18 years old between 2002−2010. 

The authors found that the association with ED visits for bronchitis and upper respiratory infection 

increased slightly at lag 0-day (OR: 1.010 [95% CI: 0.994, 1.027], and OR: 1.015 [95% CI: 1.008, 1.022]). In 

contrast, the association for pneumonia-related ED visits were essentially null at both a 0-day lag (OR: 

0.999 [95% CI: 0.979, 1.019]) and a 1-day lag (OR: 1.001 [95% CI: 0.981, 1.022]).  

In contrast to the results of Winquist et al. (2012), other single-city studies such as Darrow et al. (2014), 

Strickland et al. (2015), and Rodopoulou et al. (2015) found no associations for respiratory infection ED 

visits. For example, in Little Rock, AR, Rodopoulou et al. (2015) found an association of −1.34% (95% CI: 

−5.31, 2.79) among all age groups using a 2-day lag. The association slightly increased to −0.82% after the 

inclusion of O3 in a copollutant model (95% CI: −4.96, 3.50). These mentioned studies varied in the type 

of respiratory infection outcome examined, thus the overall interpretation of findings is more 

complicated.  

When examining the association between PM2.5 exposure and respiratory-related outpatient visits, a 

study conducted in Atlanta, GA, Sinclair et al. (2010) examined the association with upper and lower 

respiratory infections, of which they found positive associations with both. 

Combinations of Respiratory-Related Hospital Admissions and Emergency Department (ED) 

Visits  

In addition to individual respiratory diseases, epidemiologic studies have examined respiratory diseases 

in aggregate where, in some cases, the aggregate represents all respiratory diseases while, in others, a 

specific combination of respiratory diseases is represented (e.g., COPD, asthma, and respiratory 

infections). Past and recent studies generally have shown a positive association across studies of hospital 

admissions and ED visits for all age ranges, particularly in multicity studies. As in the individual respiratory 

diseases discussed above, positive associations with respiratory-related diseases are more consistently 

observed among children and when examining people of all ages. However, recent studies further expand 

analyses with older adults, with multicity studies conducted in the U.S. providing evidence of consistent, 

positive associations between short-term PM2.5 exposure and respiratory-related diseases (U.S. EPA, 

2019). 

Respiratory Effects in Healthy Populations 

Evaluation of the current epidemiologic evidence indicates that short-term PM2.5 exposures are 

inconsistently related to respiratory effects in healthy adults. Where there is supporting evidence, 

changes tend to be transient, and confounding by copollutants is inadequately examined. For general 

community daily average exposures, there is some consistent epidemiologic evidence for PM2.5-related 

respiratory effects in healthy children, but the evidence is limited in number for any one endpoint. In 

addition to the limited supporting evidence, uncertainties remain as to whether short-term PM2.5 

exposure leads to overt and persistent respiratory effects in healthy populations or is related to such 
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effects across a wide range of PM2.5 concentrations (U.S. EPA, 2019). The studies looking at respiratory 

effects in healthy populations is discussed below.  

Respiratory Symptoms 
In a study of school children in Santiago, Chile, 7-day avg PM2.5 was associated with increased odds of 

cough and a composite index of respiratory symptoms (Prieto-Parra et al., 2017). The associations were 

relatively unchanged in two-pollutant models with PM10, NO2, SO2, or O3. However, copollutant 

correlations were not reported, limiting the interpretability of the models. 

Lung Function 
Past studies included a study of adult school crossing guards in New Jersey that observed decreases in 

lung function associated with 1-hour max PM2.5 concentrations (Fan et al., 2008). In contrast, Holguin et 

al. (2007) did not observe an association between PM2.5 and lung function or lung inflammation in a study 

of school children in Ciudad Juarez, Mexico. 

Most recent studies on lung function changes in relation to PM2.5 concentrations examined adults during 

scripted exposures and exposure interventions. Studies examining lung function changes in adults after 

commuting in cars, buses, or on bicycles, did not observe associations between personal ambient PM2.5 

exposure and forced expiratory volume in the first second (FEV1) (forced expiratory volume in the first 

second (Mirabelli et al., 2015; Weichenthal et al., 2011; Zuurbier et al., 2011b). In a study of adults 

commuting 2 hours through Atlanta, GA traffic, Mirabelli et al. (2015) reported PM2.5-related decreases 

in FVC immediately after the commute. The association appeared to be transient, with no association 

observed 3 hours post commute.  

A number of studies in the U.S. (Mirowsky et al., 2015), Canada (Dales et al., 2013), and Europe (Matt et 

al., 2016; Kubesch et al., 2015; Steenhof et al., 2013; Strak et al., 2012) used quasi-experimental designs 

to assign participants to either rest or exercise in different locations with notable pollutant contrasts. Like 

the studies of scripted commutes through traffic, many of these quasi-experimental studies observed null 

associations between lung function and PM2.5 (Kubesch et al., 2015; Mirowsky et al., 2015; Strak et al., 

2012). In contrast, Dales et al. (2013) observed decreases in FEV1 in Sault Ste. Marie, Canada. Associations 

were observed despite low mean concentrations of 8-hour avg PM2.5. Additionally, in Barcelona, Spain, 

Matt et al. (2016) reported that healthy adults experienced decreased FEV1 associated with 2-hour avg 

PM2.5 immediately after exposure. Notably, PM2.5 was associated with increased FEV1 7 hours after 

exposure, again indicating potentially transient effects. Another study in China implemented an exposure 

intervention by moving healthy, nonsmoking adults from an industrial town to a less polluted city for 9 

days (Hong et al., 2010). Participants experienced increased FEV1 and peak expiratory flow (PEF) 

associated with decreased 24-hour avg PM2.5.  

Only a few studies examined lung function is healthy children. School children in an agricultural area of 

Brazil experienced decreases in PEF in association with PM2.5 concentrations measured outside of school; 

concentrations were averaged over the 6, 12, or 24 hours preceding spirometry (Jacobson et al., 2012). In 

Seoul, South Korea (Hong et al., 2010), composite monitor 24-hour avg PM2.5 was associated with a small, 

imprecise decrease in PEF in school children at lags 0 and 3, but no other lags up to 4 days. 

In controlled human studies Petrovic et al. (2000) observed that a 2-hour exposure to PM2.5 (92 μg/m
3
) 

resulted in decreases in thoracic gas volume, other measures of lung function (spirometry, diffusing 

capacity, airway resistance) were unaffected. No clear effect of short-term exposure to PM2.5 on lung 
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function was demonstrated in several studies investigating the exposure of healthy volunteers to PM2.5 

CAPs (Gong et al., 2003; Ghio et al., 2000; Gong et al., 2000) or urban traffic particles. In a recent study, 

Huang et al. (2012) exposed healthy volunteers to PM2.5 CAPs collected from Chapel Hill, NC. The authors 

reported no changes in multiple markers of lung function or in the marker for diffusion capacity at 1 and 

18 hours postexposure. 

Past animal studies discussed in the 2004 PM AQCD (U.S. EPA, 2004) and the 2009 PM ISA (U.S. EPA, 2009) 

measured pulmonary function following single or multiday exposure to PM2.5 CAPs. Decreased breathing 

frequency (or respiratory rate) was observed in dogs exposed to PM2.5 CAPs in Boston, MA by 

tracheostomy exposure (Godleski et al., 2000). In addition, a strong increase in airway irritation, as 

indicated by decreases in end inspiratory pause and increases in end expiratory pause, pause, and 

enhanced pause (Penh) was observed (Nikolov et al., 2008). Increased tidal volume was found in rats 

exposed to PM2.5 CAPs in Boston, MA (Clarke et al., 1999) but not in New York City, NY (Gordon et al., 

2000). Increases in inspiratory and expiratory times were not seen in Wistar Kyoto rats exposed to PM2.5 

CAPs in Research Triangle Park, NC (Kodavanti et al., 2005). Results of these studies, showing changes in 

breathing frequency and depth of breathing, indicate that short-term PM2.5 exposure stimulated airway 

irritant responses by activating sensory nerves and local reflexes.  

Recently, Diaz et al. (2013) evaluated the effects of exposure to PM2.5 roadway tunnel particles on 

pulmonary function in Sprague-Dawley rats. A 2-day exposure to tunnel particles with gases removed by 

a denuder resulted in increased rapid shallow breathing, as indicated by increased frequency and 

decreased tidal volume, minute volume, inspiratory time, and expiratory time (p < 0.05).  

The effect of social stress on pulmonary function was examined in older Sprague-Dawley rats exposed to 

PM2.5 CAPs in Boston, MA (Clougherty et al., 2010). In stressed animals, PM2.5 CAPs exposure was 

associated with increased breathing frequency (p = 0.001), lower tidal volume (p = 0.001), lower PEF (p = 

0.003), and shorter times (p < 0.001), suggesting rapid shallow breathing. In unstressed animals, PM2.5 

CAPs exposure was associated with increased PIF (p = 0.03) and greater MV (p = 0.05).  

Effects on other pulmonary function parameters have been reported. Amatullah et al. (2012) found that 

a 4-hour exposure of BALB/c mice to PM2.5 CAPs in Toronto increased quasi-static elastance of the lung 

(p < 0.05). Yoshizaki et al. (2017) examined sex-related differences in tracheal hyperreactivity of BALB/c 

mice due to a multiday exposure to PM2.5 CAPs in São Paulo, Brazil. Tracheal rings from male mice that 

were exposed to PM2.5 CAPs were hyporesponsive to methacholine, a bronchoconstrictor, compared 

with tracheal rings from male mice exposed to ambient air (p < 0.05). Tracheal rings from diestrus female 

mice that were exposed to PM2.5 CAPs responded similarly to methacholine as tracheal rings from female 

mice exposed to ambient air. However, tracheal rings from estrus and proestrus female mice were 

hyperresponsive to methacholine compared with air controls (p < 0.05). 

Subclinical Effects 
Most recent studies of subclinical respiratory effects in healthy populations examined exhaled nitric oxide 

(eNO) as an indicator of pulmonary inflammation. Many of the same studies that were evaluated in the 

previous subsection on lung function also measured eNO. Therefore, the majority of recent studies 

similarly examined adults during scripted exposures. Studies of adults during and after commuting in cars, 

buses, or on bicycles, generally observed associations between personal ambient PM2.5 exposure and 

subclinical respiratory effects (Mirabelli et al., 2015; Weichenthal et al., 2011; Zuurbier et al., 2011b).  
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Results from studies using quasi-experimental designs were less consistent than scripted exposure 

studies, despite having similarly high mean concentrations of PM2.5. In New York, PM2.5 exposure while 

walking near high-traffic roads and in a forest was associated with eNO 24 hours after exposure (Mirowsky 

et al., 2015). However, eNO was not associated with PM2.5 in studies in which participants were 

randomized to exercise or rest at locations with air pollution exposure contrasts in Barcelona, Spain 

(Kubesch et al., 2015) or Utrecht, the Netherlands (Strak et al., 2012). As part of the same project in the 

Netherlands, Steenhof et al. (2013) reported an association between PM2.5 exposure and nasal lavage 

levels of the pro-inflammatory cytokine, IL-6. The observed association was persistent in two-pollutant 

models including NOX, O3, or SO2 (Steenhof et al., 2013).  

A single study examined subclinical effects in school children. Carlsen et al. (2016) observed a 5.4 ppb 

(95% CI: −3.1, 13.0 ppb) increase in eNO associated with 2-day avg PM2.5 at two schools in Umea, Sweden. 

PM2.5 was measured at monitors located within 1.5 km of the two schools. Although copollutant models 

were not examined, PM2.5 was weakly correlated with NOX and only moderately correlated with O3. 

In controlled human studies Ghio et al. (2000) reported an increase in airway and alveolar neutrophils 

following exposure to PM2.5 CAPs. A follow-up analysis of Ghio et al. (2000) determined the increase in 

BALF neutrophils was associated with the Fe, Se, and SO4 
2− 

content of the particulate matter (Huang et 

al., 2003). Recently, the healthy population respiratory response to PM2.5 has been further examined by 

Behbod et al. (2013) and Huang et al. (2012). Behbod et al. (2013) reported that relative to filtered air, no 

significant airway (sputum) responses were observed in subjects exposed to Toronto, Ontario PM2.5 

CAPs. Huang et al. (2012) corroborated the same results at lower concentrations.  

Respiratory Tract Impacts 
Short-term PM2.5 exposures are inconsistently related to respiratory effects in healthy adults. Where 

there is supporting evidence, changes tend to be transient, and confounding by copollutants is 

inadequately examined. For general community daily average exposures, there is some consistent 

epidemiologic evidence for PM2.5-related respiratory effects in healthy children, but the evidence is 

limited in number for any one particular endpoint. In addition to the limited supporting evidence, 

uncertainties remain as to whether short-term PM2.5 exposure leads to overt and persistent respiratory 

effects in healthy populations or is related to such effects across a wide range of PM2.5 concentrations 

(U.S. EPA, 2019).  

Respiratory Effects in Populations with Cardiovascular Disease  

Numerous animal toxicological studies have been conducted in animal models of cardiovascular disease. 

Overall, short-term PM2.5 exposure results in pulmonary effects in some studies but not others. Among 

the respiratory endpoints, the most consistent evidence is for changes in pulmonary function (U.S. EPA, 

2019). 

Respiratory Mortality 

Across studies, the PM2.5 effect on respiratory mortality was observed to be immediate, with associations 

occurring in the range of lag 0 to 2 day(s). A limitation within the evidence was that multicity studies did 

not extensively examine potential copollutant confounding, but evidence from single-city studies 

suggested that the PM2.5-respiratory mortality relationship was not confounded by gaseous copollutants 

(U.S. EPA, 2029). Some recent studies have also further evaluated the PM2.5-respiratory mortality 

relationship by examining cause-specific respiratory mortality outcomes [i.e., COPD, pneumonia, and LRTI; 
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Janssen et al. (2013) and Samoli et al. (2014)]. Overall, the results reported in the studies that examine 

cause-specific respiratory mortality outcomes are generally consistent with the results for all respiratory 

mortality, but the smaller number of mortality events observed results in unstable estimates with larger 

uncertainty.  

There is limited coherence across epidemiologic and controlled human exposure studies, complicating the 

interpretation of the associations observed for short-term PM2.5 exposure and respiratory mortality. 

Overall, these studies continue to support a relationship between PM2.5 and respiratory mortality and 

provide additional evidence that: (1) gaseous pollutants do not confound the PM2.5-respiratory mortality 

relationship; (2) PM2.5 effects on respiratory mortality may not be limited to the first few days after 

exposure; (3) the magnitude of the association tends to be largest during warmer months; and (4) there 

is inconsistent evidence that temperature extremes modify associations between short-term PM2.5 

exposure and respiratory mortality (U.S. EPA, 2019).  

Cardiovascular Effects 

A large body of recent evidence confirms a causal relationship between short-term PM2.5 exposure and 

cardiovascular effects (U.S. EPA, 2019; AHA, 2020). The strongest evidence is from epidemiologic studies 

of ED visits and hospital admissions for IHD and heart failure, with supporting evidence from 

epidemiologic studies of cardiovascular mortality. Changes in various measures of cardiovascular function 

in controlled human experiment (CHE) studies provided some biological plausibility for these associations. 

In addition, animal toxicological studies reporting some evidence of reduced myocardial blood flow during 

ischemia, altered vascular reactivity, and ST segment depression provided additional biological plausibility 

(U.S. EPA, 2019). Recent epidemiologic studies of hospital admissions and ED visits for cardiovascular-

related effects, and in particular, for ischemic heart disease (IHD) and heart failure report positive 

associations. Results from these observational studies are supported by experimental evidence from CHE 

and animal toxicological studies of endothelial dysfunction, as well as endpoints indicating impaired 

cardiac function, increased risk of arrhythmia, changes in heart rate variability (HRV), increases in blood 

pressure (BP), and increases in indicators of systemic inflammation, oxidative stress, and coagulation. 

Additional results from observational panel studies, although not entirely consistent, provide at least 

some evidence of increased risk of arrhythmia, decreases in HRV, increases in BP, and ST segment 

depression. Thus, epidemiologic panel studies also provide some support to the causality determination 

and to biological plausibility. Finally, epidemiologic studies of cardiovascular disease (CVD)-related 

mortality provide additional evidence that demonstrates a continuum of effects from biomarkers of 

inflammation and coagulation, subclinical endpoints (e.g., HRV, BP, endothelial dysfunction), ED visits and 

hospital admissions, and eventually death.  

The current body of evidence also reduces uncertainties from the previous review related to potential 

copollutant confounding and limited biological plausibility for CVD effects following short-term PM2.5 

exposure (U.S. EPA, 2019; AHA, 2020). The 2019 PM ISA states there is sufficient evidence to conclude 

that a causal relationship exists between short-term PM2.5 exposure and cardiovascular effects. However, 

the body of evidence that supported this causality determination did not include any epidemiologic 

studies that conducted accountability analyses or employed causal modeling methods. The supplemental 

document to the 2019 PM ISA includes studies that expands on this and further informs the relationship 

between short-term PM2.5 exposure and cardiovascular effects, specifically cardiovascular hospital 
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admissions. Evidence supporting the causality determination for short-term PM2.5 exposure and 

cardiovascular effects is discussed below.  

Emergency Department (ED) and Hospital Admissions 

In general, there are positive associations observed in numerous epidemiologic studies of ED visits and 

hospital admissions for IHD, heart failure, and combined cardiovascular-related endpoints and short-term 

PM2.5 exposure. The strongest evidence for this came from multicity studies in the U.S. (Dominici et al., 

2006) and Australia (Barnett et al., 2006). 

Several recent multicity studies in the U.S., Canada, and Europe examined the relationship between PM2.5 

and ED visits and hospital admissions for heart failure and generally observed positive associations. Two 

large Medicare studies (Bell et al., 2015; Zanobetti et al., 2009) observed similar estimates to those 

published by Dominici et al. (2006), reporting a 1.1% (95% CI: 0.8, 1.5) and 1.9% (95% CI: 1.2, 2.5) increase 

in hospital admissions, respectively. Talbott et al. (2014) examined hospital admissions in seven U.S. states 

and, although they did not pool their results, they observed positive associations between same-day 

hospital admissions for heart failure and PM2.5 concentrations in Massachusetts, New Jersey, and New 

York, but not in New Hampshire, Washington, New Mexico, or Florida. Similarly, another large 

administrative data study in New York reported a positive association with heart failure in the greater NYC 

region, but null associations throughout the remainder of the state (Hsu et al., 2017). The observed 

difference in effect estimates within or between states in Talbott et al. (2014) and Hsu et al. (2017) 

indicated the potential for regionally heterogeneous associations. Smaller multicity studies in New York 

(Haley et al., 2009), California (Ostro et al., 2016), and Canada (Stieb et al., 2009) reported positive 

associations between PM2.5 exposure and ED visits and hospital admissions for heart failure, which 

showed increases ranging from 1.1 to 8.0%. In contrast, a study of hospital admissions for heart failure in 

England and Wales reported a null association between short-term PM2.5 exposure and heart failure 

(Milojevic et al., 2014). 

Epidemiologic studies that examined the effect of PM2.5 on CVD ED visits and hospital admissions 

generally observed evidence of consistent positive associations. Several recent multicity studies in the 

U.S. and Europe provide additional support for positive associations between short-term PM2.5 exposure 

and CVD ED visits and hospital admissions. Studies using Medicare hospital admissions in the Northeast 

and Mid-Atlantic reported a 1.03% (95% CI: 0.69, 1.45) and 0.78% (95% CI: 0.54, 1.01) increase in CVD 

admissions over the previous two days (lag 0−1), respectively (Kloog et al., 2014; Kloog et al., 2012). A 

similar study of 708 urban and rural U.S. counties also reported a 0.79% (95% CI: 0.62, 0.97) increased risk 

of CVD-related hospital admissions associated with PM2.5 exposure over the previous 2 days (Bravo et 

al., 2017). Additionally, a study of seven U.S. states reported positive associations in Massachusetts, New 

Jersey, and New York, but did not observe a positive association in the other four states (Talbott et al., 

2014), while a study of New York state observed a positive association near New York City, NY at lag 0, 

but null results across the remaining regions of the state (Hsu et al., 2017).  

There have been several recent multicity studies in the U.S. using PM2.5 concentrations measured from 

single monitors or averaged across monitors to assign PM2.5 exposure. Most of these studies examined 

Medicare populations in cities across the U.S. Studies using Medicare hospital admissions records for CVD 

in 213 (Bell et al., 2015), 119 (Peng et al., 2009), and 26 (Zanobetti et al., 2009) geographically diverse U.S. 

counties. All reported increases in risk ranging from 0.6 to 1.9% (Figure 6-6). A Medicare study in four 

northeastern counties also showed evidence of a positive association (Bell et al., 2014). In non-Medicare 
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populations, a study of eight California counties reported a positive increase in risk with PM2.5 at lag 2 

[0.61% (95% CI: −0.18, 1.49); Ostro et al. (2016)].  

Multicity studies in Europe also provide generally consistent evidence of a positive association between 

short-term PM2.5 exposure and cardiovascular-related ED visits and hospital admissions. The MED-

PARTICLES study performed in eight southern European cities reported a 0.51% (95% CI: 0.12, 0.90) higher 

rate of cardiovascular-related hospital admissions for PM2.5 concentrations averaged over the same and 

previous days [lag 0−1; Stafoggia et al. (2013)]. A four-city MED-PARTICLES study in Spain and Italy also 

observed a positive, but less precise (i.e., wider 95% CIs), association between PM2.5 exposure and 

cardiovascular-related hospital admissions [1.18% (95% CI: 0.32, 2.04); Basagaña et al. (2015)]. On the 

other hand, Milojevic et al. (2014) considered cardiovascular-related hospital admissions in England and 

Wales and reported a negative association for PM2.5 concentrations at lag 0−4. Results from a number of 

single-city studies tended to be inconsistent, likely due to their generally smaller sample size and focus on 

a single location (Sarnat et al., 2015; Rodopoulou et al., 2014; Kim et al., 2012; Ito et al., 2011; Lall et al., 

2011). 

Bi et al. (2020) examined temporal changes in the risk of emergency department (ED) visits for 

cardiovascular diseases (CVDs) and asthma associated with short-term increases in ambient 

PM2.5 concentrations in Los Angeles, California.  The relative risk of CVD ED visits associated with a 10 

μg/m3 increase in 4-day PM2.5 concentration (lag 0-3) was higher in the LATE period (rate ratio = 1.020, 

95% confidence interval = [1.010, 1.030]) compared to the EARLY period (1.003, [0.996, 1.010]). In 

contrast, for asthma, relative risk estimates were largest in the EARLY period (1.018, [1.006, 1.029]), but 

smaller in the following periods. Similar temporal differences in relative risk estimates for CVD and asthma 

were observed among different age and season groups. No single component was identified as an obvious 

contributor to the changing risk estimates over time, and some components exhibited different temporal 

patterns in risk estimates from PM2.5 total mass, such as a decreased risk of CVD ED visits associated with 

sulfate over time. 

Ischemic Heart Disease (IHD), Myocardial Infarction (MI), Heart Failure (HF), and Heart 

Function 

IHD is a chronic condition characterized by atherosclerosis and reduced blood flow to the heart.  

Myocardial infarction (MI), more commonly known as a heart attack, occurs when heart tissue death 

occurs that is secondary to prolonged ischemia. Heart failure (HF) refers to a set of conditions in which 

pumping action of the heart is weakened. The recent body of IHD and heart failure epidemiologic evidence 

agrees with the evidence from previous U.S. EPA ISAs reporting mainly positive associations between 

short-term PM2.5 concentrations and ED visits and hospital admissions (U.S. EPA, 2019). In addition, 

several of the more recent controlled human exposure (CHE), animal toxicological, and epidemiologic 

panel studies provide plausible evidence that PM2.5 exposure could result in IHD or heart failure through 

pathways that include endothelial dysfunction, arterial thrombosis, and arrhythmia (U.S. EPA, 2019).  

Vieira et al. (2016b) have reported that in both exercising heart-failure patients and control patients, 

short-term exposure to diesel exhaust (DE) results in statistically significant (p < 0.05) decreases in 

estimated left ventricular stroke volume (i.e., the amount of blood the left ventricle pumps per beat).  

Recent studies have generally found positive associations between ectopic measures and short-term 

PM2.5 exposures. Among a large cohort of older men in the Boston, MA area included in the Normative 

Ageing Study, positive associations were observed (Zanobetti et al. (2014a). Similarly, in a study of nursing 
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home residents with coronary artery disease in Los Angeles, CA, ventricular tachycardia was associated 

with exposure to PM2.5 in the prior 24-hour period [29% higher daily rate (95% CI: 1, 63); Bartell et al. 

(2013)]. Another measure of ectopy, premature ventricular contractions, was positively associated with 

30-minute personal exposures to PM2.5 in a large panel of healthy, nonsmoking adults in central 

Pennsylvania (He et al., 2011). Characteristics of cardiac rate and rhythm, including measures of 

supraventricular or ventricular ectopic runs, were also associated with PM2.5 exposures in a study 

conducted in Ottawa, Canada in patients having ECGs for clinical purposes, but confidence intervals 

around these associations were large (Cakmak et al., 2014). In addition, Cakmak et al. (2014) reported 

strong, positive associations with heart block. 

Atrial fibrillation has also been examined with PM2.5 exposures in a few recent studies. This arrhythmic 

disorder in the atria can cause symptoms such as fatigue, palpitations, shortness of breath, and anxiety. 

Atrial fibrillation also greatly increases risk for stroke, dementia, congestive heart failure, and premature 

mortality (Kwok et al., 2011; Paquette et al., 2000; Benjamin et al., 1998). Rich et al. (2006b) found 

positive, but imprecise associations between atrial fibrillation and 24-hour PM2.5 exposures in a cohort 

of patients with implantable cardioverter defibrillators (ICD). A recent study, also conducted in Boston, 

MA observed associations between PM2.5 over the subsequent 0−24 hours and higher risk of atrial 

fibrillation in a cohort of patients with ICDs (26% [95% CI: 8, 47]) Link et al. (2013)). This study also found 

that associations were stronger when analyses were limited to study participants residing within 25 km of 

the monitoring station compared with those residing within a 50 km radius (Link et al., 2013). Similar 

results were observed by Liao et al. (2011) in a panel study in Pennsylvania that observed associations 

with atrial fibrillation for PM2.5 exposures 30 minutes to 2 hours prior. In contrast, other studies 

examining atrial fibrillation or premature atrial contractions found weak or null associations with 24-hour 

PM2.5 exposures (Cakmak et al., 2014; He et al., 2011).  

A small number of recent studies also support a positive association of short-term PM2.5 exposure with 

arrythmias (Wyatt et al., 2020c; Leiser et al., 2019; Krall et al., 2018; Wei et al., 2019). 

Recent epidemiologic panel studies support the plausibility for IHD and heart failure endpoints by 

reporting some evidence of ST segment depression. In a study of 38 older adults with IHD in nursing homes 

in Los Angeles, CA, Delfino et al. (2011) observed that PM2.5 concentrations averaged over 1 hour up to 

4 days were associated with ST segment depression 1.0 mm (OR: 1.68 [95% CI: 1.20, 2.35]). Notably, this 

association was attenuated in models including black carbon (BC) or primary organic carbon (OC) but 

remained positive. In another study, Zhang et al. (2009) observed associations between PM2.5 

concentrations and ST segment abnormality in the Women’s Health Initiative at lag 0−2 days (4% [95% CI: 

–3, to 10]). Kurhanewicz et al. (2014) show decreased cardiac function following short-term PM2.5 

exposure. A recent study extends this evidence through its examination of the association between short-

term PM2.5 exposure with hospital admissions for MI among the low income and/or disabled Americans 

comprising the Medicaid population (deSouza et al., 2021). deSouza et al. (2021) reported a positive 

association between PM2.5 concentration (0−1 day average) and acute MI (OR: 31 1.1 [95% CI: 1.03, 1.7]). 

In another recent study, Leiser et al. (2019) designed an analysis to examine the association between 

short-term PM2.5 exposure and IHD and MI hospital admissions in which the competing risk of mortality 

was controlled and differences across sex and age categories were examined. These authors used 

Medicare data for residents, 65 years and older, of the contiguous counties of the Wasatch Front in Utah 

to examine the association between PM2.5 concentration and cardiac hospital re-admissions within 30 
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days of an index hospitalization, controlling for competing mortality risk. These authors found an 

association of 3-day average PM2.5 concentration (lag 0−2 day) with IHD (HR: 1.03 17 [95% CI: 0.96, 1.12]) 

and MI (HR: 1.03 [95% CI: 0.92, 1.16]). In another analysis of older adults using Medicare data, Wei et al. 

(2019) estimated the association of short-term PM2.5 exposure with MI hospital admissions and a range 

of other health conditions, including some diseases that are rarely studied in relationship to PM2.5 

exposure. Hospital admission data were ascertained using discharge data recorded for Medicare inpatient 

hospital claims in the continental U.S. (2000−2012). Rather than report a relative risk estimate, the 

authors reported the absolute risk per 10 million person-days associated with each 1 unit increase in lag 

0−1 PM2.5 concentration (i.e., 0.29 [95% CI: 0.17, 0.40]).  

Recent single city studies also add to the evidence base. Liu et al. (2020) examined the modification of the 

association between short-term PM2.5 exposure and MI hospital admissions by long-term NO2 exposure. 

These authors performed a case-crossover study to estimate the association of short-term exposure to 

PM2.5 among individuals living in Calgary neighborhoods with higher long-term NO2 exposure 

(2004−2012). The OR for the association between 0−2-day average PM2.5 concentration with hospital 

admissions for MI among the entire population was 1.03 (95% CI: 0.96, 33 1.12). The association was null 

in the lowest tertile of long-term NO2 concentration (OR: 0.94 [95% CI: 34 0.86, 1.18]), but increased with 

increasing NO2 concentration tertile (tertile 2, OR: 1.04 [95% CI: 0.94, 35 1.18]) and (tertile 3, OR: 1.10 

[95% CI: 1.00, 1.19]). 

Animal toxicological studies also support a causal relationship between short-term PM2.5 exposure and 

heart failure. A recent study demonstrating decreased cardiac contractility and left ventricular pressure 

in mice is coherent with the results of epidemiologic studies reporting associations between short-term 

PM2.5 exposure and heart failure (Kurhanewicz et al., 2014). There is generally consistent evidence in 

animal toxicological studies for indicators of endothelial dysfunction (O'Toole et al., 2010; Haberzettl et 

al., 2012; Davel et al., 2012; Aragon et al., 2015). 

Studies in animals also provide evidence for changes in several other cardiovascular endpoints following 

short-term PM2.5 exposure. In an animal study Yan et al. (2008) found decreased contractility after 

exposure to black carbon in mice. Kurhanewicz et al. (2014) demonstrated that in mice, short-term PM2.5 

exposure caused statistically significant decreases (p < 0.05) in LVDP and contractility compared with 

filtered air controls. However, a separate study in rats did not report cardiac gene expression consistent 

with cardiac damage (Aztatzi-Aguilar et al., 2015) following short-term PM2.5 exposure. Although not 

entirely consistent, these studies provide at least some evidence of conduction abnormalities and 

arrhythmia, changes in HRV, changes in BP, and evidence for systemic inflammation and oxidative stress. 

Finally, these toxicological studies also suggest that genetic background, diet, and PM composition may 

influence the effect of short-term PM2.5 exposure on some of these health endpoints (U.S. EPA, 2019).  

Combinations of Cardiovascular-Related Outcomes 

In addition to analyses of individual cardiovascular diseases (e.g., MI, stroke, and HF), epidemiologic 

studies examined cardiovascular diseases (CVD) in aggregate (i.e., specific combination of cardiovascular 

diseases). The past two ISAs (U.S. EPA, 2009; U.S. EPA, 2019) reviewed multicity studies of adults ages 65 

years and older that provided strong evidence of an association (Bell et al., 2008; Host et al., 5 2008; 

Barnett et al., 2006). Several recent studies examine the association between short-term exposure to 

PM2.5 and CVD hospital admissions and ED visits, and report results that are generally consistent with 

past studies.  



Draft Final 2022 AQMP 

I-66 

In a study of low income and/or disabled Americans enrolled in Medicaid, deSouza et al. (2021) estimated 

the association of PM2.5 concentration (0−1 day average) with cardiovascular hospital admissions. The 

association of PM2.5 concentration (0−1 day average) with all CVD hospital admissions was 1.09 (95% CI: 

1.06, 1.11). In another study, Wyatt et al. (2020c) examined hospital admissions among end stage renal 

disease patients (i.e., those undergoing hemodialysis). Same-day PM2.5 9 concentration (lag 0) was 

associated with an increase in the risk of CVD hospital admissions in this population (RR: 1.09 [95% CI: 

1.02, 1.17]).  Krall et al. (2018) reported a null association between 24-hour PM2.5 concentration (lag Day 

0) with CVD ED visits. 

Inflammation is an important component of the pathophysiological process that links air pollution 

and cardiovascular disease (CVD). A classical marker of inflammation-C-reactive protein (CRP) has been 

recognized as an independent predictor of CVD risk. Exposure to ambient particulate matter (PM) may 

cause systemic inflammatory response but its association with CRP has been inconsistently reported. Lui 

et al., (2019) published a meta-analysis comprised of data from 40 observational studies conducted on 

244,681 participants. These included 32 (27 PM2.5 studies and 13 PM10 studies) and 11 (9 PM2.5 studies 

and 5 PM10 studies) studies that investigated the associations of CRP with short-term and long-term 

exposure to particulate air pollution, respectively. A 10 μg/m3 increase in short-term exposure to 

PM2.5 and PM10 was associated with increases of 0.83 % (95% CI: 0.30%, 1.37%) and 0.39% (95% CI: -

0.04%, 0.82%) in CRP level, respectively. 

Combinations of Cardiovascular-Related Outcomes 

In addition to analyses of individual cardiovascular diseases (e.g., MI, stroke, and HF), epidemiologic 

studies examined cardiovascular diseases (CVD) in aggregate (i.e., specific combination of cardiovascular 

diseases). The past two ISAs (U.S. EPA, 2009; U.S. EPA, 2019) reviewed multicity studies of adults ages 65 

years and older that provided strong evidence of an association [(Bell et al., 2008; Host et al., 5 2008; 

Barnett et al., 2006). Several recent studies examine the association between short-term exposure to 

PM2.5 and CVD hospital admissions and ED visits, and report results that are generally consistent with 

past studies.  

In a study of low income and/or disabled Americans enrolled in Medicaid, deSouza et al. (2021) estimated 

the association of PM2.5 concentration (0−1 day average) with cardiovascular hospital admissions. The 

association of PM2.5 concentration (0−1 day average) with all CVD hospital admissions was 1.09 (95% CI: 

1.06, 1.11). In another study, Wyatt et al. (2020c) examined hospital admissions among end stage renal 

disease patients (i.e., those undergoing hemodialysis). Same-day PM2.5 9 concentration (lag 0) was 

associated with an increase in the risk of CVD hospital admissions in this population (RR: 1.09 [95% CI: 

1.02, 1.17]).  Krall et al. (2018) reported a null association between 24-hour PM2.5 concentration (lag Day 

0) with CVD ED visits. 

Cardiovascular Mortality 

Recent studies continue to indicate positive associations between short-term PM2.5 exposure and 

cardiovascular mortality. Results remain the same in copollutant models and may be larger in magnitude 

in the presence of some co-occurring pollutants (i.e., oxidant gases). In addition, factors that have been 

shown to vary between cities and regions of the U.S., such as housing characteristics, have been shown 

to explain some of the city-to-city and regional variability observed in PM2.5-mortality associations in 

multi-city epidemiologic studies. The continued assessment of the concentration-response (C-R) 
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relationship between short-term PM2.5 exposure and mortality further supports a linear relationship, 

with less confidence in the shape at concentrations below 5 µg/m3 32 (U.S. EPA, 2021). 

Metabolic Effects 

Recent studies provide some evidence supporting the effects of exposure on glucose and insulin 

homeostasis and other indicators of metabolic function. Recent epidemiologic studies have demonstrated 

increased FBG, insulin, and HOMA-IR (Lucht et al., 2018a; Peng et al., 2016; Brook et al., 2013b) in 

association with short-term PM2.5 exposure. Yitshak Sade et al. (2016) found no association with blood 

glucose or lipids and PM2.5 exposure, although a positive association between PM2.5 exposure (3-month 

avg) and HbA1c, a measure of blood glucose control, was observed. An animal toxicological study provided 

some evidence for PM2.5-related impairment of the insulin signaling pathway (Haberzettl et al., 2016). 

Limited animal toxicological studies provided some evidence for inflammation in the visceral adipose 

tissue (Xu et al., 2013). Although the controlled human exposure evidence is inconsistent, possibly due to 

the transient nature of inflammation, there is epidemiologic evidence of an increase in inflammatory 

markers (i.e., γ-GTP, ALT, and AST) in the liver (Kim et al., 2015). In summary, evidence for a relationship 

between short-term PM2.5 exposure and metabolic effects is based on a small number of epidemiologic 

and toxicological studies reporting effects on glucose and insulin homeostasis and other indicators of 

metabolic function such as inflammation in the visceral adipose tissue and liver. 

A recent study from Fresno, California suggests that both short- and longer-term estimated individual-

level outdoor residential exposures to several traffic-related air pollutants (4-, 5-, and 6-ring polycyclic 

aromatic hydrocarbon compounds (PAH456), NO2, elemental carbon, and fine particulate matter 

(PM2.5), are associated with biomarkers of risk for metabolic syndrome and oxidative stress in children 

(Mann et al., 2021). 

Reproductive and Developmental Effects 

See Long-Term PM2.5 Reproductive and Developmental Effects Section, which contain short-term and 

long-term reproductive effects.  

Nervous System Effects 

Recent studies strengthen the evidence that short-term exposure to PM2.5 can affect the nervous system.  

Effects on the autonomic nervous system (ANS) and downstream consequences on the heart were 

observed in toxicological studies. In addition, changes in hypothalamic neurotransmitters, including 

norepinephrine, and central corticotropin-releasing hormone (CRH) were found in a study of mice 

exposed to PM2.5 CAPs (Balasubramanian et al., 2013); these studies add to the evidence of increased 

norepinephrine in the hypothalamus and olfactory bulb and increased serum corticosterone (Sirivelu et 

al., 2006). Such evidence that PM2.5 exposure leads to changes in norepinephrine indicates that the 

hypothalamus plays an important role in mediating effects such as activation of the SNS and the HPA 

stress axis. Preliminary evidence shows a dampening of these responses after repeated exposures in lean, 

but not obese animals. Findings that short-term exposure to PM2.5 results in altered expression of 

proinflammatory and antioxidant genes in hippocampus and olfactory bulb regions, in the absence of 

pulmonary or systemic inflammation, point to a direct effect of PM2.5 on the brain (Tyler et al., 2016; Bos 

et al., 2012). The evidence from epidemiologic studies of the effects of PM2.5 that focus on specific 
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diseases of the nervous system, however, remains limited. A small increase in hospital admissions for 

Parkinson’s disease was reported in a large national study of Medicare recipients indicating that short-

term exposure to PM2.5 may exacerbate a range of symptoms experienced by Parkinson’s disease 

patients (Zanobetti et al., 2014). Finally, a study of school children reported associations of PM2.5 with 

some tests of neuropsychological function (Saenen et al., 2016). None of the epidemiologic studies 

considered confounding by copollutant exposures, and studies of components were limited in number.  

Mortality 

Recent studies that conducted multicity analyses in the U.S. and Canada include a large international study 

that performed a worldwide multicity analysis (Liu et al., 2019) and a few studies in Canada that relied on 

data from over 20 cities (Shin et al., 2021a; Lavigne et al., 2018). Liu et al. (2019) established a Multi-City 

Multi-Country (MCC) Collaborative Research Network that allowed the investigators to collect data 

globally, resulting in air pollution and mortality data from 652 urban areas in 24 countries from 

1986−2015. Although the goal of the study was to estimate a global estimate of the association between 

short-term PM2.5 exposure and mortality, the authors presented country specific estimates as well, 

including for the U.S. and Canada. In analyses of 25 Canadian cities from 1986−2011 and 107 U.S. cities 

from 1987−2006, the authors reported a 1.70% (95% 11 CI: 1.17, 2.23) and 1.58% (95% CI: 1.28, 1.88) 

increase in mortality, respectively, at lag 0−1 days. Recent studies conducted in Canada by Lavigne et al. 

(2018) and Shin et al. (2021a) focused on more recent years of data, 1998−2011 and 2001−2012, 

respectively, in comparison to Liu et al. (2019). Lavigne et al. (2018) focused on examining whether oxidant 

gases modified the association between short-term PM2.5 exposure and mortality in 24 Canadian cities. 

The authors reported a 0.76% (95% CI: 18 0.15, 1.21) increase in mortality at lag 0−2 days. Shin et al. 

(2021a) reported associations with mortality similar in magnitude at lag 0 (0.94% [0.43, 1.46]) and 1 day 

(0.90% [95% CI: 24 0.33, 1.41]) with no evidence of an association at lag 2.  

Recent studies continue to indicate positive associations between short-term PM2.5 exposure and 

cardiovascular mortality. Results remain the same in copollutant models and may be larger in magnitude 

in the presence of some co-occurring pollutants (i.e., oxidant gases). In addition, factors that have been 

shown to vary between cities and regions of the U.S., such as housing characteristics, have been shown 

to explain some of the city-to-city and regional variability observed in PM2.5-mortality associations in 

multi-city epidemiologic studies. The continued assessment of the concentration-response (C-R) 

relationship between short-term PM2.5 exposure and mortality further supports a linear relationship, 

with less confidence in the shape at concentrations below 5 µg/m3 (U.S. EPA, 2022). 

PM10-2.5 

Respiratory Effects 

The U.S EPA ISA concluded that the relationship between short-term exposure to PM10−2.5 and 

respiratory effects is suggestive of a causal relationship. Epidemiologic findings were consistent for 

respiratory infection and combined respiratory-related diseases, but not for chronic obstructive 

pulmonary disease COPD. Controlled human exposure studies of short-term PM10−2.5 exposure found no 

lung function decrements and inconsistent evidence for pulmonary inflammation in healthy individuals or 

human subjects with asthma. Recent studies strengthen the evidence base for asthma exacerbation and 
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respiratory mortality (U.S. EPA, 2019). Potential copollutant confounding caused uncertainty in the 

exposure assignment for many studies. The studies that provide evidence for these findings are discussed 

below. 

Respiratory Infection and Respiratory-related Diseases 

The recent literature adds to the evidence base and provides some support for an association between 

short-term PM10−2.5 exposure and hospital admissions/ED visits for pneumonia and respiratory infections 

considered in aggregate. In 110 U.S. counties, Powell et al. (2015) reported a positive, but uncertain, 

association between short-term PM10−2.5 exposure and respiratory infection hospital admissions among 

residents older than 65 years in single pollutant models (0.07% [95% PI: −0.46, 0.61]; lag 0). The authors 

also reported a positive, but imprecise association with COPD hospital admissions in single pollutant 

models (0.31% [95% Posterior Interval (PI): −0.39, 1.01]). Cheng et al. (2015) assessed the relationship 

between PM10−2.5 and pneumonia-related hospital admissions among residents older than 65 years of 

age in a case-crossover study in Kaohsiung, Taiwan between 2006−2010. This study observed a small 

positive association, with an increase in hospital admissions of 1.02% (95% CI: 1.01, 1.03) per 10-μg/m3
 

increase in PM10−2.5. This association was consistent after model adjustment for SO2, NO2, CO, and O3 

and was slightly stronger on colder days below 25°C (1.03% [95% CI: 1.02, 1.04]).  

In a multicity study conducted in 35 California counties, Malig et al. (2013) reported no association 

between short-term PM10−2.5 exposures at single-day lags 0−2 days and ED visits due to acute respiratory 

infection (RR: 1.007 [95% CI: 1, 1.01]). However, the authors reported positive associations between 

PM10−2.5 and COPD ED visits at lag 2 days (0.67% [95% CI: −0.04, 1.38]). This study also reported a very 

weak association between short-term PM10−2.5 exposures at single-day lags 0−2 days for pneumonia 

visits RR of 1.006 (95% CI: 0.99, 1.02).  

In Atlanta, GA, Sinclair et al. (2010) compared air pollutant concentrations and relationships for acute 

respiratory visits for a 25-month time period examined in a previous study (August 1998−August 2000) 

and an additional 28-month time period of available data from the Atlanta Aerosol Research Inhalation 

Epidemiology Study (ARIES; September 2000−December 2002). The researchers found positive 

associations for upper and lower respiratory infections for the 25-month time frame.  

Other recent multicity studies (Lanzinger et al., 2016b; Samoli et al., 2016a; Powell et al., 2015; Stafoggia 

et al., 2013) and single-city studies (Rodopoulou et al., 2014; Alessandrini et al., 2013; Atkinson et al., 

2010) conducted in the U.S. and Europe showed positive associations between short-term PM10−2.5 

exposure and respiratory-related hospital admissions, particularly in analyses of people of all ages. In a 

limited assessment of potential copollutant confounding, associations were often attenuated, but 

remained positive in copollutant models with PM2.5, NO2, and O3 (Powell et al., 2015; Alessandrini et al., 

2013; Stafoggia et al., 2013). The positive associations reported across these studies is supported by a 

meta-analysis focusing on PM10−2.5 and respiratory hospital admissions that reported an RR of 1.01 [95% 

CI: 1.00, 1.02; Adar et al. (2014)]. Additional analyses conducted by Adar et al. (2014) to assess potential 

copollutant confounding by PM2.5 did not observe a consistent pattern in PM10−2.5 associations as the 

correlation with PM2.5 increased or when evaluating studies that examined associations with both PM2.5 

and PM10−2.5.  

Additional single-city studies conducted in London, U.K. (Atkinson et al., 2010) and Rome, Italy, 

(Alessandrini et al., 2013) also contribute to the total body of evidence for respiratory-related hospital 

admissions. Atkinson et al. (2010), when examining a number of urban particles, examined associations 
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with PM10−2.5 and across single-day lags ranging from 0 to 6 days. The authors reported evidence of a 

positive association at lag 1 in an all age analysis. Alessandrini et al. (2013) examined the role of Saharan 

dust on the relationship between short-term PM10−2.5 exposure and respiratory-related hospital 

admissions. Across the entire study duration, the authors reported a 4.4% increase (95% CI: −0.53, 9.60) 

in hospital admissions at lag 0−5 days. However, when differentiating between Saharan and non-Saharan 

dust days, Alessandrini et al. (2013) observed that the overall association reported was primarily 

attributed to the Saharan dust days (13.5%) compared to the non-Saharan dust days (−0.30%).  

Asthma Exacerbation 

Recent studies that examine the association between short-term PM10−2.5 exposure and asthma hospital 

admissions were conducted in Taiwan (Cheng et al., 2015) and China (Zhao et al., 2016). Cheng et al. 

(2015) focused on whether the association between short-term PM10−2.5 exposure and asthma hospital 

admissions varied if the mean temperature of each day was above or below 25°C. The authors reported 

positive associations similar in magnitude for both temperature ranges (>25°C: RR: 1.02 [95% CI: 1.00, 

1.05]; <25°C: RR: 1.04 [95% CI: 1.01, 1.07]). Zhao et al. (2016) also reported evidence of a positive 

association with PM10−2.5 that was similar in magnitude (5.5% [95% CI: 1.0, 10.2]; lag 0−3). Both Cheng 

et al. (2015) and Zhao et al. (2016) examined potential copollutant confounding with gaseous pollutants 

(i.e., NO2, SO2, O3, and CO). In both studies, moderate (r > 0.4 and r < 0.8) to low correlations (r < 0.4) were 

reported between PM10−2.5 and all pollutants. In Cheng et al. (2015), the results from copollutant analysis 

were similar to those reported in the single-pollutant analyses (>25°C: single pollutant, RR = 1.02, 

copollutant, RR = 1.01 to 1.02; <25°C: single pollutant, RR = 1.04, copollutant RR = 1.02 to 1.04). Zhao et 

al. (2016) also reported that results remained relatively unchanged in copollutant models with SO2 and 

O3, but the association with NO2 was attenuated and uncertain (1.8% [95% CI: −2.9, 6.8]).  

Recent U.S. studies of ED visits provide evidence of a positive association between asthma ED visits and 

PM10−2.5. Malig et al. (2013), in a study of 35 California counties, observed positive associations across 

single-day lags ranging from 0 to 2 days, with the strongest association in terms of magnitude and 

precision at lag 2 (3.3% [95% CI: 2.0, 4.6]) in an analysis of people of all ages. This result was found to 

persist when excluding extreme (i.e., highest 5%) PM10−2.5 concentrations. Additionally, Malig et al. 

(2013) provided some evidence that the association between asthma ED visits and PM10−2.5 is larger in 

magnitude in the warm months. The all-year results of Malig et al. (2013) are supported by Strickland et 

al. (2010) in a study conducted in Atlanta, GA that focused on pediatric asthma ED visits where the authors 

reported an RR of 1.06 (95% CI: 1.02, 1.1) for a 0−2-day lag. However, when examining seasonal 

associations, the authors reported evidence that contradicts Malig et al. (2013), with associations being 

larger in magnitude in the cold months (RR: 1.07 [95% CI: 1.02, 1.13]) compared to the warm months (RR: 

1.04 [95% CI: 0.99, 1.10]). Of the ED visit studies only, Malig et al. (2013) examined potential copollutant 

confounding with PM2.5 and reported that results were robust to the inclusion of PM2.5 in the model 

(3.0% [95% CI: 1.8, 4.2], lag 2). 

Studies examining the relation between PM10−2.5 and increases in asthma symptoms may provide 

support for the observed increases in asthma hospital admissions and ED visits in children. Mar et al. 

(2004) reported PM10−2.5-related increases across several self-reported symptoms in children, including 

wheeze, shortness of breath, cough, increased sputum, and runny nose. The authors did not observe 

associations in healthy adults. Evidence from a limited number of recent panel studies further supports 

an association between PM10−2.5 and respiratory symptoms in asthmatic children. Wheeze was 

associated with PM10−2.5 in a panel study of children in Fresno, CA (Mann et al., 2010). The reported 
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association was observed with 3-day lag PM10−2.5 concentrations from a single monitor (OR: 1.07 [95% 

CI: 1.01, 1.14]), but the authors noted that the association was relatively stable across lags. Zora et al. 

(2013) measured the 4-day avg PM10−2.5 concentrations from the roof-tops of two schools in El Paso, TX 

and reported poorer asthma control scores with increased concentrations, which reflect symptoms and 

activity levels. Prieto-Parra et al. (2017) also observed associations between 7-day avg coarse PM and 

cough and wheeze in Santiago, Chile. Notably, the authors reported that PM10−2.5 was associated with 

decreased bronchodilator use (Prieto-Parra et al., 2017). 

Cardiovascular Effects 

Past epidemiologic studies reported associations between short-term PM10−2.5 exposure and 

cardiovascular effects including ischemic heart disease (IHD) hospitalizations, supraventricular ectopy, 

and changes in heart rate variability (HRV). In addition, dust storm events resulting in high concentrations 

of crustal material were linked to increases in cardiovascular disease emergency department (ED) visits 

and hospital admissions (U.S. EPA, 2019). The 2019 PM ISA concludes that short-term PM10−2.5 exposure 

and cardiovascular effects is “suggestive of a causal relationship”. Recent studies address the potential 

exposure measurement error in previous epidemiologic studies because of the methods used to estimate 

PM10−2.5 concentrations. In addition, there was limited evidence of cardiovascular effects from the few 

experimental studies that examined short-term PM10−2.5 exposures, recent studies expand on this (U.S. 

EPA, 2019). Below are the findings of the most recent studies.  

Ischemic Heart Disease (IHD) and Myocardial Infarction 

Several recent studies provide additional evidence for a positive association between short-term 

PM10−2.5 exposure and IHD ED visits and hospital admissions. Specifically, PM10−2.5 exposure was 

associated with IHD hospital admissions among U.S. Medicare beneficiaries in a multicity MCAPS study 

(Powell et al., 2015), as well as in single-city studies of IHD hospital admissions in Hong Kong, China and 

Kaohsiung, Taiwan (Chen et al., 2015b; Qiu et al., 2013). In the MCAPS study, PM10−2.5 exposure was 

associated with a 0.74% (95% CI: 0.29, 1.20) increase in hospital admissions for IHD on the same day 

(Powell et al., 2015). The association was unchanged in copollutant models adjusting for PM2.5. Qiu et al. 

(2013) also observed a positive association, which persisted but lost precision after adjustment for PM2.5. 

In Kaohsiung, Taiwan, Chen et al. (2015b) considered nearly 23,000 hospital admissions for IHD and 

reported positive associations on cool and warm days. The observed associations were generally robust 

to adjustment for NO2, SO2, CO, and O3 in copollutant models. One additional important uncertainty across 

the available studies remains exposure measurement error for PM10−2.5. All studies used an indirect 

measure of PM10−2.5 (the difference between county-or area-averaged PM10 and PM2.5 measurements 

or the difference between concentrations measured at single PM10 and PM2.5 monitors).  

Heart Failure and Impaired Heart Function 

In a 110-county national Medicare cohort (MCAPS) study, Powell et al. (2015) reported a 0.40% (95% CI: 

−0.06, 0.87) increase in heart failure hospitalizations associated with PM10−2.5 concentrations on the 

same day (measured by the difference of collocated PM10 and PM2.5 monitors). The association was 

attenuated in magnitude and precision, but still positive, in a two-pollutant model adjusting for PM2.5.  

Powell et al. (2015) also found a positive association between PM10−2.5 and arrhythmia-related hospital 

admissions (ERR: 0.94% [95% CI: 0.40, 1.48] associated with PM10−2.5 concentrations on the same day, 

measured by the difference of collocated PM10 and PM2.5 monitors). In a much smaller study in Taipei, 
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Taiwan, Chen et al. (2015b) also observed positive associations between PM10−2.5 (measured by the 

difference of collocated PM10 and PM2.5 monitors) and CHF hospitalizations on both warm and cold days, 

and arrhythmia-related hospital admissions (ERR: 0.94% [95% CI: 0.40, 1.48]. The associations were robust 

in copollutant models adjusting for SO2 and were attenuated, but still positive, in two-pollutant models 

adjusting for NO2, CO, and O3.  

Ventricular Depolarization, Repolarization, and Arrhythmia  

A heart arrhythmia is an irregular heartbeat. Heart rhythm problems (heart arrhythmias) occur when the 

electrical signals that coordinate the heart's beat do not work properly. Cardiac arrhythmias can vary in 

severity from the benign to the potentially lethal, like cardiac arrest, in which loss of heart function occurs 

due to an electrical disturbance that disrupts the heart’s pumping action. Effects on ventricular 

depolarization and repolarization from PM are plausible given that exposure to PM is associated with 

changes in cardiac autonomic tone and systemic inflammatory responses that may in turn influence 

cardiac ion channels, adrenergic and cholinergic receptors, and gap junction proteins, all of which 

contribute to normal impulse conduction in heart muscle (Brook et al., 2004).  

Few studies of arrhythmia-related hospitalizations are available, and evidence remains limited. However, 

there is some evidence from epidemiologic panel studies of an association between short-term PM2.5 

exposure and potential indicators of arrhythmia. Moreover, both CHE and animal toxicological studies 

provide some evidence that PM2.5 exposure influences the electrical activity of the heart. Additional ED 

visit and hospital admissions studies with substantially larger populations have evaluated the relationship 

between short-term PM2.5 exposure and out of hospital cardiac arrest (OHCA). Recent studies have 

reported generally positive associations between short-term PM2.5 exposure and OHCA. Nevertheless, 

potential copollutant confounding remains an uncertainty in these studies (U.S. EPA, 2019). 

Cerebrovascular Disease (CBVD) and Stroke 

A limited number of recent studies provide inconsistent evidence regarding the presence of an association 

between short-term PM10−2.5 exposure and ED visits and hospital admissions for CBVD. Studies in Rome, 

Italy (Alessandrini et al., 2013) and Kaohsiung, Taiwan (Chen et al., 2015b) reported some evidence of an 

association between short-term PM10−2.5 concentrations and ED visits and hospital admissions for CBVD. 

Alessandrini et al. (2013) considered 26,557 hospital admissions for CBVD in the context of Saharan dust 

outbreaks and observed a 1.6% (95% CI: −0.6, 3.8) increase in risk of hospital admissions associated with 

PM10−2.5 concentrations measured on the same day. The association was larger in magnitude, but less 

precise (i.e., wide 95% CIs) on days with high Saharan dust levels, although effect measure modification 

by Saharan dust level was not statistically significant. Chen et al. (2015b) also evaluated approximately 

25,000 hospitalizations for CBVD and reported associations with PM10−2.5 concentrations on both warm 

and cool days, with a larger magnitude association observed on warm days. The observed association on 

warm days was robust to adjustment for SO2 and O3 and attenuated, but still positive, after adjustment 

for NO2 and CO in copollutant models. Additional studies conducted in China reported inconsistent 

evidence of an association (Huang et al., 2016; Qiu et al., 2013). Huang et al. (2016) reported a positive 

association between PM10−2.5 concentrations and stroke ED visits (lag 0) when adjusted for CO or NO2 in 

Beijing, China. Additionally, when examining ischemic and hemorrhagic stroke subtypes, Huang et al. 

(2016) observed positive associations at lag 0, while associations were attenuated but still positive, or 

null, at longer lag periods (lag 1 to lag 3). Furthermore, the authors also reported consistently stronger 

associations across lag periods for ED visits on days when the temperature was greater than 13.5°C. In 

contrast to the studies in Rome, Kaohsiung, and Beijing, a study of over 100,000 ED visits in Hong Kong, 
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China reported a null association between CBVD hospital admissions and PM10−2.5 concentrations (Qiu 

et al., 2013). 

Blood Pressure and Hypertension 

An epidemiologic panel study (Zhao et al., 2015) and a few CHE studies (Byrd et al., 2016; Bellavia et al., 

2013; Brook et al., 2014) provide some evidence of an effect of short-term PM10−2.5 exposure on 

measurements of blood pressure. In addition, an animal toxicological study (Aztatzi-Aguilar et al., 2015) 

also reported that short-term exposure to PM10−2.5 could result in changes in the blood pressure 

regulating renin-angiotensin system at the mRNA level. These recent studies provide additional evidence 

that short-term exposure to PM10−2.5 may result in changes in BP. 

Combinations of Cardiovascular-Related Emergency Department (ED) Visits and Hospital 

Admissions 

Many epidemiologic studies consider the composite endpoint of ED visits and hospital admissions for all 

cardiovascular diseases, including diseases of the circulatory system.  

In 108 U.S. counties with collocated PM10 and PM2.5 monitors, Peng et al. (2008) reported a 0.8% (95% 

CI: 0.6, 1.0) increase in risk of CVD hospital admissions among Medicare beneficiaries associated with 

PM10−2.5 concentrations on the same day. A positive association was also observed in six French cities, 

but the association was much less precise (Host et al., 2008). Tolbert et al. (2007) did not find evidence of 

an association between PM10−2.5 exposure and CVD ED visits and hospital admissions in Atlanta, GA.  

Several recent multicity studies provide evidence of an association between PM10−2.5 concentrations and 

cardiovascular-related hospital admissions. In the U.S. MCAPS study, Powell et al. (2015) observed 

increases in same-day (lag 0) PM10−2.5 concentrations were associated with a 0.69% (95% CI: 0.45, 0.92) 

higher rate of cardiovascular-related hospital admissions among Medicare beneficiaries. The association 

was diminished when longer lag periods were evaluated and was unchanged after adjustment for PM2.5 

in copollutant models. The MED-PARTICLES study reported a similar positive association between 

PM10−2.5 concentrations (lag 0−1) and cardiovascular-related hospital admissions in eight southern 

European cities (Stafoggia et al., 2013). As in the findings from the U.S. MCAPS study, the association was 

not present at longer lags (0−5 and 2−5). The observed association was attenuated but still positive in 

copollutant models adjusted for PM2.5 and NO2. Conversely, in a study of five cities in central and eastern 

Europe, Lanzinger et al. (2016b) reported a positive association with a wide confidence interval for 

PM10−2.5 concentrations averaged over a longer lag period (0−5), although no evidence of an association 

at a shorter lag period (0−1).  

Results from single-city studies have shown less consistent evidence for the relationship between short-

term PM10−2.5 exposure and cardiovascular-related ED visits and hospital admissions. In Rome Italy, 

Alessandrini et al. (2013) considered 26,557 hospital admissions for CVD in the context of Saharan dust 

outbreaks and observed a 3.6% (95% CI: 1.5, 5.9) increase in risk of hospitalization at lag 0−1. There was 

no evidence of effect modification by Saharan dust level. In another European study, Atkinson et al. (2010) 

reported a null association between PM10−2.5 exposure and cardiovascular-related hospital admissions 

in London, England. In Doña Ana County, NM, Rodopoulou et al. (2014) reported a positive association 

with ED visits (RR: 1.015 [95% CI: 0.993, 1.039], lag 1). A study in Hong Kong, China considered PM10−2.5 

concentrations in relation to cardiac diseases (Qiu et al., 2013). Qiu et al. (2013) observed a positive 

association, but the association attenuated to the null after adjustment for PM2.5. 
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Cardiovascular Mortality 

Across past studies there was evidence of consistent positive associations with cardiovascular mortality 

even though studies used a variety of approaches to estimate PM10−2.5 concentrations. Overall, there 

was a limited evaluation of the potential confounding effects of gaseous pollutants and the influence of 

model specification on the associations observed.  

Recent multicity epidemiologic studies provide additional evidence of consistent positive associations 

between short-term PM10−2.5 exposure and cardiovascular mortality with the majority of evidence at lags 

0-1 days. Recent studies have also further evaluated the PM10−2.5-cardiovascular mortality relationship 

by examining cause-specific cardiovascular mortality outcomes [e.g., stroke, heart failure, IHD;(Samoli et 

al., 2014; Pascal et al., 2014), but overall, these studies are still limited in number.  

Controlled Human Exposure Studies of Heart Rate (HR) and Heart Rate Variability (HRV) 

Results from a CHE study provides limited evidence that rural (Brook et al., 2014), but not urban (Byrd et 

al., 2016) PM10−2.5 may alter HR and HRV. 

Systemic Inflammation and Oxidative Stress  

Systemic inflammation and oxidative stress have been linked to some cardiovascular-related outcomes. 

Behbod et al. (2013) reported increased leukocytes and neutrophils at 24 hours, but not 3-hours 

postexposure to urban PM10−2.5 (p < 0.05). They also reported that increases in accompanying ambient 

endotoxin were associated with the increases in leukocytes. However, no changes in the inflammatory 

markers IL-6 or hs-CRP were reported. Inflammation is an important component of the pathophysiological 

process that links air pollution and cardiovascular disease (CVD). A classical marker of inflammation-C-

reactive protein (CRP) has been recognized as an independent predictor of CVD risk. Exposure to ambient 

particulate matter (PM) may cause systemic inflammatory response but its association with CRP has been 

inconsistently reported. Lui et al., (2019) published a meta-analysis comprised of data from 40 

observational studies conducted on 244,681 participants. These included 32 (27 PM2.5 studies and 13 

PM10 studies) and 11 (9 PM2.5 studies and 5 PM10 studies) studies that investigated the associations of 

CRP with short-term and long-term exposure to particulate air pollution, respectively. A 10 μg/m3 increase 

in short-term exposure to PM2.5 and PM10 was associated with increases of 0.83 % (95% CI: 0.30%, 

1.37%) and 0.39% (95% CI: -0.04%, 0.82%) in CRP level, respectively. 

Oxidative stress has also been linked to some cardiovascular-related outcomes. Behbod et al. (2013) 

reported increased leukocytes and neutrophils at 24 hours, but not 3-hours postexposure to urban 

PM10−2.5 (p < 0.05). They also reported that increases in accompanying ambient endotoxin were 

associated with the increases in leukocytes. 

Coagulation 

Coagulation refers to the process by which blood changes from a liquid to a semi-solid state to form a clot. 

Increases in coagulation factors (e.g., fibrinogen) or decreases in anticoagulation factors can promote clot 

formation, and thus, increase the potential for an MI and perhaps, an embolism (U.S. EPA, 2019). Graff et 

al. (2009) reported a ~33% decrease in the clot dissolving protein tPA 20 hours postexposure per 10-μg/m3 

increase in PM10−2.5 concentration (p = 0.01). However, levels of other clotting-related proteins were 

unchanged in response to PM10−2.5 exposure. In a quasi-experimental study of 31 healthy volunteers in 

Utrecht assigned to different exposure locations, PM10−2.5 was associated with a 0.22% increase in vWF 

(95% CI: 0.02, 0.41; per 13.50 μg/m3) but not fibrinogen or platelet counts (Strak et al., 2013a). Another 

study examined associations between PM10−2.5 in a panel of 52 older adult participants with ischemic 
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heart disease and found positive associations between fibrinogen levels and 1-day lag of ambient PM10-

2.5 (Huttunen et al., 2012). Null associations were observed between short-term exposures to PM10−2.5 

and an array of circulating markers of coagulation among people with diabetes and short-term exposure 

to PM10−2.5 (Wang et al., 2015). 

Combinations of Cardiovascular-Related Emergency Department (ED) Visits and Hospital 

Admissions 

Many epidemiologic studies consider the composite endpoint of ED visits and hospital admissions for all 

cardiovascular diseases, including diseases of the circulatory system.  

In 108 U.S. counties with collocated PM10 and PM2.5 monitors, Peng et al. (2008) reported a 0.8% (95% 

CI: 0.6, 1.0) increase in risk of CVD hospital admissions among Medicare beneficiaries associated with 

PM10−2.5 concentrations on the same day. A positive association was also observed in six French cities, 

but the association was much less precise (Host et al., 2008). Tolbert et al. (2007) did not find evidence of 

an association between PM10−2.5 exposure and CVD ED visits and hospital admissions in Atlanta, GA.  

Several recent multicity studies provide evidence of an association between PM10−2.5 concentrations and 

cardiovascular-related hospital admissions. In the U.S. MCAPS study, Powell et al. (2015) observed 

increases in same-day (lag 0) PM10−2.5 concentrations were associated with a 0.69% (95% CI: 0.45, 0.92) 

higher rate of cardiovascular-related hospital admissions among Medicare beneficiaries. The association 

was diminished when longer lag periods were evaluated and was unchanged after adjustment for PM2.5 

in copollutant models. The MED-PARTICLES study reported a similar positive association between 

PM10−2.5 concentrations (lag 0−1) and cardiovascular-related hospital admissions in eight southern 

European cities (Stafoggia et al., 2013). As in the findings from the U.S. MCAPS study, the association was 

not present at longer lags (0−5 and 2−5). The observed association was attenuated but still positive in 

copollutant models adjusted for PM2.5 and NO2. Conversely, in a study of five cities in central and eastern 

Europe, Lanzinger et al. (2016b) reported a positive association with a wide confidence interval for 

PM10−2.5 concentrations averaged over a longer lag period (0−5), although no evidence of an association 

at a shorter lag period (0−1).  

Results from single-city studies have shown less consistent evidence for the relationship between short-

term PM10−2.5 exposure and cardiovascular-related ED visits and hospital admissions. In Rome Italy, 

Alessandrini et al. (2013) considered 26,557 hospital admissions for CVD in the context of Saharan dust 

outbreaks and observed a 3.6% (95% CI: 1.5, 5.9) increase in risk of hospitalization at lag 0−1. There was 

no evidence of effect modification by Saharan dust level. In another European study, Atkinson et al. (2010) 

reported a null association between PM10−2.5 exposure and cardiovascular-related hospital admissions 

in London, England. In Doña Ana County, NM, Rodopoulou et al. (2014) reported a positive association 

with ED visits (RR: 1.015 [95% CI: 0.993, 1.039], lag 1). A study in Hong Kong, China considered PM10−2.5 

concentrations in relation to cardiac diseases (Qiu et al., 2013). Qiu et al. (2013) observed a positive 

association, but the association attenuated to the null after adjustment for PM2.5. 

Cardiovascular Mortality 

Across past studies there was evidence of consistent positive associations with cardiovascular mortality 

even though studies used a variety of approaches to estimate PM10−2.5 concentrations. Overall, there 

was a limited evaluation of the potential confounding effects of gaseous pollutants and the influence of 

model specification on the associations observed.  
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Recent multicity epidemiologic studies provide additional evidence of consistent positive associations 

between short-term PM10−2.5 exposure and cardiovascular mortality with the majority of evidence at 

lags 0-1 days. Recent studies have also further evaluated the PM10−2.5-cardiovascular mortality 

relationship by examining cause-specific cardiovascular mortality outcomes [e.g., stroke, heart failure, 

IHD] (Samoli et al., 2014; Pascal et al., 2014), but overall, these studies are still limited in number.  

Nervous System Effects 

There are a very limited number of studies looking at nervous system effects and short-term exposure to 

PM10−2.5.  The evidence base consists of a limited number of experimental studies without supporting 

epidemiologic studies. The toxicological study examined the potential for inhalation of PM10−2.5 to affect 

the nervous system and found altered gene expression in the brain (Ljubimova et al., 2013). The controlled 

human exposure study indicated activation of the HPA stress axis in relation to short-term exposure to 

PM10−2.5 (Liu et al., 2017). 

Ultrafine Particles (UFP) 

Respiratory Effects 

There are a limited number of studies examining short-term exposure to UFPs and respiratory effects but 

enough to be suggestive of a causal relationship. Past epidemiologic evidence indicated associations with 

combined respiratory-related diseases, respiratory infection, and asthma exacerbation. In addition, 

personal ambient UFP exposure from time spent in high-and low-traffic areas were associated with lung 

function decrements in adults with asthma. Older experimental studies provided limited coherence with 

epidemiologic findings for asthma exacerbation. Recent studies add to this evidence base and support 

epidemiologic evidence for asthma exacerbation and combined respiratory-related diseases but do not 

rule out chance, confounding, and other biases. Several animal toxicological studies showing effects 

related to allergic asthma provide biological plausibility (U.S. EPA, 2019).  

For asthma exacerbation, there is some epidemiologic evidence that is not entirely consistent. 

Associations persisted in one epidemiologic study with adjustment for NO2, but not in another. Additional 

supporting evidence, showing decrements in lung function and enhancement of allergic inflammation and 

other allergic responses, is provided by a controlled human exposure study in adults with asthma and by 

animal toxicological studies in an animal model of allergic airway disease. For combined respiratory-

related diseases, recent findings add consistency for hospital admissions and ED visits and indicate lung 

function changes among adults with asthma or COPD. Uncertainty remains regarding the 

representativeness of UFP concentrations as a surrogate for exposure and for copollutant confounding, 

which limits inference about an independent effect of UFP. Additionally, there remains limited 

information on the spatial and temporal variability of UFP concentrations. Further, there is no nation-wide 

network of monitors for UFPs, so studies rely on short-term or other special monitoring campaigns that 

may not be representative of actual exposures (U.S. EPA, 2019).  

Asthma Exacerbation 

Older studies of hospital admissions, ED visits (Andersen et al., 2008b; Halonen et al., 2008), and physician 

visits (Sinclair and Tolsma, 2004) reported evidence of associations across a range of lags, as well as for 

different UFP concentration metrics (i.e., number concentration [NC] and surface area [SA]). In panel 
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studies of asthma symptoms in adults with asthma, supporting evidence of asthma exacerbation was 

observed across size fractions from NC10−100 to NC500−2,500 (Mar et al., 2004; von Klot et al., 2002). Supporting 

evidence was also provided by a study of lung function in adults with asthma in which NC10−100 was 

associated with decrements in FEV1, FVC, FEF25−75, but not with increases in eNO after walking on a high-

traffic road or in a park (McCreanor et al., 2007). This study of scripted exposure minimized uncertainty 

in the UFP exposure metric by measuring personal ambient UFP at the site of exposure. The evidence 

across studies was not entirely consistent, as associations between UFP exposure and ED visits for asthma 

were not observed in the Atlanta, GA-based SOPHIA study (Peel et al., 2005). Additionally, the overall 

interpretation of results from epidemiologic studies that examined UFP exposures, including those 

focusing on asthma exacerbation, is complicated by the spatial variability in UFP concentrations, the 

correlation between UFPs and other traffic-related pollutants, and the various size fractions and 

concentration metrics used as UFP exposure surrogates. 

A few recent epidemiologic studies provide support for associations between increases in short-term UFP 

concentrations exposure and asthma exacerbation but is not entirely consistent. The supporting evidence 

comes from an array of outcomes related to asthma exacerbation, including hospital admissions, ED visits, 

and physician visits for asthma-to-asthma symptoms and medication use. Additional evidence from 

studies in adults with asthma using personal ambient UFP exposures via scripted exposures in high-traffic 

locations is more consistent for lung function decrements than pulmonary inflammation. The relatively 

small body of recent studies of asthma hospital admissions, ED visits, and physician visits examined a 

range of UFP size fractions, which complicates the interpretation of results across studies. Several studies 

examined NC10−100 exposure among older children (>3 years), in whom the ascertainment of asthma is 

more reliable (U.S. EPA, 2019). Samoli et al. (2016a) reported no association with asthma hospital 

admissions in a study of five European cities. In contrast, Iskandar et al. (2012) reported an association 

with NC10−700 in a study conducted in Copenhagen, Denmark. Across studies, a similar array of lags was 

examined, and no particular lag was identified as having a stronger association with asthma hospital 

admissions, but many results support associations with UFP concentrations with a lag of 1 to 5 days or 

averaged over 3 to 6 days (U.S. EPA, 2019). While the examination of the relationship between short-term 

UFP exposure and asthma hospital admissions focused on studies that examined daily changes in UFP 

concentrations and hospital admissions (e.g., time-series, case-crossover analyses), the assessment of the 

relationship with ED visits was limited to a study that focused on asthma exacerbations that led to an ED 

visit (Evans et al., 2014). In a group of children with asthma enrolled in the School-Based Asthma Therapy 

trial, Evans et al. (2014) examined whether exposure to traffic-related pollutants, including UFPs, resulted 

in an asthma exacerbation that ld to an ED visit over multiday averages up to 0−7 days. There was some 

evidence of an association for lag 0−3 days (OR: 1.3 [95% CI: 0.90, 1.8] for a 2,088 increase in UFPs per 

cm3); however, the association was more evident in children receiving preventative medication at school 

compared to at home. A recent study examined the association between UFP exposure and lung function 

and subclinical effects in adults with asthma. In this panel study of 18 adults in Atlanta, GA, NCtotal was 

associated with increased eNO and decreased FEV1 (Mirabelli et al., 2015). Personal NCtotal was measured 

during two morning commutes through rush-hour traffic, resulting in higher exposure levels. The 

observed associations with FEV1 were consistent across spirometry test conducted 0, 1, 2, and 3 hours 

post commute, while increased eNO was only associated with UFP exposure in adults with below-median 

asthma control. 
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Only one controlled study investigated the effects of short-term UFP exposure and respiratory effects in 

individuals with asthma. In this study, Gong et al. (2008) reported decreases in pulmonary  function 

(oxygen saturation and FEV1) following a 2-hour exposure to 100 μg/m3
 
UFP CAPs (less than 0.18 μm 

aerodynamic diameter). 

In animal studies Kleinman et al. (2005) found that a multiday exposure to roadway UFP CAPs in Los 

Angeles, CA enhanced allergic responses in OVA-sensitized and challenged BALB/c mice, and that this 

effect was dependent on proximity to the PM source. Recently, Li et al. (2010) extended these 

observations in OVA-sensitized and challenged BALB/c mice. The results demonstrate that short-term UFP 

exposure exacerbated the effects of allergen and suggest the involvement of Th2 and Th17 helper cells in 

the response. Pulmonary histopathology revealed that UFP inhalation during the OVA challenge extended 

allergic inflammation to more distal regions of the lung (i.e., the proximal alveolar duct and adjacent 

alveolar parenchyma). Their small size may have allowed UFPs to evade phagocytosis and deposit in the 

deep lung due to diffusion, as well as to stick to the airway walls due to Van der Waal’s forces. The 

oxidative potential of urban UFP (Li et al., 2009) may have also contributed to inflammatory responses. It 

should be noted that in the recent study by Li et al. (2010), PM and allergens were coinstilled during 

sensitization prior to the inhalation challenge. This study design more clearly demonstrates the 

exacerbation of allergic responses than adjuvant activity. Short-term exposure to UFP may also promote 

allergic sensitization and additional experiments employing different study designs are needed to show 

this effect. 

Chronic Obstructive Pulmonary Disease (COPD) Exacerbation 

There are a few recent studies of UFP exposure and COPD exacerbation, but the evidence base remains 

small and does not clearly support a relationship. This applies to COPD hospital admissions and ED visits, 

which can result from uncontrollable respiratory symptoms that are hallmarks of COPD, exacerbation such 

as cough, sputum production, and shortness of breath.  

Recent studies examine COPD hospital admissions in Europe and observe an association in Rome, Italy 

(Belleudi et al., 2010) but not a multicity study that includes Rome [Samoli et al. (2016a). Additionally, in 

a study conducted in Helsinki, Finland, Halonen et al. (2009b) reported an association between COPD 

hospital admissions in the nucleation mode (<0.03 μm), with an 0.8% (95% CI: −2.28, 3.97) increase in 

hospital admissions for a 3,583-count increase in the nucleation mode, and a 0.82% (95% CI: −1.51, 3.20) 

increase in hospital admissions for a 2,467-count increase in the Aitken mode (0.03−0.1 μm; lag 3). Among 

adults with COPD in Erfurt, Germany, NC10−100 was not associated with blood levels of the proinflammatory 

cells neutrophils and eosinophils or most markers of blood coagulation that are linked to cardiovascular 

effects rather than COPD (Bruske et al., 2010; Hildebrandt et al., 2009). 

Respiratory Related Issues 

The available evidence suggests small associations between UFPs and respiratory infections, although the 

distinct size fractions under analysis in each study make cross-study comparisons difficult. The limited 

evidence from previous and recent studies does not clearly link short-term UFP exposure to increases in 

respiratory infection, based largely on hospital admissions, ED visits, and physician visits for URI, 

pneumonia, or LRI, which combines pneumonia and bronchitis (U.S. EPA, 2019).  

The evidence more consistently links increases in UFP concentration to increases in respiratory-related 

diseases broadly than to asthma, COPD, or respiratory infections. Recent findings not only add consistency 
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for hospital admissions or ED visits, but they also indicate lung function changes among adults with asthma 

or COPD (U.S. EPA, 2019). 

There is considerable variation across studies in the size fractions examined and in the fraction most 

strongly associated with hospital admissions and ED visits for respiratory-related diseases Associations 

were consistently observed for NC up to 100 nm (Lanzinger et al., 2016b; Samoli et al., 2016b; Leitte et 

al., 2011; Andersen et al., 2008b; Halonen et al., 2008). In Beijing, China, associations were observed with 

UFP NC and SC (Leitte et al., 2011). In contrast, hospital admissions and ED visits for respiratory-related 

diseases are inconsistently associated with size fractions with upper bounds less than 50 nm (Leitte et al., 

2011; Halonen et al., 2008).  

A few recent epidemiologic studies focusing on individuals with a combination of respiratory-related 

diseases that also examined associations with UFP concentrations provide evidence that supports an 

association with respiratory-related hospital admissions and ED visits. For adults with asthma and COPD 

in four European cities (Helsinki, Finland; Athens, Greece; Amsterdam, the Netherlands; Birmingham, 

U.K.), NCtotal measured outside the home but not at a monitor in the city was associated with lung function 

decrements (de Hartog et al., 2010). Additionally, within the UFIREG study in Augsburg, Germany, NCtotal 

was found to be highly correlated across four traffic and nontraffic sites [r = 0.77−0.95; Lanzinger et al. 

(2016b) and Cyrys et al. (2008)]. 

Respiratory Effects in Healthy Populations 

Evidence linking short-term UFP exposure and respiratory effects in healthy populations is inconsistent or 

minimal in epidemiologic studies and controlled human exposure studies. Animal toxicological studies 

found pulmonary oxidative stress following short-term UFP exposure, but inconsistent evidence of 

pulmonary inflammation and no evidence of changes in lung function. The studies are discussed below.  

Lung Function 
An association between UFPs and wheeze was reported in a study of infants (Andersen et al., 2008a), in 

whom wheeze is common and transient. Several recent studies have employed scripted exposures to 

further inform the relationship between UFPs and respiratory effects in healthy populations. Scripted 

studies measuring personal ambient UFP exposures are designed to minimize uncertainty in the UFP 

exposure metric by always measuring UFPs at the site of exposure, ensuring exposure to sources of UFPs, 

such as traffic, and measuring outcomes at well-defined lags after exposure. A limitation of recent scripted 

exposure studies is that outcome assessment is only performed up to 6 hours after exposure, such that 

scripted studies do not inform understanding of the persistence of effects (U.S. EPA, 2019).  

In these recent studies, increases in personal ambient UFP exposure were inconsistently associated with 

decreases in lung function and increases in markers of pulmonary inflammation in healthy adults 

(Weichenthal et al., 2011; Zuurbier et al., 2011b; Zuurbier et al., 2011b; Matt et al., 2016; Kubesch et al., 

2015; Steenhof et al., 2013; Strak et al., 2012; Dales et al. (2013). Some studies provided evidence of 

transient respiratory effects associated with UFP exposure. Strak et al. (2012) reported decreases in FVC 

and FEV1, and increases in eNO immediately after exposure, but not 6 or 18 hours later. Similarly, Matt et 

al. (2016) observed UFP-related FEV1 decrements immediately after exposure that were positive 7-hours 

postexposure. Other studies observed associations with several lung function metrics, including FEV1, 

FEV1:FVC, FEF25−75, total lung capacity (TLC), and residual volume [RV; Dales et al. (2013)] immediately 

after exposure, and PEF 2 and 6 hours after exposure (Zuurbier et al., 2011b). Notably, many studies that 
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reported some evidence of associations had inconsistent results across an array of lung function metrics 

(Matt et al., 2016; Strak et al., 2012; Zuurbier et al., 2011b). Similarly, some studies reported UFP 

associations with lung function and eNO, but not other subclinical pulmonary effects, including nasal 

lavage levels of the proinflammatory cytokine IL-6 (Steenhof et al., 2013; Strak et al., 2012) or plasma 

CC16 levels (Zuurbier et al., 2011a), an indicator of decreased lung epithelial barrier function. Additional 

studies did not observe any associations between UFP concentrations and lung function or pulmonary 

inflammation in healthy populations up to 7 hours after exposure (Kubesch et al., 2015; Weichenthal et 

al., 2011; Strak et al., 2010). While respiratory symptoms are frequently studied in populations with pre-

existing respiratory conditions, such as asthma or COPD, the outcome is less often examined in healthy 

populations. As such, no recent studies of UFP exposure evaluate respiratory symptoms or medication 

use in healthy populations.  

In addition to major uncertainties regarding the spatial variability in UFP and the various size fractions and 

concentration metrics used as UFP exposure surrogates, the ability to attribute inconsistently observed 

associations to UFP exposure in the presence of moderately to highly correlated traffic-related 

copollutants (r = 0.50−0.70) remains limited. Only Strak et al. (2012) examined models with these 

copollutants. The authors reported that UFP associations observed immediately after exposure persisted 

in copollutant models including EC, Fe, Cu, NO2, or NOX, but results may be unreliable for models with 

moderately to highly correlated pollutants. 

Respiratory Tract Oxidative Stress 
Two recent studies examined this endpoint. Seagrave et al. (2008) exposed rats to UFP (count median 

diameter 15−20 nm, mass median diameter 150 nm) and found increased lung tissue chemiluminescence. 

Recently, oxidative stress in olfactory epithelium, as well as olfactory bulb and other brain regions, was 

examined in mice exposed to resuspended urban UFP [Cheng et al. (2016). A single 5-hour exposure to 

UFP resulted in enhanced markers of oxidative stress in olfactory epithelium, but not olfactory bulb, 

cerebellum, or cerebral cortex. Multiple exposures over 3 weeks also increased oxidative stress markers 

in olfactory epithelium, as well as decreased levels of a protein expressed by olfactory sensory nerves, 

and increased levels of apoptosis-related proteins. 

Respiratory Tract Inflammation 
Inflammation was observed in two animal studies measuring effects in lung tissue. Cheng et al. (2016) 

found inflammatory responses in olfactory epithelium, as well as olfactory bulb and other brain regions, 

in C57BL/6J mice exposed to resuspended urban UFP. The number of IBA-1 positive-macrophages, an 

indicator of inflammation, increased in olfactory epithelial turbinates and in the olfactory bulb after 5-

hours of exposure to UFP (p < 0.05). In addition, Aztatzi-Aguilar et al. (2015) found increased levels of IL-

6 in lung tissue in Sprague-Dawley rats exposed to UFP CAPs in Mexico City for several days (p < 0.05). 

Aztatzi-Aguilar et al. (2015) also found that short-term UFP CAPs exposure had several effects on the two 

counterbalancing endocrine systems―the RAS and the kallikrein-kinin system in the lung (p < 0.05). These 

effects included upregulation of genes encoding angiotensin 1 receptor and angiotensin converting 

enzyme and reduced levels of reduced angiotensin 1 receptor protein. Levels of angiotensin converting 

enzyme and angiotensin 2 receptor mRNA were not impacted. The RAS plays an important role in 

pulmonary and systemic vasculature, with binding of angiotensin to the angiotensin 1 receptor mediating 

vasoconstriction and oxidative stress. In addition, short-term UFP CAPs exposure resulted in upregulation 

of the gene encoding kallikrein-1 (p < 0.05). Kallikrein-1 is a serine protease enzyme required to produce 
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kinin peptides, which are necessary to activate bradykinin receptors. Bradykinin receptors are involved in 

the regulation of nitric oxide which mediates vasodilation. 

Respiratory Effects in Population with COPD 

Kooter et al. (2006) found that a multiday exposure of SH rats to UFP-enriched CAPs in the Netherlands 

decreased CC16 in BALF. CC16 is a secretory product of nonciliated bronchiolar club cells and is thought 

to contribute to control of inflammation. Recently, Tyler et al. (2016) exposed C57BL/7 and ApoE knockout 

mice for 6-hour to UFP generated from motor vehicle exhaust. No increases in BALF inflammatory cells 

were observed. However, increases in TNF-α levels in BALF and particle uptake into bronchial 

macrophages were found in ApoE knockout (p < 0.001) but not in C57BL/6 mice. Effects were also seen in 

the hippocampus. 

Respiratory Mortality 

The assessment of the relationship between short-term UFP exposure and respiratory mortality is limited 

to studies conducted in Europe (Stafoggia et al., 2017; Lanzinger et al., 2016a; Samoli et al., 2016b) and 

China (Leitte et al., 2012). Across studies of respiratory mortality, NC was used to examine associations 

with respiratory mortality. Both Lanzinger et al. (2016a), in a study of five central European cities as part 

of the UFIREG project, and Leitte et al. (2012), in Beijing, China, reported generally positive associations 

that were imprecise across each of the UFP size distributions examined, while Samoli et al. (2016b) did 

not report any evidence of an association with respiratory mortality. Although there is some evidence of 

a positive association between short-term UFP exposure and respiratory mortality, within each study only 

a single monitor was used to estimate exposure to UFPs. 

Cardiovascular Effects 

A small number of epidemiologic panel studies have observed positive associations between short-term 

exposure to UFPs and measures of HRV and markers of coagulation ((Hampel et al., 2014; Weichenthal et 

al.,2014a; Bartell et al., 2013; Rich et al., 2012; Schneider et al., 2010). did not However Strak et al. (2013) 

did not report UFP-related effects. There is evidence from a single CHE study indicating decreases in the 

anticoagulant proteins plasminogen and thrombomodulin in individuals with metabolic syndrome (Devlin 

et al.; 2014).  

Metabolic Effects 

A recent longitudinal analysis of the data from the HNR study found an association of 28-day avg 

accumulation mode UFP (NC) exposure with increased blood glucose (0.64 mg/dL [95% CI: 0.07, 1.21] per 

IQR increase) and increased HbA1c [0.03% (0.01, 0.05) per IQR increase; Lucht et al. (2018a)]. 

Uncharacterized temporal and spatial variability in the exposure concentration is an uncertainty for this 

study because a 28-day avg exposure was estimated for 1-km
2 

grid cells, not the participants’ residence. 

Nervous System Effects 

There is limited evidence of a relationship between exposure to ultrafine particles (UFP) and nervous 

system effects. An experimental study demonstrated that inhalation of UFP CAPs enhanced pro-

inflammatory responses in the brains of mice that had been sensitized and challenged with ovalbumin 

(Campbell et al., 2005). Nonallergic mice were not tested. In addition, experimental studies in rodents 
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previously found that inhaled laboratory-generated UFP can translocate from the olfactory epithelium to 

the olfactory bulb via the axons of olfactory sensory neurons (Elder et al., 2006; Oberdörster et al., 2004). 

Furthermore, magnetite UFP (10−150 nm), likely derived from combustion sources, has recently been 

found in frontal tissue from brains of humans (Maher et al., 2016). These findings suggest that ambient 

UFP may reach the brain via olfactory transport; however, other routes of translocation have not been 

ruled out. Several recent experimental studies and an epidemiologic study of cognition in older adults add 

to the evidence base and are discussed below.  

Activation of the Sympathetic Nervous System and the Hypothalamic-Pituitary-Adrenal (HPA) 

Stress Axis 

A controlled human exposure study examined the effects of a 130-minute exposure to UFP CAPs on 

urinary and blood biomarkers associated with neural effects (Liu et al., 2017). An association between 

exposure to UFP CAPs and an increase in urinary vanillylmandelic acid, a stress-related biomarker, was 

observed at 1-hour postexposure (p < 0.1) but was not statistically significant. Vanillylmandelic acid is the 

primary metabolite resulting from the breakdown of the stress hormones epinephrine and 

norepinephrine. Its presence in urine indicated that exposure to UFP CAPs led to secretion of epinephrine 

and/or norepinephrine into the blood by the adrenal medulla subsequent to activation of the HPA stress 

axis. 

Allen et al. (2014b) reported changes in neurotransmitters in adult mice exposed for 4 days to UFP CAPs 

beginning at PND 56. Brain tissue was analyzed at 9 months. Neurotransmitters were altered by exposure 

to CAPs in a sex-and brain region-specific manner. Most notably, exposure resulted in decreased 

norepinephrine in the hypothalamus of male mice and increased norepinephrine in the midbrain of 

female mice (p < 0.05). Allen et al. (2014b) also examined serum corticosterone levels in male and female 

mice exposed to UFP CAPS. Blood samples were collected at PND 60 and at about 6 months of age. At 

both time points, exposure decreased serum corticosterone levels in males (p < 0.05) but had no effect in 

females. 

Brain inflammation and Oxidative Stress 

Cheng et al. (2016) examined the effects of exposure to UFP on inflammatory and oxidative stress 

responses in olfactory epithelium, olfactory bulb, cerebral cortex, and cerebellum. Ambient UFP was 

collected near a freeway in Los Angeles, CA and re-aerosolized in order to expose C57BL/6J mice for 5, 20, 

and 45 hours over 3 weeks. Increases in oxidative stress markers were seen after 5 and 45 hrs hours of 

exposure in olfactory epithelium (p < 0.05), but not in the other regions. This study demonstrated rapid 

responses to inhaled UFP in olfactory epithelium, and to a lesser extent, in olfactory bulb. Responses to 

UFP inhalation in cerebral cortex and cerebellum required longer exposures. This delay suggests a role for 

systemic inflammation, rather than particle translocation, in mediating the effects of UFP in these brain 

regions. Decreased olfactory marker protein and increased markers of apoptosis suggest an impact of UFP 

exposure on olfactory sensory neurons.  

In addition, Allen et al. (2014b) and Ljubimova et al. (2013) reported changes in brain tissue with UFP 

exposure. Tyler et al. (2016) reported changes in inflammatory markers in the hippocampal tissue.  

Cognitive and Behavioral 

Wang et al. (2014) examined the association of UFP (2-week avg concentration) with depressive 

symptoms among older adults in the MOBILIZE study and reported findings that did support an effect of 

UFP on increased CESD-R score .16 (OR: 1.04 [95% CI: 0.68,1.57]).  
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In an animal toxicological study, Allen et al. (2013) investigated behavioral effects of short-term exposure 

to UFP CAPs. Exposure to UFP CAPs resulted in changes in mean wait time/fixed ratio completion time (p 

< 0.05), one of the behaviors related to delay of reward. Locomotor activity was evaluated and was not 

altered by exposure to UFP CAPs.  

Long-Term Effects of PM Exposure 

PM2.5 

Respiratory Effects 

The 2019 PM ISA concluded that a likely to be causal relationship exists between long-term PM2.5 

exposure and respiratory effects (U.S. EPA, 2019).  Recent evidence continues to link long-term exposure 

to PM2.5 and reduced lung development in children and supports PM2.5-related acceleration of lung 

function decline in adults. The recent body of literature enhances the limited evidence base, providing 

further evidence that long-term exposure to PM2.5 is associated with asthma development in children 

and COPD development in adults. Epidemiologic evidence for the development of allergic disease, 

respiratory infection, and severity of disease is inconsistent. Recent animal toxicological studies provide 

evidence for respiratory effects in healthy populations and animal models of cardiovascular disease, 

including pulmonary oxidative stress and inflammation. Studies focusing on the nasal airways find 

inflammation and morphologic changes. The epidemiologic literature provides evidence for respiratory 

mortality in relationship to long-term PM2.5 exposure and examines the relationship between the decline 

in PM2.5 levels and metrics of respiratory health. Findings that improved respiratory health in children 

are linked to decreased PM2.5 concentrations add to the evidence base linking long-term PM2.5 exposure 

and respiratory effects. However, uncertainty with respect to copollutant confounding remains (U.S. EPA, 

2019). 

Lung Development 

Epidemiologic studies evaluated in the 2009 PM ISA (U.S. EPA, 2009) indicated that long-term exposure 

to PM2.5 is associated with decrements in lung development in school children. Key evidence informing 

the relationship came from analyses of the Children’s Health Study (CHS), a prospective cohort study of 

children in 12 southern California communities. Two studies of this cohort that were reviewed in the 2004 

PM AQCD (U.S. EPA, 2004) observed decrements in annual pulmonary growth rates for all the examined 

lung function measures (FVC, FEV1, MMEF, and FEF75) in relation to long-term in PM2.5 exposure 

(Gauderman et al., 2002; Gauderman et al., 2000). Gauderman et al. (2000) examined lung function 

growth over a 4-year period for three age cohorts within CHS, including 4th, 7th, and 10th graders. The 

authors consistently reported the strongest associations in magnitude and precision in 4th graders and 

the weakest associations in 10th graders for all lung development metrics. Gauderman et al. (2004) 

followed children for 8 years and reported that PM-related deficits in average lung development between 

ages 10 and 18 years resulted in clinically important deficits in attained lung function at age 18 years 

(Gauderman et al., 2004).  

Recent data from studies based in the U.S. and Asia continue to provide evidence for PM2.5-related 

decrements in lung development in children (U.S. EPA, 2019). Like the results from Gauderman et al. 

(2004), a small prebirth cohort study in Massachusetts (Rice et al., 2015b) and an ESCAPE analysis of 



Draft Final 2022 AQMP 

I-84 

multiple European cohorts (Gehring et al., 2013) observed increased odds of clinically low FEV1 and FVC 

measurements in relation to long-term PM2.5 exposure. Eenhuizen et al. (2013) reported increases in 

interrupter resistance technique (Rint) consistent with long-term PM2.5 exposure estimated outside 

participants’ birth addresses. Higher Rint was associated with lower FEV1 levels at age 8 years, suggesting 

that Rint may be a predictor of later lung function. The CHS is further evaluated in recent studies that 

provide supporting evidence in multiple cohorts recruited in 1993 and 1996 and followed through 2007 

(Gauderman et al., 2015; Breton et al., 2011). Recent results from the CHS not only corroborate previous 

results, but they also indicate improvements in lung development in association with declining PM2.5 

concentrations (Gauderman et al., 2015). Results from the CHS indicate that long-term PM2.5 exposure 

may affect lung development during adolescence (age 10−18 years), a period of rapid, nonlinear growth 

(Wang et al., 1993). Associations during adolescence also are supported in a multicity cohort in Taiwan 

(Hwang et al., 2015). However, mean PM2.5 concentrations in this study were notably higher than those 

in the CHS studies. As examined in a limited number of recent studies, evidence is less clear for effects 

during the linear growth period of preadolescence. PM2.5 was associated with reduced lung development 

in a cohort in China that included children ages 6−12 years at baseline (Roy et al., 2012). However, no 

association was observed between PM2.5 and lung development in the PIAMA cohort between ages 8 

and 12 years (Gehring et al., 2015a). Information on critical periods of exposure is limited, as most studies 

examined concurrent exposure. In the PIAMA cohort, lung development was not associated with PM2.5 

exposure estimated for the concurrent period or birth year (Gehring et al., 2015a). 

Several studies of pulmonary function in children provide information on potential copollutant 

confounding through the evaluation of two-pollutant models. These studies add to the strength of the 

evidence by establishing a PM2.5 relationship with observed lung function decrements that is generally 

unchanged in models with other pollutants. PM2.5 correlations with NO2 ranged from 0.25 to 0.75, across 

studies. In studies that reported higher correlations (r = 0.75), associations between PM2.5 and lung 

decrements were attenuated but still negative in copollutant models adjusting for NO2 (Wang et al., 2015b; 

Gehring et al., 2013). Meanwhile, in studies with low PM2.5-NO2 correlations (r = 0.25−0.33), associations 

were relatively unchanged in copollutant models (Chen et al., 2015a; Hwang et al., 2015). Hwang et al. 

(2015) and Chen et al. (2015a) also reported declines in lung function that persisted in copollutant models 

adjusting for CO, O3, and SO2. However, these studies of school children in Taiwan lack generalizability 

given PM2.5 concentrations that are much higher than studies in North America and Europe. 

Lung function generally peaks in adults around the age of 25, and then slowly declines throughout 

adulthood (Götschi et al., 2008). In addition to studies of lung function in children, some studies have 

investigated whether long-term PM2.5 exposure accelerates the rate of decline in lung function as adults 

age. A longitudinal study of adults from 10 European countries found that annual PM2.5 concentrations 

were not associated with lung function decrements measured from two spirometry tests taken 

approximately 10 years apart (Götschi et al., 2008). However, PM2.5 exposures were estimated at the end 

of the study period, which may have introduced bias if the pattern of spatial variability of PM2.5 

concentrations did not remain constant across cities over the 10-year study period. In contrast, cross-

sectional studies reported associations between annual average PM2.5 and mean lung function 

(Schikowski et al., 2005; Ackermann-Liebrich et al., 1997). A limited number of recent longitudinal and 

cross-sectional studies in the U.S. and Europe have reported more consistent evidence that PM2.5 is 

associated with decreased lung function parameters in adults. As with past studies, lung function in these 

cohorts was assessed either as a measure of lung function decline over time or cross-sectionally as a single 
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measure in time. These cross-sectional measurements are generally less informative than longitudinal 

studies because they do not establish a temporal relationship between the exposure and outcome of 

interest.  

The Framingham Heart Study examined the association between long-term exposure to PM2.5 and 

longitudinal decline in lung function over a 15-year period (Rice et al., 2015a). Rice et al. (2015a) reported 

a 5.25 mL/year (95% CI: 0.5, 10.5) faster rate of decline in FEV1 and a 5 mL/year (95% CI: −0.25, 10.25) 

faster decline in FVC per 5-μg/m3
 
increase in annual average PM2.5 concentrations in the index year. The 

authors also observed PM2.5 associations with cross-sectional FEV1 and FVC measures but did not observe 

evidence of associations with FEV1:FVC in longitudinal or cross-sectional analyses. In an ESCAPE project 

analysis of five European cohorts, Adam et al. (2015) also reported evidence of an association between 

long-term exposure to PM2.5 and lung function in adults. Supporting evidence of a longitudinal 

association between PM2.5 concentrations and lung function in adults, Boogaard et al. (2013) examined 

traffic policy-related reductions in air pollution and found improvements in lung function associated with 

declining PM2.5 concentrations. 

In the Multi-Ethnic Study of Atherosclerosis (MESA), the association between long-term exposure to 

PM2.5 and lung function was examined cross-sectionally (Adar et al., 2015). PM2.5 was estimated using 

area-specific prediction models based on pollution measurements at the community or residential level 

in a subset of participants (MESA Air), which were incorporated with local geographic, meteorological, 

and emission data into a hierarchical spatiotemporal model to predict long-term exposure outside of 

participants’ homes. PM2.5 levels 1 year prior to baseline exam and 20-year avg exposures were 

estimated, and both were negatively associated with FEV1 and FVC and with higher odds of airflow 

limitation. Similar to the Framingham Heart Study (Rice et al., 2015a), the authors found null associations 

between long-term exposure to PM2.5 and FEV1:FVC (Adar et al., 2015). 

Development of Asthma 

In a birth cohort study in the Netherlands, early-life PM2.5 exposure was associated with doctor-

diagnosed asthma at age 4 years (Brauer et al., 2007). In the southern California Children’s Health Study 

(CHS), PM2.5 was examined in relation to the association between lung function and asthma incidence. 

The protective association between lung function and new onset asthma observed in the overall 

population was not present in high PM2.5 communities (Islam et al., 2007).  

The recent body of literature enhances the limited evidence base, providing further evidence that long-

term exposure to PM2.5 is associated with asthma development in children. The strongest evidence 

supporting the relationship between long-term exposure to PM2.5 and childhood asthma comes from 

several recent prospective and retrospective cohort studies conducted in North America and Europe (U.S. 

EPA, 2019). Longitudinal epidemiologic studies, which follow subjects over time, can better characterize 

the temporal sequence between PM2.5 exposures and the incidence of asthma by ascertaining the first 

record of a physician diagnosis. In this regard, longitudinal studies distinguish between asthma onset and 

asthma exacerbation. In most studies, asthma incidence was ascertained through validated 

questionnaires that asked parents about the child ever having a physician diagnosis of asthma at baseline, 

and, at each follow-up, questions about a diagnosis of asthma in the intervening period. In other studies, 

asthma was assessed by pediatric allergist evaluation (Carlsten et al., 2011) and primary care physician 

diagnosis or hospitalization due to asthma (Tétreault et al., 2016a; Clark et al., 2010). 
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Most recent asthma incidence studies focused on birth year as the period of potentially heightened 

sensitivity to PM2.5 exposure and examine asthma incidence across varying follow-up times. The 

association between birth-year PM2.5 exposure and diagnosis of asthma at age 7 years was examined in 

a birth cohort of children at high-risk for asthma (n = 186) in Vancouver, Canada (Carlsten et al., 2011). 

The smaller sample size compared to other recent studies is balanced by using a high-risk cohort, which 

results in a higher proportion of cases compared to general population studies. Despite low mean outdoor 

PM2.5 concentrations at birth residences (5.6 μg/m3), Carlsten et al. (2011) observed that PM2.5 was 

associated with increased odds of asthma diagnosis (OR: 4.0 [95% CI: 1.4, 11.5]). In a larger study with 

relatively low mean PM2.5 concentrations (9.9 μg/m3; max: 14.9), Tétreault et al. (2016a) reported a 

positive and precise association between PM2.5 and onset of asthma in an administrative cohort study of 

over 1 million children (HR: 1.23 [95% CI: 1.21 to 1.24]). Other studies conducted at higher PM2.5 

concentrations also reported generally positive associations between PM2.5 and asthma incidence (U.S. 

EPA, 2019). A pooled retrospective case-control analysis of minority children provided an exception to the 

generally consistent evidence of an association (Nishimura et al., 2013). However, the study had low 

statistical power due to missing PM2.5 concentration measurements for some regions. 

Several studies examined alternate exposure windows to assess other periods of potential sensitivity to 

PM exposure in the development of asthma. Two studies of the PIAMA cohort in the Netherlands (Yang 

et al., 2016; Gehring et al., 2015a) and one pooled analysis of four European birth cohorts (Gehring et al., 

2015b) observed that asthma incidence was associated with PM2.5 concentrations outside birth 

residences, and reported attenuated but still positive associations with PM2.5 concentrations at the 

address of the participant at the time of follow-up. An earlier PIAMA study stratified by participants who 

had and had not moved from their birth address (movers vs. nonmovers) and observed associations 

between PM2.5 and incident asthma that were slightly stronger in magnitude in nonmovers (OR: 1.6 [95% 

CI: 1.1, 2.3]) than movers [OR: 1.3 (95% CI: 0.97, 1.8); Gehring et al. (2010)]. While the difference in ORs 

is not large, the stratified results may suggest continued sensitivity to PM2.5 exposure later in life. In a 

nested case-control study in British Columbia, Clark et al. (2010) examined asthma incidence at ages 3−4 

years in association with PM2.5 concentrations in both the prenatal period and first year of life. The 

authors reported similar asthma-PM2.5 associations for prenatal and first year of life exposures. 

Recent studies of asthma prevalence generally provide supporting evidence for an association with PM2.5 

(Gehring et al., 2015b; Hasunuma et al., 2014; MacIntyre et al., 2014a; Mölter et al., 2014), although some 

did not (Fuertes et al., 2013b; Akinbami et al., 2010). Supporting evidence was also reported in studies 

examining PM2.5 and wheeze, a common symptom of asthma. Repeated wheeze in 2-year-olds was 

prospectively studied in a pregnancy cohort of women (n = 708) receiving care at Brigham and Women’s 

Hospital in Boston, MA (Chiu et al., 2014). Prenatal PM2.5 exposure was associated with increased odds 

of repeated wheeze at age 2 years (OR: 2.0 [95% CI: 1.2, 3.4] for above median vs. below median PM2.5 

concentrations). In the larger PIAMA cohort study, Gehring et al. (2010) observed increased odds of 

parental-reported prevalent wheeze during the first 8 years of life associated with long-term PM2.5 

concentration (OR: 1.3 [95% CI: 1.1, 1.6]).  

Contrary to this recent evidence supporting the presence of an association in children, the results for adult 

populations have been largely inconsistent (U.S. EPA, 2019).  

Subclinical effects underlying the development of asthma, including airway inflammation and airway 

hyperresponsiveness, have been examined in both epidemiologic studies and animal toxicological studies.  



Appendix I: Health Effects 

I-87 

In a cross-sectional analysis of school children in Windsor, Ontario Dales et al. (2008) observed an increase 

in airway inflammation (as measured by exhaled nitric oxide [eNO]) corresponding to an increase in annual 

PM2.5 concentrations. Several studies reported subclinical effects underlying the development of asthma 

following long-term exposure to DE or woodsmoke (U.S. EPA, 2009). However, these studies did not 

distinguish between effects due to gases or particles in the mixture. 

Recently, a longitudinal study of the CHS cohort reported that, in models adjusted for short-term PM2.5 

exposure, annual PM2.5 concentrations were associated with a 10.3 ppb (95% CI: 3.0, 17.6) increase in 

FeNO (Berhane et al., 2014). Results from a prior CHS analysis (Bastain et al., 2011) showed that elevated 

eNO was associated with increased risk of new onset asthma. However, potential copollutant confounding 

was not examined in either study. Thus, there are a limited number of epidemiologic studies providing 

evidence for subclinical effects underlying the development of asthma in association with long-term 

exposure to PM2.5.  

Recently, a study evaluating the effects of PM2.5 on the development of asthma has become available. 

Kim et al. (2016a) exposed BALB/c mice to nebulized DEPs for 4, 8, and 12 weeks and found increased 

BALF levels of the Th2 cytokines IL-5 (8 and 12 weeks) and IL-13 (4 and 12 weeks; p < 0.05). Because these 

mice were naïve and not sensitized or challenged with allergens, this result provides evidence that PM2.5 

can induce an immune phenotype in the absence of an allergen. 

Development of Allergic Disease 

Epidemiologic studies examining a range of allergic indicators found a mix of positive and null associations 

with long-term exposure to PM2.5. While several studies reported PM2.5 associations with hay 

fever/allergic rhinitis, indoor and outdoor allergic sensitization, and/or eczema, there was comparable 

evidence of null associations across the same endpoints (U.S. EPA, 2019). Recent studies encompass two 

main indicators of allergic disease: hay fever/allergic rhinitis diagnosis (Gruzieva et al., 2014; Gehring et 

al., 2010; Weir et al., 2013), and allergic sensitization (Gehring et al., 2010; Gehring et al., 2015b; Fuertes 

et al., 2013a; Wang et al. (2015a). In addition, a single recent animal toxicological study provided evidence 

that long-term PM2.5 exposure can promote the development of a Th2 phenotype (Kim et al., 2016a). 

Development of Chronic Obstructive Pulmonary Disease (COPD) 

Recent large cohort studies examined the association between long-term PM2.5 and COPD development. 

In a study of COPD incidence in the U.K., a dispersion model was used to assign annual-average PM2.5 

exposure to nearest postal code centroid for each patient (Atkinson et al., 2015). The authors reported 

that PM2.5 was associated with higher odds of first COPD hospitalization (OR: 1.14 [95% CI: 0.96, 1.36]), 

but not for COPD diagnosis from a general practitioner (OR: 0.98 [95% CI: 0.84, 1.16]). Hospital admissions 

records may represent more severe cases of COPD, which may explain the difference in effect estimates. 

The COPD hospitalization results persisted in two-pollutant models with SO2, NO2, and O3 (r < 0.5 for all 

pollutants). Similarly, 5-year avg PM2.5 was associated with an increase, with wide confidence intervals, 

in the risk of hospitalization due to COPD (RR: 1.06 [95% CI: 0.93, 1.20]) in a large population-based cohort 

in metropolitan Vancouver (Gan et al., 2013). The study was limited to participants who had no previous 

record of COPD diagnosis, but hospitalization records were analyzed only for a few years prior. Thus, the 

hospitalization could reflect exacerbation of a previously diagnosed disease, rather than COPD onset. In a 

large cohort study of chronic disease prevalence in women living in Ontario, Canada, To et al. (2015) 

assigned PM2.5 exposure at a postal code level using satellite-based AOD observation data. The authors 

reported that the incidence and prevalence of COPD were associated with 8-year avg PM2.5 
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concentrations. Contrasting evidence was observed in an ESCAPE project pooled analysis of four European 

cohorts (Schikowski et al., 2014). COPD was defined using prebronchodilator FEV1:FVC below the lower 

limit of normal (LLN) and the Global Initiative for Chronic Obstructive Lung Disease (GOLD) definition 

(FEV1:FVC < 0.70).  

A limited number of studies examined specific forms of COPD, including emphysema and chronic 

bronchitis. As discussed in the 2009 PM ISA (U.S. EPA, 2009), McConnell et al. (2003) reported associations 

between annual and 4-year avg PM2.5 and bronchitic symptoms in a prospective study of children in 12 

CHS communities. A recent pooled analysis of five European cohorts also examined chronic bronchitis in 

relation to PM2.5 (Cai et al., 2014). Annual average PM2.5 concentrations were not associated with 

chronic bronchitis in the overall population (OR: 0.90 [95% CI: 0.74, 1.09]), but were associated with 

chronic bronchitis in a subanalysis of nonsmokers (OR: 1.28 [95% CI: 0.95, 1.72]). A  

U.S. cross-sectional study using data from the National Health Interview Survey (NHIS) also observed an 

association between PM2.5 concentrations in the past year and the odds of chronic bronchitis [OR: 1.08 

(95% CI: 0.94, 1.24); Nachman and Parker (2012)]. The association between emphysema and exposure to 

PM2.5 was examined cross sectionally in the MESA study (Adar et al., 2015). PM concentrations 1 year 

prior to baseline exam and 20-year avg exposures were estimated. Percent emphysema, determined from 

CT scans, was positively associated with both 1-and 20-year avg PM2.5.  

Recent studies provide some evidence that long-term PM2.5 exposure may be associated with 

development of COPD in adults, but uncertainties remain. Notably, studies of COPD hospitalization may 

reflect exacerbation of previously diagnosed disease rather than disease onset. Additionally, 

hospitalizations may represent severe cases of COPD and may not account for the potential effect of short-

term exposures leading to these acute events. There is also a lack of available studies that examine 

potential copollutant confounding (U.S. EPA, 2019). However, one study observed that PM2.5 was 

associated with first-time COPD hospitalization independent of gaseous pollutants (Atkinson et al., 2015). 

Overall, a limited number of studies also provide evidence of an association between long-term exposure 

to PM2.5 and chronic bronchitis, a specific form of COPD.  

Respiratory Infection 

Results from epidemiologic studies indicate an association between PM and respiratory infection. The 

association between infant bronchiolitis and long-term PM2.5 exposure was examined in three large 

cohorts (Karr et al., 2009b; Karr et al., 2009a; Karr et al., 2007). A prominent respiratory infection in 

infancy, bronchiolitis is primarily caused by the respiratory syncytial virus (RSV) and results in 

inflammation of the bronchioles. Karr et al. (2009b) examined infant bronchiolitis hospitalization in a birth 

registry cohort in the Puget Sound region of Washington. Two similar studies also examined infant 

bronchiolitis in the Georgia Air Basin of British Columbia (Karr et al., 2009a) and the South Coast Air Basin 

of California (Karr et al., 2007). Each nested case-control study examined cumulative lifetime exposure to 

PM2.5 in relation to bronchiolitis incidence in the first year of life. The results were inconsistent across 

studies. Karr et al. (2009b) reported that PM2.5 concentrations were associated with RSV bronchiolitis, 

but not all bronchiolitis, which includes bronchiolitis due to other infectious agents. However, in a model 

examining effect modification, Karr et al. (2009b) reported an association with all bronchiolitis for infants 

living within 5 km of a fixed-site monitor. Karr et al. (2007) observed a 4% increase in the odds of 

bronchiolitis hospitalization in the first year of life in relation to cumulative lifetime PM2.5 exposure (95% 

CI: 2, 7). The association with PM2.5 was robust to the inclusion of O3 in a copollutant model (4% [95% CI: 
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2, 7]; r = −0.24). In contrast to evidence observed in Washington (Karr et al., 2009b) and California (Karr 

et al., 2007), Karr et al. (2009a) reported null associations between lifetime PM2.5 exposure and infant 

bronchiolitis in British Columbia.  

A limited number of studies evaluated other respiratory infection endpoints in infants or adults. MacIntyre 

et al. (2014b) examined parental-reported pneumonia, otitis media, and croup in an ESCAPE project 

pooled analysis of 10 European cohorts. PM2.5 estimated outside birth residence was associated with an 

imprecise increase in odds of pneumonia in the first 36 months of life across all cohorts (OR: 2.58 [95% CI: 

0.91, 7.27]). The association with PM2.5 was attenuated, but still positive, in a two-pollutant model 

adjusting for NO2 (OR: 1.91 [95% CI: 0.56, 6.57]; r = 0.42−0.8). A sensitivity analysis looking at alternative 

outcome windows showed the strongest association between long-term PM2.5 and pneumonia 

diagnosed in the first year of life. Associations were null or negative for croup and otitis media. In a case-

control study in Ontario, Canada, Neupane et al. (2010) assessed the risk of hospitalization for community-

acquired pneumonia in adults 65 years of age or older in relation to long-term exposure to PM2.5.  

In summary, recent epidemiologic studies do not indicate a clear relationship between long-term PM2.5 

exposures and respiratory infection in infants or adults. While the limited number of studies reviewed 

generally reported associations between PM2.5 and at least some of the examined respiratory infection 

outcomes, there was limited overlap in endpoints across studies. 

Severity of Respiratory Disease  

Two older cohort studies have provided evidence of an association between long-term PM2.5 

concentrations and increased severity of respiratory disease (U.S. EPA, 2009) A limited number of recent 

epidemiologic studies showed an association between long-term exposure to PM2.5 and severity 

demonstrated by increased risk of asthma hospitalizations and ED visits in children. A recent study also 

provided evidence of a similar association in adults. However, potential confounding by short-term 

exposures remains an uncertainty in ascertaining the independent effect of long-term PM2.5 exposure 

(U.S. EPA, 2019). One recent animal toxicological study evaluated the exacerbation of asthma in an animal 

model of allergic airway disease (Farraj et al.; 2010). 

Subclinical Effects in Healthy Populations 

Several older studies evaluated the effects of long-term exposure to PM2.5 on subclinical effects in 

healthy populations. These studies provided evidence of pulmonary injury, inflammation, oxidative stress, 

and morphological alterations following long-term exposure to DE, GE, and woodsmoke (U.S. EPA, 2009). 

While most studies made no effort to distinguish between effects due to gases or particles in the mixture, 

one study examined the effects of particle filtration. Injury and inflammatory responses to DE were 

diminished as a result of particle filtration, indicating that PM played a role in the responses. Recent 

studies and one older study provided evidence for several subclinical effects potentially underlying the 

development of respiratory disease following long-term PM2.5 exposure in healthy animal models. These 

include pulmonary injury, oxidative stress, inflammation, and altered morphology. In particular, increases 

in tissue and BALF expression of antioxidant genes and proteins and increases in BALF levels of oxidized 

phospholipids were found. Upregulation of cytokines in the lungs and infiltration of inflammatory cells, 

including lymphocytes, monocytes, and specific T-cells subtypes consistent with a Th1 proinflammatory 

response, were also observed. In addition, long-term PM2.5 exposure resulted in increased collagen 

deposition, an early step in the development of lung fibrosis, and upregulation of the RAS. While the 

above-mentioned studies focused on the lower airways, changes to the upper airways were also 
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demonstrated. Two studies found evidence of oxidative stress, injury, inflammation, and morphologic 

changes in nasal mucosa resulting from long-term exposure to PM2.5 (U.S. EPA, 2019).  

Respiratory Mortality 

Evidence from past studies investigating respiratory mortality provided limited and inconsistent evidence 

for a respiratory effect related to long-term PM2.5 exposure. This included evidence from two large, 

multicity U.S. studies: the American Cancer Society (ACS) cohort (Pope III et al., 2004) and the Harvard Six 

Cities cohort (Laden et al., 2006). Several recent analyses further evaluated the associations of long-term 

PM2.5 exposures with risk of respiratory mortality based on the original ACS study (Pope et al., 1995), 

adding details about deaths due to respiratory disease (including COPD), and extending the follow-up 

period for the ACS to 22 years (1982−2004). In particular, Pope et al. (2014) and Turner et al. (2016) used 

the extended follow-up period of the ACS to examine the associations between long-term PM2.5 exposure 

and respiratory disease and COPD. The results of these extended analyses demonstrated positive 

associations with respiratory disease and COPD mortality, which had not been previously evaluated 

among the ACS cohort. Similarly, Lepeule et al. (2012) reported the results of an extended analysis of the 

Harvard Six Cities cohort, extending the follow-up period to include deaths between 1974 and 2009. This 

was the first time that COPD mortality was evaluated among the Harvard Six Cities cohort; the relative 

risk was positive, but imprecise due to the smaller number of COPD deaths compared to deaths from 

other causes.  

Several additional U.S. cohort studies evaluated the association between long-term PM2.5 exposure and 

respiratory mortality. In a nationwide cohort of older Americans, Thurston et al. (2016) used monthly 

estimates of PM2.5 concentration to assign annual mean concentrations to participants in the NIH-AARP 

cohort study and observed a positive association with respiratory mortality. The California Teachers Study 

(Lipsett et al., 2011; Ostro et al., 2010) examined the association between PM2.5 and mortality among 

female public-school teachers and observed positive associations between long-term PM2.5 exposure and 

respiratory mortality. In a reanalysis of the cohort with refined exposure assessment, Ostro et al. (2015) 

used a chemical transport model (CTM) to predict PM2.5 concentrations with a 4-km spatial resolution, 

observing a null association between PM2.5 exposure and respiratory mortality. Hart et al. (2011) 

examined the association between residential exposure to PM2.5 estimated from a single year of 

monitoring data (2000) and mortality among men in the U.S. trucking industry in the Trucking Industry 

Particle Study (TrIPS). The results for respiratory mortality were like those reported by Lipsett et al. (2011) 

for respiratory mortality. The results for COPD mortality were null for the cohort and positive, although 

imprecise for a sensitivity analysis excluding long-haul drivers. 

Cardiovascular Effects 

The 2019 PM ISA confirms a causal relationship between long-term effects of PM2.5 and cardiovascular 

effects. Studies of mortality from cardiovascular causes provided the strongest evidence in support of this 

conclusion (AHA, 2020).. One large prospective study of postmenopausal women reported an increased 

risk of cardiovascular events, including CHD and stroke, in association with long-term exposure to PM 2.5 

(Miller et al., 2007). Recent studies of long-term exposure to PM2.5 and cardiovascular mortality continue 

to provide strong evidence of a causal relationship between long-term exposure to PM2.5 and 

cardiovascular effects. Results from recent U.S. and Canadian cohort studies demonstrate consistent, 

positive associations between long-term PM2.5 exposure and cardiovascular mortality. Overall, the 

studies reporting positive associations examined the relationship at varying spatial scales and employed 
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different exposure assessment and statistical methods. The studies were conducted in locations where 

mean annual average concentrations ranged from 4.08−17.9 μg/m3. Numerous U.S. and Canadian cohort 

studies conducted in locations where the long-term PM2.5 concentration are less than 13 µg/m3 added 

to the strong evidence base describing the relationship between long-term PM2.5 and cardiovascular 

mortality, and specifically IHD- and stroke-related mortality. Overall, these recent cardiovascular mortality 

studies reported positive associations at varying spatial scales and across different exposure assessment 

and statistical methods. The associations between long-term PM2.5 exposure and cardiovascular 

mortality generally persisted in models that were adjusted for ozone, NO2, PM10−2.5, or SO2, and most 

analyses of the C-R function supported a linear, no-threshold relationship for cardiovascular mortality, 

especially at lower ambient concentrations of PM2.5 (U.S. EPA, 2021U.S. EPA, 2022). A review article by 

Bevan et al. (2021) reports that studies show that longer-term exposure over years augments CV risk to a 

greater extent in comparison with short-term exposure. 

Cardiovascular Heart Disease (CHD), Stroke, and Myocardial Infarction (MI) 

The body of literature examining the relationship between long-term PM2.5 exposure and cardiovascular 

morbidity has greatly expanded, with positive associations reported in several cohorts. The findings from 

the WHI cohort of postmenopausal women (Miller et al., 2007), reporting associations of long-term PM2.5 

and coronary events, were strengthened through a subsequent analysis, which considered potential 

confounding and modification by SES and applied enhanced exposure assessment methods (Chi et al., 

2016a). However, analyses of the NHS and CTS, which are both cohorts of women and include extensive 

data on covariates (i.e., hormone use, menopausal status, and SES), were not entirely consistent with the 

WHI findings. Although the NHS cohort is comparable to WHI in that it is made of predominantly 

postmenopausal women, no associations with CHD or stroke were observed in this population (Hart et 

al., 2015b).  An association with stroke, but not CHD, that was stronger among postmenopausal women 

was observed in the CTS (Lipsett et al., 2011). In a recent study, Rhinehart et al. (2020) estimated the 

association of annual average PM2.5 concentration within 300 meters of the residence with stroke in a 

prospective analysis of residents of Allegheny County Pennsylvania who were diagnosed with atrial 

fibrillation but had no history of stroke. This study reported a positive association (HR: 1.62 [95% CI: 11 

1.00, 2.55]). As opposed to examining annual or 24-month average PM2.5 exposures, Shin et al. (2019) 

estimated the association between 5-year PM2.5 concentration and incident cases of stroke in a 

prospective analysis of the Canadian ONPHEC study and reported a positive association (HR: 1.05 [95% CI: 

1.03, 14 1.07]).  

Several studies conducted among cardiovascular disease patient populations generally reported positive 

associations with MI (Hartiala et al., 2016; Tonne et al., 2015; Koton et al., 2013), and a sensitivity analysis 

of the NHS restricted to women with diabetes detected a positive association with CHD. Although the 

evidence is not consistent across the populations studied, heterogeneity is expected when the methods, 

or the underlying distribution of covariates vary across studies (Higgins, 2008). 

Su et al. (2020) looked cardiovascular diseases (CVDs) associated with ambient air pollution in diabetic 

populations. There were 2072 diabetic patients included in analyses. PM2.5 and SO2 were significant CVD 

risk factors in their Bayesian model, but such associations were attenuated or underestimated in 

traditional models; adjusted hazard ratio (HR) and 95% credible interval (CrI) or confidence interval (CI) of 

CVDs for a 1 μg/m3 increase in the monthly PM2.5 concentration for their model, the Weibull and Cox 

models was 1.040 (1.004–1.073), 0.994 (0.984–1.004), and 0.994 (0.984–1.004), respectively. Although 
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the evidence is not consistent across the populations studied, heterogeneity is expected when the 

methods, or the underlying distribution of covariates vary across studies (Higgins, 2008). 

Recent analyses of the Canadian Ontario Population Health and Environment Cohort (ONPHEC) also add 

to the available evidence on the relationship between long-term PM2.5 exposure and  cardiovascular 

effects. ONPHEC includes more than 5 million Canadian-born adults (35−85 years old at enrollment in 

1996) who were registered with the provincial health service and had resided in Ontario for ≥5 years. In a 

prospective analysis, Bai et al. (2019) estimated the association between 3-year average PM2.5 

concentrations and incident cases of acute MI. The study reported a positive association (HR: 1.07 7 [95% 

CI: 1.06, 1.09]). In addition, stratified analyses showed patterns of associations that indicated stronger 

effect estimates in the youngest (35−44 years) and oldest (75−85 years) age groups.  

Chen et al. (2020) also analyzed data from the ONPHEC study but examined the association of annual 

average PM2.5 in the previous year with the incidence of acute MI. The authors conducted single pollutant 

analyses. In addition to conducting single-pollutant analyses, the authors introduced a new approach to 

assess whether the association of PM2.5 with acute MI varied depending on the proportion of PM2.5 

attributed to selected components (i.e., sulphate, nitrate, ammonium, black carbon, organic matter, 

mineral dust, and sea salt). The study found that the model that adjusted for the proportion of each of 

the seven selected components was a better predictor of acute MI. In addition, Chen et al. (2020) reported 

that acute MI associations increased by an average of 10% when compared to single-pollutant results 

across each of the five regions of Ontario when using the component proportion adjusted approach. 

Overall, the component adjusted model provided some support that variability in the proportion of 

individual components that comprise PM2.5, could explain regional variability in risk estimates. 

Elliott et al. (2020) examined the interaction between 24-month PM2.5 concentration and physical activity 

in association with MI among women enrolled in the Nurses’ Health Study (NHS). Unlike an earlier analysis 

of this cohort that examined IHD (Hart et al., 2015b), the authors found a positive association of PM2.5 

with MI (HR: 1.06 [95% CI: 1.00, 1.12]), although no statistical evidence of an interaction with physical 

activity was observed. In the previous analysis of the NHS cohort, Hart et al. (2015b) reported no 

association between long-term PM2.5 exposure and incident CHD (HR: 1.01 [95% CI: 0.96, 1.07]), although 

a positive association with IHD was observed among women with diabetes (HR: 1.10 [95% CI: 0.99, 1.21]). 

Weaver et al. (2019) studied cardiac catheterization patients residing in three counties in NC to determine 

the association of annual average PM2.5 concentration with MI, coronary artery disease (CAD), and 

hypertension. Among the objectives of this study was to understand the effect of sociodemographic 

characteristics on associations by assigning study participants to clusters based on the census block group 

of their residence that indicated specific sets of sociodemographic characteristics. Positive associations of 

annual average PM2.5 concentration with both CAD and MI were observed. The association with MI was 

observed across all sociodemographic clusters (OR for all 6 clusters: 3.57 [95% CI: 2.10, 5.77]). The 

association with CAD was also observed across all clusters (OR: 1.40 [95% CI: 0.90, 2.19]) but was largely 

driven by one cluster (OR: 2.01 [95% CI: 1.00, 3.86]), which was urban and characterized by low poverty, 

low unemployment, and composed of relatively highly educated residents with managerial jobs.  In 

another study, Loop et al. (2018) conducted an analysis of the REasons for Geographic and Racial 

Differences in Stroke (REGARDS) cohort, a nationwide study which oversampled participants from states 

in the southern U.S. where there is known to be an increased risk of stroke. Participants who were free 

from CHD at baseline were followed for an average of 6 years. Loop et al. (2018) reported an inverse 

association between annual average PM2.5 concentration at baseline and non-fatal MI (HR: 0.74 15 [95% 
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CI: 0.56, 0.98]). Loop et al. (2018) also examined associations for total CHD, i.e., CHD deaths and non-fatal 

MI cases combined, and reported no evidence of an association (HR: 0.89 [95% CI: 0.71, 1.11]). 

Atherosclerosis  

Longitudinal change in measures of atherosclerosis in relation to long-term exposure to PM2.5 add to the 

collective evidence base (Hartiala et al., 2016; Kaufman et al., 2016; Gan et al., 2014; Künzli et al., 2010). 

Coronary artery calcium (CAC) scoring, also called a coronary calcium scan, is a test that measures the 

amount of calcium in the walls of the heart’s arteries. Deposits of calcium in the coronary arteries are a 

sign that there may also be a buildup of plaque—a waxy substance that can harden over time and narrow 

or block the arteries (called atherosclerosis). Kaufman et al. (2016) reported an association of PM2.5 with 

CAC among middle to older aged adults in the MESA study, while Dorans et al. (2016) reported no 

association in the Framingham Heart Study. Following the analysis by Kaufman et al. (2016), Keller et al. 

(2018) estimated the association of PM2.5 concentration (i.e., multi-year average during the study period, 

2000−2012) with CAC progression among participants in MESA air residing in Baltimore, MD. The authors 

also assessed whether this association was modified by membership in clusters with different traffic 

related air pollution (TRAP) component profiles. The authors reported a 23.0 Agatston unit per year 

increase (95% CI :14.2, 31.7) among participants overall. Keller et al. (2018) also reported a larger 

magnitude association with CAC progression (42.6 Agatston unit per year increase [95% CI: 25.7, 59.4]) in 

the cold season among those belonging to a cluster that was characterized as downtown with above 

average ratios of ultrafine and accumulation mode particles relative to NOX. Among women enrolled in 

the Study of Women’s Health Across the Nation (SWAN), a cohort of U.S. women transitioning through 

menopause, Duan et al. (2019a) estimated the association of 5-year average PM2.5 concentration with 

carotid intima-media thickness test (cIMT). cIMT is a measure used to diagnose the extent of carotid 

atherosclerotic vascular disease. The study reported a 27.95 μm (95% CI: −2.90, 58.75) thicker mean cIMT 

in association with 5-year mean PM2.5 concentration in adjusted models. PM2.5 was also associated with 

an increase in increased mean inter-adventitial diameter (IAD), which is a marker of vascular remodeling 

and aging as well as a predictor of cardiovascular events, of 105.90 (95% CI:  −63.00, 274.80). No 

association was reported with plaque presence (OR: 0.90 [95% CI: 0.50, 1.61]) or plaque severity index 

(plaque index 0−2, OR: 1.05 [95% CI: 0.53, 8.95] and plaque index >2, OR: 0.62 [95% CI: 0.25, 1.47]) in the 

SWAN study. In an analysis of a subset of SWAN participants (Pittsburgh and Chicago only), Duan et al. 

(2019b) estimated the association of the same measures of atherosclerosis as Duan et al. (2019a) with 

annual average PM2.5 concentration reporting a 11.25 μm per year increase (95% CI: −3.05, 25.60) in 

mean cIMT. The authors also reported associations with plaque presence (OR: 2.10 [95% CI: 0.66, 6.63]) 

and plaque index progression (OR: 2.70 [95% CI: 0.77, 9.24]). 

Heart Failure 

A small number of epidemiologic studies also report positive associations between long-term PM2.5 

exposure and heart failure (Aaron et al., 2016; D'Souza et al., 2017; Ohlwein et al. 2016), blood pressure 

(Chan et al., 2015; Hicken et al., 2013), and hypertension (Zhang et al., 2016; Coogan et al., 2016, To et 

al., 2015; Babisch et al., 2014; Fuks et al., 2014; Johnson and Parker, 2009).  A recent study examining the 

association between long-term PM2.5 exposure and HF was conducted among participants in the 

Canadian ONPHEC study. In this prospective analysis, Bai et al. (2019) examined the relationship between 

3-year moving average PM2.5 concentration with new cases of CHF. A positive association was reported, 

overall (HR: 1.07 [95% CI: 1.06, 1.07]). 
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These heart failure studies agree with animal toxicological studies demonstrating decreased cardiac 

contractility and function and increased coronary artery wall thickness following long-term PM2.5 

exposure (U.S. EPA, 2019). Furthermore,Similarly, a limited number of animal toxicological studies 

demonstrating a relationship between long-term exposure to PM2.5 and consistent increases in BP in rats 

and mice are coherent with epidemiologic studies reporting positive associations between long-term 

exposure to PM2.5 and hypertension (Aztatzi-Aguilar et al., 2016; Ying et al., 2015; Wold et al., 2012).  

Systemic Inflammation, Coagulation, and Endothelial Dysfunction 

Longitudinal epidemiologic analyses also support the observation of positive associations with markers of 

systemic inflammation, coagulation, and endothelial dysfunction. These results are in coherence with 

animal toxicological studies generally reporting increased markers of systemic inflammation and oxidative 

stress, as well as with toxicological studies generally demonstrating endothelial dysfunction as evidenced 

by reduced vasodilation in response to acetylcholine (U.S. EPA, 2019).  

A recent toxicity study conducted at near-ambient concentrations was reported by Edwards et al. (2020) 

on Traffic Related Air Pollution (TRAP). Rats were exposed for 14 months to unmodified real-world levels 

of TRAP in Northern California. The average concentration of PM2.5 for the study period for the exposed 

group was 11±7.4 μg/m3 compared to an average concentration of 2.4±1.7 μg/m3 for the clean filtered air 

control group. Chronic exposure to TRAP resulted in pathological endpoints and suggested that female 

rats may be more susceptible to cardiac fibrosis than males. 

Lui et al., (2019) published a meta-analysis comprised of data from 40 observational studies conducted 

on 244,681 participants. These included 32 (27 PM2.5 studies and 13 PM10 studies) and 11 (9 

PM2.5 studies and 5 PM10 studies) studies that investigated the associations of C-Reactive Protein (CRP) 

with short-term and long-term exposure to particulate air pollution, respectively. A 10 μg/m3 increase in 

long-term exposure to PM2.5 and PM10 was associated with much higher increases of 18.01% (95% CI: 

5.96%, 30.06%) and 5.61% (95% CI: 0.79%, 10.44%) in CRP level, respectively. The long-term exposure to 

particulate air pollution was more strongly associated with CRP level than short-term exposure and 

PM2.5 had a greater effect on CRP level than PM10. 

Mortality 

There is also consistent evidence from multiple epidemiologic studies that long-term exposure to PM2.5 

is associated with mortality from cardiovascular causes. Associations with CHD, stroke, and 

atherosclerosis progression were observed in several additional epidemiologic studies, providing 

coherence with the mortality findings. Results from copollutant models generally support the 

independence of the PM2.5 associations. Additional evidence of the direct effect of PM2.5 on the 

cardiovascular system is provided by experimental studies in animals, which in part, demonstrate 

biologically plausible pathways by which long-term inhalation exposure to PM2.5 could potentially result 

in outcomes such as CHD, stroke, CHF, and cardiovascular mortality (U.S. EPA, 2019). 

The evidence from several multicity U.S. studies, including the American Cancer Society (ACS) cohort 

(Pope III et al., 2004), the Harvard Six Cities cohort (Laden et al., 2006), the Women’s Health Initiative 

[WHI; Miller et al. (2007)], and the Seventh-Day Adventist (AHSMOG) cohort (Chen et al., 2005) provide 

the strongest evidence. These studies continue to provide strong support for the relationship between 

long-term exposure to PM2.5 and cardiovascular mortality. In addition, extended analyses of the ACS and 

Harvard Six Cities studies, as well as results from recent cohort studies contribute to the body of evidence 

for this relationship.  
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Pope et al. (2014) and Turner et al. (2016) used the extended follow-up period of the ACS to examine the 

associations between long-term PM2.5 exposure and cardiovascular, ischemic heart disease, heart failure 

and cardiac arrest, cerebrovascular disease, and hypertensive disease. The results of these extended 

analyses were consistent with previous results from the ACS cohort for cardiovascular and ischemic heart 

disease. In addition, these extended analyses provide associations for causes of death that had previously 

not been evaluated among the ACS cohort. Positive associations were observed with heart failure and 

cardiac arrest, cerebrovascular disease, and hypertensive disorder. Lepeule et al. (2012) reported the 

results of an extended analysis of the Harvard Six Cities cohort, extending the follow-up period to include 

deaths between 1974 and 2009, and the strong association with cardiovascular mortality persisted.  

A recent series of studies conducted in Canada linked census data with data from the Canadian Mortality 

Database to create the Canadian Census Health and Environment Cohort (CanCHEC). These studies 

evaluated the relationship between long-term PM2.5 exposure and CVD (including IHD, CBVD, and 

circulatory) mortality. The study authors observed positive associations between CVD mortality and long-

term PM2.5 exposure, with similar estimates for satellite-derived estimates and ground monitor 

estimates. The strongest association was for IHD mortality and the weakest was for cerebrovascular 

mortality. Chen et al. (2016) limited their analyses to CanCHEC participants residing in Ontario who had 

experienced an acute myocardial infarction and observed positive associations with CVD and IHD deaths, 

as well as deaths due to subsequent acute myocardial infarctions. Crouse et al. (2015) extended the 

follow-up period of the CanCHEC to include 5 additional years (1991−2006) and observed positive 

associations for cardiovascular mortality, with the strongest association observed between long-term 

exposure to PM2.5 and mortality due to diabetes, followed by IHD. The association for cerebrovascular 

mortality was just below the null value. The general pattern and magnitude of these associations were 

generally unchanged in cumulative risk models that include O3 and/or NO2. Weichenthal et al. (2016a) 

evaluated the subset of the CanCHEC living within 5 km of a ground monitor (n = 193,300) and observed 

associations with IHD mortality that were close to the null value.  

Several recent U.S. cohort studies examined the association between long-term PM2.5 exposure and 

cardiovascular mortality. The California Teachers Study (Lipsett et al., 2011; Ostro et al., 2010) observed 

positive associations between long-term PM2.5 exposure and IHD and cerebrovascular mortality, with the 

strongest association observed with IHD (HR: 1.70 [95% CI: 1.51, 1.91]). Analyses restricted to 

postmenopausal women yielded results like those for all subjects. Puett et al. (2009) examined the 

association between long-term PM2.5 exposure and all-cause mortality among a cohort of female nurses 

in the Nurses’ Health Study. The authors observed positive associations with CHD mortality (HR: 1.42 [95% 

CI: 1.03, 1.94]). Using a design like that of the Nurses’ Health Study, Puett et al. (2011) investigated the 

effect of long-term PM2.5 exposure and mortality among men enrolled in the Health Professionals Follow-

Up Study cohort. Near null associations were observed for CHD mortality in this cohort. Hart et al. (2011) 

examined the association between residential exposure to PM2.5 and mortality among men in the U.S. 

trucking industry in the Trucking Industry Particle Study (TrIPS) and observed a modest positive 

association with cardiovascular mortality. 

Recent studies also indicate that the combination of cardiovascular disease and diabetes together has a 

greater mortality risk than cardiovascular mortality alone and that cardiovascular diseases such as heart 

failure or previous MI may increase the risk of PM2.5-related all-cause mortality (Ward-Caviness et al., 

2020; Malik et al., 2019). 
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Metabolic Effects 

Positive associations between long-term exposure to PM2.5 and diabetes-related mortality were 

observed in well-established cohorts in the U.S. and Canada. Recent analyses from these two well-

established cohorts (the ACS and CanCHEC cohorts) have included this outcome. Pope et al. (2014), Turner 

et al. (2016), and Jerrett et al. (2016) all used the extended follow-up period of the ACS (1982−2004) to 

examine the associations between long-term PM2.5 exposure and mortality due to diabetes. Pope et al. 

(2014) and Turner et al. (2016) assigned exposure using an LUR-BME model and observed positive 

associations with deaths due to diabetes. Jerrett et al. (2016) assigned PM2.5 exposure using six different 

methods and observed positive associations with diabetes mortality for each one, though the precision of 

the association varied across exposure assessment methods. The most precise estimate was observed for 

the monitor-LUR hybrid model (HR: 1.09 [95% CI: 1.03, 1.17]), and was similar in magnitude to the 

associations observed by Pope et al. (2014) and Turner et al. (2016).  

A recent series of studies conducted in Canada linked census data with data from the Canadian Mortality 

Database to create the Canadian Census Health and Environment Cohort (CanCHEC) and evaluated the 

relationship between long-term PM2.5 exposure and metabolic disease mortality. These studies either 

examined deaths due to diabetes or the combination of circulatory disease and diabetes in their 

evaluation of metabolic disease. The authors observed positive associations between diabetes mortality 

and long-term PM2.5 exposure, with similar estimates for satellite-derived estimates and ground monitor 

estimates (Crouse et al., 2016; Crouse et al., 2015; Brook et al., 2013a). The hazard ratios remained 

positive but were less consistent in magnitude for circulatory disease and diabetes deaths combined 

(Weichenthal et al., 2016; Crouse et al., 2015). Pinault et al. (2016) linked a subset of participants from 

the CanCHEC cohort to the Canadian Community Health Survey, which allowed them to include an 

expanded set of individual-level covariates in their analyses. Among the nearly 300,000 participants 

included in the study, the authors observed positive associations with combined circulatory and diabetes 

mortality (HR: 1.21 [95% CI: 1.10, 1.33]) similar in magnitude to those observed for diabetes mortality in 

the larger cohort (Crouse et al., 2016; Crouse et al., 2015).  

The mortality findings are supported by epidemiologic and experimental studies reporting effects on 

glucose and insulin homeostasis, as well as other indicators of metabolic function (e.g., inflammation and 

liver function). Findings from epidemiologic studies of metabolic disease were not entirely consistent and 

consideration of copollutant confounding was limited; however, some well-conducted studies reported 

positive associations of long-term exposure to PM2.5 with metabolic syndrome and its components (e.g., 

increased blood glucose, insulin resistance, and dyslipidemia) and the incidence of diabetes (U.S. EPA, 

2019). 

A recent study from Fresno, California suggests that both short- and longer-term estimated individual-

level outdoor residential exposures to several traffic-related air pollutants (4-, 5-, and 6-ring polycyclic 

aromatic hydrocarbon compounds (PAH456), NO2, elemental carbon, and fine particulate matter (PM2.5), 

are associated with biomarkers of risk for metabolic syndrome and oxidative stress in children (Mann et 

al., 2021). 
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Nervous System Effects 

There is evidence from animal toxicological studies demonstrating a link between long-term PM2.5 

exposure-mediated activation of the SNS and downstream cardiovascular effects. In addition, evidence 

for neuroinflammation and downstream consequences is well substantiated and coherent across 

experimental animal and epidemiologic studies. Specifically, toxicological studies in adult animals 

demonstrate neuroinflammation, neurodegeneration, indicators of Alzheimer’s disease, impaired 

learning and memory, and altered behavior. Epidemiologic studies provide support, reporting changes in 

brain morphology (i.e., neurodegeneration), cognitive decrements, and dementia in adult populations 

(U.S. EPA, 2019). 

Rhew et al. (2021) studied North Carolina (NC) residents in the Study group of elevated air particulate 

matter (87 zip codes with PM2.5≥10 μg/m3) and compared them to the residents in the Control group 

with low levels of air particulate matter (81 zip codes with PM2.5≤7.61 μg/m3), and were found to have 

higher age-adjusted rates of mortality and hospital admissions for AD, non-AD dementia, and PD, 

including a most pronounced increase in AD mortality (323/100,000 vs. 257/100,000, respectively). After 

adjustment for multiple co-factors, the risk of death (odds ratio, or OR) from AD in the Study group (OR = 

1.35, 95%CI[1.24–1.48]) was significantly higher than ORs of non-AD dementia or PD (OR = 0.97, 

95%CI[0.90–1.04] and OR = 1.13, 95%CI[0.92–1.31]). The OR of hospital admissions was significantly 

increased only for AD as a primary case of hospitalization (OR = 1.54, 95%CI[1.31–1.82]). NC residents 

aged 65+ with long-term exposures to ambient PM2.5 levels exceeding the WHO standard had 

significantly increased risks of death and hospital admissions for AD. The effects for non-AD dementia and 

PD were less pronounced. 

Burnour et al. (2021) assessed associations between annual residential PM2.5 exposure and white matter 

microstructure health in a US sample of children 9 to 10 years of age and to examine whether associations 

are specific to certain white matter pathways or vary across neuroimaging diffusion markers reflective of 

intracellular and extracellular microstructural processes. In a study population of 7602 children (mean 

[SD] age, 119.1 [7.42] months; 3955 [52.0%] female; 160 [ 21.%] Asian, 1025 [13.5%] Black, 1616 [21.3%] 

Hispanic, 4025 [52.9%] White, and 774 [10.2%] other [identified by parents as American Indian/Native 

American or Alaska Native; Native Hawaiian, Guamanian, Samoan, other Pacific Islander; Asian Indian, 

Chinese, Filipino, Japanese, Korean, Vietnamese, or other Asian; or other race]), associations were seen 

between annual ambient PM2.5 and hemispheric differences in white matter microstructure. 

Hemisphere-stratified models revealed significant associations between PM2.5 exposure and restricted 

isotropic intracellular diffusion in the left cingulum, in the left superior longitudinal fasciculus, and 

bilaterally in the fornix and uncinate fasciculus. In tracts with strong positive associations, a PM2.5 

increase from 8 to 12 μg/m3 was associated with increases of 2.16% (95% CI, 0.49%-3.84%) in the left 

cingulum, 1.95% (95% CI, 0.43%-3.47%) in the left uncinate, and 1.68% (95% CI, 0.01%-3.34%) in the right 

uncinate. Widespread negative associations were observed between PM2.5 and mean diffusivity.  

A recent study evaluated whether smaller volumes of brain structures implicated in late-life depression 

mediate associations between ambient air pollution exposure and changes in depressive symptoms. This 

prospective study included 764 community-dwelling older women (aged 81.6 ± 3.6 in 2008-2010) from 

the Women's Health Initiative Memory Study (WHIMS) Magnetic Resonance Imaging study (WHIMS-MRI; 

2005-06) and WHIMS-Epidemiology of Cognitive Health Outcomes (WHIMS-ECHO; 2008-16). Three-year 

average annual mean concentrations (scaled by interquartile range [IQR]) of ambient PM2.5 (in μg/m3; 
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IQR = 3.14 μg/m3) and NO2 (in ppb; IQR = 7.80 ppb) before WHIMS-MRI were estimated at participants' 

addresses via spatiotemporal models. Mediators included structural brain MRI-derived grey matter 

volumes of the prefrontal cortex and structures of the limbic-cortical-striatal-pallidal-thalamic circuit. 

Depressive symptoms were assessed annually by the 15-item Geriatric Depression Scale. Structural 

equation models were constructed to estimate associations between exposure, structural brain volumes, 

and depressive symptoms. Increased exposures (by each IQR) were associated with greater annual 

increases in depressive symptoms (βPM2.5 = 0.022; 95% Confidence Interval (CI) = 0.003, 0.042; βNO2 = 

0.019; 95% CI = 0.001, 0.037). The smaller volume of prefrontal cortex associated with exposures partially 

mediated the associations of increased depressive symptoms with NO2 (8%) and PM2.5 (13%), and smaller 

insula volume associated with NO2 contributed modestly (13%) to the subsequent increase in depressive 

symptoms (Petkus et al., 2022). In another study Younan et al. (2022) studied a cohort of 2,232 women 

residing in the 48 contiguous US states that were recruited from more than 40 study sites located in 24 

states and Washington, DC from the Women's Health Initiative (WHI) Memory Study (WHIMS)-

Epidemiology of Cognitive Health Outcomes (WHIMS-ECHO) study. They were predominantly non-

Hispanic White women and were dementia free at baseline in 2008 to 2012. They used regionalized 

universal kriging models to estimate annual concentrations (1996 to 2012) of fine particulate matter 

(PM2.5) and nitrogen dioxide (NO2) at residential locations.  They found that greater improvement in long-

term air quality in late life was associated with slower cognitive declines in older women. Alishire (2021) 

and Chen et al. (2021) showed that education levels and diet can impact the amount of cognitive decline 

associated with PM2.5 exposure. 

In a study from San Diego, looking at Hispanics/Latinos, llango et al. (2021) found that for every 10 μg/m3 

increase in PM2.5, verbal fluency worsened (β: -0.21 [95%CI: -0.68, 0.25]). Petkus et al. (2021) also showed 

that exposure to PM2.5 and NO2 are associated with patterns of cognitive performance characterized by 

worse verbal episodic memory relative to performance in other domains. 

Hajat et al. (2019) examined the association of long-term air pollutants with three urinary catecholamines: 

dopamine (DA), epinephrine (EPI), and norepinephrine (NE). They found an association between EPI and 

long-term concentrations of PM2.5 and NOx and an association between DA and long-term 

ambient PM2.5. These novel findings provide modest support for the hypothesis that air pollutant 

exposures are related to sympathetic nervous system activation. 

Reproductive and Developmental Effects 

Male Reproduction 

Effects of PM2.5 exposure on sperm have been studied in both the animal toxicological and the 

epidemiologic literature. The strongest effects in the epidemiologic literature come from studies of PM2.5 

associated with impaired sperm motility. The toxicological literature also shows PM2.5-dependent effects 

on sperm, including impaired spermatogenesis and spermiation. Other studies from epidemiologic 

literature on sperm morphology have shown inconsistent results (U.S. EPA, 2019).  

In the studies of sperm parameters, there is some evidence for decreased motility (Hammoud et al., 2009), 

including after adjustment for some copollutants [i.e., NOX, CO; Radwan et al. (2015)]. Evidence for 

association with abnormal morphology is inconsistent, with one study finding higher percent abnormal 

sperm with higher PM2.5 levels (Radwan et al., 2015) and a U.S. study reporting no evidence of 

associations between PM2.5 exposure and sperm morphology (Hansen et al., 2010). Among participants 
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in the National Social Life, Health, and Aging Project (NSHAP), Tallon et al. (2017) observed positive 

associations between exposure to annual PM2.5 concentrations and erectile dysfunction in men aged 

57−85 years (OR: 1.26 [95% CI: 0.81, 1.96]).
 
Effect estimates were similar in magnitude and precision when 

PM2.5 concentrations were averaged over 1, 2, 3, 4, 5, 6, or 7 years. In summary, there are some 

associations between PM2.5 exposure and some sperm parameters, although the number of studies is 

limited. 

In recent work, spermatogenesis was affected in adult animals after prenatal and/or early postnatal 

exposure of mice to PM2.5 (ambient air vs. filtered air) from high traffic areas of São Paulo, Brazil. Pires et 

al. (2011) assessed germ cell count, rates of proliferation and apoptosis, spermatid retention, and 

spermatogenic cycle timing. When compared to any other single exposure or the control animals, pre-and 

postnatal exposure caused significantly higher spermatid head retention at stages VIII−XII, a marker of 

defective spermiation (p = 0.004). No significant changes were detected in Leydig cell, Sertoli cell, 

spermatogonia, spermatocyte, or round spermatid numbers, or germ cell proliferation, apoptosis, or 

frequency of spermatogenic stages.  

Female Reproduction 

Studies of female reproduction in association with PM2.5 exposure include examinations of estrus, 

ovulation, reproduction, and fertility. In rodents, ovulation and estrus are affected by PM2.5 exposure. In 

the epidemiologic literature, results on human fertility and fecundity in association with PM2.5 exposure 

is limited, but evidence from in vitro fertilization (IVF) shows a modest association of PM2.5 

concentrations with decreased odds of becoming pregnant. The toxicological evidence provides biological 

plausibility to these outcomes and shows multiple sensitive windows for PM exposure’s effects (U.S. EPA, 

2019).  

Several recent epidemiologic studies examined the association between exposure to air pollutants and 

the reproductive function or fertility. Gametes (i.e., ova and sperm) may receive higher exposures while 

outside of the human body, as occurs with assisted reproduction. A recent study estimated daily 

concentrations of criteria pollutants at residential addresses of women undergoing their first IVF cycle and 

at their IVF labs from 2000 to 2007 in the northeastern U.S. (Legro et al., 2010). Increasing PM2.5 

concentration estimated at the patient’s address during ovulation induction (short-term exposure, ~12 

days) was associated with a decreased odds of achieving pregnancy (determined by serum pregnancy test; 

OR: 0.90 [95% CI: 0.82, 0.99]) or an intrauterine pregnancy (determined by ultrasound; OR: 0.90 [95% CI: 

0.82, 0.99]). These authors observed generally null associations with odds of a live birth after pregnancy 

was established when PM2.5 concentrations were averaged over several exposure periods during 

pregnancy. The results of this study indicate that short-term PM2.5 exposure during ovulation was 

detrimental and reduced the likelihood of becoming pregnant. Among the general population in the Czech 

Republic, increased PM2.5 exposure in the 30 days before initiation of unprotected intercourse also was 

associated with reduced fecundability [fecundability ratio: 0.93 (95% CI: 0.88, 0.98); Slama et al. (2013)]. 

In an analysis of the Nurses’ Health Study II, Mahalingaiah et al. (2016) observed null associations with 

infertility and long-term PM2.5 exposure. They also found no evidence of association with endometriosis, 

a condition potentially linked to infertility [i.e., attempting to get pregnant for at least one year without 

success; Mahalingaiah et al. (2014)]. A cross-sectional study in Spain also reported null associations with 

fertility rates based on the number of live births per 1,000 women aged 15−44 years (Nieuwenhuijsen et 

al., 2014), while a study of almost 2,000 couples in the Czech Republic found increased PM2.5 exposure 
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in the 60 days before initiation of unprotected intercourse was associated with reduced fecundity (Slama 

et al., 2013). Slama et al. (2013) also examined exposure in the 30 days post-conception as a negative 

control and observed no evidence of association between PM2.5 and fecundity in this period, providing 

greater certainty for the observed effect of PM2.5 exposure on fecundity in their study. 

Examination of a cohort from Orange and Los Angeles counties in California revealed that the direction of 

the association between a composite outcome of gestational hypertensive disorders and PM2.5 changed 

based on how concentrations were determined, either using the CALINE4 model (positive association; OR: 

1.47 [95% CI: 1.24, 1.68]) or the nearest monitor [negative association; OR: 0.90 (95% CI: 0.53, 1.54); Wu 

et al. (2009) and Wu et al. (2011)]. A cohort study conducted across the U.S. reported no evidence of 

association with preeclampsia for women with or without asthma (Mendola et al., 2016b). A study of 

around 3,500 women in Washington State observed no associations between preeclampsia and exposure 

to PM2.5 in the 7 months following conception (Rudra et al., 2011). While a study of a larger cohort from 

Jacksonville, FL, using monitors within 20 km for assignment and with similar average PM2.5 

concentrations, reported positive odds ratios with any hypertensive disorder and PM2.5 exposure in the 

1st and 2nd trimesters [OR: 1.09 (95% CI: 0.99, 1.20); OR: 1.24 (95% CI: 1.11, 1.39), respectively; Xu et al. 

(2014)]. Two meta-analyses have estimated positive odds ratios (ORs: 1.15−1.47) for PM2.5 and 

preeclampsia, however both studies had large heterogeneity scores, and therefore a combined effect may 

be inappropriate (Hu et al., 2014; Pedersen et al., 2014).  

Several studies evaluated the association between short-and long-term PM2.5 exposure and gestational 

hypertension. Two long-term exposure studies of blood pressure reported inconsistent effects, with a 

Pittsburgh, PA study observing null associations (Lee et al., 2012b) and a Polish study reporting positive 

associations between 2nd trimester PM2.5 exposure and blood pressure measured in the 3rd trimester 

(Jedrychowski et al., 2012). In addition, a study that evaluated short-term PM2.5 exposure and blood 

pressure observed higher blood pressure associated with increased PM2.5 0−4 hours before delivery in 

women with gestational hypertension and preeclampsia, but not in normotensive women or women with 

chronic hypertension (Männistö et al., 2014).  

Many ofAll the recent studies of gestational diabetes (GDM) were conducted in areas with average PM2.5 

concentrations less than 12 μg/m3
 
and provide limited evidence for an association between PM2.5 

exposure and gestational diabetes. However, in a Southern California study where detailed clinical data 

were obtained for 395,927 pregnancies in southern California (2008-2018) from Kaiser Permanente 

Southern California (KPSC) electronic health records showed some association. GDM diagnosis was based 

on KPSC laboratory tests. Monthly average concentrations of fine particulate matter < 2.5 μm (PM2.5), 

<10 μm (PM10), nitrogen dioxide (NO2), and ozone (O3) were estimated using kriging interpolation of 

Environmental Protection Agency's routine monitoring station data, while PM2.5 constituents (i.e., 

sulfate, nitrate, ammonium, organic matter and black carbon) were estimated using a fine-resolution 

geoscience-derived model. This study found that exposure to a mixture of ambient PM2.5, PM10, NO2, 

and PM2.5 chemical constituents was associated with an increased risk of GDM. NO2 and black carbon 

PM2.5 contributed most to GDM risk. The risk of GDM associated with air pollution exposure were 

significantly higher among Hispanic mothers, and overweight/obese mothers (Sun et al., 2022) 

In a nationwide cohort, Robledo et al. (2015) reported null associations with PM2.5 exposure in the 

preconception period (OR: 0.97 [95% CI: 0.94, 1.02]) and 1st trimester (OR: 0.98 [95% CI: 0.94, 1.03]). In a 

Florida-based study, Hu et al. (2015) observed similar results after adjusting for ozone for the 1st 
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trimester, and also observed increased odds of gestational diabetes with 2nd trimester exposures. Both 

studies were large, with hundreds of thousands of women in each. In a study of around 2,000 women that 

compared exposure assignment with monitor values to that with satellite-derived concentrations, Fleisch 

et al. (2014) observed positive associations with impaired glucose tolerance and PM2.5 exposure in the 

2nd trimester, but null associations with gestational diabetes. In a larger cohort using only satellite-

derived concentrations, Fleisch et al. (2016) again observed no evidence of an association between PM2.5 

in the 1st or 2nd trimesters and gestational diabetes.  

In other outcomes related to pregnancy, PM2.5 exposure has been associated with increased odds of high 

C-reactive protein (Lee et al., 2011b) and altered umbilical cord lymphocyte distributions (Herr et al., 

2010), both potentially linked to inflammatory mechanisms for PM, and decreased placental gene 

expression potentially related to neurodevelopment (Saenen et al., 2015). Recently, PM2.5 exposures 

have also been found to be associated with placental stress measures and intrauterine inflammation 

(Nachman et al., 2016; Saenen et al., 2016), along with fetal metabolic and fetal thyroid function (Janssen 

et al., 2016; Lavigne et al., 2016a).  

Past studies provided some evidence of changes in placental vascularity with PM2.5 exposure, including 

PM2.5-dependent decreased placental weight (GD 17) with decreased blood vessel diameter on the 

maternal side of the placenta and increased capillary surface area on the fetal side of the placenta (Veras 

et al., 2008). Recent studies continue to show effects on the placenta in response to PM2.5 exposure. 

Blum et al. (2017) exposed pregnant B6C3F1 hybrid mice to Sterling Forest PM2.5 CAPs 6 hours/day and 

found that placental weight was significantly decreased with 3rd trimester PM2.5 exposure and 

significantly increased with PM exposure over the entire pregnancy (p < 0.05); placental weight was not 

affected by 1st or 2nd trimester PM2.5 exposure. The effect of PM2.5 exposure on placental inflammation 

was investigated in rats following a 1-hour daily exposure to São Paulo PM2.5 CAPs before and during 

pregnancy (de Melo et al., 2015). Results indicated placental inflammation after PM exposure. More 

recent work has evaluated the effects of PM2.5 on the mouse umbilical cord structural anatomy, 

microscopic vascular morphology, and markers of oxidative stress (Veras et al., 2012).  

Birth outcomes 

Studies on fetal growth, birth weight, preterm birth, and preterm rupture of membranes show positive 

associations with PM2.5 exposure in some animal toxicological and epidemiologic studies (U.S. EPA, 2019).  

Many recent studies evaluate the association between PM2.5 exposure and birth weight, including studies 

of low birth weight (LBW) and birth weight as a continuous measure (Ouidar et al., 2021; Ha et al., 2017; 

Cândido da Silva et al., 2014; Dadvand et al., 2014; Ha et al., 2014; Harris et al., 2014; Hyder et al., 2014; 

Laurent et al., 2014; Dadvand et al., 2013b; Pedersen et al., 2013; Trasande et al., 2013; Ebisu and Bell, 

2012; Salihu et al., 2012; Morello-Frosch et al., 2010). But others report null or negative effect estimates 

(Ha et al., 2017; Lavigne et al., 2016b; Brown et al., 2015; Stieb et al., 2015; Fleischer, 2014; Fleischer et 

al., 2014; Gray et al., 2014; Vinikoor-Imler et al., 2014; Laurent et al., 2013; Madsen et al., 2010; Brauer et 

al., 2008; Parker and Woodruff, 2008). Similar results are reported for studies that examine change in the 

continuous measure of birth weight, with some reporting associations between PM2.5 exposure and 

decreases in birth weight (Erickson et al., 2016; Tu et al., 2016; Stieb et al., 2015; Gehring et al., 2014; 

Hyder et al., 2014; Pedersen et al., 2013; Kloog et al., 2012; Darrow et al., 2011; Gehring et al., 2011; Gray 

et al., 2011; Gray et al., 2010; Morello-Frosch et al., 2010), and others reporting null associations or 

showing increases in birth weight (Tu et al., 2016; Fleisch et al., 2015; Lakshmanan et al., 2015; Hannam 
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et al., 2014; Vinikoor-Imler et al., 2014; Laurent et al., 2013; Geer et al., 2012; Darrow et al., 2011; Gehring 

et al., 2011; Bell et al., 2010; Jedrychowski et al., 2010; Madsen et al., 2010; Slama et al., 2010; Parker and 

Woodruff, 2008).  

The number of studies evaluating the relationship between PM2.5 exposure and pre-term birth (PTB) has 

grown considerably in the last decade, and the majority of recent studies report positive associations 

between PM2.5 exposure and PTB, frequently for exposures averaged over the entire pregnancy period 

(Defranco et al., 2016; Hao et al., 2016; Laurent et al., 2016; Lavigne et al., 2016b; Mendola et al., 2016a; 

Pereira et al., 2015; Ha et al., 2014; Padula et al., 2014; Pereira et al., 2014a; Chang et al., 2013; Lee et al., 

2013; Kloog et al., 2012; Salihu et al., 2012; Warren et al., 2012; Gehring et al., 2011; Wilhelm et al., 2011; 

Wu et al., 2011; Wu et al., 2009; Brauer et al., 2008). However, several recent studies report null (Giorgis-

Allemand et al., 2017; Mendola et al., 2016a; Hannam et al., 2014; Hyder et al., 2014; Pereira et al., 2014a; 

Salihu et al., 2012; Gehring et al., 2011; Rudra et al., 2011; Darrow et al., 2009) or negative (Johnson et 

al., 2016; Mendola et al., 2016a; Stieb et al., 2015; Pereira et al., 2014a) effect estimates.  

Recent studies have evaluated the relationship between both short-and long-term PM2.5 exposure and 

premature rupture of the membranes (PROM). Effect estimates are inconsistent across recent studies of 

PROM for long-term PM2.5 exposure. An Australian cohort reported elevated ORs with exposure to PM2.5 

in the 2nd and 3rd trimesters (Pereira et al., 2014b). A U.S. cohort reported relative risks below the null 

for both PROM and preterm PROM (Wallace et al., 2016), and a small Rochester, NY cohort (n = 3,264) 

followed over multiple pregnancies reported null associations (Pereira et al., 2015). 

In studies of fetal mortality occurring after 20 weeks of gestation, recent studies generally report positive 

associations, although timing of exposure varies across studies (Defranco et al., 2015; Green et al., 2015; 

Faiz et al., 2012). Defranco et al. (2015) reported positive associations with high PM2.5 exposure (defined 

as above mean plus IQR) in entire pregnancy and 3rd trimester, but not 1st or 2nd trimesters. Green et al. 

(2015) observed positive associations with entire pregnancy exposures (OR: 1.03 [95% CI: 0.99, 1.06]), 

although these associations were attenuated after adjustment for NO2 (OR: 0.98 [95% CI: 0.93, 1.05]), and 

stratification by California air basin resulted in associations with higher magnitudes (e.g., Sacramento 

Valley OR: 1.16 [95% CI: 1.00, 1.35]; San Francisco Bay OR: 1.15 [95% CI: 0.97, 1.36]). In a New Jersey 

study, Faiz et al. (2012) observed positive associations in all trimesters, although slightly stronger ones in 

the 1st and 2nd trimesters. In a study of short-term exposures, Faiz et al. (2013) reported a positive 

association with stillbirth and PM2.5 exposure averaged over the 2 previous days, although associations 

were attenuated to the null after copollutant adjustment (i.e., NO2, SO2). Arroyo et al. (2016) also reported 

a positive association with short-term PM2.5 exposure in Gestation Week 31 and late fetal death (less 

than 24 hours after birth) (U.S. EPA, 2018).  

Two studies of post-neonatal infant mortality reported positive associations for all-cause mortality, 

respiratory related mortality, and sudden infant death syndrome [SIDS; Son et al. (2011) and Woodruff et 

al. (2008)]. In the U.S.-based study, the association for respiratory-related mortality (OR: 1.08 [95% CI: 

0.97, 1.20]) remained positive but was attenuated after adjusting for CO (OR: 1.04 [95% CI: 0.92, 1.17]) 

and other gaseous pollutants (i.e., SO2, and O3), while the association for SIDS moved away from the null 

after adjusting for CO in copollutant models (Woodruff et al., 2008). In a case-crossover study, Yorifuji et 

al. (2016) reported associations between same day PM2.5 and post-neonatal death and all-cause deaths, 

as well as deaths related to respiratory, SIDS, and birth defects. 
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There are a growing number of studies showing some association between autism and PM2.5 and NO2 

exposure as well. In Chun et al. (2019) meta-analysis of 25 studies, 13, 14, 12, and 7 studies investigated 

ASD in children associated with PM2.5, PM10, NO2, and ozone, respectively. The frequentist and Bayesian 

random effects models resulted in different statistical significance. For prenatal period, frequentist meta-

analysis returned significant pooled ORs with 95% confidence intervals, 1.06(1.01,1.11) for PM2.5 and 

1.02(1.01,1.04) for NO2, whereas Bayesian meta-analysis showed similar ORs with wider 95% posterior 

intervals, 1.06(1.00,1.13) for PM2.5 and 1.02(1.00,1.05) for NO2. Third trimester appeared to have higher 

pooled ORs for PM2.5, PM10, and ozone, but patterns in the time-varying associations over the trimester 

were inconsistent. 

In another meta-analysis Gruzieva et al., (2019) investigated associations between prenatal exposure to 

PM2.5 and DNA methylation in newborns and children. There is some evidence of several differentially 

methylated single cytosine-phosphate-guanine (CpG) sites and differentially methylated regions (DMRs) 

associated with prenatal PM exposure, with annotation to genes previously implicated in lung-related 

outcomes.  

The toxicological evidence gives biological plausibility to these outcomes and shows multiple sensitive 

windows for PM exposure’s effect on preterm birth and low birth weight (U.S. EPA, 2019). 

Cancer 

Past epidemiologic studies evaluating PM2.5 and lung cancer incidence or cancers of other organs and 

systems generally did not show evidence of an association. Previous toxicological studies did not focus on 

exposures to specific PM size fractions, but rather investigated the effects of exposures to total ambient 

PM, or other source-based PM such as wood smoke. Collectively, results of in vitro studies were consistent 

with the larger body of evidence demonstrating that ambient PM and PM from specific combustion 

sources are mutagenic and genotoxic. However, animal inhalation studies found no evidence of tumor 

formation in response to chronic exposures, except for one study demonstrating enhanced formation of 

urethane-induced tumors. In addition, a small number of studies provided preliminary evidence that PM 

exposure can lead to changes in methylation of DNA, which may also contribute to biological events 

related to cancer (U.S. EPA, 2019) 

Recent studies address several uncertainties and limitations with respect to the role of PM2.5 exposure in 

the development of cancer. Evidence from experimental and epidemiologic studies demonstrate that 

PM2.5 exposure can lead to a range of effects indicative of mutagenicity (Lemos et al., 2016; Traversi et 

al., 2014; de Rainho et al., 2013; Rainho et al., 2013; Lemos et al., 2012; Singla et al., 2012; Traversi et al., 

2011; Kawanaka et al., 2008; Traversi et al., 2008), genotoxicity, and carcinogenicity, as well as epigenetic 

effects (U.S. EPA, 2019). 

In vitro toxicological studies demonstrate that damage to DNA bases and DNA strands can occur after 

exposure to PM2.5 in these systems and that production of reactive oxygen species (ROS) may contribute 

to that damage. An animal inhalation study (Soberanes et al., 2012) and a controlled human exposure 

study (Liu et al., 2015) also provide evidence of oxidative DNA damage. These findings are supported by 

epidemiologic studies that demonstrate DNA damage in association with PM2.5 concentrations (Chu et 

al., 2015; Ma et al., 2015). In addition, epidemiologic studies indicate a larger percentage of B[a]P-like 

DNA adducts in people exposed to higher PM2.5 concentrations (Li et al., 2014; Rossner et al., 2013b).  
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An animal toxicological study involving inhalation of PM2.5 CAPs (Chicago) found promoter methylation 

of the tumor suppressor gene p16 and upregulation of methylation enzymes in lung tissue (Soberanes et 

al., 2012). An in vitro experiment in the same study found similar results, as well as evidence for oxidative 

stress contributing to the effects. Other evidence from animal toxicological studies includes methylation 

of p16 and the repetitive line element LINE-1 in blood and lung tissue in association with PM2.5 

concentrations in a field study conducted in China (Ding et al., 2016) and upregulation of noncoding mRNA 

in an in vitro study involving PM2.5 collected in Lebanon (Borgie et al., 2015b).  

Recent epidemiologic studies of ambient and personal PM2.5 concentrations generally reported some 

evidence of a change in DNA methylation. In studies examining both global methylation as well as 

methylation of specific genomic sites (i.e., CpG sites, LINE-1, Alu, SATα, and NBL2), there was evidence 

indicating hypomethylation in response to PM2.5 exposure (Panni et al., 2016; Guo et al., 2014; De Prins 

et al., 2013; Madrigano et al., 2011). However, there was also evidence of hypermethylation in some 

instances (Panni et al., 2016). A recent study in a cohort of mother-child pairs in Belgium also noted 

associations with PM2.5 concentrations and changes in global DNA methylation (Janssen et al., 2013). 

Collectively, studies of PM2.5 exposure and DNA methylation provide some evidence of epigenetic effects, 

but the broad number of biomarkers and measures of DNA methylation examined complicate the overall 

interpretation of results across studies. These cellular and molecular changes are supported by 

epidemiologic evidence demonstrating consistent positive associations between long-term PM2.5 

exposure and lung cancer mortality and incidence. 

Lung cancer 

There has been a dramatic increase in the number of studies that examined the relationship between 

long-term PM2.5 exposure and lung cancer mortality and incidence using both previously examined 

cohorts as well as new cohorts in the past decade. Collectively, these studies provide evidence of generally 

consistent, positive associations with both lung cancer mortality and incidence (U.S. EPA, 2019). These 

associations were observed across studies that adjusted for smoking status and exposure to secondhand 

smoke (SHS) as well as those studies that had no direct measures of smoking status or used proxy 

measures to adjust for smoking.  

In studies that conducted analyses on never smokers almost all the studies, except a few conducted in 

Canada (Tomczak et al., 2016; Hystad et al., 2013) provided evidence of consistent positive associations. 

The positive associations for lung cancer in never smokers were confirmed by Turner et al. (2011) in a 

study of only never smokers in the ACS-CPS II cohort. The limited number of studies that examined 

potential copollutant confounding reported that PM2.5-lung cancer mortality and incidence associations 

remained relatively unchanged, specifically for O3, with less evidence for other pollutants (U.S. EPA, 2019).  

In recent meta-analyses of PM2.5 and lung cancer risk Chen et al. (2015), Yang et al. (2015), Cui et al. 

(2014) and Hamra et al., 2014 found positive associations. Although the criteria for study inclusion varied 

across each of these meta-analyses they all reported evidence of a positive association between long-

term PM2.5 exposure and lung cancer risk.  

Liver Cancer  

Recent studies conducted in Taiwan (Pan et al., 2016) and Europe (Pedersen et al., 2017) have examined 

the relationship between long-term PM2.5 exposure and liver cancer incidence. Within the Risk Evaluation 

of Viral Load Elevation and Associated Liver Disease/Cancer-Hepatitis B Virus (REVEAL-HBV) cohort in 

Taiwan, Pan et al. (2016) examined long-term PM2.5 exposure based on 4-year avg concentrations and 
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liver cancer incidence on both the main islands and Penghu islets. Additionally, the authors examined 

whether there was evidence of a direct or indirect effect of long-term PM2.5 exposure on serum alanine 

transaminase (ALT) levels, which is a marker of chronic liver tissue inflammation, and subsequently liver 

cancer incidence. During the course of the study, new cases of liver cancer were identified during follow-

up by pathological examination. Between the two locations, the distribution of PM2.5 concentrations 

varied dramatically. Pan et al. (2016) reported an HR of 1.22 (95% CI: 1.02, 1.47) on the Penghu islets and 

HR of 1.21 (95% CI: 0.95, 1.52) on the main islands. In the mediation analysis, there was evidence of an 

indirect effect of long-term PM2.5 exposure on liver cancer incidence through elevated ALT levels, as well 

as some evidence of a potential direct effect. Focusing on the two cohorts conducted in Denmark and Italy 

that reported PM2.5 concentrations, the authors reported a positive association with new liver cancer 

cases diagnosed during follow-up (HR: 1.34 [95% CI: 0.76, 2.35]), but the 95% confidence intervals were 

large (Pedersen et al., 2017).  

Multiple Cancers  

Although most of the studies that examine long-term PM2.5 exposure and cancer focused on specific 

cancer types, a few studies examined a few different cancer types. In a study conducted in Hong Kong, 

Wong et al. (2016) examined mortality attributed to a variety of cancers. Within this study, PM2.5 

concentrations were much higher (mean = 33.7 μg/m
3
) than in the other studies evaluated in this section. 

Across mortality outcomes attributed to cancer types, the authors observed strong positive associations 

(i.e., in terms of magnitude and precision) for all malignant, all digestive organs, and female genital 

cancers with HRs ranging from 1.10 to 1.32. There was no evidence of an association for male genital, 

urinary, or lymphohematopoietic cancer mortality.  

Heck et al. (2013) and Lavigne et al. (2017) examined incident childhood cancers in California and Ontario, 

Canada, respectively. Heck et al. (2013) in a case-control study, examined associations between PM2.5 

exposure during the entire pregnancy and childhood cancer (ages <6 years). There was not clear evidence 

of an association between PM2.5 and cancer risk for any of the cancer sites except for retinoblastoma 

(OR: 1.33 [95% CI: 1.06, 1.67]; n = 87). Lavigne et al. (2017) also examined multiple childhood cancers, but 

included cancer diagnoses up to age 14 years. In addition to examining exposures during the entire 

pregnancy, the authors also examined trimester specific exposures as well as those during the first year 

of life. Focusing on cancers with greater than 200 cases during the study period (i.e., acute lymphoblastic 

leukemia, astrocytoma, and Wilms tumor) the authors reported evidence of a number of positive 

associations across trimesters, the entire pregnancy, and the first year of life for each of these cancers, 

but 95% confidence intervals were large for all except astrocytoma (HR: 1.80 [95% CI: 1.09, 2.92] for the 

1st trimester and HR: 1.68 [95% CI: 1.00, 2.89] for the entire pregnancy). These results are inconsistent 

with Heck et al. (2013), which also examined astrocytoma and found no evidence of an association with 

PM2.5 exposure during the entire pregnancy 

Mortality 

The 2019 PM ISA determination is that the relationship between long-term PM2.5 exposures and 

mortality is causal (U.S. EPA, 2019). Two seminal cohort studies, the American Cancer Society (ACS) and 

the Harvard Six Cities studies provided the strongest evidence for this conclusion (i.e., consistency across 

studies and among replication and reanalysis of the same cohort; study designs appropriate for causal 

inference); these were supported by evidence from other cohort studies conducted in North America and 
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Europe (U.S. EPA, 2019). Additional analyses of the Harvard Six Cities cohort demonstrated a reduction in 

mortality risk associated with decreases in PM2.5 concentrations (Laden et al., 2006). Similarly, Pope et 

al. (2009) reported that decreases in PM2.5 concentrations were associated with increases in life 

expectancy. Miller et al. (2007) showed there was the increased risk in death from cardiovascular disease 

among a cohort of postmenopausal women with no previous history of cardiovascular diseases. 

A number of recent cohort studies conducted in the U.S. and Canada have examined the relationship 

between long-term PM2.5 exposure and mortality using innovative and novel exposure assessment and 

statistical techniques in areas where annual average PM2.5 concentrations are relatively low (i.e., less 

than 12 μg/m3). In the U.S., Kloog et al. (2013) described a novel method of estimating temporally and 

spatially resolved PM2.5 concentrations by combining results of an LUR model with daily satellite-based 

observations of aerosol optical depth (AOD). Kloog et al. (2013) observed a positive association in the 365-

day moving avg of PM2.5 and cardiovascular and respiratory mortality (RR: 1.26 [95% CI: 1.22, 1.34]). 

Building on the innovative exposure assessment and statistical techniques introduced by Kloog et al. 

(2013), Shi et al. (2015) expanded the exposure assessment to include all of New England and used a 

model output that refined the spatial resolution to 1 × 1 km grid cells. These exposure data were linked 

to a population-based Medicare cohort, and the authors observed a relative risk of 1.04 (95% CI: 1.01, 

1.06) for the 365-day moving avg of PM2.5 and total (nonaccidental) mortality. This association persisted 

when the analysis was restricted to those with annual exposures <10 μg/m3 (RR: 1.05 [95% CI: 1.00, 1.09] 

for the 365-day moving avg of PM2.5). Finally, this research group applied the refined spatial resolution 

(i.e., 1 × 1 km grid cells) to all Medicare beneficiaries in the continental U.S. between 2000 and 2012 (Di 

et al., 2017c). In an open cohort of over 60 million people, 460 million person-years of follow-up, and 22 

million deaths, Di et al. (2017c) observed an HR of 1.041 (95% CI: 1.039, 1.042) for the relationship 

between PM2.5 and all-cause mortality. This association was robust in copollutant models with O3 and 

when the nearest monitor was used to assign exposure. When restricting the analysis to locations for 

which the annual PM2.5 concentration was <12 μg/m3, the authors observed a stronger relationship (HR: 

1.066 [95% CI: 1.063, 1.068]) (U.S. EPA, 2019).  

Additional cohort studies looked at the relationship between long-term PM2.5 exposure and mortality 

among older adults across a larger spatial extent, using more traditional exposure assessment and 

statistical techniques. Kioumourtzoglou et al. (2016) also used the Medicare cohort, but expanded from 

New England to include Medicare deaths in 207 cities across the U.S. from 2000−2010. These authors 

used fixed-site monitor data to calculate city-specific annual and 2-year avg PM2.5 concentrations. Using 

a Cox proportional hazard statistical model, Kioumourtzoglou et al. (2016) observed a 9% increase in the 

risk of total (nonaccidental) mortality (HR: 1.09 [95% CI: 1.05, 1.13]). In a similar analysis, Pun et al. (2017) 

evaluated Medicare deaths in the conterminous U.S. from 2000-2008. Pun et al. (2017) also used fixed-

site monitor data to estimate 12-to 60-month moving averages of PM2.5 concentrations that were 

centered by subtracting the monitor-specific mean PM2.5 concentration during the study period from the 

monthly PM2.5 concentration measured at that monitor. Pun et al. (2017) observed similar results for 

total (nonaccidental) mortality (HR: 1.10 [95% CI: 1.09, 1.10]) as Kioumourtzoglou et al. (2016). In 

Addition, Pun et al. (2017) reported higher HRs for cardiovascular, IHD, cerebrovascular, respiratory, and 

pneumonia mortality. For most causes of death, the HRs increased when the moving average for the 

exposure period increased from 12 months to 60 months. Wang et al. (2017b) used a similar exposure 

assessment protocol to examine mortality in seven southeastern states. These exposure data were linked 

to a population-based Medicare cohort and the authors observed a hazard ratio of 1.11 (95% CI: 1.10, 
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1.11) for the annual average of PM2.5 and total (nonaccidental) mortality. This association was stronger 

when the analyses were restricted to those with annual exposures <12 μg/m3 (RR: 1.18 [95% CI: 1.16, 

1.19]). In another nationwide cohort of older Americans, Thurston et al. (2016a) used census-tract 

estimates of monthly PM2.5 concentration from an LUR model to assign annual mean concentrations to 

participants in the NIH-AARP cohort study that died between 2000 and 2009. The authors observed 

positive associations with total (nonaccidental), CVD, and respiratory mortality, with the largest 

magnitude of effect observed with CVD mortality.  

A recent series of studies conducted in Canada linked census data with data from the Canadian Mortality 

Database to create the Canadian Census Health Environment Cohort (CanCHEC). The CanCHEC included 

adults (.25 years) who died between 1991 and 2001. Mean annual concentrations of PM2.5 were 

calculated from fixed-site monitors in 11 cities and assigned to 43% of the cohort. In addition to using 

fixed-site monitors to assign exposure, exposure was also assigned using PM2.5 predictions from satellite-

based observations (with a spatial resolution of 10 × 10 km). Crouse et al. (2012) developed Cox 

proportional hazards models to evaluate the relationship between long-term PM2.5 exposure and total 

(nonaccidental) and CVD (including IHD, CBVD, and circulatory) mortality. The authors observed positive 

associations between total (nonaccidental) and CVD mortality and long-term PM2.5 exposure, with similar 

estimates for satellite-based observations of AOD and fixed-site monitor concentrations. The strongest 

association was for IHD mortality (HR: 1.31 [95% CI: 1.27, 1.35]) and the weakest was for cerebrovascular 

mortality (HR: 1.04 [95% CI: 0.99, 1.10], see Figure 6-19).  

Using the same CanCHEC data and methods, Brook et al. (2013) evaluated the association between long-

term exposure to PM2.5 and mortality from diabetes; they observed a positive association similar in 

magnitude to the one observed for IHD mortality in the previous study (HR: 1.23 [95% CI: 1.18, 1.28]). 

Similarly, Chen et al. (2016) limited their analyses to cohort participants residing in Ontario who had 

experienced an acute myocardial infarction and observed positive associations with total (nonaccidental), 

CVD, and IHD deaths, as well as deaths due to subsequent acute myocardial infarctions (range of HRs: 

1.10−1.28). Crouse et al. (2015) extended the follow-up period to include 5 additional years (1991−2006) 

and evaluated several additional causes of death but otherwise used the same methods as those in Crouse 

et al. (2012). Positive associations were observed for total (nonaccidental) and cardiovascular mortality, 

with the strongest association observed between long-term exposure to PM2.5 and mortality due to 

diabetes (HR: 1.15 [95% CI; 1.11, 1.19]), followed by IHD (HR: 1.09 [95% CI: 1.07, 1.10]). The associations 

for cerebrovascular, respiratory and COPD mortality were just below the null. The general pattern and 

magnitude of these associations were generally unchanged in cumulative risk models that included O3 

and/or NO2. Weichenthal et al. (2016) evaluated the subset of the CanCHEC living within 5 km of a fixed-

site monitor (n = 193,300) for associations between long-term PM2.5 exposure and mortality. They 

assigned the average (1998−2009) PM2.5 concentration to each of the participants living within 5 km of 

each of 30 fixed-site monitors. In additional analyses, these authors observed positive associations 

between PM2.5 exposure and total (nonaccidental; HR: 1.05 [95% CI: 1.03, 1.09]) and respiratory mortality 

(HR: 1.08 [95% CI: 0.96, 1.21]), but the results for cardio-metabolic and IHD mortality were closer to the 

null value.  

Pinault et al. (2016) linked a subset of participants from the CanCHEC to the Canadian Community Health 

Survey, which allowed them to include an expanded set of individual-level covariates in their analyses. 

Among the nearly 300,000 participants included in the study, the authors observed positive associations 

with total (nonaccidental), circulatory, and respiratory mortality similar in magnitude to those observed 



Draft Final 2022 AQMP 

I-108 

in the larger cohort (Crouse et al., 2012). In addition, Pinault et al. (2016) was able to make use of the 

individual-level covariate data to examine effect measure modification by age, sex, smoking, alcohol 

consumption, obesity, and fruit/vegetable consumption. In an attempt to validate the results observed in 

the CanCHEC, Villeneuve et al. (2015) examined the association of long-term PM2.5 exposure and 

mortality in a cohort of Canadian women originally enrolled in the Canadian National Breast Screening 

Study (CNBSS). Using similar exposure methods that relied on satellite-based estimates linked with the 

centroid of each 6-digit postal code, Villeneuve et al. (2015) observed positive associations, similar in 

magnitude to those observed in previous Canadian cohorts, for total (HR: 1.06 [95% CI: 1.02, 1.10]) and 

cardiovascular mortality (HR: 1.16 [95% CI: 1.07, 1.26]), although they did not observe a positive 

association for respiratory mortality.  

A study from Bennett et al., 2019, emphasized that long-term exposure in excess of very low levels (3 

µg/m3) can lower life expectancy for both men and women. In another study of heart failure patients, 

who were living in locations above and below the current annual PM2.5 standard of 12 µg/m3, researchers 

found an almost 1 year of life lost among those exposed to higher concentrations over the annual PM2.5 

standard. The authors reported that exposure to PM2.5 over the current annual standard is a “significant 

mortality risk.” (Ward-Caviness et al., 2020).  

Several recent U.S. cohort studies examined the association between long-term PM2.5 exposure and 

mortality in occupational cohorts. The California Teachers Study (Lipsett et al., 2011; Ostro et al., 2010) 

examined the association between PM2.5 measures at fixed-site monitors and mortality among current 

and former female public-school teachers. The authors observed positive associations between long-term 

PM2.5 exposure and IHD, cerebrovascular, cardiopulmonary, and respiratory mortality, with the strongest 

association observed with IHD (HR: 1.70 [95% CI: 1.51, 1.91]). Analyses restricted to postmenopausal 

women yielded results similar to those for all subjects. In a reanalysis of the cohort with refined exposure 

assessment, Ostro et al. (2015) used a chemical transport model to predict PM2.5 concentrations with a 

4 km spatial resolution, observing a pattern of results similar to those in the original analyses, although 

the magnitude of the risk estimates was smaller. Puett et al. (2009) examined the association between 

long-term PM2.5 exposure and total (nonaccidental) mortality among a cohort of female nurses in the 

Nurses’ Health Study from 13 states in the Northeast and Midwest from 1992 through 2002. The authors 

observed positive associations with total (nonaccidental) and CHD mortality, with the strongest 

association observed for fatal CHD events (HR: 1.42 [95% CI: 1.03−1.94]). Hart et al. (2015) expanded the 

Nurses’ Health Study to the full nationwide cohort and extended the years of follow-up through 2006. In 

the updated cohort, the average PM2.5 exposure over the previous 12 months was 12.0 μg/m3. The 

results for total (nonaccidental) mortality were similar in the nationwide cohort for the extended follow-

up period compared with the original results from the earlier follow-up period and more limited (i.e., 

smaller) spatial extent. The magnitude of the associations for long-term PM2.5 exposure and 

cardiovascular mortality among women (Hart et al., 2015; Lipsett et al., 2011; Ostro et al., 2010; Puett et 

al., 2009) was higher than those observed in many of the other North American cohorts of men or men 

and women combined, but similar to that observed by Miller et al. (2007), who also evaluated fatal CHD 

events among a cohort of women. Using a design similar to that of the Nurses’ Health Study, Puett et al. 

(2011) investigated the effect of long-term PM2.5 exposure and mortality among men enrolled in the 

Health Professionals Follow-up Study cohort. Near null associations were observed for both total 

(nonaccidental; HR: 0.94 [95% CI: 0.87, 1.02]) and CHD mortality (HR: 0.97 [95% CI: 0.83, 1.13]) in this 

cohort. In another occupational cohort, Hart et al. (2011) examined the association between residential 
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exposure to PM2.5 estimated from a single year of monitoring data (2000) and mortality among men in 

the U.S. trucking industry in the Trucking Industry Particle Study (TrIPS). Elevated risks of total 

(nonaccidental), lung cancer, and respiratory mortality were observed, with generally higher effects 

observed in subset analyses that excluded long-haul drivers.  

In a related study Son et al. (2021) evaluated residential greenness as an effect modifier of the association 

between long-term exposure to fine particles (PM2.5) and mortality. PM2.5 was positively associated with 

mortality risk. Hazard ratios (HRs) were 1.12 (95% confidence interval (CI) = 1.12 to 1.13) for North 

Carolina and 1.01 (95% CI = 1.00 to 1.01) for Michigan. HRs were higher for rural than urban areas. Within 

each category of urbanicity, HRs were generally higher in less green areas. For combined disparities, HRs 

were higher in low greenness or low SES areas, regardless of the other factor. HRs were lowest in high-

greenness and high-SES areas for both states (NC and MI). 

The results of these recent U.S. and Canadian cohort studies demonstrate a consistent, positive 

association between long-term PM2.5 exposure and mortality across various spatial extents, exposure 

assessment metrics, statistical techniques, and locations, including those where mean annual average 

concentrations are below 12 μg/m3.  

PM10-2.5 

Respiratory Effects 

A limited number of recent epidemiology studies expand the evidence base for decrements in lung 

function, the development of asthma, and respiratory infection in children as discussed below. 

Uncertainty regarding copollutant confounding and exposure measurement error results in an inability to 

rule out chance and confounding.  

Recent analyses of European birth cohorts have observed consistent associations between PM10−2.5 and 

an array of lung function metrics. In the PIAMA cohort, PM10−2.5 estimated at children's current addresses 

was associated with decreases in FEV1, FVC, and FEF25−75 measures collected at age 8 and 12 years (Gehring 

et al., 2015a). Similarly, in an ESCAPE project analysis of five European cohorts, PM10−2.5 estimates at 

both birth address and current address were negatively associated with FEV1 measured at ages 6 and 8 

years, but the effect was stronger when current address was used in the exposure assignment (Gehring 

et al., 2013). PM10−2.5 at current address was also associated with higher odds of FEV1 <85% of predicted 

values (OR: 1.81 [95% CI: 0.94, 3.47]), a clinically significant indicator of impaired lung function.  

Cross-sectional studies of school children in 24 Taiwanese provinces (Chen et al., 2015a) and 9−10-year-

olds participating in the Child Heart and Health Study in England (Barone-Adesi et al., 2015) provided 

inconsistent evidence of an association between PM10−2.5 and lung function. While Chen et al. (2015a) 

reported reductions of 102 mL (95% CI: 16, 189 mL) in FEV1 and 121 mL (95% CI: 15, 227 mL) in FVC per 5-

μg/m3
 
increase in PM10−2.5 over the past 2 months, Barone-Adesi et al. (2015) did not observe any 

associations between annual PM10−2.5 exposure and the same lung function metrics. Additionally, it is 

unclear whether Chen et al. (2015a) estimated PM10−2.5 using collocated PM10 and PM2.5 monitors.  

In addition to studies conducted among children, one epidemiologic study evaluated the effects of long-

term exposure to PM10−2.5 on pulmonary function in adults. Results for the various indices of pulmonary 

function were inconsistent among adults participating in the ESCAPE project (Adam et al., 2015). PM10−2.5 
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was associated with decrements in FEV1 and FVC in a cross-sectional analysis, but an increase in FEV1 in 

longitudinal analyses. Due to the strengths of a longitudinal study design compared to a cross-sectional 

design, it's possible that the negative association may have been the result of unmeasured confounding 

in the cross-sectional analysis. 

A few recent studies report associations between PM10−2.5 and asthma incidence. In the PIAMA cohort 

in the Netherlands (Gehring et al., 2015a) and a pooled analysis of four European birth cohorts (Gehring 

et al., 2015b), asthma incidence was associated with PM10−2.5 concentrations outside birth residences. 

The associations were attenuated, but still positive when PM10−2.5 concentrations were assigned at the 

address of the participant at the time of follow-up. This indicates the potential importance of early-life 

exposures.  

Studies examining asthma prevalence in children reported contrasting evidence. The Gehring et al. 

(2015b) pooled analysis, discussed above, observed inconsistent evidence of an association across 

cohorts, and reported a null association in a meta-analysis combining results from all cohorts. Another 

ESCAPE project analysis of five European birth cohorts estimated PM10−2.5 at participants’ birth addresses 

and addresses at age 4 and 8 years (Mölter et al., 2014). Birth and current address PM10−2.5 were not 

associated with higher odds of prevalent asthma at age 4 years. However, PM10−2.5 estimated at both 

birth and current address was associated with an increase in odds of asthma by age 8 years. Contrary to 

the results for asthma incidence, the association was higher in magnitude and more precise when asthma 

prevalence was related to current address PM10−2.5 concentrations (OR: 1.16 [95% CI: 0.93, 1.44]) rather 

than birth address exposure (1.10 [0.72, 1.69]). 

In addition to studies conducted among children, one epidemiologic study evaluated the effects of long-

term PM10−2.5 exposure in adults. An ESCAPE project analysis also examined associations between 

PM10−2.5 and incident asthma (Jacquemin et al., 2015). In a meta-analysis of all cohorts, annual PM10−2.5 

was not associated with higher odds of incident asthma (OR: 0.99 [95% CI: 0.87, 1.14]). 

Recently, an ESCAPE project study examined respiratory infections in relation to PM10−2.5 (MacIntyre et 

al., 2014b). PM10−2.5 estimated at birth residence was associated with an imprecise increase in odds of 

pneumonia in the first 36 months of life (OR: 1.24 [95% CI: 1.03, 1.5] per 5-μg/m3
 
increase) but was not 

associated with increased odds of otitis media or croup. A sensitivity analysis looking at alternative 

outcome windows showed the strongest association between long-term PM10−2.5 and pneumonia 

diagnosed in the first year of life (OR: 1.46 [95% CI: 1.11, 1.92]). The association between PM10−2.5 and 

pneumonia at 36 months was attenuated, but still positive in a two-pollutant model adjusting for NO2 

(1.13 [0.72, 1.76]; r = 0.34−0.93). 

An animal toxicological study examined the potential for inhalation of PM10−2.5 to affect the respiratory 

system and found upregulation of the RAS and a dampening of oxidative stress and inflammation in the 

lung (Aztatzi-Aguilar et al., 2015). Several animal toxicological studies involving noninhalation routes of 

exposure found allergic inflammation and airway remodeling, which provides biological plausibility for the 

development of asthma (Liu et al., 2014; He et al., 2013a; He et al., 2013b). 

Cardiovascular Effects 

The evidence relating long-term exposure to PM10−2.5 to cardiovascular mortality remains limited. 

Overall, there is no consistent pattern of associations for cardiovascular mortality (U.S. EPA, 2019). In the 
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instances where positive associations were observed for long-term PM10−2.5 exposure and mortality, and 

PM2.5 copollutant model results were reported, the PM10−2.5 effect estimates were often attenuated 

but still positive after adjusting for PM2.5. The epidemiologic studies examining the relationship between 

PM10−2.5 and other cardiovascular outcomes including myocardial infarction (MI) and stroke, 

atherosclerosis, venous thromboembolism (VTE), and blood pressure has grown (U.S. EPA, 2019). Some 

studies report positive associations with these outcomes. Specifically, single pollutant associations of 

long-term exposure to PM10−2.5 with ischemic heart disease (IHD) were observed in three studies (Hart 

et al., 2015b; Cesaroni et al., 2014; Tonne et al. (2015)] while no association was observed in another 

study after adjusting for PM2.5 in copollutant models (Puett et al., 2011). After adjusting for noise, 

Hoffmann et al. (2015) reported an inverse association with IHD in another study. Evidence of an 

association between long-term exposure to PM10−2.5 and stroke was similarly inconsistent with a positive 

association observed one study (Hart et al., 2015b) and little evidence of an effect two others (Puett et 

al., 2011; Stafoggia et al., 2014). An association between long-term PM2.5 exposure and pulmonary 

embolism was reported (Pun et al., 2015). An inconsistent pattern of results relating to the effect of 

PM10−2.5 on increased blood pressure and hypertension was reported in a limited number of studies 

(Chen et al., 2015a; Fuks et al., 2014). To date the studies that have examined the relationship between 

long-term PM10−2.5 exposure and mortality have used the difference method to derive concentrations 

for PM10−2.5, contributing to the uncertainty associated with these effect estimates.  

Inflammation is an important component of the pathophysiological process that links air pollution and 

cardiovascular disease (CVD). A classical marker of inflammation-C-reactive protein (CRP) has been 

recognized as an independent predictor of CVD risk. Exposure to ambient particulate matter (PM) may 

cause systemic inflammatory response but its association with CRP has been inconsistently reported. Lui 

et al., (2019) published a meta-analysis comprised of data from 40 observational studies conducted on 

244,681 participants. These included 32 (27 PM2.5 studies and 13 PM10 studies) and 11 (9 PM2.5 studies 

and 5 PM10 studies) studies that investigated the associations of CRP with short-term and long-term 

exposure to particulate air pollution, respectively. A 10 μg/m3 increase in long-term exposure to 

PM2.5 and PM10 was associated with increases of 18.01% (95% CI: 5.96%, 30.06%) and 5.61% (95% CI: 

0.79%, 10.44%) in CRP level, respectively. The long-term exposure to particulate air pollution was strongly 

associated with CRP level. 

Davis et al. (2020) examined the association between ambient concentrations of PM10-2.5 and 

inflammatory and hemostatic makers that have been linked to CVD.  They report that long-term PM10-

2.5 exposure may be associated with changes in coagulation independently from PM2.5, and thus, 

contribute to CVD risk in midlife women. 

There are individual epidemiologic studies that report positive associations with cardiovascular morbidity 

and mortality outcomes, but the evidence was not entirely consistent (U.S. EPA, 2019). Associations are 

sometimes attenuated in copollutant models and there is uncertainty stemming from the use of the 

subtraction method to estimate exposure.  

Puett et al. (2009) examined the association between long-term PM10−2.5 exposure and CHD mortality 

among a cohort of female nurses in the Nurses’ Health Study from 13 states in the Northeast and Midwest 

from 1992 through 2002. Spatiotemporal models were used to assign exposure to PM2.5 and PM10 and 

the PM10−2.5 concentrations were derived via subtraction. The authors observed positive associations 

with CHD mortality, although the associations were attenuated to below the null value in copollutant 
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models that include PM2.5. Using a design like that of the Nurses’ Health Study, Puett et al. (2011) 

investigated the effect of long-term PM10−2.5 (derived by subtraction of PM2.5 from PM10) exposure and 

CHD mortality among men enrolled in the Health Professionals cohort. Near null associations were 

observed for CHD mortality in this cohort.  

A pooled-analysis of the European ESCAPE cohort combined data from 22 existing cohort studies and 

evaluated the association between long-term PM10−2.5 exposure and cardiovascular mortality (Beelen et 

al., 2014). The authors observed a near-null association between long-term PM10−2.5 exposure and 

cardiovascular mortality (Beelen et al., 2014). The strongest association was observed for the subset of 

cardiovascular deaths attributable to cerebrovascular disease (HR: 1.17 [95% CI: 0.90, 1.52]), although 

copollutant models with PM2.5 were not reported for this comparison. Using the same exposure models 

used for the pooled cohort study, Dehbi et al. (2016) assigned PM10−2.5 exposure to two British cohort 

studies that were pooled together to examine CVD mortality. The British cohorts included follow-up 

between 1989 and 2015, although PM10−2.5 exposure estimates were available for 2010−2011. The 

authors observed a negative association when exposure was considered on the continuous scale, but 

positive associations for each quartile when exposure was categorized. However, the confidence intervals 

were wide and overlapping for all of the results, and the inconsistency may indicate generally null results, 

but instability in the model. In a separate European cohort, Bentayeb et al. (2015) used the CHIMERE 

chemical transport model to estimate PM10 and PM2.5, and then subtracted to estimate long-term 

PM10−2.5 exposure. The authors observed positive association with cardiovascular mortality. 

Metabolic Effects 

A high-quality epidemiologic study reported an association between long-term PM10−2.5 exposure and 

incident diabetes (Puett et al., 2011). In addition, effects on glucose (Teichert et al., 2013) or insulin (Wolf 

et al., 2016) were observed in cross-sectional studies of glucose and insulin homeostasis conducted in 

European cohorts. Limited biological plausibility is derived from the potential for deposition of PM10−2.5 

to modulate the ANS, the immune system, or disrupt glucose, lipid, and insulin homeostasis (U.S. EPA, 

2019). 

Nervous System Effects 

Several recent epidemiologic studies report the association of long-term exposure to PM10−2.5 with 

cognitive and behavioral effects in adults, but not with neurodevelopmental effects in children. Among 

women enrolled in the NHS, Weuve et al. (2012) reported faster cognitive decline in association with 

increased PM10−2.5 exposure. The magnitude of the change between successive 2-year outcome 

measurement (β = −0.018 [95% CI: −0.035, −0.002]) persisted after adjustment for potential confounders 

(i.e., age, education, physical activity, alcohol consumption.). The correlation between long-term PM2.5 

and PM10−2.5 concentrations was low (spearman correlation 0.20). Notably, the association with 

cognitive decline remained after additional adjustment for cardiovascular risk factors and SES. In another 

analysis of the NHS cohort, Power et al. (2015) observed a small positive association between high anxiety 

and the annual average concentration of PM10−2.5 (OR: 1.03 [95% CI: 0.99, 1.06]). Associations generally 

weakened with shorter averaging times in this study. A large imprecise association between long-term 

exposure to PM10−2.5 and mild cognitive impairment (MCI) was observed in a cross-sectional analysis of 

the HNR study [OR: 1.69 (95% CI: 0.90, 3.18); Tzivian et al. (2016)]. The association was stronger when 
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MCI was defined to identify cases of amnestic MCI (i.e., objective impairment in at least one memory 

domain). 

In a prospective study of children born in Rome and followed through age 7 years when the WISC-III was 

administered to measure cognitive function, Porta et al. (2015) reported small (relative to the size of the 

confidence interval), imprecise associations between PM10−2.5 and decrement on FSIQ in fully adjusted 

models (β = −1.10 [95% CI: −2.80, 0.50]). A slightly larger decrease was observed on the Performance IQ 

subtest. Raz et al. (2015) reported little evidence association between PM10−2.5 and ASD in a case-control 

study nested within the NHS cohort (e.g., OR: 1.07 [95% CI: 0.92, 1.24] 3rd trimester exposure, which was 

the strongest association). Findings from the Guxens et al. (2014) analysis of six European cohorts did not 

support a strong association with reduced general cognition or global psychomotor development 

(coefficient: 0.59 [95% CI: −0.99, 2.17] and coefficient: -0.42 [95% CI: −1.28, 0.45], respectively). 

Reproductive and Developmental Effects 

Infant respiratory mortality and decreased birth weight have the strongest evidence, reporting positive 

associations. Birth weight is associated with PM10−2.5 exposure with reports of decreased birth weight 

with PM10−2.5 exposure and increased odds of having a low-birth-weight baby with PM10−2.5 exposure.  

Both a study in Seoul, South Korea and a study in Tokyo, Japan found increased infant mortality due to 

respiratory causes using coarse PM exposure from monitors (Yorifuji et al., 2016; Son et al., 2011). For 

exposures during the postnatal period, Peel et al. (2011) observed no associations between coarse PM 

and infant apnea and bradycardia. Salihu et al. (2012) observed elevated ORs for low birth weight, and 

Ebisu et al. (2016) observed small decreases in birth weight with increases in PM10−2.5, including with 

adjustment for PM2.5.  

Preterm birth is associated with increasing PM10−2.5 exposure as is infertility.  In a cross-sectional study 

in Barcelona, Spain, Nieuwenhuijsen et al. (2014) reported lower birth rates with increases in PM10−2.5 

from a land use regression model. In examinations of the Nurses’ Health Study, Mahalingaiah et al. (2014) 

and Mahalingaiah et al. (2016) observed increased incident infertility and reduced endometriosis 

associated with increased PM10−2.5 concentrations from a spatiotemporal model.  

Inconsistent evidence is seen with studies of birth defects and studies of preterm birth with the literature 

being comprised of studies with positive associations as well as null findings. A study of birth defects found 

both positive and negative associations with coarse PM exposure (Schembari et al., 2014).  

A Barcelona cohort study found positive associations with preeclampsia (Dadvand et al., 2013a). 

Cancer  

Cytogenetic effects, such as micronuclei formation and chromosomal aberrations, are biomarkers of 

genotoxicity (Demarini, 2013). Micronuclei are nuclei formed because of chromosomal damage, while 

chromosomal aberrations are modifications of the normal chromosome complement (Demetriou et al., 

2012). Epidemiologic studies provide supportive evidence of micronuclei formation in association with 

PM10−2.5 exposure (O'Callaghan-Gordo et al., 2015). 

Evidence that PM10−2.5 exposure induces mutagenicity, DNA damage, oxidative DNA damage, and 

oxidative stress is provided by a limited number of in vitro animal toxicological studies and a single 

controlled human exposure study (U.S. EPA, 2019). Liu et al. (2015) found a rapid, but transient increase, 
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which was not statistically significant, in a urine biomarker of oxidative DNA damage following an 

approximately 2-hour exposure of human subjects to PM10−2.5. The tissue source of this marker cannot 

be discerned so it is unclear where in the body the DNA damage occurred. Additionally, an epidemiologic 

study reported evidence of increased micronuclei formation in relation to PM10−2.5 exposure 

(O'Callaghan-Gordo et al., 2015). 

Overall, there is limited evidence of a positive association between long-term PM10−2.5 exposure and lung 

cancer incidence, with no studies examining lung cancer mortality (Raaschou-Nielsen et al., 2013 and 

Puett et al., 2014). A few recent studies have examined associations between long-term PM10−2.5 

exposure and cancer incidence and mortality beyond the respiratory system. This includes individual 

studies examining breast cancer (Hart et al., 2016) and liver cancer (Pedersen et al., 2017) that reported 

positive associations, (HR: 1.03 [95% CI: 0.96, 1.10]) and (HR ranging from 1.26−1.86 depending on the 

ESCAPE cohort), respectively, but with large 95% confidence intervals. 

Mortality 

The evidence from recent multicity studies of short-term PM2.5 exposures and mortality demonstrate 

consistent positive associations with total (nonaccidental) mortality, with increases ranging from 0.25% 

(Chen et al., 2011) to 1.70% (Pascal et al., 2014) at lags of 0 to 2 days in single-pollutant models. However, 

across studies different approaches have been employed to measure PM10−2.5 concentrations (i.e., 

directly measured from a dichotomous sampler, difference between PM10 and PM2.5 at collocated 

monitors, and difference of area-wide concentrations of PM10 and PM2.5), which have not been 

compared to determine if their spatial and temporal correlation are similar, contributing uncertainty to 

the comparison of results across studies. Recent studies expand the assessment of potential copollutant 

confounding of the PM10−2.5-mortality relationship and provide some evidence that PM10−2.5 

associations remain positive in copollutant models, but there is some evidence that associations are 

attenuated (U.S. EPA, 2019).  

In addition to examining potential copollutant confounding, a few studies also assessed whether statistical 

models adequately account for temporal trends and weather covariates. Initial evidence indicates that 

PM10−2.5 associations may be sensitive to model specification. An examination of whether associations 

vary by season and temperature provide some evidence that PM10−2.5-mortality associations are larger 

in magnitude during warmer temperatures and seasons, but this pattern was not evident across all 

studies. Overall, recent epidemiologic studies provide additional support of consistent positive 

associations between short-term PM10−2.5 exposure and total (nonaccidental) mortality, but there 

remains a large degree of uncertainty due to the various approaches used to measure PM10−2.5 

concentrations (U.S. EPA, 2019).  

Ultrafine Particles (UFP) 

Respiratory Effects 

Several recent studies have examined the effects of long-term UFP exposure on pulmonary oxidative 

stress and inflammation and results show injury, oxidative stress, DNA hypermethylation, and changes in 

the RAS, but no pulmonary inflammation (U.S. EPA, 2019).  Zhang et al. (2012) collected ambient UFP near 

a Los Angeles, CA freeway. Exposure of C57BL/6J mice to the re-aerosolized UFP for 10 weeks resulted in 
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increases in mRNA and protein levels of heme oxygenase-1, NADPH quinone oxidoreductase 1, γ-glutamyl 

cysteine ligase catalytic subunit, and γ-glutamyl cysteine synthetase modifier subunit in the lung (p < 0.05). 

These are Phase II regulated detoxifying enzymes and are important in defense against oxidative stress. 

Young mice (3 months) had a more robust increase in gene expression and protein levels than older mice 

(18 months). Zhang et al. (2012) also found evidence of upregulation of Phase II enzymes in specific brain 

regions and the liver. In contrast, Aztatzi-Aguilar et al. (2015) found decreased lung tissue heme 

oxygenase-1 activity in Sprague-Dawley rats following 8-weeks exposure to Mexico City UFP CAPs (p < 

0.05) and no change in γ-glutamyl cysteine ligase catalytic subunit was observed. Aztatzi-Aguilar et al. 

(2015) also found decreased protein levels of IL-6 in lung tissue (p < 0.05). Further, Tyler et al. (2016) 

exposed C57BL/7 and ApoE knockout mice to UFP generated from motor vehicle exhaust. A 30-day 

exposure resulted in no increase in inflammatory cells or cytokines in the BALF. Particle uptake into 

bronchial macrophages was increased in both C57BL/6 and ApoE knockout mice (p < 0.05). Effects were 

also seen in the hippocampus. Aztatzi-Aguilar et al. (2015) found that long-term UFP CAPs exposure had 

several effects on the RAS, including induced lung expression of the angiotensin 1 receptor gene, and 

increased angiotensin 1 receptor protein levels (p < 0.05). Protein levels and mRNA of angiotensin 

converting enzyme were not impacted. Components of the RAS play an important role in the pulmonary 

circulation. Overall, older and recent studies provide some limited evidence for pulmonary injury, DNA 

hypermethylation, and changes in the RAS, inconsistent evidence for pulmonary oxidative stress and no 

evidence for pulmonary inflammation. 

Cardiovascular Effects 

Studies have shown increased atherosclerotic plaque size in mice following long-term exposure to UFPs 

(Araujo et al., 2008; Aguilera et al., 2016). A small number of recent epidemiologic studies report positive 

associations between long-term exposure to UFPs and cIMT and markers of inflammation and coagulation 

(Viehmann et al.,2015; Aguilera et al., 2016). In addition, a single recent animal toxicological study 

reported evidence of impaired heart function, as well as changes in markers associated with systemic 

inflammation, oxidative stress, and the renin-angiotensin system following long-term UFP exposure 

(Aztatzi-Aguilar et al., 2015). However, the overall toxicological evidence base examining the effects of 

long-term UFP exposure on cardiovascular endpoints remains extremely limited, and thus, there is little 

biological plausibility for the effects observed in the epidemiologic studies mentioned above.  

Metabolic Effects 

In a recent longitudinal epidemiologic study, Lucht et al. (2018a) reported an increase in FBG (0.67 mg/dL 

0.10 1.24) and HbA1c (0.09% [95% CI: 0.07, 0.11] per IQR increase) in association with 91-day avg exposure 

to accumulation mode UFP (NC). In addition, a toxicological study (Li et al., 2013) evaluated the effects of 

long-term UFP in mice. This study investigated the effects of long-term UFP exposure in an Ldlr
−/− 

mouse 

model fed a high fat diet in the presence or absence of an apolipoprotein A-I mimetic peptide (D-4F). This 

genetic mouse model has a mutation in the low-density lipoprotein receptor and are prone to very high 

blood cholesterol levels when fed a high fat diet. While the investigators identified UFP effects such as 

increased triglyceride, decreased HDL, reduced HDL antioxidant index, increased oxidized lipid 

metabolites (HETEs and HODEs), increased serum amyloid A (SAA) and TNF-α, and increased area in 

atherosclerotic plaque lesions (all p < 0.05) that were improved by D-4F (a mimetic peptide of 

apolipoprotein A-I made of D-amino acids) administration, the authors did not include wild-type controls. 
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Furthermore, there are inherent differences in cholesterol metabolism between mouse and human that 

render the mouse somewhat resistant to the development of atherosclerotic plaques. Specifically, mice 

lack cholesterol ester transfer protein that shuttles cholesterol from HDL to LDL for reverse cholesterol 

transport; therefore, mice carry most of their cholesterol on HDL particles rather than, like human, on LDL 

particles (Getz and Reardon, 2012). 

Nervous System Effects 

Studies of long-term exposure of adult mice to UFP from traffic-dominated sources provide evidence of 

inflammation and oxidative stress in the whole brain, hippocampus, and cerebral cortex (Cacciottolo et 

al., 2017; Tyler et al., 2016; Zhang et al., 2012; Morgan et al., 2011; Kleinman et al., 2008). Astrocyte 

activation and altered glutamatergic functions were also seen in these studies. Neurodegeneration, as 

indicated by decreased neurite density and white matter, occurred in specific regions of the hippocampus 

in UFP-exposed mice (Cacciottolo et al., 2017). Many responses, including neurodegeneration, were 

greater in young compared with middle-aged mice. However, one of the measured behavioral effects was 

altered to a greater degree by UFP exposure in middle-aged mice compared with young mice (Cacciottolo 

et al., 2017). Pathologic changes characteristic of Alzheimer's disease (i.e., amyloid deposits and amyloid-

β oligomers in the cortex) were seen in a mouse model of Alzheimer’s disease, but not in wild type mice 

following exposure to UFP (Cacciottolo et al., 2017).  

Prenatal exposure to UFP resulted in altered behavioral indices in adult male, but not female, mice (Davis 

et al., 2013). Postnatal exposure to UFP CAPs led to developmental neurotoxicity in a group of studies 

from the same laboratory (Allen et al., 2017; Allen et al., 2014b; Allen et al., 2014a; Allen et al., 2013). 

Activation of microglia and astrocytes, indicative of inflammation and injury, respectively, was observed 

along with alterations in brain morphology and neurotransmitters, and changes in serum corticosterone 

and behavior. Some effects were sex-specific, notably the persistent ventriculomegaly found in male mice 

(Allen et al., 2017; Allen et al., 2014a). Long-term exposure to UFP was associated with effects on cognitive 

development in children (Sunyer et al., 2015). However, uncertainties remain because of inadequate 

assessment of potential copollutant confounding, the spatial variation in UFP concentrations, and 

exposure measurement error. 

Reproductive Effects 

Toxicological studies of male reproductive function show increased testosterone, increased testicular 

cholesterol, and increased activation of biomarkers on testicular cholesterol biosynthesis pathway with 

UFP exposure in male rodents. The epidemiologic literature for pregnancy and birth outcomes shows 

positive associations of UFP with preterm birth and low birth weight. In the UFP toxicological literature, 

neurodevelopmental outcomes are well studied and report neurological associations from multiple 

studies evaluating outcomes including increased impulsivity, ventriculomegaly, glial activation, and 

neurotransmitter changes with UFP exposure (U.S. EPA, 2019). 

Cancer 

Experimental studies are few and consist of a few controlled human exposure studies and in vitro animal 

toxicological studies. UFP exhibits two key characteristics of carcinogens (Smith et al., 2016) by 

demonstrating genotoxic effects and oxidative stress in experimental studies. While there is some 
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biological plausibility for exposure to UFP and cancer, there is a lack of epidemiologic evidence of cancer 

incidence or mortality. Additionally, there is uncertainty in the spatial variability of long-term UFP 

exposures, which is compounded by the relatively sparse UFP monitoring data in the U.S (U.S. EPA, 2019). 

Sensitive Populations for PM-Related Health Effects 

Certain populations may be more sensitive to the health effects of particulate air pollution, and evidence 

to assess susceptibility comes from epidemiological, controlled human exposure, and toxicological studies 

of PM2.5 and PM10 exposures. The U.S. EPA 2019 ISA for PM concluded that there is adequate evidence 

supporting increased susceptibility to the effects of PM among children (for respiratory effects) and 

nonwhite populations. There is limited evidence from stratified analyses to inform increased risk in 

children compared to adults. However, evidence from studies of pediatric asthma and impaired lung 

development provide strong and consistent evidence that effects are observed in children (U.S. EPA, 

2019). There is also evidence from multiple epidemiologic studies demonstrating higher PM2.5 exposure 

in nonwhite populations. Furthermore, there is consistent evidence from epidemiologic studies 

demonstrating increased risk for mortality and cardiovascular/respiratory morbidity in this group (U.S. 

EPA, 2019).  

There is suggestive evidence for those with pre-existing conditions of cardiovascular disease, respiratory 

illness, and obesity, individuals with certain genetic polymorphisms that control antioxidant response, 

regulate enzyme activity, or regulate procoagulants older adults (for cardiovascular effects), individuals 

with lower socioeconomic status and smokers. In addition, there is some limited but inadequate evidence 

that additional factors may increase a person’s susceptibility to PM health effects, including diabetes, age, 

gender, near road or urban residence, and diet. Table summarizes the U.S. EPA’s 2019 ISA assessment of 

susceptibility factors for particulate matter. 

TABLE I-68 

SUMMARY OF EVIDENCE FOR POPULATIONS POTENTIALLY AT INCREASED RISK OF PM2.5-

RELATED HEALTH EFFECTS. 

Assessment of Evidence Potential At Risk Factor 

Adequate Evidence Children (<18 years) 

Nonwhite populations 

Suggestive Evidence Pre-existing disease (cardiovascular diseases, 

respiratory illnesses, obesity 

Genetic factors 

Socioeconomic status (SES) 

Smoking  

Inadequate Evidence Diabetes  

Older adult  

Gender 

Near road urban residence 

Diet (Individuals with reduced fruit/vegetable intake, 

alcohol consumption, or elevated cholesterol)  

Adapted From (U.S. EPA 2019) Table 12-3 
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Summary - Particulate Matter Health Effects 

Several studies have found correlations between elevated ambient particulate matter levels and an 

increase in mortality rates, respiratory infections, number and severity of asthma attacks, COPD 

exacerbation, combined respiratory-diseases and number of hospital admissions in different parts of the 

United States and in various areas around the world. Higher levels of PM2.5 have also been related to 

increased mortality due to cardiovascular or respiratory diseases, hospital admissions for acute 

respiratory conditions, school absences, lost workdays, a decrease in respiratory function in children, and 

increased medication use in children and adults with asthma.   

Long-term exposure to PM has been found to be associated with reduced lung function growth in children, 

changes in lung development, development of asthma in children, and increased risk of cardiovascular 

diseases in adults.  In recent years, studies have reported an association between long-term exposure to 

PM2.5 and increased total mortality (reduction in life-span and increased mortality) from lung cancer. In 

a review article Ritz et al (2019) cited a study that showed that mortality rises approximately 7% for every 

incremental long-term exposure to 5 µg/m3 PM2.5 (95% confidence interval: [2; 13]). They also reported 

that high fine-dust exposure has also been linked to metabolic diseases. For example, in a meta-analysis 

of cohort studies, the incidence of type 2 diabetes mellitus was found to be associated with elevated fine 

dust concentrations, with a 25% relative risk increase [10; 43] for every 10 µg/m3 of PM2.5. 

The U.S. EPA, in its most recent review, has concluded that both short-term and long-term exposure to 

PM2.5 are causally related to cardiovascular effects and increased mortality risk. In addition, new 

evidence is suggestive of metabolic, nervous system, and reproductive and developmental effects for 

short-term and long-term exposure to PM2.5.   

There is also more mounting evidence that is suggesting that these associations are stronger at lower 

levels than previously reported. In a review article, Papadogeorgou et al (2019) looked at 26 papers that 

suggested this type of association between short- and long-term exposure to PM2.5 and cardio-

respiratory morbidity and mortality. Nonetheless, there are certain methodological and interpretational 

limitations specific to studies of low PM2.5 levels, and further methodological development is warranted. 

Young children, non-white populations, and to some degree people with pre-existing conditions of 

cardiovascular disease, respiratory illness, and obesity, individuals with certain genetic polymorphisms 

that control antioxidant response, regulate enzyme activity, or regulate procoagulants older adults (for 

cardiovascular effects), individuals with lower socioeconomic status and smokers, appear to be more 

susceptible to the effects of PM10 and PM2.5. 

ESTIMATES OF THE HEALTH BURDEN IMPACT OF OZONE 

AND PARTICULATE MATTER IN THE SOUTH COAST AIR 

BASIN 
The section below summarizes the most recent estimated health burden of ozone and particulate matter 

in the South Coast Air Basin (excerpted from Chapter 3 of the 2022 AQMP Socioeconomic Report). 

Table I-9 reports the health effect estimates for each health endpoint by pollutant. In total, it was 
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estimated that nearly 1,600 premature deaths will be avoided in 2032, and nearly 3,000 premature deaths 
avoided in 2037, or an average of about 1,500 avoided premature deaths per year due to improved air 
quality as a result of implementing the Revised Draft 2022 AQMP control measures. Figure I-4 shows that 
mortality risks will be reduced in each of the four counties, with the largest number of avoided premature 
deaths concentrated in the densely-populated Los Angeles County area. Morbidity incidence is also 
reduced as a result of the Plan. It is estimated that reductions in ozone and PM2.5 concentrations will 
result in about 350 fewer asthma-related emergency department visits annually.14 In addition, the number 
of hospital admissions from all endpoints considered (asthma, cardiovascular, respiratory, and ischemic 
stroke) are estimated to decrease by about 8,750 per year. 

Basin residents are also expected to benefit from the avoidance of large numbers of hospital admissions, 

emergency room visits, school and work loss days, as well as various respiratory and cardiovascular 

symptoms. The respiratory mortality effects related to long-term ozone exposure were estimated based 

on a national C-R function from Turner et al. (2016), and the adult all-cause mortality effects associated 

with long-term PM2.5 exposure were estimated based on pooling C-R functions estimated in Jerrett et al. 

(2005), Jerrett et al. (2013), and the kriging and land use regression results from Krewski et al. (2009). 

Details of these selected functions and the C-R functions used for morbidity effect estimates can be found 

in Appendix 3-B of the Socioeconomic Report. 

  

 
14 Full scale regional air quality modeling was conducted for 2032 and 2037, with the health benefits interpolated 

for all interim years. Based on the implementation schedule of control measures, staff conservatively assumes that 
2025 is the first year when health benefits associated with improved ozone and PM2.5 are expected. For the sake 
of simplicity, linear interpolations between 2024-2032 and 2032-2037. Staff is well aware of the complexity and 
non-linearity of ozone and PM2.5 chemistry. However, without full scale modeling and detailed control scenarios 
for in-between years, it is not feasible to estimate the progress for each year. 
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TABLE I-9 

HEALTH EFFECT ESTIMATES* 

  2032 2037 
Annual Average, 

2025-2037 

Premature Deaths Avoided, All Cause     

   Long-Term Ozone Exposure1 339 744 341 

   Long-Term PM2.5 Exposure 1,280 2,287 1,168 

Reduced Morbidity Incidence     

Long-Term Ozone Exposure    

Asthma, New Onset 4,506 9,501 4,445 

   Short-Term Ozone Exposure1    

Asthma Symptoms (Chest Tightness, Cough, 
Shortness of     Breath, and Wheeze) 

795,164 1,741,652 799,502 

Emergency Room Visits (ED), Asthma 286 649 293 

ED Visits, All Respiratory Minus Asthma 655 1,501 674 

HA, Asthma 8,244 18,292 8,343 

Minor Restricted Activity Days 318,008 710,412 322,945 

School Loss Days, All Cause 96,176 208,938 96,304 

Long-Term PM2.5 Exposure    

Asthma, New Onset 1,903 3,280 1,708 

HA, Alzheimer's Disease 131 239 120 

HA, Parkinson's Disease 54 100 50 

Incidence, Hay Fever/Rhinitis 9,024 15,726 8,141 

Incidence, Lung Cancer (non-fatal) 107 191 97 

   Short-Term PM2.5 Exposure    

Acute Myocardial Infarction, Nonfatal 18 35 17 

Asthma Symptoms, Albuterol use 316,362 554,968 286,250 

ED Visits, Asthma 66 117 60 

ED Visits, All Cardiac Outcomes 138 255 128 

ED Visits, All Respiratory Minus Asthma 325 582 297 

Emergency Hospitalizations (EHA), Asthma 3 6 3 

HA, All Cardiac Outcomes 47 87 43 

HA, All Respiratory 132 245 123 

Incidence, Ischemic Stroke 73 138 68 

Incidence, Out-of-Hospital Cardiac Arrest 13 23 12 

Minor Restricted Activity Days2 430,241 755,830 389,543 

Work Loss Days2 73,341 129,022 66,445 
* Each health effect represents the point estimate of a statistical distribution of potential outcomes. Please see Appendix 3-B 

where the 95-percent confidence intervals are reported. The study population of each C-R function utilized can be found in 
Appendix 3-B of the Socioeconomic Report. 

1 Health effects of ozone exposure are quantified for the summer planning period only (i.e., May 1 to September 30). There are 
potentially more premature mortalities and morbidity conditions avoided outside the ozone peak season.  

2 Expressed in person-days. Minor Restricted Activity Days (MRAD) refer to days when some normal activities are avoided due to 
illness. 
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It should be noted that the health effect estimation does not use a concentration threshold below which 

the affected population would stop benefiting from further reduced exposure to ambient air pollution. In 

the analysis, health benefits will continue to accrue due to reduced exposure at all levels of pollutant 

concentration, even at levels below the latest NAAQS.15 This practice was recommended by Industrial 

Economics, Inc. and based on the latest scientific evidence, including those summarized in the ISAs (U.S. 

EPA 2019; U.S. EPA 2020). It is also consistent with the current analytical approach adopted by the U.S. 

 
15 Note that the control scenario being analyzed here is based on the Revised Draft 2022 AQMP control strategies 

which are designed to bring the Basin into attainment of the federal ozone standards. Due to the nature of emissions 
and air quality dynamics, there are spatial variations of pollutant concentrations across the Basin (see Chapter 5 of 
the Revised Draft 2022 AQMP for detailed discussions). In the baseline scenario (without Revised Draft 2022 AQMP), 
there are certain areas in the Basin where the modeled pollutant concentrations are already below the federal 
standards; however, there are also many other areas with modeled pollutant concentrations still exceeding the 
standards by attainment deadlines. In the control scenario, pollutant concentrations in all areas are expected to fall 
below the standards, with some falling slightly below and others significantly below. By not employing a threshold 
in the analysis, public health benefits are being quantified for all reductions in pollutant concentrations between the 
baseline and the control scenarios that are attributable to the Revised Draft 2022 AQMP. 

FIGURE I-4 

SPATIAL DISTRIBUTION OF ESTIMATED PREMATURE DEATHS AVOIDED (YEAR 2037) 
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EPA in its regulatory impact analyses (U.S. EPA 2021).16 It should also be noted that long-term health 

effects related to ozone exposure are quantified for the entire year, while short-term health effects 

associated with ozone exposure are quantified for the summer planning period of May 1 to September 

30. The temporal differences between the long-term and short-term ozone health effects reflects the 

temporal scale for which the health effects were originally derived in the supporting epidemiological 

literature. There are potentially more premature mortalities and morbidity conditions avoided outside 

the peak ozone season. 

In terms of estimating health burdens of air pollution exposure, CARB has conducted analyses in the past 

estimating exposures and quantitative health effects from exposures to particulate matter as well as other 

pollutants.  A recent assessment focused on premature mortality and PM2.5, and estimated the deaths 

associated with exposures above 5.8 µg/m3, which is an estimate of background PM2.5 (California Air 

Resources Board 2010a).  The analysis used the U.S. EPA’s risk assessment methodology for calculating 

premature mortality and used ambient air quality measurements averaged over a three-year period of 

2006-2008.  An update to this analysis using ambient air quality data from 2009-2011 indicated that 

PM2.5-related premature deaths in California due to cardiopulmonary causes as 7,200 deaths per year 

with an uncertainty range of 5,600 – 8,700.  Estimates were also made for the California Air Basins.  For 

the South Coast Air Basin, the estimate was 4,000 cardiopulmonary deaths per year with an uncertainty 

range of 3,200–4,900.  These estimates were calculated using the associations of cardiopulmonary 

mortality and PM2.5 from the second exposure period from Krewski (Krewski et al. 2009). 

Another analysis of health impacts in the South Coast was conducted as part of the Socioeconomic Report 

for the 2016 AQMP. Table I-7 reports the health effect estimates for each health endpoint by pollutant. 

In total, it was estimated that more than 1,400 premature deaths will be avoided in 2023, and more than 

2,700 in 2031, or an average of about 1,500 avoided premature deaths per year, if air quality improves as 

estimated in the Final 2016 AQMP. Figure I-4 shows that mortality risks will be reduced in each of the four 

counties, with the largest number of avoided premature deaths concentrated in the densely populated 

Los Angeles County area. Morbidity incidence is also reduced because of the 2016 Plan. It is estimated 

that reductions in ozone and PM2.5 concentrations will result in about 2,500 fewer asthma-related 

emergency department visits. In addition, the number of hospital admissions from all endpoints 

considered (asthma, cardiovascular, respiratory, and ischemic stroke) are estimated to decrease by about 

700 per year on average.   

 
16 There was no threshold used in quantifying public health benefits of reduced ozone exposure in the 2021 

Regulatory Impact Analysis (RIA) of the Final Revised Cross-State Air Pollution Rule (CSAPR) Update for the 2008 
Ozone NAAQS.  
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TABLE I-7  

HEALTH EFFECT ESTIMATES  

 

(Taken from Socioeconomic Report of the 2016 AQMP) 
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(Taken from Socioeconomic Report of the 2016 AQMP)  

FIGURE I-4 

SPATIAL DISTRIBUTION OF PREMATURE DEATHS AVOIDED (YEAR 2031) 

 

After health effects are quantified, they are then translated into dollar values using two types of valuation 

methodologies. Monetized benefits associated with avoided premature deaths are monetized based on a 

population’s willingness-to-pay (WTP) for a small reduction of mortality risk in a year and generally 

expressed as the “value of statistical life (VSL).” 

The total monetized benefits of avoided premature deaths were derived by multiplying the number of 

premature mortalities reduced by the VSL. For morbidity effects, WTP was the preferred valuation 

method, but in many cases when such estimates are not yet available or reliable, cost of illness (COI) 

avoided were used to monetize morbidity risk reductions. Avoided COI is conceptually regarded as a 

conservative estimate of monetized health benefits, as it only accounts for avoided resource costs 

including direct medical costs and indirect productivity losses, but generally cannot fully account for the 

benefits of preventing pain and suffering associated with health-related issues.  As shown in Table I-8, the 

overall quantifiable and monetized annual public health benefits are estimated to be $14.4 billion in 2023 

and $30.9 billion in 2031 with an average annual benefit of $16.5 billion. About 99 percent of these 

benefits are attributable to mortality-related benefits, among which the avoided premature deaths due 

to reduced long-term exposure to PM2.5 were estimated to account for over 95 percent of total 

monetized public health benefits. The estimates were based on the VSL of $9.0 million and the assumption 

that the WTP for mortality risk reductions will increase as per-capita income grows; specifically, a one 

percent increase in income was assumed to raise VSL by 1.1 percent (i.e., an income elasticity of 1.1) 

(Industrial Economics and Robinson 2016a). These values correspond to a present value of quantified 

benefits of $173.2 billion at a four percent discount rate or $246.1 billion at a one percent discount rate, 

cumulatively from 2017 to 2031.  
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TABLE I-8 

 MONETIZED PUBLIC HEALTH BENEFITS (BILLIONS OF 2015 DOLLARS) 

 

(Taken from Socioeconomic Report of the 2016 AQMP) 

As noted for Table I-8, the effects of reduced short-term PM2.5 exposure on mortality incidence likely 

overlap to some extent with those from long-term PM2.5 exposure. Thus, in these calculations the 

monetized value of these benefits from the total quantified public health benefits are excluded to avoid 

issues of double-counting. Based on the estimated avoided premature deaths of 100 and 194 on average 

in 2023 and 2031, respectively, the corresponding monetized benefits are $1.0 billion and $2.1 billion per 

year using the mid-point estimate of VSL. To see more on the socioeconomic analysis please refer to the 

2016 AQMP Socioeconomic Report.  

  



Draft Final 2022 AQMP 

I-126 

NITROGEN DIOXIDE  

Attainment Status in the South Coast Air Basin 

TABLE I-10 

ATTAINMENT STATUS OF NITROGEN DIOXIDE STANDARDS IN THE SOUTH COAST AIR BASIN 

CRITERIA 
POLLUTANT 

STANDARD AVERAGING TIME DESIGNATION a) ATTAINMENT DATE b) 

NO2 NAAQS 1-Hour (0.10 ppm) Unclassifiable/Attainment N/A (attained) 

 
NAAQS Annual (0.053 ppm) Attainment (Maintenance) 9/22/1998 (attained) 

 
CAAQS 1-Hour (0.18 ppm) 

Annual (0.030 ppm) 
Attainment --- 

a) U.S. EPA often only declares Nonattainment areas; everywhere else is listed as Unclassifiable/Attainment or Unclassifiable 
b) A design value below the NAAQS for data through the full year or smog season prior to the attainment date is typically required for 
attainment demonstration 

 

Nitrogen dioxide (NO2) is a gaseous air pollutant that serves as an indicator of gaseous oxides of nitrogen, 

such as nitric oxide (NO) and other related compounds (NOx). These gases can undergo photochemical 

reactions to form ground-level ozone and are important contributors to ozone pollution levels in the SCAB. 

Evidence of the health effects of NO2 is derived from human and animal studies, which link NO2 with 

respiratory effects such as decreased lung function and increases in airway responsiveness and pulmonary 

inflammation (U.S. EPA 2016). The U.S. EPA in 2010 retained the existing standards of 53 ppb for NO2 

averaged over one year and adopted a new short-term standard of 100 ppb (0.1 ppm) averaged over one 

hour.  The standard was designed to protect against increases in airway reactivity in individuals with 

asthma based on controlled exposure studies, as well as respiratory symptoms observed in 

epidemiological studies.  The revised standard also requires additional monitoring for NO2 near roadways. 

In the most current U.S. EPA Integrated Science Assessment for Nitrogen Oxides (U.S. EPA 2016), the staff 

conclusion for causal relationships between exposures and health effects are shown in the following table. 

TABLE I-911 

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATION FOR HEALTH EFFECTS OF NITROGEN DIOXIDE 

SHORT-TERM EXPOSURES 

Health Outcome Causality Determination 

Respiratory effects Causal relationship 

Cardiovascular and related metabolic effects Suggestive of a causal relationship 

Total mortality Suggestive of a causal relationship 
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LONG-TERM EXPOSURES 

Health Outcome Causality Determination 

Respiratory effects Likely to be a causal relationship 

Cardiovascular and related metabolic effects Suggestive of a causal relationship 

Reproductive and developmental effects Fertility, Reproduction, and Pregnancy: 

Inadequate to infer a causal relationship  

Birth Outcomes: Suggestive of a causal 

relationship 

Postnatal Development: Inadequate to infer 

a causal relationship 

Total Mortality Suggestive of a causal relationship 

Cancer Suggestive of a causal relationship 

(Taken from U.S. EPA (2016), Table ES-1) 

No new U.S. EPA Integrated Science Assessment (ISA) for Nitrogen Oxides has been published since 2016. 

The last ISA pointed to a causal or likely causal relationship for respiratory effects. For non-respiratory 

outcomes, the U.S. EPA showed that the evidence for several short- and long-term outcomes is suggestive, 

but not sufficient to infer a causal relationship. Evidence for low-level nitrogen dioxide (NO2) exposure 

effects is derived from laboratory studies of asthmatics and from epidemiological studies.  Additional 

evidence is derived from animal studies.  In the 2016 ISA, the U.S. EPA cited the coherence of the results 

from a variety of studies, and a plausible biological mechanism (whereby NO2 reacts with the respiratory 

lining and forms secondary oxidation products that increase airway responsiveness and allergic 

inflammation) to support the determination of a causal relationship between short-term NO2 exposures 

and asthma exacerbations (“asthma attacks”).  The long-term link with respiratory outcomes was 

strengthened by recent experimental and epidemiological studies, and the strongest evidence available 

is from studies of asthma development. 

Respiratory Effects 

Short-term Effects 

Several studies related to outdoor exposure have found health effects associated with ambient NO2 levels, 

including respiratory symptoms, respiratory illness, decreased lung function, pulmonary inflammation, 

increased emergency room visits for asthma, and cardiopulmonary mortality.  However, since traffic 

exhaust is an important source of NO2 and several other pollutants, such as particulate matter, exposure 

generally occurs in the presence of other pollutants, making it more difficult for these studies to 

distinguish the specific role of NO2 in causing effects independent of other pollutants.  However, studies 

linking NO2 to asthma exacerbations and human experimental studies provided support for the U.S. EPA 

determination that this causal relationship exists for short-term NO2 exposures independent of other 

traffic-related pollutants (U.S. EPA 2016).  The report also concludes that epidemiological studies do not 
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rule out the possible influence of other traffic-related pollutants on the observed health effects. A recent 

review of 67 relevant studies looked at current evidence on short-term effects (from several hours to 

7 days) of exposure to NO2 on asthma exacerbations, defined as emergency room visits (ERVs) and 

hospital admissions (HAs). 8- or 24-hour NO2 levels correlated with asthma ERVs and hospitalization 

(Zheng et al., 2021). 

In a recent study from Los Angeles, California Hao et al (2022) conducted a panel study of 40 children aged 

8-16 years with moderate-to-severe asthma. Exposure to ambient O3, NOx, and NO was significantly 

associated with increased rescue inhaler use (rate ratio [95% CI]: O3 1.52 [1.02, 2.27], NOx 1.61 [1.23, 

2.11], NO 1.80 [1.37, 2.35]). 

Results from controlled exposure studies of asthmatics demonstrate an increase in the tendency of 

airways to contract in response to a chemical stimulus (airway responsiveness) or after inhaled allergens 

(U.S. EPA 2016).  Effects were observed among adult volunteers with asthma when exposed to 100 ppb 

NO2 for 60 minutes and to 200-300 ppb for 30 minutes, with approximately 70 percent of study 

participants experiencing an increase in airway responsiveness. A similar response was reported in some 

studies with healthy subjects at higher levels of exposure (1.5 - 2.0 ppm), although these changes in 

healthy adults are likely of little or no clinical significance. Increased airway responsiveness among people 

with asthma can lead to worse symptoms and reduced lung function. Mixed results have been reported 

from controlled human exposure studies of people with chronic obstructive lung disease, with some 

studies reporting no change in symptom score while other studies reporting increased symptom scores 

when participants were exposed to NO2 while exercising (U.S. EPA 2016).  

A recent random-effect meta-analyses were performed on examining exposure to nitrogen oxide (NOx) 

and its association with chronic obstructive pulmonary disease (COPD). The study reported consistent 

evidence of the potential positive association between NO2 and COPD risk (Zhang et al., 2018) 

Short-term controlled studies of rats exposed to NO2 over a period of several hours indicate cellular 

changes associated with allergic and inflammatory responses that can lead to liver damage and reduced 

hepatic function. Rodent models exposed to NO2 repeatedly for 4 to 14 days demonstrated increased 

airway responsiveness with high levels of exposure (4000 ppb). Animal studies also provide evidence that 

NO2 exposures have negative effects on the immune system, and therefore increase the host’s 

susceptibility to respiratory infections. Epidemiological studies showing associations between NO2 levels 

and hospital admissions for respiratory infections also support such a link (U.S. EPA 2016). 

Long-term Effects 

The Children’s Health Study in Southern California has evaluated a variety of health endpoints in relation 

to air pollution exposures, including lung function, lung development, school absences, and asthma. The 

study found associations between long-term exposure to air pollution, including NO2, PM10, and PM2.5, 

and respiratory symptoms in asthmatic children (McConnell et al. 1999).  Particles and NO2 levels were 

correlated, and independent effects of individual pollutants could not be discerned.  A subsequent 

analysis using more refined exposure estimation methods indicated consistent associations between long-

term NO2 exposures and respiratory symptoms in children with asthma (McConnell et al. 2003). 

Ambient levels of NO2 were also associated with a decrease in lung function growth in a group of children 

followed for eight years, including children with no history of asthma.  In addition to NO2, the decreased 
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growth was also associated with particulate matter and airborne acids.  The study authors postulated this 

may be a result of a package of pollutants from traffic sources (Gauderman et al. 2004). Ierodiakonou et 

al. (2016) examined associations of lung function and methacholine responsiveness (PC20) with ozone, 

carbon monoxide (CO), nitrogen dioxide, and sulfur dioxide concentrations in 1003 asthmatic children 

participating in a 4-year clinical trial. Increased 4-month average nitrogen dioxide concentrations were 

associated with reduced postbronchodilator FEV1 and FVC percent predicted. . 

A number of studies have since reported deficits in lung function associated with nitrogen oxides 

exposures.  Examples are shown in Figure I-5. 

 

 

Note: Studies in red are recent studies. Studies in black were included in the 2008 ISA for Oxides of Nitrogen. Circles = NO2; 
Diamonds = NOX. All mean changes in this plot are standardized to a 10-ppb increase in NO2 and a 20-ppb increase in NOX 
concentration. Effect estimates from studies measuring NOX in μg/m3 (Schultz et al., 2012) have not been standardized.  

(Taken from U.S. EPA (2016), Figure 6-5) 

FIGURE I-5 

ASSOCIATIONS OF NITROGEN DIOXIDE (NO2) OR THE SUM OF NITRIC OXIDE AND NO2 (NOX) WITH 

LUNG FUNCTION INDICES FROM PROSPECTIVE STUDIES OF CHILDREN 

 

A follow-up report from the Children’s Health Study has assessed whether improving air quality in 

Southern California over the past several decades has led to beneficial changes in health among children 

(Gauderman et al. 2015).  It was reported that as the levels of nitrogen oxide and fine particulates came 

down as the result of air pollution emissions reductions, the deficits in lung function growth were also of 

a smaller magnitude.  Such improvements were observed in children with asthma as well as in those 

without asthma. These results indicate that improvements in air quality are associated with improvements 

in children’s health. 
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In recent years, the most compelling evidence of long-term effects of NO2 has been from prospective 

cohort studies that link NO2 exposures to the development of asthma, primarily in children.  The U.S. EPA 

included several recent studies in their review, as shown in the Figure I-6. Most of these studies found 

that higher NO2 exposures were linked to an increased risk or odds of developing asthma among children. 

 

Effect estimates are standardized to a 10-ppb increase in NO2, with the exception of Gruzieva et al. (2013) who examined NOx in 

µg/m3 and Oftedal et al (2009) who did not report increments for the effect estimates for the birth to age 4 years or birth to age 

10 years exposure periods.  Note: Black symbols = studies evaluated in the 2008 Integrated Science Assessment for Oxides of 

Nitrogen; Red symbols = recent studies. Circles=NO2; triangles=NO; diamonds=NOx. 

(Taken from (U.S. EPA 2016), Figure 6-1) 

FIGURE I-6 

ASSOCIATIONS OF AMBIENT NITROGEN DIOXIDE (NO2) CONCENTRATIONS WITH ASTHMA INCIDENCE 

IN LONGITUDINAL COHORT STUDIES OF CHILDREN  

 

Among the studies of childhood asthma incidence reviewed in the 2016 U.S. EPA ISA for Oxides of 

Nitrogen, two studies were conducted in Southern California.  Both studies were based on the Children’s 

Health Study cohort, but one study used a smaller subset of the cohort and estimated NO2 exposures 
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using monitors at the children’s homes (Jerrett et al. 2008).  The second study examined over 2000 

children and used data from air monitoring stations as well as modeled NO2 levels to estimate exposures 

(McConnell et al. 2010).  Both studies found a positive association between NO2 exposures and the onset 

of asthma in these children, however, because NO2 is often strongly correlated with PM2.5 and other 

components of traffic-related air pollution, it is possible that the effects observed are due to some other 

component of traffic exhaust for which NO2 serves as a proxy measure.  The consistency of the effects 

found linking NO2 exposure and asthma development in children, the use of prospective longitudinal study 

designs following children for several years, and the use of several different methods to estimate 

exposures are noted strengths of such studies.  Experimental studies have found that NO2 exposures 

increase responsiveness of airways, pulmonary inflammation, and oxidative stress, and can lead to the 

development of allergic responses.  These biological responses provide evidence of a plausible mechanism 

for NO2 to cause asthma.   

Results from controlled exposure studies of asthmatics demonstrate an increase in the tendency of 

airways to contract in response to a chemical stimulus (airway responsiveness) or after inhaled allergens 

(U.S. EPA 2016).  Effects were observed among adult volunteers with asthma when exposed to 100 ppb 

NO2 for 60 minutes and to 200-300 ppb for 30 minutes, with approximately 70 percent of study 

participants experiencing an increase in airway responsiveness.  A similar response was reported in some 

studies with healthy subjects at higher levels of exposure (1.5 - 2.0 ppm), although these changes in 

healthy adults are likely of little or no clinical significance. Increased airway responsiveness among people 

with asthma can lead to worse symptoms and reduced lung function.  Mixed results have been reported 

from controlled human exposure studies of people with chronic obstructive lung disease, with some 

studies reporting no change in symptom score while other studies reporting increased symptom scores 

when participants were exposed to NO2 while exercising (U.S. EPA 2016).  

A recent random-effect meta-analyses were performed on examining exposure to nitrogen oxide (NOx) 

and its association with chronic obstructive pulmonary disease (COPD). The study reported consistent 

evidence of the potential positive association between NO2 and COPD risk (Zhang et al., 2018) 

Short-term controlled studies of rats exposed to NO2 over a period of several hours indicate cellular 

changes associated with allergic and inflammatory responses that can lead to liver damage and reduced 

hepatic function.  Rodent models exposed to NO2 repeatedly for 4 to 14 days demonstrated increased 

airway responsiveness with high levels of exposure (4000 ppb).  Animal studies also provide evidence that 

NO2 exposures have negative effects on the immune system, and therefore increase the host’s 

susceptibility to respiratory infections.  Epidemiological studies showing associations between NO2 levels 

and hospital admissions for respiratory infections also support such a link (U.S. EPA 2016). 

Cardiovascular Effects and Mortality 

Several Some epidemiological studies conducted in California have examined associations between NO2 

exposures and other health effects, including some recent studies evaluating cardiovascular effects 

(Coogan et al. 2012; Bartell et al. 2013; Wittkopp et al. 2013) and mortality (Lipsett et al. 2011; Bartell et 

al. 2013; Jerrett et al. 2013)., mortality (Lipsett et al. 2011; Bartell et al. 2013; Jerrett et al. 2013), birth 

outcomes (Ghosh et al. 2012; Laurent et al. 2014; Padula et al. 2014; Ritz et al. 2014; Green et al. 2015), 

and cancer (Ghosh et al. 2013).  
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A recent meta-analysis of thirty-eight case-crossover studies and 48 time-series studies showed that NO2 

was significantly associated with ischemic heart disease (IHD) morbidity (pooled odds ratio from case-

crossover studies: 1.074 95% CI 1.0521.097; pooled relative risk from time-series studies: 1.022 95% CI 

1.016–1.029 per 10 ppb (Steib et al., 2020).  

Another recent meta-analysis of all available epidemiologic studies evaluating the associations between 

long-term exposure to NO2 with all-cause, cardiovascular, and respiratory mortality provided robust 

epidemiological evidence that long-term exposure to NO2, is associated with a higher risk of all-cause, 

cardiovascular, and respiratory mortality. Their search criteria pulled up 1349 unique studies, of which 34 

studies met the inclusion criteria (Huang et. al, 2021). In another meta-analysis that quantitatively 

assessed time-series studies of daily NO2 and mortality and hospital admissions and controlled for 

particulate matter (PM) determined whether or to what extent the NO2 associations are independent of 

PM. Time-series studies—published in peer-reviewed journals worldwide, up to May 2011—that reported 

both single-pollutant and two-pollutant model estimates for NO2 and PM were included. 60 eligible 

studies were identified, and meta-analysis was conducted on 23 outcomes. Two-pollutant model study 

estimates generally showed that the NO2 associations were independent of PM mass. For all-cause 

mortality, a 10 µg/m3 increase in 24-hour NO2 was associated with a 0.78% (95% CI 0.47% to 1.09%) 

increase in the risk of death, which reduced to 0.60% (0.33% to 0.87%) after control for PM. Heterogeneity 

between geographical region-specific estimates was removed by control for PM (I2 from 66.9% to 0%). 

Estimates of PM and daily mortality assembled from the same studies were greatly attenuated after 

control for NO2: from 0.51% (0.29% to 0.74%) to 0.18% (−0.11% to 0.47%) per 10 µg/m3 PM10 and 0.74% 

(0.34% to 1.14%) to 0.54% (−0.25% to 1.34%) for PM2.5.  

Examples of studies reporting an association of mortality with short-term NO2 exposures are shown in the 

figure below. 
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Note: Black symbols = multicity studies evaluated in the 2008 Integrated Science Assessment for Oxides of Nitrogen; Red symbols = recent 
studies. Filled circle = total mortality; Crosshatch = cardiovascular mortality; Vertical lines = respiratory mortality. 
(Taken from U.S. EPA (2016), Figure 5-23) 

 

FIGURE I-7 

PERCENTAGE INCREASE IN TOTAL, CARDIOVASCULAR, AND RESPIRATORY MORTALITY FROM MULTI-

CITY STUDIES FOR A 20-PPB INCREASE IN 24-HOUR AVERAGE OR 30-PPB INCREASE IN ONE-HOUR 

MAXIMUM NITROGEN DIOXIDE CONCENTRATIONS  

 

Nervous System Effects 

The latest assessment by the U.S. EPA assesses evidence that is suggestive of a causal relationship for 

some of these mentioned endpoints or inadequate to infer a causal relationship for other endpoints (U.S. 

EPA 2016). In addition, sSome of the newer outcomes evaluated in relation to NO2 exposures include 

neurological outcomes such as Parkinson’s disease (Ritz et al. 2016), Alzheimer’s disease (Oudin et al. 

2016),  and autism (Beccerra et al. 2013; Volk et al., 2013; Flores-Pajot et al., 2016). well as metabolic 

diseases such as diabetes and obesity (Coogan et al. 2012; Robledo et al. 2015; White et al. 2016). 

Keramatina et al., (2016) show a weak association between exposure to NO2 in ambient air and breast 

cancer at the individual level and a significant association at the aggregate level. 

A recent study evaluated whether smaller volumes of brain structures implicated in late-life depression 

mediate associations between ambient air pollution exposure and changes in depressive symptoms. This 

prospective study included 764 community-dwelling older women (aged 81.6 ± 3.6 in 2008-2010) from 

the Women's Health Initiative Memory Study (WHIMS) Magnetic Resonance Imaging study (WHIMS-MRI; 

2005-06) and WHIMS-Epidemiology of Cognitive Health Outcomes (WHIMS-ECHO; 2008-16). Three-year 
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average annual mean concentrations (scaled by interquartile range [IQR]) of ambient PM2.5 (in μg/m3; 

IQR = 3.14 μg/m3) and NO2 (in ppb; IQR = 7.80 ppb) before WHIMS-MRI were estimated at participants' 

addresses via spatiotemporal models. Mediators included structural brain MRI-derived grey matter 

volumes of the prefrontal cortex and structures of the limbic-cortical-striatal-pallidal-thalamic circuit. 

Depressive symptoms were assessed annually by the 15-item Geriatric Depression Scale. Structural 

equation models were constructed to estimate associations between exposure, structural brain volumes, 

and depressive symptoms. Increased exposures (by each IQR) were associated with greater annual 

increases in depressive symptoms (βPM2.5 = 0.022; 95% Confidence Interval (CI) = 0.003, 0.042; βNO2 = 

0.019; 95% CI = 0.001, 0.037). The smaller volume of prefrontal cortex associated with exposures partially 

mediated the associations of increased depressive symptoms with NO2 (8%) and PM2.5 (13%), and smaller 

insula volume associated with NO2 contributed modestly (13%) to the subsequent increase in depressive 

symptoms (Petkus et al., 2022).  

In another paper Younan et al. (2022) studied a cohort of 2,232 women residing in the 48 contiguous US 

states that were recruited from more than 40 study sites located in 24 states and Washington, DC from 

the Women's Health Initiative (WHI) Memory Study (WHIMS)-Epidemiology of Cognitive Health Outcomes 

(WHIMS-ECHO) study. They were predominantly non-Hispanic White women and were dementia free at 

baseline in 2008 to 2012. They used regionalized universal kriging models to estimate annual 

concentrations (1996 to 2012) of fine particulate matter (PM2.5) and nitrogen dioxide (NO2) at residential 

locations. They found that greater improvement in long-term air quality in late life was associated with 

slower cognitive declines in older women. Petkus et al. (2021) showed that exposure to NO2 are associated 

with patterns of cognitive performance characterized by worse verbal episodic memory relative to 

performance in other domains. 

There is also growing number of literature showing some association between autism and PM2.5 and NO2 

exposure as well. In Chun et al. (2019) meta-analysis of 25 studies, 13, 14, 12, and 7 studies investigated 

ASD in children associated with PM2.5, PM10, NO2, and ozone, respectively. The frequentist and Bayesian 

random effects models resulted in different statistical significance. For prenatal period, frequentist meta-

analysis returned significant pooled ORs with 95% confidence intervals, 1.06(1.01,1.11) for PM2.5 and 

1.02(1.01,1.04) for NO2, whereas Bayesian meta-analysis showed similar ORs with wider 95% posterior 

intervals, 1.06(1.00,1.13) for PM2.5 and 1.02(1.00,1.05) for NO2.  

Other Health Effects 

Some epidemiological studies conducted in California have examined associations between NO2 

exposures and birth outcomes (Ghosh et al. 2012; Laurent et al. 2014; Padula et al. 2014; Ritz et al. 2014; 

Green et al. 2015), and cancer (Ghosh et al. 2013, Keramatina et al. 2016). 

Some of the newer outcomes evaluated in relation to NO2 also include metabolic diseases such as diabetes 

and obesity (Coogan et al. 2012; Robledo et al. 2015; White et al. 2016). In a recent Los Angeles cross-

sectional study, morning serum cortisol level was assessed after a supervised overnight fast in 203 

overweight and obese Latino children and adolescents (female/male: 88/115; mean age: 11.1 ± 1.7 years; 

pre-pubertal/pubertal/post-pubertal: 85/101/17; BMI z-score: 2.1 ± 0.4). Hypothalamic-pituitary-adrenal 

(HPA)-axis dysfunction has been associated with a variety of mental health and cardio-metabolic 

disorders. Single, but not multi-pollutant, models showed that higher NO2 over the 4–10 month exposure 

period associated with lower morning serum cortisol (p < 0.05) (Toledo-Corral et al., 2021).  
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MHowever, many of these studies researchinguse NO2 exposures use NO2 as a proxy measure for traffic-

related air pollutants, and do not aim to identify a specific pollutant within the mix of pollutants from this 

source.  Thus, there is uncertainty on whether NO2 exposure has independent relationships with non-

respiratory related health effects, or whether NO2 is simply a marker of near-road air pollution exposure, 

which includes a mixture of air pollutants, including some air toxics. 

Examples of studies reporting an association of mortality with short-term NO2 exposures are shown in the 

figure below. 

 
Note: Black symbols = multicity studies evaluated in the 2008 Integrated Science Assessment for Oxides of Nitrogen; Red symbols = recent 
studies. Filled circle = total mortality; Crosshatch = cardiovascular mortality; Vertical lines = respiratory mortality. 
(Taken from U.S. EPA (2016), Figure 5-23) 

FIGURE I-7 

PERCENTAGE INCREASE IN TOTAL, CARDIOVASCULAR, AND RESPIRATORY MORTALITY FROM MULTI-

CITY STUDIES FOR A 20-PPB INCREASE IN 24-HOUR AVERAGE OR 30-PPB INCREASE IN ONE-HOUR 

MAXIMUM NITROGEN DIOXIDE CONCENTRATIONS  
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SULFUR DIOXIDE 

Attainment Status in the South Coast Air Basin 

TABLE I-12 

ATTAINMENT STATUS OF SULFUR COMPOUND STANDARDS IN THE SOUTH COAST AIR BASIN 

CRITERIA 
POLLUTANT 

STANDARD AVERAGING 
TIME 

DESIGNATION a) ATTAINMENT DATE b) 

SO2 NAAQS 1-Hour (75 
ppb) 

Unclassifiable/Attainment 1/9/2018 

 
NAAQS 24-Hour (0.14 

ppm) 
Annual (0.03 

ppm) 

Unclassifiable/Attainment 3/19/1979 
(attained) 

Sulfates CAAQS 24-Hour (25 
µg/m3) 

Attainment --- 

a) U.S. EPA often only declares Nonattainment areas; everywhere else is listed as Unclassifiable/Attainment or Unclassifiable 
b) A design value below the NAAQS for data through the full year or smog season prior to the attainment date is typically required for 
attainment demonstration 
 

Sulfur dioxide (SO2) is a gaseous air pollutant that has been linked to a variety of respiratory effects, such 

as decreased lung function and increased airway resistance. Controlled laboratory studies involving 

human volunteers have clearly identified asthmatics as a very sensitive group to the effects of ambient 

SO2 exposures.  Healthy subjects have failed to demonstrate any short-term respiratory functional 

changes at exposure levels up to 1.0 ppm over 1-3 hours.  In exercising asthmatics, brief exposure (5-10 

minutes) to SO2 at levels between 0.2-0.6 ppm can result in increases in airway resistance and decreases 

in breathing capacity.  The response to SO2 inhalation is observable within two minutes of exposure, 

increases further with continuing exposure up to five minutes, then remains relatively steady as exposure 

continues.  SO2 exposure is generally not associated with any delayed reactions or repetitive asthmatic 

attacks (U.S. EPA 2008). In 2010, the U.S. EPA SO2 air quality standard was set at 75 ppb (0.075 ppm) 

averaged over one hour to protect against acute asthma attacks in sensitive individuals.   

Strong evidence indicates that there is a causal relationship between short-term SO2 exposure and 

respiratory effects, as mentioned particularly for respiratory effects in the at-risk population of individuals 

with asthma. There is limited support for a relationship between short-term SO2 exposure and other 

respiratory effects, including exacerbation of COPD, allergy exacerbation, respiratory infection, 

respiratory effects in healthy populations, and respiratory mortality (U.S. EPA 2017). 

The U.S. EPA assessment based on the 2017 Integrated Science Assessment for Sulfur Oxides is shown in 

the table below (U.S. EPA 2017).  This ISA evaluated evidence assessing links to mortality and 

cardiovascular, respiratory, carcinogenic, and reproductive effects (Brunekreef et al. 2009; Hart et al. 

2011; Pascal et al. 2013; Chen et al. 2014; Gianicolo et al. 2014; Milojevic et al. 2014; Moridi et al. 2014; 

Stingone et al. 2014; Straney et al. 2014; Wang et al. 2014; Winquist et al. 2014; Yang et al. 2014; Ancona 

et al. 2015; Green et al. 2015; Rich et al. 2015; Shah et al. 2015; Yorifuji et al. 2015). 

Below you will find the studies that support the U.S. EPA determinations.  
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TABLE I-1013 

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATIONS FOR HEALTH EFFECTS OF SULFUR OXIDES 

SHORT-TERM EXPOSURES 

Health Outcome Causality Determination 

Respiratory morbidity Causal relationship 

Cardiovascular morbidity Inadequate to infer a causal relationship 

Mortality Suggestive of a causal relationship 

LONG-TERM EXPOSURES 

Health Outcome Causality Determination 

Respiratory morbidity Suggestive of a causal relationship 

Carcinogenic effects Inadequate to infer a causal relationship 

Prenatal and neonatal outcomes Inadequate to infer a causal relationship  

Mortality Inadequate to infer a causal relationship 

(Taken from U.S. EPA (2017), ES-1) 

Respiratory Effects 

Short-term Effects 

Asthma Exacerbation 

A causal relationship between short-term SO2 exposure and respiratory effects is primarily supported by 

evidence from controlled human exposure studies of respiratory effects in adults with asthma. These 

studies consistently demonstrated that the majority of individuals with asthma experience a moderate or 

greater decrement in lung function, as defined by a ≥100% increase in sRaw or ≥15% decrease in FEV1 

(U.S. EPA, 2017). This decrement is frequently accompanied by respiratory symptoms following exposures 

of 5−10 minutes, with elevated ventilation rates at concentrations of 0.4−0.6 ppm (Johns et al., 2010; Linn 

et al., 1990; Linn et al., 1988; Balmes et al., 1987; Linn et al., 1987; Horstman et al., 1986; Linn et al., 

1983b). A fraction of the population with asthma (~5−30%) has also been observed to have decrements 

in lung function at lower SO2 concentrations (0.2−0.3 ppm) (Linn et al., 1990; Linn et al., 1988; Linn et al., 

1987; Bethel et al., 1985). Although the degree of lung function decrements is considered moderate, they 

are less likely to be accompanied by respiratory symptoms at these lower concentrations (Linn et al., 1990; 

Linn et al., 1988; Linn et al., 1987; Roger et al., 1985; Linn et al., 1983b). A group of responders (defined 

as having ≥15% decrease in FEV1 after exposure to 0.6 or 1.0 ppm SO2) showed statistically significant 

decrements in FEV1 following 5−10-minute exposure to 0.3 ppm SO2 (Johns et al., 2010). A study in the 

Los Angeles area found that higher ambient SO2 levels were associated with increased odds of asthma 

symptoms among Hispanic children with asthma (Delfino et al. 2003).  
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While SO2-induced respiratory effects have been examined in individuals classified as having mild and 

moderate asthma, these individuals are relatively healthy. Thus, extrapolating to individuals with severe 

asthma is difficult because such individuals cannot be tested in an exposure chamber due to the severity 

of their disease. Therefore, it is unknown whether people with severe asthma are at increased risk of 

having respiratory effects due to short-term SO2 exposure. The same may be said about children with 

asthma. There are no laboratory studies of children exposed to SO2, but several studies have assessed 

airway responsiveness of children and adults exposed to the bronchoconstrictive stimuli methacholine. 

Based largely on those studies, school-aged children (~5−11 years of age), particularly boys and perhaps 

obese children, might be expected to have greater responses (i.e., larger decrements in lung function) 

following exposure to SO2 than adolescents and adults. The coherence of the epidemiologic findings is 

supporting evidence for a causal relationship. Epidemiologic evidence for lung function changes in adults 

and children with asthma is inconsistent. However, short-term increases in ambient SO2 concentration 

are associated with increases in asthma hospital admissions and ED visits among all ages, children (i.e., < 

18 years of age) and older adults (i.e., 65 years of age and older), as well as asthma symptoms in children 

(Velická et al., 2015; SpiraCohen et al., 2011). Epidemiologic associations between short-term increases 

in ambient SO2 concentration and respiratory mortality provide support for a potential continuum of 

effects between respiratory morbidity and respiratory mortality (U.S. EPA, 2017).  

Most epidemiologic studies indicating associations between short-term SO2 exposures and asthma 

exacerbation assigned exposure using SO2 concentrations measured at fixed-site monitors. The use of 

fixed-site monitors to assign exposure, particularly to 1-h max SO2, may introduce exposure measurement 

error if the spatiotemporal variability in SO2 concentrations is not captured. The studies did not 

statistically correct for measurement error. A few recent results reduce the uncertainty with SO2 

measured or modeled at or near children’s school or home (Velická et al., 2015; Spira-Cohen et al., 2011). 

Additional uncertainty exists regarding potential copollutant confounding. In many studies, SO2 was 

moderately to highly correlated with PM2.5, larger sized PM, EC/BC, NO2, and VOCs (r = 0.4−0.9). The few 

available results show association with sulfate. A small number of studies examined copollutant models. 

Some associations were relatively unchanged in magnitude after adjustment for a copollutant; others did 

not persist. However, inference from copollutant models is limited given potential differences in exposure 

measurement error for SO2 compared to NO2, CO, PM, and O3 and in some studies, high copollutant 

correlations. Copollutant interactions are not well studied. Some controlled human exposure studies 

demonstrate increased asthma-related effects with coexposure to SO2 and NO2 or O3. Limited 

epidemiologic evidence shows increased asthma-related effects with joint increases in SO2 and 

copollutants but does not clearly show a joint association that is greater than a single-pollutant 

association. There is supportive evidence for a relationship between short-term SO2 exposure and both 

airway responsiveness and pulmonary inflammation (U.S. EPA, 2017). Limited epidemiologic evidence 

points to an association with increased airway hyperresponsiveness (AHR) in a population of adults with 

asthma and a high prevalence of atopy (Taggart et al., 1996). Gong et al. (2001) demonstrated an increase 

in airway eosinophils in adults with asthma 2 hours after a 10-minute exposure to 0.75 ppm SO2. This 

effect, along with bronchoconstriction, was attenuated by pretreatment with a leukotriene receptor 

antagonist. Other pharmacologic studies have demonstrated that inflammatory mediators play an 

important role in SO2 exposure-induced bronchoconstriction in people with asthma. Further support for 

an important role of airway inflammation, including allergic inflammation, is provided by animal 

toxicological studies of repeated SO2 exposure in allergic animals that are used to model the asthmatic 

phenotype (Li et al., 2014; Li et al., 2007). In addition, repeated exposure of naive animals promoted 
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allergic sensitization and enhanced allergic inflammation (Park et al., 2001; Riedel et al., 1988). Increases 

in bronchial obstruction also observed in these studies suggest that SO2 exposure increased airway 

responsiveness in the animals subsequently made allergic to ovalbumin. These latter studies point to a 

possible increased sensitivity to allergens following SO2 exposure. 

Other Respiratory Effects 

Epidemiologic studies demonstrate some associations of ambient SO2 concentrations with hospital 

admissions and ED visits for all respiratory causes combined (U.S. EPA, 2017). While these results suggest 

that the respiratory effects of short-term SO2 exposure could extend beyond exacerbation of asthma, 

evidence across disciplines is inconsistent and/or lacks biological plausibility for conditions such as allergy 

exacerbation, COPD exacerbation, and respiratory infection. Where epidemiologic associations were 

found, potential copollutant confounding is uncertain. For COPD exacerbation, a controlled human 

exposure study demonstrated no effect of SO2 exposure (Linn et al., 1985a), and epidemiologic 

associations are inconsistent for lung function (Peacock et al., 2011; Harre et al., 1997), respiratory 

symptoms s (Wu et al., 2016; Peacock et al., 2011), hospital admissions (Qiu et al., 2013b, Ko et al., 2007a, 

Wong et al., 2009) and ED visits (Peel et al., 2005; Stieb et al. 2009); Arbex et al., 2009). Some evidence 

supports SO2-associated increases in hospital admissions and ED visits due to respiratory infections 

(Mehta et al. 2013; Ségala et al., 2008; Steib et al., 2009). However, the lack of multiple studies examining 

the same respiratory infection outcome, inconsistent findings for self-reported infections in children, and 

the lack of evidence from controlled human exposure and animal toxicological studies produces 

uncertainty as to whether a relationship exists (U.S. EPA, 2017).  

Controlled human exposure studies in healthy individuals provide evidence for transient decreases in lung 

function with ≥1 ppm SO2 exposures for 5−10 minutes under exercising or a forced oral breathing 

condition with no evidence for increased respiratory symptoms (Dales et al., 2013). Epidemiologic 

evidence is inconsistent for SO2 associations with lung function, respiratory symptoms, and pulmonary 

inflammation in healthy children and adults (U.S. EPA 2017). 

Long- Term Effects 

Overall, the evidence is suggestive of, but not sufficient to infer, a causal relationship between long-term 

SO2 exposure and respiratory effects, based on the evidence across disciplines for development of asthma 

in children (U.S. EPA 2017). 

Ierodiakonou et al. (2016) examined associations of lung function and methacholine responsiveness 

(PC20) with ozone, carbon monoxide (CO), nitrogen dioxide, and sulfur dioxide concentrations in 1003 

asthmatic children participating in a 4-year clinical trial. Long-term exposures to sulfur dioxide were 

associated with reduced PC20 (percent change per interquartile range, -6% [95% CI, -11% to -1.5%]). 

Treatment augmented the negative short-term CO effect on PC20. 

A limited number of longitudinal epidemiologic studies report associations between asthma incidence 

among children and long-term SO2 exposures (Nishimura et al., 2013; Clark et al., 2010). The evidence 

from longitudinal studies is coherent with animal toxicological evidence of allergic sensitization, airway 

remodeling, and increased airway responsiveness (Song et al., 2012; Li et al., 2007; Li et al., 2014; Riedel 

et al., 1988; Park et al., 2001), which are key events (or endpoints) in the proposed mode of action for the 

development of asthma. The animal toxicological evidence provides support for an independent effect of 

SO2 and a possible relationship between long-term exposure to SO2 and the development of asthma in 
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children. Some evidence of a link between long-term exposure to SO2 and respiratory symptoms and/or 

respiratory allergies among children further supports this relationship (Hart et al., 2011; Nafstad et al., 

2004; Elliot et al., 2007; Cao et al., 2011; Carey et al. 2013; Dong et al. 2012; Katanoda et al., 2011). The 

potential for SO2 to serve as an indicator for other pollutants or mixture related to PM is an uncertainty 

that applies to the body of epidemiologic evidence across the respiratory effects examined (U.S. EPA, 

2017). 

Cardiovascular Effects 

Short-term Effects 

Overall, the most recent U.S. EPA ISA (2017) stated that the available evidence is inadequate to infer a 

causal relationship between short-term exposure to SO2 and cardiovascular health effects. Nonetheless, 

multiple epidemiologic studies report positive associations between short-term ambient SO2 

concentrations and cardiovascular outcomes, such as cardiovascular mortality, myocardial infarction and 

ischemic heart disease, and aggregated cardiovascular outcomes; however, substantial uncertainties 

remain regarding exposure measurement error and copollutant confounding. Specifically, the majority of 

studies reporting positive associations evaluated averaged SO2 concentrations over multiple monitors and 

used a 24-h avg exposure metric, which may not adequately capture the spatial and temporal variability 

in SO2 concentrations (U.S. EPA, 2017). 

Recent epidemiologic studies of specific cardiovascular outcomes add to the overall evidence for the 

effect of short-term SO2 exposure on the cardiovascular system with a number of these studies evaluating 

effects related to triggering a myocardial infarction (MI). Several recent epidemiologic studies of MI 

hospitalizations and ED visits consistently report associations in single pollutant models but associations 

are not always robust in copollutant models indicating that the associations may be due to confounding 

(Hsieh et al., 2010; Cheng et al., 2009; Ballester et al., 2006). The small number of studies based on clinical 

MI data, rather than hospitalizations, report inconsistent evidence regarding associations between 

ambient SO2concentrations and risk of MI (Milojevic et al., 2014; Turin et al., 2012; Bhaskaran et al., 2011). 

One study that examined the association of hourly ambient SO2 concentrations prior to MI onset reported 

no association, although there was some evidence of a positive association in a sensitivity analysis of older 

adults (Bhaskaran et al., 2011). Although Chuang et al. (2008) reported an association between short-term 

SO2 exposure and ST-segment changes, a nonspecific marker of myocardial ischemia, in patients with a 

history of coronary heart disease that generally remained unchanged after additional control for PM2.5 

and BC in copollutant models; the evidence overall, was not generally consistent. 

Some associations between short-term SO2 exposure and markers of ventricular repolarization 

abnormalities that are risk factors for arrhythmia have been observed (Baja et al., 2010; Henneberger et 

al., 2005). Consistently positive associations have been reported in epidemiologic studies of short-term 

SO2 exposure and cardiovascular mortality (U.S. EPA, 2017). Few experimental studies have evaluated the 

effects of SO2 exposure on the cardiovascular system. The strongest evidence comes from controlled 

human exposure studies, for which copollutant confounding is not a concern, that short-term exposure 

to SO2 can affect the autonomic nervous system of healthy adults and adults with asthma (Routledge et 

al., 2006; Tunnicliffe et al., 2001). These studies report changes in heart rate (HR) and heart rate variability 

(HRV) following SO2 exposure in adults, which is indicative of potential cardiovascular effects being 
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mediated by the neural reflex pathway; however, these changes were not reported in animal studies, nor 

did epidemiological evidence support the presence of associations, particularly after adjusting for 

copollutant confounding (U.S. EPA, 2017). Animal studies also provide limited evidence for the role of 

systemic oxidative stress as a key event in a proposed mode action. In particular, studies observed changes 

in sulfhemoglobin (Baskurt, 1988). In addition, studies of long-term exposure found lipid peroxidation in 

the brain (Qin et al., 2012), and mitochondrial changes in the heart and brain (Qin et al., 2016; Qin et al., 

2012).  

Despite numerous additional epidemiologic studies reporting positive associations between short-term 

SO2 exposure and cardiovascular effects, a key uncertainty is the potential for confounding by other 

pollutants, specifically those from a common source that are highly correlated with SO2. Those studies 

that do examine associations with SO2 adjusted for PM, NO2, or other correlated pollutants report that, in 

general, associations were either attenuated or no longer present after controlling for potential 

copollutant confounding (Hsieh et al., 2010; Cheng et al., 2009; Ballester et al., 2006). A limited number 

of studies examined copollutant confounding on the SO2-cardiovascular mortality relationship, which 

included analyses on stroke mortality, and provided evidence that the SO2 association was reduced in 

copollutant models with NO2 and PM10 (Chen et al., 2013; Chen et al., 2012b; Kan et al., 2010).  

Long-term Effects 

Although a number of epidemiologic studies report positive associations between long-term exposure to 

SO2 concentrations and cardiovascular disease and stroke, the evidence for any one outcome is limited 

and inconsistent (U.S. EPA, 2017). 

Su et al. (2020) looked cardiovascular diseases (CVDs) associated with ambient air pollution in diabetic 

populations. There were 2072 diabetic patients included in analyses. PM2.5 and SO2 were significant CVD 

risk factors in their Bayesian model, but such associations were attenuated or underestimated in 

traditional models; adjusted hazard ratio (HR) and 95% credible interval (CrI) or confidence interval (CI) of 

CVDs for a 1 μg/m3 increase in the monthly PM2.5 concentration for their model, the Weibull and Cox 

models was 1.040 (1.004–1.073), 0.994 (0.984–1.004), and 0.994 (0.984–1.004), respectively. With a 

1 ppb increase in the monthly SO2 concentration, adjusted HR (95% CrI or CI) was 1.886 (1.642–2.113), 

1.092 (1.022–1.168), and 1.091 (1.021–1.166) for these models, respectively. 

Reproductive and Developmental Effects  

There are several recent well-designed, well-conducted studies that indicate an association between SO2 

and reproductive and developmental health outcomes, including fetal growth metrics, preterm birth, 

birth weight, and fetal and infant mortality. For example, several high quality studies reported positive 

associations between SO2 exposures during pregnancy and fetal growth metrics (Le et al., 2012; Rich et 

al., 2009; Brauer et al., 2008; Liu et al., 2003), preterm birth (Mendola et al., 2016a; Le et al., 2012; Zhao 

et al., 2011; Sagiv et al., 2005; Liu et al., 2003), birth weight (Ebisu and Bell, 2012; Darrow et al., 2011; 

Morello-Frosch et al., 2010; Liu et al., 2003), and fetal and infant mortality (Faiz et al., 2012; Hwang et al., 

2011; Woodruff et al., 2008). However, a number of uncertainties are associated with the observed 

relationship between exposure to SO2 and birth outcomes, such as timing of exposure windows, exposure 

error, and spatial and temporal heterogeneity. Few studies have examined other health outcomes, such 

as fertility, effects on pregnancy (e.g., pre-eclampsia, gestational diabetes), and developmental effects, 
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and there is little coherence or consistency among epidemiologic and toxicological studies for these 

outcomes. Based on the U.S. EPA ISA for Sulfur Oxides (2017) the evidence is inadequate to infer a causal 

relationship between exposure to SO2 and reproductive and developmental outcomes.  

Mortality  

Short-term 

Recent multicity studies provide consistent evidence of positive associations between short-term SO2 

exposures and total mortality (See Table I-1114), however key uncertainties and data gaps still remain, 

like copollutant confounding, and limited spatial and temporal variability. Recent multicity studies 

evaluated have further informed key uncertainties and data gaps in the SO2-mortality relationship 

including confounding, modification of the SO2 -mortality relationship, potential seasonal differences in 

SO2-mortality associations, and the shape of the SO2-mortality C-R relationship (U.S. EPA, 2017). 
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TABLE I-1114 

 AIR QUALITY CHARACTERISTICS OF MULTICITY STUDIES AND META-ANALYSES  
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(Table taken from U.S. EPA (2017) Table 5-39) 

Long-term 

Several longitudinal cohort studies have been conducted in the U.S. and have found small, statistically 

significant positive associations between long-term exposure to SO2 and total mortality (Hart et al., 2011; 

Lipfert et al., 2009; Pope et al., 2002; Krewski et al., 2000). The body of evidence is smaller and less 

consistent when these studies examine cause-specific mortality, although Hart et al. (2011) observed 

positive, yet imprecise associations (i.e., wide 95% confidence intervals) with respiratory, lung cancer, and 

cardiovascular mortality.  

A prospective cohort study, the Harvard Six Cities study, looked at the effects of air pollution with the 

focus on PM components in six U.S. cities and provided limited evidence for an association between 
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mortality and exposure to SO2. Dockery et al. (1993) reported that lung cancer and cardiopulmonary 

mortality were more strongly associated with the concentrations of inhalable and fine PM and sulfate 

particles than with the levels of TSP, SO2, NO2, or acidity of the aerosol. Krewski et al. (2000) conducted a 

sensitivity analysis of the Harvard Six Cities study and examined associations between gaseous pollutants 

(i.e., O3, NO2, SO2, and CO) and mortality, observing positive associations between SO2 and total mortality 

and cardiopulmonary deaths. In this data set SO2 was highly correlated with PM2.5 (r = 0.85), sulfate (r = 

0.85), and NO2 (r = 0.84), making it difficult to attribute the observed associations to an independent effect 

of SO2.  

Pope et al. (1995) investigated associations between long-term exposure to PM and the mortality 

outcomes in the American Cancer Society (ACS) cohort and provides limited evidence for an association 

between exposure to SO2 and mortality. Ambient air pollution data from 151 U.S. metropolitan areas in 

1981 were linked with individual risk factors in 552,138 adults who resided in these areas when enrolled 

in the prospective study in 1982. Death outcomes were ascertained through 1989. Gaseous pollutants 

were not analyzed in the original analysis. Extensive reanalysis of the ACS data, augmented with additional 

gaseous pollutants data, showed positive associations between mortality and SO2, but not for the other 

gaseous pollutants (Jerrett et al., 2003; Krewski et al., 2000). Lipfert et al. (2000) conducted an analysis of 

a national cohort of ~70,000 male U.S. military veterans who were diagnosed as hypertensive in the mid-

1970s and were followed up for about 21 years (up to 1996) and provides scant evidence for an association 

between exposure to SO2 and mortality. 

Abbey et al. (1999) investigated associations of long-term ambient concentrations of PM10, sulfate, SO2, 

O3, and NO2 with mortality in a cohort of 6,338 nonsmoking California Seventh-Day Adventists. Monthly 

indices of ambient air pollutant concentrations at 348 monitoring stations throughout California were 

interpolated to ZIP codes according to home or work location of study participants, cumulated, and then 

averaged over time. They reported associations between PM10 and total mortality for males and 

nonmalignant respiratory mortality for both sexes. SO2 was positively associated with total mortality for 

males but not for females. Generally, null associations were observed for cardiopulmonary deaths and 

respiratory mortality for both males and females. 

Cancer 

Recent studies include evidence on lung cancer as well as other cancer types. Although some studies of 

SO2 concentrations and lung cancer mortality have reported null results, other studies that included 

various cofounders and copollutants reported positive associations. Positive associations were also 

observed in a study of SO2 concentrations and bladder cancer mortality but not in ecological studies of 

bladder cancer incidence. Limited supportive evidence for mode of action is available from genotoxicity 

and mutagenicity studies, but animal toxicological studies provide no coherence with epidemiologic 

findings (U.S. EPA, 2017).  

Based on a level determined necessary to protect the most sensitive individuals, the California Air 

Resources Board (CARB) in 1976 adopted a standard of 25 µg/m3 (24-hour average) for sulfates.  There is 

no federal air quality standard for sulfates. 

Sulfates are a family of chemicals that contain the fully oxidized ionic form of sulfur (SO4
2-), in combination 

with metal and/or hydrogen ions. In California, emissions of sulfur-containing compounds occur primarily 
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from the combustion of petroleum-derived fuels (e.g., gasoline and diesel fuel) that contain sulfur. A small 

amount of sulfate is directly emitted from combustion of sulfur-containing fuels, but most ambient sulfate 

is formed in the atmosphere. First, emitted sulfur in the fuel is oxidized to sulfur dioxide (SO2) during the 

combustion process and subsequently converted to sulfate particulate matter through chemical reactions 

in the atmosphere. Thus, sulfates are a sub-fraction of ambient particulate matter. The conversion of 

SO2 to sulfates takes place comparatively rapidly and completely in urban areas of California due to 

regional meteorological characteristics. 
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CARBON MONOXIDE 

Attainment Status in the South Coast Air Basin 

TABLE I-15 

ATTAINMENT STATUS OF CARBON MONOXIDE STANDARDS IN THE SOUTH COAST AIR BASIN 

CRITERIA 
POLLUTANT 

STANDARD AVERAGING TIME DESIGNATION a) ATTAINMENT DATE b) 

CO NAAQS 1-Hour (35 ppm) 
8-Hour (9 ppm) 

Attainment (Maintenance) 6/11/2007 
(attained) 

 
CAAQS 1-Hour (20 ppm) 

8-Hour (9 ppm) 
Attainment 6/11/2007 

(attained) 

a) U.S. EPA often only declares Nonattainment areas; everywhere else is listed as Unclassifiable/Attainment or Unclassifiable 
b) A design value below the NAAQS for data through the full year or smog season prior to the attainment date is typically required for 
attainment demonstration 

 

Health Effects 

Carbon monoxide (CO) is emitted from virtually all sources of incomplete combustion, including internal 

combustion engines, fires, improperly adjusted gas and oil appliances, water heaters, and ovens, and by 

tobacco smoking. The formation of carboxyhemoglobin by the binding of CO to circulating hemoglobin 

reduces the O2-carrying capacity of blood. The resulting reduction in oxygen supply in the bloodstream is 

responsible for the toxic effects of CO, which are typically manifested in the oxygen-sensitive organ 

systems. The effects have been studied in controlled laboratory environments involving exposure of 

humans and animals to CO, as well as in population-based studies of ambient CO exposure effects. People 

with deficient blood supply to the heart (ischemic heart disease) are known to be susceptible to the effects 

of CO.  Protection of this group is the basis of the existing National Ambient Air Quality Standards for CO 

at 35 ppm for one hour and 9 ppm averaged over eight hours.  The health effects of ambient CO were 

reviewed by the U.S. EPA in 2010, with the strongest evidence supporting a likely causal link between 

short-term CO exposures and cardiovascular outcomes, although studies have linked both short-term and 

long-term CO exposures to several other health outcomes (Table I-1216) (U.S. EPA 2010). 

TABLE I-1216 

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATIONS FOR HEALTH EFFECTS OF CARBON MONOXIDE 

SHORT-TERM EXPOSURES 

Health Outcome Causality Determination 

Cardiovascular morbidity Likely to be a causal relationship 

Central nervous system Suggestive of a causal relationship 

Respiratory morbidity Suggestive of a causal relationship 
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Mortality Suggestive of a causal relationship 

LONG-TERM EXPOSURES 

Health Outcome Causality Determination 

Cardiovascular morbidity Inadequate to infer a causal relationship 

Central nervous system Suggestive of a causal relationship 

Birth outcomes and developmental effects Suggestive of a causal relationship 

Respiratory morbidity Inadequate to infer a causal relationship 

Mortality Not likely to be a causal relationship 

(Taken from U.S. EPA (2010) Table 2-1) 

 

Inhaled CO has no known direct toxic effect on lungs but rather exerts its effects by interfering with oxygen 

transport—through the formation of carboxyhemoglobin (COHb, a chemical complex of CO and 

hemoglobin), which reduces the amount of oxygen the blood can carry to the tissues.  Exposure to CO is 

often evaluated in terms of COHb levels in blood, measured as percentage of total hemoglobin bound to 

CO.  Endogenous COHb is estimated to be <1 percent in healthy individuals, but COHb levels are sensitive 

to health status and metabolic state, with higher levels among smokers and persons with inflammatory 

diseases.  Estimates based on a large prospective study of adults conducted in the 1970s showed a dose-

response relationship between the average number of cigarettes smoked per day and the COHb 

concentrations (never smokers: 1.59±1.72 percent, former smokers: 1.96±1.87 percent, 1-5 

cigarettes/day: 2.31±1.94 percent, 6–14 cigarettes/day: 4.39±2.48 percent, 15–24 cigarettes/day: 

5.68±2.64 percent, >=25 cigarettes/day: 6.02±2.86 percent) (Hart et al. 2006). 

Under controlled laboratory conditions, healthy subjects exposed to CO sufficient to result in 5 percent 

COHb levels exhibited reduced duration of maximal exercise performance due to the inability to deliver 

sufficient oxygen to the heart and other muscles.  Studies involving subjects with coronary artery disease 

who engaged in exercise during CO exposures have shown that COHb levels as low as 2.4 percent can lead 

to earlier onset of electrocardiograph changes indicative of deficiency of oxygen supply to the heart.  

Other effects of inadequate oxygen delivery to the body tissues include earlier onset of chest pain, 

increase in the duration of chest pain, headache, confusion and drowsiness (U.S. EPA 2000). 

A number of epidemiological studies have found associations between short-term ambient CO levels and 

increased hospital admissions and emergency department visits for ischemic heart disease, including 

myocardial infarction (U.S. EPA 2010).  In a recent review and meta-analysis Lee et al. (2020) showed that 

myocardial infarction was associated with exposure to ambient carbon monoxide. 

In studies reporting results stratified by age and sex, larger effects were generally observed among older 

adults and among males. Examples of such studies, including information on number of days of lag time 

between exposure and hospital admissions for key cardiovascular outcomes, are shown in the figure 

below. 
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Effect estimates have been standardized to a 1 ppm increase in ambient CO for 1-h max CO concentrations, 0.75 ppm for 8-h max CO 

concentrations, and 0.5 ppm for 24-h average CO concentrations. Lag time is the time between the exposure and the outcome measured. The 

closed circle on the diagram indicates the effect estimate, while the bar indicates the 95 percent confidence interval. 

(Taken from U.S. EPA (2010), Figure 5-2) 

FIGURE I-8 

EFFECT ESTIMATES (95 PERCENT CONFIDENCE INTERVALS) ASSOCIATED WITH HOSPITAL ADMISSIONS 

FOR VARIOUS FORMS OF HEART DISEASE.  

 

In addition to observed physiological effects and cardiovascular effects, CO can modify electron transport 

in nerve cells, resulting in behavioral, neurological, and developmental toxicological consequences 

(Kleinmann, 2020). Looking at mortality, a time-series analysis in 272 major cities in China from January, 

2013, to December, 2015, Liu et al. (2018), found an association between short-term exposure to ambient 

carbon monoxide and increased cardiovascular disease mortality, especially coronary heart disease 

mortality.  

Recent studies are also showing more respiratory effects from CO exposure. Zhoa et. al (2016) found an 

association with ambient CO and alleviated respiratory inflammation in healthy young adults. In another 

recent study by Zhao et al.., (2019) that looked at ambient CO and hospital outpatient visits for respiratory 

diseases in Dongguan, China, the authors found that short-term exposure to ambient CO was associated 

with increased risk of outpatient visits for respiratory diseases and emergency department visits for 

respiratory diseases overall and visits for asthma (Zhao et al., 2019). Ierodiakonou et al. (2016) examined 

associations of lung function and methacholine responsiveness (PC20) with ozone, carbon monoxide (CO), 



Draft Final 2022 AQMP 

I-150 

nitrogen dioxide, and sulfur dioxide concentrations in 1003 asthmatic children participating in a 4-year 

clinical trial. They showed that same-day and 1-week average CO concentrations were negatively 

associated with postbronchodilator percent predicted FEV1 (change per interquartile range, -0.33 [95% 

CI, -0.49 to -0.16] and -0.41 [95% CI, -0.62 to -0.21], respectively) and FVC (-0.19 [95% CI, -0.25 to -0.07] 

and -0.25 [95% CI, -0.43 to -0.07], respectively) in asthmatic children. Longer-term 4-month CO averages 

were negatively associated with prebronchodilator percent predicted FEV1 and FVC (-0.36 [95% CI, -0.62 

to -0.10] and -0.21 [95% CI, -0.42 to -0.01], respectively). Four-month averaged CO and ozone 

concentrations were negatively associated with FEV1/FVC ratio (P < .05).  

Research studies have also evaluated ambient CO exposures in relation to reproductive health outcomes. 

Epidemiological studies conducted in Southern California have reported an association between  CO 

exposure during pregnancy and increases in pre-term births (Ritz et al. 2000; Wilhelm et al. 2005; Ritz et 

al. 2007).  The increases in the pre-term births were also associated with PM10 or PM2.5 levels.  There 

are very few studies examining CO exposure and birth defects, but one Southern California study found 

increased risks for cardiac-related birth defects with carbon monoxide exposure in the second month of 

pregnancy (Ritz et al. 2002).  Some recent epidemiological studies in pregnant women show that odds 

ratios for cardiac ventricular septal defects increased in a dose-responsive fashion with increasing CO 

exposure (Kleinman, 2020). Toxicological studies in laboratory animals with higher than ambient levels of 

CO have also reported decrements in birth weight and prenatal growth, as well as impaired neurobehavior 

in the offspring of exposed animals (U.S. EPA 2010). Reductions in birth weight and impaired 

neurobehavioral development have been observed in animals chronically exposed to CO resulting in COHb 

levels like those observed in smokers (Kleinmann, 2020). The U.S. EPA concluded in their most recent 

review that the evidence linking long-term CO exposures with reproductive health outcomes was 

suggestive of a causal relationship. 

The population groups affected by CO exposure are people with cardiovascular diseases, people with 

anemia and other blood disorders, and people with chronic lung disease.  
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LEAD 

Attainment Status in the South Coast Air Basin 

TABLE I-17 

ATTAINMENT STATUS OF LEAD STANDARD IN THE SOUTH COAST AIR BASIN 

CRITERIA 
POLLUTANT 

STANDARD AVERAGING TIME DESIGNATION a) ATTAINMENT DATE b) 

Lead NAAQS 3-Months Rolling 
(0.15 µg/m3) 

Nonattainmentc 
(Partial)(Attainment 
determination to be 

requested) 

12/31/2015 

a) U.S. EPA often only declares Nonattainment areas; everywhere else is listed as Unclassifiable/Attainment or Unclassifiable 
b) A design value below the NAAQS for data through the full year or smog season prior to the attainment date is typically required for 
attainment demonstration 
c) Partial Nonattainment designation - Los Angeles County portion of the Basin only for near-source monitors; expect to remain in attainment 
based on current monitoring data; attainment re-designation request pending 

 

Health Effects 

Lead (Pb) is a toxic air contaminant that is recognized to exert an array of deleterious effects on multiple 

organ systems.  There are severalserveral potential public health effects at low level exposures, and there 

is no recognized lower threshold for health effects (U.S. EPA 2013a).  The health implications are generally 

indexed by blood lead levels which are related to lead exposures both from inhalation as well as from 

ingestion.  Effects include impacts on population IQ as well as heart disease and kidney disease. The initial 

air quality standard for lead was established by U.S. EPA in 1978 at a level of 1.5 µg /m3 averaged over a 

calendar quarter.  U.S. EPA revised the NAAQS for lead in 2008 to a level of 0.15 µg/m3 averaged over a 

rolling three-month period to protect against lead toxicity.   

The U.S. EPA reviewed the health effects of ambient lead exposures in conjunction with an Integrated 

Science Assessment and a review of the NAAQS for lead in 2015 and 2013 (U.S. EPA 2013a; U.S. EPA 

2015c).  Lead can accumulate and be stored in the bone, and this lead in bone can be released into the 

blood when the bone is metabolized, which happens naturally and continuously.  Blood lead is the most 

common measure of lead exposure, and it represents recent exposure and may be an indicator of total 

body burden of lead (U.S. EPA 2013a). The following table gives the summary of causality conclusions 

from the U.S. EPA review, which illustrates the wide range of health effects associated with lead exposure. 
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TABLE I-1318 

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATIONS FOR HEALTH EFFECTS OF LEAD 

HEALTH OUTCOME CAUSALITY DETERMINATION 

Children - Nervous System Effects    

Cognitive Function Decrements Causal relationship 

Externalizing Behaviors: Attention, Impulsivity and 

Hyperactivity 
Causal relationship 

Externalizing Behaviors: Conduct Disorders in 

Children and Young Adults  
Likely to be a causal relationship 

Internalizing Behaviors Likely to be a causal relationship 

Auditory Function Decrements Likely to be a causal relationship 

Visual Function Decrements Inadequate to infer a causal relationship 

Motor Function Deficits Likely to be a causal relationship 

Adults – Nervous System Effects  

Cognitive Function Decrements Likely to be a causal relationship 

Psychopathological Effects Likely to be a causal relationship 

Cardiovascular effects  

Hypertension Causal relationship 

Subclinical Atherosclerosis Suggestive of a causal relationship 

Coronary Heart Disease Causal relationship 

Cerebrovascular Disease Inadequate to infer a causal relationship 

Renal Effects  

Reduced Kidney Function Suggestive of a causal relationship 

Immune System Effects  

Atopic and Inflammatory Response Likely to be a causal relationship 

Decreased Host Resistance Likely to be a causal relationship 

Autoimmunity Inadequate to infer a causal relationship 

Hemotologic Effects  

Decreased Red Blood Cell Survival and Function Causal relationship 
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TABLE I-13 

SUMMARY OF U.S. EPA’S CAUSAL DETERMINATIONS FOR HEALTH EFFECTS OF LEAD (CONTINUED) 

Altered Heme Synthesis Causal relationship 

Reproductive and Developmental Effects  

Development Causal relationship 

Birth Outcomes (low birth weight, spontaneous 

abortion) 
Suggestive of a causal relationship 

Male Reproductive Function Causal relationship 

Female Reproductive Function Suggestive of a causal relationship 

Cancer  

Cancer Likely to be a causal relationship 

(Taken from U.S. EPA (2013a) Table ES-1) 

Children appear to be sensitive to the neurological toxicity of lead, with effects observed at blood lead 

concentration ranges of 2–8 µg/dL.  No clear threshold has been established for such effects. According 

to the U.S. EPA review, the most important effects observed are neurotoxic effects in children and 

cardiovascular effects in adults.  The effects in children include impacts on intellectual attainment and 

school performance. Figure I-9 provides a summary of the lowest levels of blood lead that have been 

associated with certain neurological, hematological and immune effects in children. 
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(From (U.S. EPA 2007), Table 3-1) 

FIGURE I-9 

SUMMARY OF LOWEST OBSERVED EFFECT LEVELS FOR KEY LEAD-INDUCED HEALTH EFFECTS IN 

CHILDREN 

Figures I-10 and I-11, taken from the U.S. EPA review (U.S. EPA 2007), depict the health effects of lead in 

relation to blood levels.  In the figure, the question marks indicate that there are no demonstrated 

threshold blood lead levels for health effects.  The Centers for Disease Control (CDC) has recently revised 

their lead hazard information and replaced their level of concern for adverse effects of 10 µg/dL blood 

lead level with a childhood blood lead level reference value of 5 μg/dL to identify children and 

environments associated with lead-exposure hazards (Centers for Disease Control and Prevention 2016). 

Figure I-10 provides a summary of the lowest levels of blood lead that have been associated with key 

health effects in adults. For adults, evidence supports a causal relationship between lead and increased 

blood pressure and hypertension, as well as coronary heart disease (myocardial infarction, ischemic heart 

disease, and heart rate variability). Other health effects among adults are also relatively high on the causal 

scale, including neurological, hematological, and renal effects. Disorders of various body systems and the 

role of inflammation due to lead exposure has been shown in various recent studies. These studies 

indicate that lead exposure may cause respiratory, neurologic, digestive, cardiovascular and urinary 

diseases. The increased inflammatory cells and mediators due to lead exposure including cytokines and 

chemokines due to lead exposure may cause these various organ disorders (Boskabady et al., 2018).  
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(Taken from U.S. EPA (2007), Table 3-2) 

FIGURE I-10 

SUMMARY OF LOWEST OBSERVED EFFECT LEVELS FOR KEY LEAD-INDUCED HEALTH EFFECTS IN 

ADULTS  

 

In its most recent review of lead health effects, the U.S. EPA confirmed its previous conclusion regarding 

the cognitive decline in children as the most sensitive adverse effect associated with lead exposures.  The 

effects as measured by a reduction in IQ from a number of studies are shown in the following figure.  

According to the review, the currently available evidence supports a median estimate of -1.75 IQ points 

for a change of 1 μg/dL blood lead to describe the neurocognitive impacts on young children (U.S. EPA 

2015c). 
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(Taken from U.S. EPA (2013a), Figure 4-2) 

FIGURE I-11 

ASSOCIATIONS OF BLOOD PB LEVELS WITH FULL-SCALE IQ (FSIQ) IN CHILDREN  
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TOXIC AIR CONTAMINANTS 
 
Toxic air contaminants are a group of pollutants defined in the California Health and Safety Code (section 
39655) as ‘air pollutant[s]for which may cause or contribute to an increase in mortality or an increase in 
serious illness, or which may pose a present or potential hazard to human health.’ 
there generally are no ambient air quality standards.  The Toxic Air Contaminant Identification and Control 

Act (AB 1807, Tanner, 1983) created California’s first program to reduce exposures to air toxics by 

requiring CARB to adopt Air Toxics Control measures. Air Districts must either enforce these measures or 

adopt their own equally or more stringent measures.  The Air Toxics “Hot Spots” Information and 

Assessment Act (AB 2588, Connelly, 1987) supplements the earlier program by requiring air toxics 

inventories for certain facilities, notification of people’s exposure to significant health risks, and facility 

plans to reduce these risks.  Under California’s Air Toxics Program, the Office of Environmental Health 

Hazard Assessment (OEHHA) assesses the health effects of substances that may pose a risk of adverse 

health effects, and CARB assesses the potential for humans to be exposed to these substances.  These 

effects are usually an increased risk for cancer, adverse birth outcomes, or respiratory effects.  After 

review by the state Scientific Review Panel, CARB holds a public hearing on whether to formally list 

substances that may pose a significant risk to public health as a Toxic Air Contaminant. Air toxics include 

many different types of chemicals, and the discussion here will not address all air toxics in a 

comprehensive manner. However, this section will discuss very briefly diesel particulate matter and 

volatile organic compounds (VOCs), because diesel particulate matter is the most significant contributor 

to cancer risk in the South Coast Air Basin, and because some VOCs are air toxics, and are part of the 

control measures proposed in the current Air Quality Management Plan. 

DIESEL PARTICULATE MATTER 
The California Air Resources Board listed diesel particulate matter as a Toxic Air Contaminant in 1998, 

based on the determination that it was a human carcinogen (California Air Resources Board 2010b).  The 

International Agency for Research on Cancer, an arm of the World Health Organization, classified diesel 

exhaust as probably carcinogenic to humans in 1989 (International Agency for Research on Cancer 1989).  

More recently, IARC convened an international panel of scientists to review the published literature since 

the initial classification regarding the carcinogenicity of diesel combustion emissions.  The panel 

concluded that diesel exhaust is a substance that causes lung cancer in humans (International Agency for 

Research on Cancer 2012b). 

OEHHA also establishes potency factors for air toxics that are carcinogenic.  The potency factors can be 

used to estimate the additional cancer risk from ambient levels of toxics.  This estimate represents the 

chance of contracting cancer in an individual over a lifetime exposure to a given level of an air toxic and 

is usually expressed in terms of additional cancer cases per million people exposed. 

South Coast AQMD conducted studies on the ambient concentrations and estimated the potential health 

risks from air toxics (South Coast Air Quality Management District 2000; South Coast Air Quality 

Management District 2008; South Coast Air Quality Management District 2015; South Coast Air Quality 

Management District 2021).  In the latest South Coast AQMD Multiple Air Toxics Exposure Study, MATES 

V, a one-year monitoring program was undertaken at 10 sites throughout the SCAB over the time period 
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2018 – 2019 (South Coast Air Quality Management District 2021).  Over 90 substances were measured, 

which included the toxics that contributed the most to health risks in the Basin.  

The levels of air toxics continued to decline compared to previous MATES iterations with the air toxics 

cancer risk at the MATES V monitoring locations ranging from 585 to 842 per million. This risk refers to 

the expected number of additional cancers over a 70-year lifetime in a population of one million 

individuals if they were continuously exposed to these levels for 30 years. In contrast to past MATES 

iterations where only exposure via inhalation was considered, this analysis considers additional exposure 

pathways.  This approach is consistent with how cancer risks are estimated under South Coast AQMD’s 

programs such as permitting, Air Toxics Hot Spots (AB2588), and California Environmental Quality Act 

(CEQA). 

As in previous MATES iterations, diesel PM is the largest contributor to overall air toxics cancer risk, 

contributing approximately 50% of the cancer risk. However, the average levels of diesel PM in MATES V 

are 53% lower at the 10 monitoring sites compared to MATES IV and 86% lower since MATES II based on 

monitored data. Based on other South Coast AQMD analyses of projected diesel PM emissions in future 

years, significant decreases in diesel PM health impacts are expected within the next 5-10 years. These 

reductions reflect recent and continued efforts by the District, CARB and U.S. EPA that reduce diesel PM 

emissions, especially from mobile sources.  

Although direct PM2.5 emissions from diesel engines represent a small portion of overall PM2.5 exposure, 

PM2.5 health effects are important in understanding diesel particulate matter effects. The most 

noteworthy PM2.5 health effect is the association between both short-term (24hour) and long-term 

PM2.5 exposure and premature mortality, especially from cardiovascular causes. These causal 

associations were reaffirmed in the 2019 ISA.  It is also important to note that NOx emissions from diesel 

engines also eventually lead to PM2.5 formation in the atmosphere and represent a larger component of 

PM2.5 exposure (South Coast Air Quality Management District 2013a; Harley 2014).  

VOLATILE ORGANIC COMPOUNDS  
VOCs are a class of air pollutants that undergo photochemical reactions in the air to form ozone. It should 

be noted that there are no state or national ambient air quality standards for VOCs because they are not 

classified as criteria pollutants. VOCs are regulated, however, because limiting VOC emissions reduces the 

rate of photochemical reactions that contribute to the formation of ozone. VOCs that are air toxics are 

subject to air toxics regulations.  

VOCs are also transformed into organic aerosols in the atmosphere, contributing to higher PM and lower 

visibility levels. In addition, VOCs that have toxic properties are also regulated as air toxics. Chapter 3 of 

the Draft Finaldraft 2022 AQMP presents data on VOC sources and emissions in the South Coast Air Basin. 

Some examples of VOCs that are known to cause health effects include benzene, toluene, ethylbenzene 

and xylenes (abbreviated BTEX), 1,3-butadiene, formaldehyde, and perchloroethylene. Several of these 

VOCs are carcinogenic. Based on the MATES V monitoring analysis, carbonyl species, such as 

formaldehyde and acetaldehyde, contribute to 10% of the air toxics cancer risk, compared to only 4% in 

MATES IV. However, the modeling results showed that formaldehyde and acetaldehyde primarily came 
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from secondary formation rather than direct emissions during this time period. Benzene, 1,3- Butadiene, 

and Carbonyls together make up approximately 25% of the cancer risk in the SCAB. 

Not all carcinogenic VOCs are known to cause the same types of cancers, although several are associated 

with blood cancers. For example, the cancers most closely associated with long-term benzene exposure 

are leukemias. Formaldehyde is linked to nasopharyngeal cancer and leukemias, while 1,3-butadiene 

causes cancers in both the blood and lymphatic systems (International Agency for Research on Cancer 

2012a).  

Many VOCs can also cause non-cancer health effects. Additional information about the various health 

effects associated with the specific air toxics can be found on the Air Chemicals website 

(https://oehha.ca.gov/air/chemicals) developed by the Office of Environmental Health Hazard 

Assessment. For non-cancer health outcomes, OEHHA has developed acute and chronic Reference 

Exposure Levels (RELs).  RELs are concentrations in the air below which adverse health effects are not 

likely to occur.  Acute RELs refer to short-term exposures, generally of one-hour duration.  Chronic RELs 

refer to long-term exposures of several years.  OEHHA has also established eight-hour RELs for several 

substances.  The ratio of ambient concentration to the appropriate REL can be used to calculate a Hazard 

Index (HI). The HI is calculated separately for each target organ system. An HI that is less than one indicates 

that the air toxics levels are not expected to cause such health effects. An HI greater than one does not 

mean that such health effects are expected, but rather that the likelihood of experiencing adverse health 

effects increases. Although the likelihood of experiencing an adverse non-cancer health effect may not 

scale linearly with the HI, a larger HI would generally indicate a greater likelihood of experiencing those 

health effects in the exposed population. A Hazard Index of less than one would not be expected to result 

in adverse effects (Dodge et al. 2015).   

In general, concentrations of most air toxics were substantially lower in MATES V compared to previous 

MATES. The measurements indicate that chronic non-cancer health impacts have decreased significantly 

since MATES III., however, the chronic HIs have remained similar at the fixed monitoring locations since 

MATES IV.   The monitored air toxics levels were found to be below the chronic RELs. There were large 

decreases in chronic HI at all 10 monitoring sites from MATES III to IV. However, changes from MATES IV 

through V were more modest, with a slight decline on average and small increases at three sites. Since 

MATES III, chronic HI has decreased, but the overall chronic HI still exceeds one, indicating that these 

levels may increase the chances of adverse non-cancer health effects in the general population over a 

lifetime. The data identified that the main drivers of chronic HI throughout the Basin was arsenic. Sources 

of arsenic include paved road dust, construction dust, mineral processes, metal processes, refineries, and 

fuel combustion. The data also suggest that acrolein may be a large contributor to the chronic HI. 

However, the accuracy of measurement methods for acrolein have been called into question and there is 

no CARB approved test method for acrolein from stationary sources. Therefore, these data should be 

interpreted with caution. , In the MATES V assessment of chronic non-cancer health risks, the monitored 

air toxics levels were found to be below the chronic RELs. In other words, the general levels of air toxics 

in the SCAB are not expected to cause adverse non-cancer health effects. Importantly,  

An important note to make about monitoring is that importantly the MATES V monitoring network was 

designed to characterize the air toxics exposures in the basin overall. Given that ambient monitoring is 

necessarily conducted at a limited number of locations, there couldand modeling is limited to a spatial 

resolution of 2km, there may be higher exposures not captured by the fixed-site monitoring. Communities 
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with environmental justice concerns often have higher exposures that might not be captured in the spatial 

resolution of 2 km.  

In 2017, Assembly Bill (AB) 617 was signed into law to address air quality disparities in EJ communities  

across the state. EJ communities for the 2022 AQMP are defined based on SB5325 definition of 

“disadvantaged communities.” In May 2022, CalEPA released its updated designation of disadvantages 

communities for the purpose of SB 535. In this designation, CalEPA formally designated four categories of 

geographic areas as disadvantaged: 

1. Census tracts receiving the highest 25 percent of overall scores in CalEnviroScreen 4.0 (1,984 

tracts). 

2. Census tracts lacking overall scores in CalEnviroScreen 4.0 due to data gaps, but receiving the 

highest 5 percent of CalEnviroScreen 4.0 cumulative pollution burden scores (19 tracts). 

3. Census tracts identified in the 2017 DAC designation as disadvantaged, regardless of their scores 

in CalEnviroScreen 4.0 (307 tracts). 

4. Lands under the control of federally recognized Tribes. For purposes of this designation, a Tribe 

may establish that a particular area of land is under its control even if not represented as such on 

CalEPA’s DAC map and therefore should be considered a DAC by requesting a consultation with 

the CalEPA Deputy Secretary for Environmental Justice, Tribal Affairs and Border Relations at 

TribalAffairs@calepa.ca.gov. 

Air quality concerns for the EJ communities are included in the Ch. 8 of the 2022 AQMP. Among the many 

AB 617 program elements that aim to bring air quality benefits to EJ communities, one part of the program 

involves the designation of specific communities for the development of community plans. To address 

some concern in these EJ communities,community plans. MATES V study included local-scale studies in 6 

such communities very close to known industrial sources or large mobile source facilities, with a focus on 

ultrafine particles and diesel PM emissions.  Details of these study results can be found in the MATES V 

final report (South Coast Air Quality Management District 2021). Between MATES IV and MATES V, air 

toxics cancer risk decreased by 57% in EJ communities overall compared to a 5352% reduction in non-EJ 

communities. Importantly, although air toxics cancer risks have decreased overall, and especially 

decreased substantially in EJ communities, people living in EJ communities in the SCAB continue to 

experience higher air toxics cancer risks compared to those in non-EJ communities. 

Furthering the work in EJ communities, in 2017, Assembly Bill (AB) 617 was signed into law to address air 

quality disparities. The South Coast AQMD has been implementing this law through community air 

initiatives and Community Emissions Reduction Plans17 as well as through BARCT and incentive program 

implementation.  

  

 
17 www.aqmd.gov/AB617. 
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ODORS 
Environmental odors are recognized as having the potential to cause health effects and/or quality of life 

impacts. The theory of “miasma” dates back to Hippocrates in ancient Greek times, and related bad odors 

to disease.   The health effects of environmental odors can vary widely, and depend on the compound 

causing the odor, the level of the compound, as well as the sensitivity and physiological responses of the 

person detecting the odor. 

Different levels of odor exposure can cause a range of responses and health effects, and the science of 

odor as a potential health issue was summarized previously by Schiffman and Williams (Schiffman et al. 

2005b). There are two key nerves in the nasal cavity involved in odor effects: the olfactory nerve provides 

the sense of smell, while the trigeminal nerve provides the sense of irritation. At very low levels, an odor 

can be detected (i.e.,. odor threshold), and at slightly higher levels, an odor can be recognized and 

identified. At levels higher than detection or recognition levels, an odor can cause annoyance or 

intolerance, and at even higher levels, an odor can cause irritation or possible toxicity, if the odor is caused 

by a compound that is also an air toxic (Schiffman et al. 2005b).  

Schiffman and Williams proposed three mechanisms of action for odor symptoms (Schiffman et al. 2005b). 

In the first mechanism, an odor substance can be at the level that can produce irritation, which triggers 

the trigeminal nerve. This mechanism is considered a toxic effect because symptoms appear when the 

chemical concentration is at or above the irritation level; here, the odor serves only as the marker of the 

toxic effect. In the second mechanism, the odor compound is below the irritation level but above odor 

detection thresholds, which can result in odor annoyance. This mechanism is relatively common among 

environmental odors, and has been studied in communities exposed to odors from landfills, hazardous 

waste sites or concentrated animal feeding operations (CAFO’s) (Shusterman et al. 1991; Schiffman et al. 

2005a; Heaney et al. 2011; Schinasi et al. 2011; Blanes-Vidal et al. 2012; Hooiveld et al. 2015). In this 

mechanism, the health effect is not a toxicological effect, and the dose does not necessarily correlate well 

with the effect in these instances. Genetic factors, previous exposure (“learning”), and beliefs about the 

safety of the odor may play important roles in these odors causing health symptoms (Shusterman 2001). 

The third proposed mechanism is when an odor substance is present along with a co-pollutant or 

endotoxin that is capable of producing health effects. In this mechanism, the effect is also a toxic effect, 

but the odor serves as a marker of the presence of a mixture that includes a toxic compound; if the co-

pollutant were not present, no health effect would be expected in this scenario. 

Individual characteristics can play important roles in altering an individual’s response to an odor. Factors 

that can influence odor perception include age, genetics, gender, medical history (including mental health, 

neurological conditions, and other health conditions), health-related behaviors (tobacco, alcohol), and 

occupational and environmental factors (Greenberg et al. 2013; Wilson et al. 2014; Agency for Toxic 

Substances and Disease Registry 2016). Additionally, an individual’s cognitive associations with the odor 

prior to an exposure can result in increased reporting of health-related symptoms after exposure 

(Shusterman et al. 1991; Shusterman 2001; Greenberg et al. 2013). Common symptoms associated with 

environmental odor exposures include headache, nasal congestion, eye, nose and throat irritation, 

hoarseness or sore throat, cough, chest tightness, shortness of breath, wheezing heart palpitations, 

nausea, drowsiness, and mental depression (Agency for Toxic Substances and Disease Registry 2016). If 

the concentrations of the odor compound are below irritation levels, then the symptoms are not expected 
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to persist once the person is no longer exposed; however, being exposed to odor levels at or above 

irritation levels for longer periods of time may cause symptoms that persist after moving out of the 

exposure area (Agency for Toxic Substances and Disease Registry 2016). 
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CONCLUSIONS 
A large body of scientific evidence shows that the adverse impacts of air pollution on human and animal 

health are clear.  A considerable number of population-based and laboratory studies have established a 

link between air pollution and increased morbidity and, in some instances, premature mortality. 

Importantly, the health effects of air pollution extend beyond respiratory effects, and there is substantial 

evidence that air pollution (including particulate matter and ozone) exposures cause cardiovascular 

morbidity and mortality. Some air pollutants, such as diesel PM, lead, and several other air toxics, have 

been linked to increased cancer risk. Health studies have also identified populations who may be more 

susceptible to the adverse effects of air pollution, such as children, older adults, low SES communities, 

people with certain pre-existing health conditions, and people with certain genetic factors. Understanding 

the impacts of air pollution on these more susceptible populations can help inform policies that better 

protect public health, for example, in setting standards for criteria air pollutants, and in the development 

of methods to evaluate air toxics health risks. Continued research on the effects of specific PM 

constituents and ultrafine particles will be important in furthering the understanding of how these 

pollutants affect human health. 

As the scientific methods for the study of air pollution health effects have progressed over the past 

decades, adverse effects have been shown to occur at lower levels of exposure.  For some pollutants, no 

clear thresholds for effects have been demonstrated.  The new findings have, in turn, led to the revision 

and lowering of National Ambient Air Quality Standards (NAAQS) which, in the judgment of the 

Administrator of the U.S. EPA, are necessary to protect public health.  Chapter 8 of the Draft Final 2022 

AQMP provides an overview of the extensive, multi-year, public process involved in setting federal air 

quality standards. Assessments of the scientific evidence from health studies is an important part of the 

process and has helped inform revisions to the federal air pollution standards (U.S. EPA, Process of 

Reviewing the National Ambient Air Quality Standards). Figures I-12 and I-13 are meant to convey some 

of the historical context to recent revisions to the NAAQS for ozone and for particulate matter, regarding 

key developments in the understanding of the health effects of these pollutants. 
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RECENT RESEARCH AND UPCOMING TOPICS 

High Temperatures 

Extreme heat, urban heat islands and their interaction with air pollution is a growing area of interest 

especially as both global and local temperatures rise It is well established that high temperatures and air 

pollution increase mortality and morbidity in cities. Urban climate change is likely to intensify harmful 

interactions between air pollution and extreme heat. There is a growing body of literature highlighting 

this interaction and its effect on human health. Researchers at the University of Southern California 

analyzed more than 1.5 million deaths in California between 2014 and 2019 and found that the risk of 

death increased by 21 percent on days when there was both extreme heat and high air pollution. The risk 

of death due to cardiovascular problems increased 29.9% and risk of death due to respiratory problems 

increased 38% (Rahman et al (2022)). 

In another California study, scientists at UC San Diego, San Diego State University and colleagues looked 

at extreme heat and elevated ozone levels that typically coincide during California summers. A total of 

817,354 unscheduled respiratory hospitalizations occurred in California from 2004 to 2013 in the May to 

September period. Relative excess risk due to interaction revealed no additive interaction of heat and high 

ozone when considering overall joint effects. However, when considering health impacts at the zip code 

level, certain areas observed strong joint effects. A lower median income, higher percentage of 

unemployed residents, and exposure to other air pollutants within a zip code drove stronger joint effects; 

a higher percentage of commuters who walk/bicycle, a marker for neighborhood wealth, showed 

decreased effects. The study identified hotspots throughout the Central Valley, areas of San Diego County 

east of downtown San Diego, and places like San Bernardino, where smog levels are often the highest in 

the South Coast Air Basin. 

In a study from Moscow, high temperatures and air pollution interaction from wildfires showed an 

additive effect on mortality (Shaposhnikov et al, 2010). Another study from Italy evaluated daily PM10 

and ozone as potential effect modifiers of the relationship between temperature and natural mortality in 

25 cities. The study underlines the synergistic effects of heat and air pollution on mortality (Scortichini et 

al., 2018). 

In a study examining the joint effects of heatwaves, air pollution, and green space on the risk of preterm 

birth in California, researchers found synergistic harmful effects for heatwaves with air pollution, and 

potential positive interactions with lack of green space on preterm birth (Sun et al (2020)). In a systematic 

review of 57 of 68 studies including a total of 32 798 152 births conducted by Bekkar et al (2020) there 

was a statistically significant association between heat, ozone, or fine particulate matter and adverse 

pregnancy outcomes. Heterogeneous studies from across the US revealed positive findings in each 

analysis of exposure and outcome. 

The interaction of high temperature/urban heat islands and air pollution and its impact on human health 

is an area of emerging interest that should continue to be investigated. 

 

https://www.sciencedirect.com/topics/social-sciences/urban-climate-change
https://pubmed.ncbi.nlm.nih.gov/?term=Shaposhnikov%20D%5BAuthor%5D
https://sciprofiles.com/profile/259800
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Wildfires 

Wildfires have been increasing in frequency in the western United States (US) with the recent fire seasons 

experiencing some of the worst wildfires in terms of suppression costs and air pollution that the western 

US has seen. since recordkeeping began. 

Systematic reviews (Youssouf et al., 2014; Liu et al., 2015; Reid et al., 2016a) conclude that a strong 

association exists between exposure to wildland fire smoke or wildfire-PM2.5 and all-cause mortality and 

respiratory morbidity. Strong positive associations are present between wildland fire smoke exposure and 

exacerbations of asthma and COPD, bronchitis and pneumonia (Youssouf et al., 2014; Liu et al., 2015; Reid 

et al., 2016a). Reid and colleagues (Reid et al., 2016b) studied a long-lived, large wildfire complex in 

northern California that occurred in the summer of 2008. Daily wildfire-PM exposure was modeled using 

a data-adaptive machine learning approach with spatiotemporal data sets. The main findings were that 

for each 5 µg/m3 increase in wildfire-PM2.5, the risk of emergency department visits for asthma [RR=1.06, 

95% CI=(1.05, 1.07)] and COPD [RR=1.02 (95% CI=(1.01, 1.04)], and hospitalizations [RR=1.07, 95% 

CI=(1.05, 1.10)] increased. Aguilera et al. (2021) found increases in respiratory hospitalizations ranging 

from 1.3 to up to 10% with a 10 μg/m3 increase in wildfire-specific PM2.5, compared to 0.67 to 1.3% 

associated with non-wildfire PM2.5. Stowell et al (2019) showed that per 1 μg/m3 increase in fire smoke 

PM2.5, statistically significant associations were observed for asthma (OR = 1.081 (1.058, 1.105)) and 

combined respiratory disease (OR = 1.021 (1.012, 1.031)). No significant relationships were evident for 

cardiovascular diseases and smoke PM2.5. Associations with non-smoke PM2.5 were null for all 

outcomes. Positive age-specific associations related to smoke PM2.5 were observed for asthma and 

combined respiratory disease in children, and for asthma, bronchitis, COPD, and combined respiratory 

disease in adults. No significant associations were found in older adults. 

Heany et al. (2022) showed that smoke event days in California between 2004-2009 were associated with 

a 3.3% (95% CI: [0.4%, 6.3%]) increase in visits for all respiratory diseases and a 10.3% (95% CI: [2.3%, 

19.0%]) increase for asthma specifically. Stratifying by age, they found the largest effect for asthma among 

children ages 0–5 years. They observed no significant association between exposure and overall 

cardiovascular disease, but stratified analyses revealed increases in visits for all cardiovascular, ischemic 

heart disease, and heart failure among non-Hispanic white individuals and those older than 65 years. 

Further, they found a significant interaction between smoke event days and daily average temperature 

for all cardiovascular disease visits, suggesting that days with high wildfire PM2.5 concentrations and high 

temperatures may pose greater risk for cardiovascular disease.  

Other recent research also reported that short-term exposure to wildfire smoke increased the risk for 

myocardial infarction and ischemic heart disease. These cardiovascular effects were observed after 1-hr 

and 24-hr exposures, respectively, for each 10 μg/m3 increase in PM2.5 (Yao et al., 2020). Jones et al 

(2020) looked at 14 California counties from 2015–2017 (N=5336) and showed that out‐of‐hospital cardiac 

arrests increased with wildfire smoke exposure, and lower socioeconomic status appeared to increase the 

risk. Nonetheless, the epidemiological data linking wildfire smoke exposure to cardiovascular mortality 

and morbidity is mixed. 

Health outcomes associated with wildland fires were described for Colorado in 2012 (Alman et al., 2016), 

California in 2008 (Reid et al., 2016b; Reid et al., 2019), the western U.S. between 2004 and 2009 (Liu et 

al., 2017b), North Carolina in 2008 (Parthum et al., 2017) and 2011 (Tinling et al., 2016), the northeastern 
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and Mid-Atlantic States of the U.S. (Le et al., 2014) and Boston and New York in 2002 (Zu et al., 2016), 

Europe in 2005 and 2008 (Kollanus et al., 2017) and Valencia, Spain in 2012 (Vicedo-Cabrera et al., 2016). 

The findings of these studies further corroborate the conclusions of the previous published systematic 

reviews. Three recent studies described the health effects of long-range transport of wildfire related-

PM2.5 from Quebec, Canada in 2002 (Zu et al., 2016; Le et al., 2014) and the Helsinki metropolitan area, 

Finland between 2001 and 2010 (Kollanus et al., 2016). No evidence of all-cause mortality was found in 

either of the studies that examined mortality (Zu et al., 2016, Kollanus et al., 2016). By contrast, the study 

examining the health effects of long-range transported wildfire smoke from the Quebec, Canada wildfires 

in 2002 (Le et al., 2014) did show positive associations for respiratory and cardiovascular hospitalizations 

in a Medicare population in the northeastern and Mid-Atlantic States of the United States. 

Epidemiological studies have defined populations of individuals who might be at greater risk from the 

adverse health effects of wildland fire smoke or PM2.5. Susceptible populations probably include people 

with pre-existing respiratory disease, middle-aged and older adults (Lui et al., 2015; Reid et al., 2016a), 

children, pregnant women and fetuses (Reid et al. 2016a), although not all studies are consistent (Reid et 

al., 2016b). A recent study provides evidence that risks are greater for older women and African-

Americans (Lui et al., 2017b) and those with indicators of lower socio-economic status (Reid et al., 

2016b; Lui et al., 2017b). 

Although growing evidence suggests respiratory exacerbations from elevated fine particulate 

matter (PM2.5) during wildfires, significantly less is known about the impacts on human health of ozone 

(O3) that may also be increased due to wildfires. Reid et al. (2019) showed that during the active fire 

periods, PM2.5 was significantly associated with exacerbations of asthma and chronic obstructive 

pulmonary disease (COPD) and these effects remained after controlling for O3. However, effect estimates 

of O3 during the fire period were non-significant for respiratory hospitalizations but were significant for 

ED visits for asthma (RR = 1.05 and 95% CI = (1.022, 1.078) for a 10 ppb increase in O3). In mutually-

adjusted models, the significant findings for PM2.5 remained whereas the associations with O3 were 

confounded. Adjusted for O3, the RR for asthma ED visits associated with a 10 μg/m3 increase in 

PM2.5 was 1.112 and 95% CI = (1.087, 1.138). The significant findings for PM2.5 but not for O3 in mutually-

adjusted models is likely because PM2.5 levels during these fires exceeded the 24-hour National Ambient 

Air Quality Standard (NAAQS) of 35 μg/m3 for 4976 ZIP-code days and reached levels up to 6.073 times 

the NAAQS, whereas theour estimated O3 levels during the fire period only occasionally exceeded the 

NAAQS of 70 ppb with low exceedance levels.  

Exposure to wildfire smoke is an important and growing public health and clinical problem affecting 

millions of people in Southern California. Changing weather patterns including drought are increasing risks 

of wildland fire and risks of co-morbidity. This is a field of active research that has significant implications 

for residents in Southern California.  

COVID-19 

Multiple studies in the U.S. and globally have investigated the association between long-term exposure 

to air pollution, primarily particulate matter (PM), and COVID-19 morbidity and mortality (Sidell et al. 

2022; Ademu et al. 2022, Zang et al. 2022; Berg et al., 2021; Wu et al . 2020; Liang et al. 2020; Garcia et 

al. 2021; Meo et al. 2021; Cole, Ozgen, and Stobl 2020; Konstantinoudis et al. 2021; Coker et al. 2020). In 

one of the earliest U.S. studies, Wu et a (2020) investigated the impact of long-term mean PM2.5 exposure 
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on SARS-CoV-2 infections. The authors used areal counts of COVID-19 deaths and controlled for areal 

confounders in an ecological regression analysis. They found that an increase of 1 μg/m3 in long-term 

mean PM2.5 was associated with an 11% increase in a county's COVID-19 mortality rate. A California study 

assessed long-term and short-term exposure to air pollution and COVID-19 incidence across four case 

surges from 03/1/2020 to 02/28/2021. The cohort included 4.6 million members from a large integrated 

health care system in southern California with comprehensive electronic medical records (EMR). COVID-

19 cases were identified from EMR. Incidence of COVID-19 was computed at the census tract-level among 

members. Prior 1-month and 1-year averaged air pollutant levels (PM2.5, NO2, and O3) at the census tract-

level were estimated based on hourly and daily air quality data.  Long-term PM2.5 and NO2 exposures 

were associated with increased risk of COVID-19 incidence across all case surges before February 2021. 

Short-term PM2.5 and NO2 exposures were also associated.  Another recent California study (Ademu et 

al. (2022) looked at wildfires in California and COVID-19 using county-level data collected during the 2020 

wildfire season to assess the relationship between short-term exposure to particulate matter (PM2.5), 

carbon monoxide (CO), nitrogen dioxide (NO2), and Air Quality Index (AQI) on confirmed cases of COVID-

19 across 20 California counties impacted by wildfires. Their findings indicate that PM2.5, CO, and AQI are 

positively associated with confirmed COVID-19 cases. Most of the earlier studies and some recent in the 

U.S. and worldwide are ecological in nature, and have recently been reviewed by Marques and Domingo 

(Marques and Domingo 2022). The deficiencies in these studies, in addition to the risk of finding spurious 

relationships in ecological studies, include the lack of individual data, misclassification of exposure by 

assigning the same mean air pollution concentrations to large areas, and the lack of information about 

confounding factors. Some of these deficiencies have been highlighted by Villenueve and Goldberg (2020).  

Kogevinas et al. (2021) used individual level data in a cohort study in Spain and found that air pollution 

exposure was associated with level of antibody response and severity of COVID-19 disease (defined by 

hospital admission, positive diagnostic tests, or a combination of contact history and symptoms), but not 

serologically confirmed SARS-Cov-2 infection. Mendy et al. used individual data from University of 

Cincinnati hospitals and clinics and linked long-term PM2.5 exposure estimates to the ZIP code of 

residence (Mendy et al. 2021). They found a 62% higher risk of hospitalization in COVID-19 patients with 

a 1 µg/m3 increment in 10-year mean PM2.5, but only in patients with pre-existing asthma or coronary 

obstructive pulmonary disease. Various regions of California have experienced many wildfires in 2020, at 

the same time the state has been experiencing many cases of and deaths from Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2). 

In California, English et al. (2022) used individual address-level data to analyze SARS-CoV-2 infection and 

COVID-19 death counts by age group and sex, and by assigning local high resolution pollution exposure 

values to census block groups to reduce exposure misclassification. They included individual covariate 

data on age and sex, and census block data on race/ethnicity, air basin, Area Deprivation Index, and 

relevant comorbidities. Their analyses were based on generalized linear mixed models utilizing a Poisson 

distribution. Those living in the highest quintile of long-term PM2.5 exposure had risks of SARS-CoV-2 

infections 20% higher and risks of COVID-19 mortality 51% higher, compared to those living in the lowest 

quintile of long-term PM2.5 exposure. Those living in the areas of highest long-term PM2.5 exposure were 

more likely to be Hispanic and more vulnerable, based on the Area Deprivation Index. The increased risks 

for SARS-CoV-2 Infections and COVID-19 mortality associated with highest long-term 

PM2.5 concentrations at the neighborhood-level in California were consistent with a growing body of 

literature from studies worldwide.  
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Meo et al., aimed to investigate the relationship betweenof wildfire generatedallied pollutants, including 

particulate matter (PM2.5), carbon monoxide (CO), and Ozone (O3) with the dynamics of new daily cases 

and deaths due to SARS-CoV-COV 2 infection in 10 counties, which were affected by wildfire in 

California.  The data was recorded from the date of the appearance of the first case of (SARS-CoV-2) in 

California region to the onset of wildfire, and from the onset of wildfire to September 22, 2020. After the 

wildfire, the PM2.5 concentration increased by 220.71%; O3 increased by 19.56%; and the CO 

concentration increased by 151.05%. After the wildfire, the numbers of cases and deaths due to COVID-

19 both increased respectively by 56.9% and 148.2%. The California wildfire caused an increase in ambient 

concentrations of toxic pollutants thatwhich were temporally associated with an increase in the incidence 

and mortality of COVID-19 (Meo et al., 2021). 

Naqvi et al. (2022) also examined the association of air pollutants and COVID-19 during wildfires that 

burned between August and October 2020 in California, United States. They observed an increase in 

tropospheric pollutants including aerosols (particulate matter [PM]), carbon monoxide (CO) and nitrogen 

dioxide (NO2) by approximately 150%, 100% and 20%, respectively, in 2020 compared to 2019. Except 

ozone (O3), similar increases were measured during the peak wildfire period (August 16 – September 15, 

2020) in ground levels of PM2.5, CO, and NO2 in Fresno, Los Angeles, Sacramento, San Diego and San 

Francisco, cities with largest active wildfire area. They identified three different spikes in the 

concentrations of PM2.5 and CO in the cities examined, which clearly suggested a wildfire-induced surge 

in air pollution. Fresno and Sacramento showed an increase in ground-level PM2.5, CO and NO2 levels, 

while San Diego recorded highest increase in NO2 levels. They observed a similar pattern of higher COVID-

19 cases and mortalities in the cities with adverse air pollution caused by wildfires. 

Satellite Data 

Data from satellite instruments provide estimates of gas and particle levels relevant to human health. The 

primary advantage of satellite data compared to surface measurements, e.g., from air quality monitoring 

stations, is their spatial coverage. Satellite data can reveal where pollution levels are highest around the 

world, how levels have changed over daily to decadal periods, and where pollutants are transported from 

urban to global scales. To date, air quality and health applications have primarily utilized satellite 

observations and satellite-derived products relevant to near-surface particulate matter <2.5 μm in 

diameter (PM2.5) and nitrogen dioxide (NO2). Health and air quality communities have grown increasingly 

engaged in the use of satellite data, and this trend is expected to continue.  

A growing body of epidemiological research at regional to continental scales has used satellite-derived 

exposure data to quantify health risks of PM2.5 and NO2. For example, Strickland et al (2016) reported 

significant associations between satellite-derived daily PM2.5 exposure and emergency room visits for 

several pediatric conditions, including asthma or wheeze and upper respiratory infections, in the U.S. state 

of Georgia. Combining satellite remote sensing data and chemical transport model simulations, Stowell et 

al. (2019) estimated the associations between cardiorespiratory acute events and exposure to smoke 

PM2.5 in Colorado and found statistically significant associations for asthma [odds ratio (OR) = 1.081] and 

combined respiratory disease (OR=1.021) for an increase in fire smoke PM2.5 of 1 µg/m3. Xiao et al. (2018) 

examined the associations between maternal PM2.5 exposure and adverse birth outcomes using three 

exposure assessment methods and found that health effects calculated using gap-filled satellite PM2.5 

had similar magnitudes to those using central-site measurements, but with narrower confidence intervals 
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due to reduced exposure error. At the national scales, satellite-derived short-term increase in PM2.5 

exposure has been associated with an increase in daily mortality in the Medicare population in the United 

States, and long-term average PM2.5 exposure has been positively linked to elevated risk of 

cardiovascular disease and incident stroke among Chinese adults (Di et al, 2017; Huang et al, 2019; Liang 

et al., 2020). 

Another area where satellite data is very useful is for health impact assessments. Health impact 

assessment (or risk assessment) is a process for estimating the burden of disease attributable to air 

pollution in a given population. These studies combine concentration–response functions from 

epidemiological studies with estimates of population exposure to air pollutants. Health risk assessments 

may also be used to estimate the changes in the disease burden under different exposure conditions (e.g., 

future climate change or emissions policy implementation). A key challenge for air pollution health impact 

assessments, from local to global scales, is the need for measurements or model predictions of air 

pollutant concentrations that are high quality, standardized, and continuous over long periods, with 

sufficiently high spatial resolution to capture variability commensurate with population gradients. 

Increasingly, satellite remote sensing data are being used in combination with in-situ monitors and 

chemical transport models, through data fusion or other methods, to estimate air pollution–related health 

impacts. Halloway et al (2021) cites many articles that use satellite data to estimate these health impacts.  

NASA’s Health and Air Quality Applied Sciences Team continues to publish research using satellite data to 

study health effects. Published research from 2022 includes studies looking at fires, air quality, and public 

health in South Florida (Nowel et al, 2022), ozone concentrations and attributable mortality in urban, peri-

urban and rural areas worldwide in 2019 (Malashock et al., 2022), long-term trends in urban NO2 

concentrations and associated pediatric asthma incidence (Annenberg et al., 2022), and long-term 

exposure to PM2.5 major components and mortality in the southeastern United States (Wang et. al, 2022) 

Another recent study’s findings support a relation between long-term ambient air pollution exposure 

(particulate matter <2.5 μm (PM2.5) and <10 μm (PM10), nitrogen dioxide (NO2), and ozone (O3)) and 

COVID-19 mortality. Communities with historically high pollution levels might be at higher risk of COVID-

19 mortality (Garcia et al., 2022).  
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