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ABSTRACT 

Disparities in atherosclerosis and other cardiovascular outcomes by race/ethnicity 

persist in the United States even after accounting for clinical risk factors. Exposure to 

ambient air pollution, which is associated with increased risk for subclinical and clinical 

cardiovascular disease, is markedly different by race/ethnicity. However, the contribution 

of air pollution exposure to racial/ethnic differences in atherosclerosis has not been 

evaluated. The objective of this dissertation was to investigate the role of exposure to 

ambient air pollution, measured by household-level concentrations of fine particulate 

matter (PM2.5) and oxides of nitrogen (NOX), to racial/ethnic differences in 

atherosclerosis severity and progression in the Multi-Ethnic Study of Atherosclerosis 

(MESA).  

We first examined associations of race/ethnicity, neighborhood racial/ethnic 

composition and neighborhood residential segregation with concentrations of PM2.5 and 

NOX across 5,870 White, Black, Hispanic, and Chinese MESA participants from 6 

different U.S. communities (Baltimore, Maryland; Chicago, Illinois; Forsyth County 

(Winston-Salem), North Carolina; Los Angeles County, California; New York, New 

York and St. Paul, Minnesota). We found that Black and Hispanic race/ethnicity, living 

in majority Hispanic neighborhoods and living in segregated Hispanic neighborhoods 

were associated with higher air pollution concentrations and living in majority White 

neighborhoods with lower air pollution concentrations. 

We then estimated the contribution of differences in PM2.5 and NOX exposure to 

racial/ethnic differences in common carotid intima media thickness (IMT) and coronary 

artery calcification (CAC) at MESA Exam 1 (2000- 2002). After adjusting for 
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demographics and cardiovascular risk factors, exposure to PM2.5 exposure was associated 

with significant increases in carotid IMT for Black, Hispanic and Chinese women 

compared to White women. These differences were not observed in men and were no 

longer statistically significant for women after adjustment for metropolitan area. Air 

pollution exposure did not contribute to ethnic differences in the amount of coronary 

calcium.  

Finally, we estimated the contribution of PM2.5 and NOX exposure to racial/ethnic 

differences in progression of coronary artery calcification from MESA Exam 1 (2000- 

2012) through MESA Exam 5 (2010– 2012). Our outcomes of interest were the 

development of incident CAC in participants without coronary calcium at Exam 1 and 

annual change in coronary calcium in participants with coronary calcium at Exam 1. 

After adjusting for demographics and cardiovascular risk factors, risk for incident CAC 

increased for Black women in connection with NOX exposure. For Chinese women risk 

for incident CAC decreased in connection with PM2.5 exposure. These differences were 

no longer statistically significant after adjustment for metropolitan area. Exposure to air 

pollution did not contribute to risk for incident CAC among men nor did contribute to 

ethnic differences in the annual change in coronary calcium. 

This dissertation provides novel information regarding ethnic differences in air 

pollution exposure and the role of these exposures to differences in atherosclerosis by 

race/ethnicity. Although air pollution did not significantly contribute to racial/ethnic 

differences in atherosclerosis severity and progression in MESA after adjustment for 

metropolitan area, we cannot discard the possibility of cardiovascular disease disparities 

related to differential air pollution exposure in women. Also, additional studies are 
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needed to evaluate whether air pollution related cardiovascular disparities are related to 

the triggering of cardiovascular events rather than changes in long-term subclinical 

atherosclerosis. 
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PREFACE 

This dissertation is the final result of the research work conducted with my advisor, co-

authors and collaborators during my doctoral studies in the Department of Epidemiology 

at the Johns Hopkins Bloomberg School of Public Health. This dissertation is organized 

in a manuscript format. First we describe the specific aims and provide an overview of 

the study. The first chapter reviews the existing literature on racial/ethnic differences in 

cardiovascular disease burden and exposure to ambient air pollution and how these 

differences may contribute to racial/ethnic health disparities. The second chapter 

describes associations of race/ethnicity, neighborhood racial composition and measures 

of racial residential segregation with exposure to ambient air pollution. In the third 

chapter we estimate the contribution of exposure to ambient air pollution to ethnic 

differences in atherosclerosis severity and progression. Finally the discussion provides an 

overview of the research findings and describes implications for future research. 
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SPECIFIC AIMS 

Subgroups defined by race/ethnicity show striking disparities in cardiovascular 

health even after adjustment for clinical risk factors.
1-7

 These findings have led to the 

evaluation of other explanations, including environmental exposures to these disparities. 

Epidemiological studies have consistently shown increased risk for cardiovascular 

morbidity and mortality associated with exposure to ambient air pollution.
8-11

 Air 

pollution exposure is hypothesized to lead to increased cardiovascular disease through the 

development and progression of atherosclerosis and/or the triggering of cardiovascular 

events in persons with subclinical disease.
12-15

 Exposure to air pollution is markedly 

different by race/ethnicity.
16-18

 However, the contribution of air pollution exposure to 

differences in cardiovascular disease burden, including atherosclerosis has not been 

evaluated (Figure 1). The main objective of this dissertation was to investigate exposure 

to ambient air pollution, measured by household-level concentrations of fine particulate 

matter (PM2.5) and nitrogen oxides (NOX), as a potential explanation of racial/ethnic 

disparities in atherosclerosis severity and progression in the US population. 

Figure 1. Conceptual framework

Race/Ethnicity

Residential 

location

Air pollution 

exposure 

Atherosclerosis 

development and 

progression
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The hypotheses of this study were:  

1. Exposure to ambient air pollution is disproportionate across racial/ethnic subgroups in 

the United States. 

2. Exposure to ambient air pollution partially explains (or obscures) racial/ethnic 

differences in severity of atherosclerosis.  

3. Exposure to ambient air pollution partially explains (or obscures) racial/ethnic 

differences in the development and progression of atherosclerosis. 

 

To test these hypotheses, we utilized data from the Multi-Ethnic Study of 

Atherosclerosis (MESA) and Air Pollution (MESA Air), an ancillary study of the 

National Heart, Lung and Blood Institute’s (NHLBI) Multi-Ethnic Study of 

Atherosclerosis (MESA). MESA Air includes 6,814 White, Black, Hispanic, and Chinese 

adults ≥ 45 years old who participated in MESA from 6 different communities across the 

U.S. (Baltimore, Maryland; Chicago, Illinois; Forsyth County (Winston-Salem), North 

Carolina; Los Angeles County, California; New York, New York and St. Paul, 

Minnesota). To assess ambient air pollution exposure, an estimate of PM2.5 and NOX 

exposure was assigned to each study participant based on their home address at the 

baseline examination and incorporating measures taken from environmental monitors 

from the US Environmental Protection Agency Air Quality System (AQS) and monitors 

deployed by MESA Air (at fixed sites in participant dense areas underrepresented by the 

AQS network and at participant’s homes). PM2.5 was included as a measure of overall 

exposure to fine particles from stationary and mobiles sources. NOX was included as a 

surrogate measure of exposure to roadway traffic pollution. 
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 To test the first hypothesis, we conducted a cross-sectional analysis to describe 

associations of ambient air pollution exposure with race/ethnicity and measures of 

neighborhood racial residential segregation.  

To test the second hypothesis, we conducted a cross-sectional analysis to estimate 

the contribution of ambient air pollution exposure to racial/ethnic differences in common 

carotid intima media thickness (IMT) and amount of coronary calcium at MESA Exam 1 

(Figure 2). 

To test the third hypothesis we conducted a longitudinal study to estimate the 

contribution of ambient air pollution exposure to racial/ethnic differences in the 

development and progression of coronary artery calcification (CAC) from MESA Exam 1 

through MESA Exam 5 (Figure 2). 

Figure 2. MESA exams and data used in this dissertation

CVD: Cardiovascular disease; CIMT: Carotid intima media thickness; 

CAC: Coronary artery calcification

*Assessed in subsample, parentheses represent % of study population

-

Demographics

CVD risk factors

CIMT, CAC

Jul 00- Aug 02

MESA Exam 1 MESA Exam 2 MESA Exam 3 MESA Exam 4 MESA Exam 5

Sept 02- Feb 04 Mar 04- Sept 05 Sept 05- May 07 Apr 10- Feb 12

CAC* (50%) CAC* (50%) CAC* (25%) CAC

Exposure to 

PM2.5 and NOX

Jan 00- Dec 00 
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The specific aims were the following:  

1. To describe associations of exposure to ambient air pollution, estimated by average 

annual PM2.5 and NOX concentrations, with race/ethnicity, neighborhood racial/ethnic 

composition and racial residential segregation adjusting for participant and 

neighborhood characteristics. 

2. To determine the extent to which average annual PM2.5 and NOX concentrations 

explain racial/ethnic differences in the severity of subclinical atherosclerosis, 

measured by carotid intima-media thickness and coronary artery calcification. 

Associations were adjusted for demographics and cardiovascular risk factors. 

3. To determine the extent to which average annual PM2.5 and NOX concentrations 

explain racial/ethnic differences in the development of incident CAC in participants 

without coronary calcium at baseline and annual change in CAC among participants 

with coronary calcium at baseline. Associations were adjusted for demographics and 

cardiovascular risk factors. 

 

To estimate the contribution of air pollution exposure to racial/ethnic differences in 

outcomes (carotid IMT, coronary calcium, risk for incident CAC and annual change in 

CAC), regression models were fit to estimate the average mediation effect (AME) of 

PM2.5 and NOX concentration for Black, Hispanic and Chinese participants compared to 

White participants (Figure 3). The AME, or indirect effect, is the amount by which 

individuals that differ by race/ethnicity are estimated to differ on the outcome as a result 

of the effect of race/ethnicity on air pollution exposure which in turn affects 

atherosclerosis severity and progression. As race/ethnicity can influence atherosclerosis 
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independent of its effect via air pollution exposure, we also estimated the direct effect 

which quantifies how much individuals that differ by race/ethnicity but have equal 

exposure to air pollution are estimated to differ on the outcomes (Figure 3). 

Figure 3. Indirect and direct effects estimated in this dissertation

Race/Ethnicity

Air pollution 

exposure 

Atherosclerosis 

development and 

progression

Direct effect

AME (indirect effect)

 

Given the disproportionate burden of cardiovascular disease and exposure to 

ambient air pollution among certain racial/ethnic groups and the potential role of these 

exposures in disease development, this project can result in important contributions. The 

average mediation effect, estimated in this dissertation serves to quantitatively test the 

hypothesized relationship between differential exposure to air pollution by race/ethnicity 

and differences in atherosclerosis.  By utilizing comprehensive and individual-level 

assessments of air pollution exposure and atherosclerotic disease, this dissertation is in a 

unique position to enhance the understanding of the role of environmental exposures, 

such as air pollution to racial/ethnic disparities in cardiovascular disease which may 

provide additional strategies for preventing and reducing these disparities as air pollution 

exposure can be monitored and controlled. 
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CHAPTER 1: BACKGROUND 

1.1 Overview 

In this chapter we review what is known in the existing literature regarding: (1) 

air pollution exposure and it role in cardiovascular disease risk; (2) racial/ethnic 

differences in exposure to air pollution; (3) disparities in cardiovascular disease by 

race/ethnicity and (4) whether differences in environmental exposures, such as air 

pollution, may explain cardiovascular disease disparities.  

 

1.2 Exposure to Ambient Air Pollution 

Air pollution is a heterogeneous mixture of gaseous pollutants and particulate 

matter.
1, 2

 Roadway traffic represents a major source of ambient air pollution in many 

communities.
2, 3

 Studies have often used proximity to a major roadway as a proxy for 

long-term exposure to traffic-related air pollution. However there are concerns of 

exposure misclassification and residual spatial confounding with this measure.
4
 Also, 

proximity to a major roadway does not easily distinguish between traffic-related pollution 

and noise. As a result, pollutants linked to traffic, such as particulate matter and oxides of 

nitrogen are used as measures of exposure to ambient air pollution.
4
 Fine particulate 

matter (particles <2.5 μm in diameter [PM2.5]) can be directly emitted from sources such 

as construction sites, unpaved roads, fields, smokestacks or fires (primary particles) or 

they can form when gases emitted from power plants, industries and motor vehicles react 

in the air (secondary particles).
2
 Secondary particles comprise most of the fine particulate 

matter pollution in the United States, especially in urban areas.
2
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Concentrations of nitrogen oxides (NOX) represent the sum of nitric oxide (NO), 

nitrogen dioxide (NO2), nitrous acid and nitric acid with NO2 making up the largest 

component and being the greatest concern for the entire group of nitrogen oxides.
2
 

Nitrogen oxides form quickly from emissions from cars, trucks and buses, power plants, 

and off-road equipment. Additionally, NO2 contributes to the formation of ground-level 

ozone, and fine particle pollution.
2
 Concentration of NOX has the advantage of 

characterizing within-city variability in traffic-related air pollution exposure while 

avoiding the problem with differences in health effects that can vary as composition of 

particulate matter (e.g., sulfate content) varies geographically allowing for consistency of 

exposure between sites/populations.  

     

1.3 Air Pollution and Cardiovascular Outcomes 

Both gaseous and particulate matter air pollutants have been related to adverse 

health effects.
2, 5, 6

 The World Health Organization (WHO) has estimated that exposure to 

ambient air pollution accounts for approximately 800,000 deaths/yearworldwide,
7
 with 

deaths from cardiovascular disease explaining the largest portion of this excess 

mortality.
8, 9

 Epidemiologic studies have consistently shown increased risk of 

cardiovascular events associated with both short-term and long-term exposure to air 

pollution.
5, 10

 Although fine particulate matter and nitrogen oxides share common 

sources, increased risk for cardiac and respiratory mortality associated with exposure to 

NO2 have also been shown independent of the effects of particulate matter 

concentrations.
11-13
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1.3.1 Short-term exposure to air pollution and cardiovascular disease. Acute 

exposure to air pollution, generally measured in hours to days in time-series and case-

crossover studies has been associated with an increase in daily cardiovascular mortality 

or hospitalization from time-series analyses.
14-19

 A review from the American Heart 

Association concluded that a 10 μg/m
3
 increase in PM2.5 over a 24-hour period is 

associated with a 0.31% short-term increase in cardiopulmonary mortality.
20

 Meta-

analyses of U.S. studies have also shown positive associations between short-term health 

effects and exposure to nitrogen oxides, particularly nitrogen dioxide.
21, 22

 A 10 μg/m
3
 

increase in short-term exposure to nitrogen dioxide is associated with increases of 2.6% 

in cardiac mortality, with greater risk observed among participants with pre-existing 

cardiovascular morbidity and diabetes.
11

 Consistent associations have also been shown 

with acute cardiovascular phenomenon (ST-segment changes, defibrillator discharges, 

heart rate variability effects, changes in blood markers) when particulate levels are 

elevated.
23-25

  

1.3.2 Long-term exposure to air pollution and cardiovascular disease. In 

addition to the short-term effects of air pollution, chronic exposure to air pollution, 

measured over years of exposure, have also been found to increase risk of cardiovascular 

disease and mortality.
5
 Chronic exposure to fine particulate matter has been associated 

with increased all-cause and cardiovascular mortality, including myocardial infarction, 

sudden cardiac death, arrhythmia, exacerbation of congestive heart failure and stroke.
26-28

 

Evidence of the effects of long-term exposure were generally from prospective cohort 

studies and these studies have found even greater cardiovascular effect-estimates for 

living in areas with higher particulate matter levels over the long term than time-series 
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studies (RR between 1.06 and 1.76 for 10 μg/m
3
 increase in PM2.5).

10
 In the Harvard Six 

Cities study, 8,111 White adults aged 18- 74 from 6 metropolitan were followed for 14- 

16 years. The study found a 26% increase in mortality in the city with the highest 

concentration of fine particles as compared with the city with the lowest concentration.
29

 

The Cancer Prevention II study, assessed mortality from 1982- 1998 in approximately 1.2 

million adults over 30 years of age from 51 cities. In this population each 10 µg/m
3
 

increase in fine particulate matter concentration was associated with a 4% and 6% 

increased risk of all-cause and cardiopulmonary, respectively.
30

 The American Heart 

Association concluded that a 10 μg/m
3
 increase in average annual PM2.5 exposure is 

associated with a 6% increase in cardiopulmonary mortality.
20

 Long-term exposure to 

traffic-related air pollution, measured by proximity to a major roadway is also a 

particularly strong predictor of myocardial infarction risk.
17

  

1.3.3 Exposure to air pollution and atherosclerosis. Cardiovascular disease risk 

associated with long-term air pollution exposure is hypothesized to be primarily due to 

the effects of air pollution on the development of atherosclerosis and thus increasing the 

underlying risk of an event. Indeed increased exposure to fine particulate matter and 

roadway traffic has been associated with larger carotid intima-media thickness (IMT) and 

greater coronary artery calcification. Differences ranged from a 1% to 10% larger IMT 

and from no difference to 17% more coronary calcium.
31-36

 

1.3.4 Potential mechanisms. Experimental studies have illustrated a variety of 

mechanisms by which air pollution exposure can increase cardiovascular disease risk. 

Potential mechanisms include changes in autonomic function, release of circulating pro-

oxidative and/or pro-inflammatory mediators from the lungs into the systemic circulation, 



10 

 

changes in vascular compliance, altered cardiac structure and development of 

atherosclerosis.
1
 Evidence from epidemiologic studies have supported these underlying 

mechanisms. Effects of air pollution on the autonomic control of the heart would explain 

changes in heart rate variability, and could primarily impact arrhythmia and the increased 

the risk for “triggering” cardiovascular events as observed in short-term exposure 

studies.
20

 In contrast, effects mediated principally through oxidative stress, inflammation, 

and endothelial dysfunction could be expected to contribute to both long-term 

development and progression of the atherosclerotic lesion (years of exposure) as well as 

to short-term (hours to days) plaque rupture and thrombosis.
20

 

As a result of evidence of the health effects of air pollution, the U.S. 

Environmental Protection Agency (EPA) set the National Ambient Air Quality Standards 

for fine particulate matter (PM2.5) at 15 μg/m
3
 and 35 μg/m

3
 for the annual and 24 hour 

averaging times, respectively.
2
 The EPA’s National Ambient Air Quality Standards for 

NO2 is designed to protect against the entire group of nitrogen oxides and is set at 53 

parts per billion (ppb), averaged annually.
2
 However, no threshold above zero exists 

below which levels have been found to be consistently safe
9, 20

 and the U.S. EPA 

estimates that nearly 160 million people in the United States live in areas where levels of 

ambient air pollution exceed current standards.
2
 Individuals of lower income and 

especially minority low income individuals bear a disproportionate burden of exposure to 

suboptimal, unhealthy environmental conditions including air pollution.
37
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 1.4 Racial/Ethnic Differences in Exposure to Air Pollution 

In the United States race/ethnicity is highly correlated with residential location, 

with Whites and minorities often living segregated from one another.
38

 With this 

differential residential location come important differences in environmental exposures 

such as air pollution. Many studies have resulted in only indirect evidence, describing the 

demographic composition of defined areas, such as census tracts and their proximity to 

hazardous sites or pollution sources.
39-41

 A limitation of this approach is that it assumes 

that people living in the defined areas containing the exposure live closer to it than do 

those living in areas without the exposure, although this is not always the case.
42

 This is 

especially true, when the defined areas vary in size and physical characteristics, such that 

individuals in a neighboring area can live closer to the exposure than an individual within 

a large area but further away from the exposure. Indeed, there is substantial variability in 

the size of the defined areas across these studies.
42

 Data from a nationally representative 

panel study of U.S. adults found that African Americans, participants with lower 

education status and those with lower income levels were significantly more likely to live 

within a mile of a polluting industrial facility.
41

 However, facilities in this study were 

defined as industrial facilities reporting on-site and off-site disposal of any number of 

chemicals from a list of over 600 toxic chemicals. Thus, the literature is limited with 

regard to examining specific exposures. 

 Factors which may contribute to the relationship racial/ethnic and exposure to 

environmental toxicants such as air pollution include the proximity to pollution sources, 

poor enforcement of environmental regulations, and inadequate response to community 

complaints.
38

 Although these potential explanations could apply to various racial/ethnic 
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groups, previous studies have often been limited to compare disparities among Whites 

and African Americans. A study of children in Florida found consistent differences in the 

spatial distribution of sources of air pollution by race, with Hispanic and African 

American children facing significantly higher levels of potential exposure (based on 

proximity to pollutant sources) compared to their White counterparts.
43

 This was one of 

the few studies that included a racial group besides Whites and African Americans and 

although this study focused on children, it is expected that exposure would be similar to 

adults in this area. In a study of residents living near air pollution hotspots in New Jersey 

it was shown that employment status plays a fundamental role in time-activity patterns 

(i.e. time spent at home or work) and in opportunities for exposure to outdoor air 

pollution.
44

 However, exposure to air pollution was not objectively measured in this 

study.  Therefore the literature is limited in its evaluation of differences in air pollution 

exposure in other racial/ethnic groups. 

 

1.5 Disparities in Cardiovascular Disease Burden by Race/Ethnicity 

Clinical and subclinical cardiovascular disease risks differ across racial and ethnic 

groups in the United States.
45

 African Americans have been shown to have the highest 

mortality rates for coronary heart disease and stroke followed by non-Hispanic Whites, 

Hispanics and Asians, respectively.
46, 47

 Measures of atherosclerotic disease which have 

been found to predict future cardiovascular events
48-50

 also differ substantially by race.
51-

54
 A study conducted in the Multi-Ethnic Study of Atherosclerosis (MESA) found that 

larger common carotid intima-medial thickness (IMT), which has been shown to predict 

incident stroke,
48, 50, 55

 was observed among African American men, followed by Whites, 
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Hispanic and Chinese men.
56

 Among women, IMT values were still highest among 

African Americans and lowest among Chinese participants, however values were similar 

for White and Hispanic participants.
56

 The presence of coronary artery calcification, 

which has been shown to predict incident cardiovascular disease and coronary heart 

disease,
48, 49

 has also been shown to vary by race/ethnicity in MESA with some 

differences by sex. Among men, the presence of coronary artery calcification was highest 

among Whites, followed by Chinese, Hispanic and African American participants, 

respectively and among women the presence of coronary artery calcification was still 

highest among Whites followed by Chinese participants, however this was followed by 

African American and then Hispanic women, respectively.
56

 While some of these 

differences may be biological, evidence of true biological differences in disease 

pathogenesis among racial/ethnic groups is limited. Racial/ethnic differences in 

cardiovascular disease burden remain unexplained even after adjustment for clinical risk 

factors, which has lead to the exploration of other potential explanations for these 

disparities. Differences in environmental conditions may be important in disease 

development and progression, but have been inadequately examined in relationship to 

subclinical disease or clinical events.   
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Figure 1. Stress–exposure disease framework for environmental health disparities

From: Gee et al EHP 2004

1.6 Differences in Environmental Exposures and Disparities in Cardiovascular 

Disease 

The persistence of racial/ethnic differences in health after individual differences 

in socioeconomic status are accounted for may reflect the role that the physical and 

psychosocial environment can play in racial disparities in health.
57

 It has been 

hypothesized that environmental exposures may explain disparities in disease risk across 

subsets of the population.
6, 7, 38, 58, 59

 Reviews of the health effects of air pollution found 

that socioeconomic position and race/ethnicity were consistently associated with poorer 

health outcomes from particulate air pollution.
60, 61
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O’Neill et al. explained this disparity in health outcomes using two factors: greater 

exposure to air pollution due to proximity to air pollution sources and greater 

susceptibility to the health effects of air pollution due to factors such as less access to 

care and exposure to other pollutants.
61

 The stress–exposure disease framework (Figure 

1) was hypothesized by Gee et al
38

 as a framework from which to understand the 

relationships among race/ethnicity, environmental conditions, and health. This 

framework hypothesizes that residential segregation is a major reason why race/ethnicity 

is related to environmental exposures and argues that individual-level vulnerability, such 

as differences in stressors by race/ethnicity may account for differences in vulnerability 

to health risks.  

Few studies have examined the role of air pollution exposure to racial/ethnic 

health disparities,
62-68

 most of them focusing on respiratory outcomes
62-66

 and only one 

including cardiovascular outcomes (hospital admissions for cardiovascular events).
63

 

These studies have generally been ecological studies examining racial/ethnic composition 

and patterns of air pollution exposure with regional-level health outcomes.  A study from 

California examined racial/ethnic disparities in cardiovascular and respiratory hospital 

admissions and asthma emergency room visit rates resulting from exposure to ozone and 

PM2.5 concentrations in excess of federal standards.
63

 This study used zip code-level daily 

average air pollution exposures and hospital event rates from state databases to calculate 

excess attributable risk over 2005- 2007 for Whites, Blacks, Hispanics and Asian/Pacific 

Islander residents by zip code and found that for cardiovascular admissions Black 

residents experienced significantly higher excess attributable risk of White residents and 

Hispanic and Asian/Pacific Islander residents significantly lower excess attributable risk 
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compared to Whites. A study from Maryland examined cancer risk from air toxics by 

emission source category associated with percent White, Black and Hispanic in census 

tracts and found that census tracts were more likely to be characterized as high risk (> 

90
th

 percentile of risk among Maryland census tracts) for cancer from on-road and area 

sources as the percent of Black residents increased and the percent of White and Hispanic 

residents decreased.
68

 An important limitation of prior studies in this area is the inability 

to account for individual risk factors,
63, 66-68

 including socioeconomic status and disease 

risk factors which may reflect the “individual-level vulnerability” proposed by Gee and 

colleagues.
38

  

   

1.7 Summary 

Disparities in risk for atherosclerosis and clinical cardiovascular disease by race/ethnicity 

persist in the United States. Exposure to ambient air pollution, which has been shown to 

increase severity and progression of atherosclerosis, also differs by race/ethnicity 

(although this has mainly been assessed by racial/ethnic composition). The contribution 

of exposure to air pollution to racial/ethnic disparities is limited and the role of air 

pollution exposure to racial/ethnic differences in atherosclerosis has not been explored. 

This dissertation will address these gaps in the literature to advance our understanding of 

environmental factors that can explain race/ethnic disparities in cardiovascular disease. 
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CHAPTER 2: 

Ethnic Differences in Exposure to Ambient Air pollution: the Multi-Ethnic Study of 

Atherosclerosis (MESA) 
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2.1 ABSTRACT 

Background: Race/ethnicity is highly correlated with residential location in the US, with 

Whites and minorities often living segregated from one another. Differential residential 

location can result in important race/ethnic differences in environmental exposures such 

as air pollution.   

Objective: To assess associations of ambient air pollution exposure with race/ethnicity 

and racial residential segregation. 

Methods: We studied 5,870 White, Chinese, Black and Hispanic adults who participated 

in the Multi-Ethnic Study of Atherosclerosis across 6 US cities. Ambient air pollution 

was assessed using concentrations of fine particulate matter (PM2.5) and oxides of 

nitrogen (NOX) for the year 2000 at home addresses. Neighborhood racial composition 

(% of each race/ethnicity) and residential segregation (Gi* statistic) were estimated using 

census tract data from the 2000 US Census. 

Results: After adjustment for sociodemographics, participants in neighborhoods with 

>60% Hispanic populations were exposed to 12% higher PM2.5 concentrations and 40% 

higher NOX concentrations compared to those in neighborhoods with <25% of the 

population identifying as Hispanic. Participants in neighborhoods with >60% White 

populations were exposed to 8% lower PM2.5 concentrations and 25% lower NOX 

concentrations compared to those in neighborhoods with <25% of the population 

identifying as White. Participants in neighborhoods with Whites, Hispanics or Asians 

significantly under or over-represented were exposed to higher PM2.5 and NOX 

concentrations. There was significant heterogeneity across cities for air pollution 

exposures by race/ethnicity and racial residential segregation. 
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Conclusions: Living in majority Hispanic neighborhoods and living in segregated White, 

Hispanic or Asian neighborhoods were associated with higher air pollution exposures. 

These findings provide novel information regarding ethnic differences in environmental 

exposures and highlight the importance of measuring neighborhood level segregation in 

the environmental justice literature.  
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2.2 INTRODUCTION  

In the United States, race/ethnicity is highly correlated with residential location, with 

Whites and minorities often living segregated from one another.
1, 2

 Differential residential 

location can result in important race/ethnic differences in environmental exposures such 

as air pollution.
1, 3-6

 Epidemiologic studies have consistently shown increased risk for 

cardiorespiratory morbidity and mortality associated with exposure to ambient air 

pollution, including exposure to fine particulate matter (particles <2.5 μm in aerodynamic 

diameter [PM2.5]) and nitrogen oxides (sum of nitric oxide, nitrogen dioxide [NO2], 

nitrous acid and nitric acid, [NOX]).
7-12

 Previous studies have reported that predominantly 

minority areas are more likely to have
13, 14

 or be more proximal
4, 15, 16

 to hazardous sites 

or air pollution sources. However very few studies have investigated exposure estimates 

at the household or individual level and their association with race/ethnicity.  

In addition to proximity to pollution sources, poor enforcement of environmental 

regulations in minority communities and inadequate response to community complaints 

are also factors which may contribute to higher exposure to environmental hazards in 

minority communities.
1
 These institutional factors reflect physical, political, social and 

economic characteristics of neighborhoods that are often correlated with the race/ethnic 

composition of the neighborhood and the level of racial residential segregation. For these 

reasons measures of neighborhood race/ethnic composition and racial segregation may be 

associated with environmental exposures independently of the individual race/ethnicity of 

residents. Despite the importance of contextual information for advancing research for 

environmental justice, few studies have simultaneously examined how both 

neighborhood characteristics and the race/ethnicity of study participants are related to 
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environmental exposures and only one study has examined racial residential segregation 

as it relates to air pollution exposure.
6
 Also, most studies have compared exposure among 

Whites and Blacks with few studies including other race/ethnicities.
4, 15, 17-19

 The 

objective of this study was to describe associations of exposure to ambient air pollution, 

estimated by annual average PM2.5 and NOX concentrations at the household level, with 

race/ethnicity, neighborhood racial composition and measures of racial/ethnic residential 

segregation in White, Black, Hispanic and Chinese adults who participated in the Multi-

Ethnic Study of Atherosclerosis (MESA) in six U.S. communities. 

2.3 METHODS 

2.3.1 Study Population 

MESA, a longitudinal study of subclinical cardiovascular disease, enrolled 6,814 White, 

Black, Hispanic and Chinese participants aged 45 to 84 years of age from Forsyth County 

(Winston-Salem), NC; New York, NY; Baltimore, MD; St. Paul, MN; Chicago, IL and 

Los Angeles, CA between 2000 and 2002. Additional details are provided elsewhere.
20

 

White participants were recruited from all six study sites, Black participants were 

recruited from all sites except Minnesota, Hispanic participants were only recruited in 

California, New York and Minnesota, and Chinese participants were only recruited in 

Illinois and California. In the current study we used data collected from participants at 

their baseline visit. From the 6,814 participants, we excluded 814 participants missing 

data on air pollution, 5 participants who were enrolled from sites with few participants of 

the same race/ethnicity (2 Chinese-Americans in New York and 3 Hispanics in Winston-

Salem), 107 missing data for racial residential segregation measures and 18 missing other 
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relevant covariates, leaving a total of 5,870 participants distributed across 1,144 census 

tracts for this analysis. 

2.3.2 Ambient Air Pollution Exposures 

Concentrations of PM2.5 and NOX were predicted using data from the U.S. Environmental 

Protection Agency (EPA) Air Quality System supplemented with data from fixed site 

monitors in each MESA community and home monitors at a subset of participant homes. 

To characterize household-level ambient air pollution exposure we used likelihood-based 

annual average concentrations of PM2.5 and NOX for the year 2000 that were estimated 

for each participant based on their home address at the baseline examination. PM2.5 and 

NOX measures incorporated environmental monitor data from the US Environmental 

Protection Agency (EPA) Air Quality System (AQS) and monitors deployed by MESA 

Air (at fixed sites in participant dense areas underrepresented by the AQS network and at 

participant’s homes). Models for PM2.5 and NOX exposure also incorporated geographic 

covariates including roadway density, land use and outputs from dispersion model. 

Additional details regarding the exposure assessment and modeling are available 

elsewhere.
21-24

 

2.3.3 Race/Ethnicity and Racial/Ethnic Residential Segregation 

Participant race/ethnicity was assessed by self-report and categorized as non-Hispanic 

White (“White”), non-Hispanic Black (“Black”), Hispanic and Chinese. We used census-

tract level data from the 2000 Census to characterize participant neighborhoods. To 

facilitate comparisons with other studies, we estimated the census tract racial/ethnic 

composition using the percentage of the census tract population who identified 

themselves as White, Black, Hispanic or Asian (the US Census does not collect 
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information for Chinese individuals separately). This variable was categorized as <25%, 

25- 60% or >60% of a given race/ethnic group.  

Although racial/ethnic composition is often used as a proxy for racial residential 

segregation, it does not take into account information about the composition of the larger 

spatial area or adjacent census tracts. Thus, we further assessed racial residential 

segregation using the Getis and Ord’s Gi* statistic
25, 26

 (“G statistic”) calculated 

separately for Whites, Blacks, Hispanics and Asians. The G statistic yields a Z-score for 

each census tract that estimates the extent to which the racial/ethnic composition in that 

tract and neighboring tracts (defined using a contiguity (Rook) conceptualization) 

deviates from the mean racial/ethnic composition of the county overall. A non-

statistically significant G statistic indicates no clustering of tracts that significantly 

deviate from the racial/ethnic composition of the county. A statistically significant 

positive G statistic indicates clustering of census tracts with that race/ethnicity over-

represented (greater percent race/ethnicity) compared to the county overall. A statistically 

significant negative G statistics indicates clustering of census tracts with that 

race/ethnicity under-represented (lower percent race/ethnicity) compared to the county 

overall. In this study, statistical significance was set at the p=0.05 level corresponding to 

a G statistic of ±1.96. Using the G statistic we identified neighborhoods with no 

clustering (“neutral” [-1.96> G statistic <1.96]), clustering characterized by under-

representation of a race/ethnicity (“under-represented” [G statistic ≤ -1.96]) and 

clustering characterized by over-representation of a race/ethnicity (“over-represented” [G 

statistic ≥ 1.96]) (Appendix 1).   
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2.3.4 Other Variables  

Self-reported educational attainment and annual family income at baseline were used as 

primary measures of participant socioeconomic status. Participant education was 

measured as the highest level completed and categorized as less than high school, high 

school, some college/ technical school and college/graduate degree. Annual family 

income was collected in thirteen categories. For this analysis we categorized annual 

family income as unknown, less than $24,999, $25,000- $49,999, $50,000- $74,999, 

$75,000 and greater. Data on census tract population size and median family income in 

the census tract from the 2000 Census were also included as covariates. Lastly, study site 

was treated as a categorical variable. 

2.3.5 Statistical Analysis 

Descriptive statistics were stratified by participant race/ethnicity (White, Chinese, Black 

and Hispanic). Air pollution concentrations were log-transformed for the analyses. We 

computed crude and adjusted ratios of ambient air pollution (PM2.5 and NOX 

concentrations) geometric means comparing (1) Black, Hispanic and Chinese participants 

to White participants; (2) levels of census tract racial composition (25-60% and >60% vs. 

<25% for each race/ethnicity); and (3) categories of racial residential segregation (G 

statistic, over or under-representation of a race/ethnic group vs. neutral). We obtained the 

ratios of the geometric means and their 95% confidence intervals (CI) by exponentiating 

the coefficients and standard errors from linear mixed-effect models on log-transformed 

air pollution concentrations. Mixed-effect models included a census-tract specific random 

intercept to account for the clustering of individuals in neighborhoods. Multivariable 

models were adjusted for sex (dichotomous), age (continuous), education (categorical) 
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and annual family income (categorical), neighborhood median family income 

(continuous) and neighborhood population size (log-transformed). Models including 

racial composition and racial residential segregation were also adjusted for participant 

race/ethnicity. Second, we further adjusted for study site (categorical). For racial 

composition, we also evaluated the dose response relationship between measures of air 

pollution and percent race/ethnicity in census tract for each race/ethnicity group and 

overall using restricted cubic spline models. To assess whether associations of 

race/ethnicity and neighborhood racial composition with air pollution differed by study 

site, we estimated the corresponding ratio of air pollution concentrations stratified by 

study site and formally evaluating race*site interactions. All statistical analyses were 

performed using R software (version 2.14.2). All statistical tests were 2-sided and 

confidence intervals were set at 95%. 

2.4 RESULTS 

2.4.1 Participant Characteristics  

Among the study participants, 40% were White, 28% were Black, 21% were Hispanic 

and 11% were Chinese (Table 1). Forty-eight percent of participants were male and the 

mean age was 62 years, with no differences by race/ethnicity. Educational attainment and 

family income were higher among Whites and lower among Hispanic participants. The 

geometric means of ambient air pollution were 16.9 µg/m
3
 for PM2.5 and 43.9 ppb for 

NOX. PM2.5 concentrations were higher in Chinese participants compared to other 

race/ethnicities and NOX concentrations were higher in Hispanics and Chinese, followed 

by Blacks and lower in Whites (Table 1, Appendix 2). Air pollution concentrations were 

similar across other participant characteristics, except study site (Appendix 2).  
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2.4.2 Census tract Characteristics 

Participants were more likely to reside in census tracts where >60% of the residents were 

of their race/ethnicity than in census tracts where they were the minority, except for 

Chinese participants who were most likely to reside in census tracts with 25- 60% Asian 

populations (Table 2). Participants were also more likely to reside in census tracts with 

clustering of their race/ethnicity over-represented compared to clustering where another 

race/ethnicity was over-represented (Table 2). Compared to other race/ethnicities, White 

participants lived in census tracts with higher median family income and were least likely 

to live in a predominately Hispanic census tract. Black participants were less likely to 

live in predominately Asian census tracts compared to other race/ethnicities. Hispanic 

participants lived in census tracts with largest population size and lowest median family 

incomes. Chinese participants resided in the least populated census tracts and were less 

likely to live in a predominately Black census tract. Air pollution concentrations were 

similar across census tract characteristics, except census tract median family income, 

percent Hispanic and percent Asian in the census tract (Appendix 3).   

We were unable to describe associations of racial/ethnic composition and 

residential segregation with air pollution exposures across all sites. There were no 

participants living in Winston-Salem or Baltimore that lived in a majority Hispanic 

census tracts and no participants living in Winston-Salem, New York, Baltimore or St 

Paul living in majority Asian census tracts (Appendix 4). For residential segregation, 

participants living in St Paul did not live in clusters of census tracts where Whites were 

over-represented or where Blacks, Hispanics or Asians were under-represented 
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(Appendix 4). Participants in Chicago did not live in clusters where Asians were under-

represented and in Baltimore where Hispanics were under-represented.  

2.4.3 Air Pollution Differences by Race/Ethnicity, Racial/Ethnic Composition and 

Residential Segregation 

Black, Hispanic and Chinese race/ethnicity was associated with higher PM2.5 

concentrations (Ratio [95%CI]: 1.004 [1.000, 1.008], 1.011 [1.007, 1.016] and 1.008 

[1.000, 1.015] for Black, Hispanic and Chinese respectively, data not shown). Black, 

Hispanic and Chinese race/ethnicity was also associated with higher NOX concentrations 

(Ratio [95%CI]: 1.029 [1.015, 1.043], 1.042 [1.027, 1.058] and 1.024 [0.999, 1.050] for 

Black, Hispanic and Chinese respectively, data not shown). After adjustment for 

participant and neighborhood characteristics and for study site, PM2.5 concentrations were 

similar by participant race/ethnicity (Figure 1). For NOX, Black and Hispanic 

race/ethnicity was associated with 2% higher concentrations (95% CI: 0 to 3% and 1 to 

4% respectively), compared to White participants (Figure 1). We found significant 

geographic heterogeneity in racial/ethnic differences in exposure to ambient air pollution 

(p-values for race*site interaction <0.001) (Figure 1). Compared to Whites, Blacks had 

higher PM2.5 concentrations in New York and NOX concentrations in Winston-Salem; 

Hispanics had higher PM2.5 and NOX in New York and Los Angeles; and Chinese had 

similar PM2.5 and NOX in Los Angeles, and lower PM2.5 and NOX in Chicago.  

After adjustment for participant and neighborhood characteristics and for study site, 

participants living in census tracts with >60% Whites had 5% lower PM2.5 and 11% 

lower NOX concentrations compared to participants living in census tracts with <25% 

Whites (Table 3). After adjustment participants living in census tracts with >60% 
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Hispanics had 7% higher PM2.5 concentrations and 15% higher NOX concentrations 

compared to census tracts with <25% Hispanics (Table 3). There was considerable 

heterogeneity in the association between racial composition and air pollution across study 

sites, except for living in a >60% Hispanic census tract which was consistently associated 

with higher PM2.5 and NOX concentrations across all sites (Appendix 5).  Living in a 

>60% White census tract was associated with lower PM2.5 and NOX concentrations in all 

sites except Baltimore and Chicago. Living in a >60% Black census tract was associated 

with higher PM2.5 and NOX concentrations only in Winston-Salem and New York and 

living in a > 60% Asian census tract was associated with higher PM2.5 and NOX only in 

Chicago. Associations between census tract racial composition and PM2.5 and NOX 

concentrations were similar across participant race/ethnicity with some evidence of 

stronger associations among White and Hispanic participants for percent White; Black 

and Chinese participants for percent Black; Hispanic participants for percent Hispanic 

and Chinese participants for percent Asian compared to other race/ethnicities (Figure 2).  

Compared to participants living in neutral census tracts, participants living in more 

segregated areas (clusters of census tracts where Whites, Hispanics or Asians were 

significantly over- or under-represented) had higher household PM2.5 and higher NOX 

concentrations (Table 3). There were no differences comparing participants living in 

clusters of census tracts with Blacks over or under-represented. After adjustment for site, 

participants living in a cluster of census tracts where Whites or Hispanics were over-

represented had higher PM2.5 (2% and 4% higher, respectively) and NOX concentrations 

(8% and 13%, respectively) compared to participants in neutral census tracts. Participants 

living in a cluster of census tracts where Whites were under-represented had higher PM2.5 
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and NOX concentrations (5% and 13% respectively) compared to participants in neutral 

census tracts. Living in a cluster of census tracts where Asians were under-represented 

was associated with 11% higher NOX concentrations compared to living in neutral census 

tracts. Across study sites, PM2.5 and NOX concentrations were higher in clusters of White 

under-represented census tracts in New York, St Paul and Los Angeles and in clusters of 

White over-represented census tracts in New York (Appendix 6). PM2.5 concentrations 

were higher in clusters of Black under-represented census tracts in Winston-Salem and 

New York and lower in Black under-represented census tracts in Chicago. PM2.5 

concentrations were higher in Hispanic over-represented census tracts in New York, St 

Paul, Chicago and Los Angeles and NOX concentrations were higher in Hispanic over-

represented census tracts in Winston-Salem, New York, Baltimore, St Paul and Los 

Angeles. PM2.5 and NOX concentrations were higher in Asian over-represented census 

tracts only in Winston-Salem and Baltimore but not in other sites. Further adjustment of 

racial/ethnic composition models for residential segregation and residential segregation 

models for racial/ethnic composition did not significantly change results (not shown). 

2.5 DISCUSSION 

Black and Hispanic race/ethnicity, living in majority Hispanic neighborhoods and living 

in segregated neighborhoods were associated with higher air pollution exposures, as 

measured by household level measures of PM2.5 and NOx concentrations. Living in 

majority White neighborhoods was associated with lower household level PM2.5 and NOx 

concentrations. The differences were generally stronger for NOX compared to PM2.5 and 

the racial composition and segregation of a neighborhood were associated with air 

pollution exposure independent of an individual’s race/ethnicity. In addition, we found 



30 

 

substantial geographic heterogeneity in racial/ethnic differences in exposure to ambient 

air pollution and adjustment for study site attenuated associations of racial/ethnicity with 

air pollution exposure. These findings indicate that ethnic differences in air pollution 

exposures may not be the same for all places around the U.S. Some studies have reported 

differences in environmental exposures by race/ethnicity but were limited in exposure 

assessment and geographic area and focused mostly on White/Black comparisons.
27

 Our 

study used individual-level measures of air pollution and assessed race/ethnicity at the 

individual and neighborhood level in a multi-ethnic cohort including Hispanics and 

Chinese. Our findings, moreover, highlight the importance of measuring neighborhood 

level segregation in the environmental justice literature. 

 In our study, we used PM2.5 and NOX concentrations as markers of air pollution 

exposure. While PM2.5 reflects overall exposure to fine particles from stationary and 

mobiles sources, NOX is a good marker of traffic-related air pollution and has the 

advantage of characterizing within-city variability while also allowing for consistency of 

exposure across sites and populations as the chemical composition of particulate matter 

can vary geographically.
28-30

 Few other studies have examined racial/ethnic differences 

using direct measures of air pollution exposure, but studies have shown racial/ethnic 

differences using other markers of air pollution. Studies of children in Florida
15

 and 

California
31, 32

 have found consistent differences in the spatial distribution of sources of 

air pollution by race/ethnicity (based on proximity to pollutant sources and high traffic 

density) with minority children facing higher potential exposure compared to their White 

counterparts. Proximity to a major roadway has been used as a marker of long-term 

exposure to traffic-related air pollution. Consistent with our study, a study of MESA 
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participants who underwent cardiac magnetic resonance imaging found that Blacks and 

Hispanics were more likely to live near major roadways than participants of other races.
33

 

A study of 3,886 individuals hospitalized for acute myocardial infarction in 64 centers 

across the US from 1989 to 1996, also found individuals living closer to a major roadway 

were more likely to be of non-White race/ethnicity.
34

 Findings from these studies were 

based on bivariate analyses in studies designed to evaluate the health effects of proximity 

to a major roadway and not racial/ethnic differences specifically, so they did not explore 

potential explanations for these differences. As a proxy measure, proximity to air 

pollution sources has the limitations of potential for exposure misclassification and 

residual spatial confounding.
35

  

Living in census tracts with higher percentages of Hispanics was associated with 

higher exposures to PM2.5 and NOX, independently of individual race/ethnicity. These 

findings are largely consistent with a few prior studies of racial composition and air 

pollution exposure. In metropolitan Phoenix, Arizona, census block groups with higher 

proportions of Hispanic immigrants were exposed to higher levels of nitrogen dioxide, 

however no statistically significant differences were observed with proportion of Blacks 

and air pollution exposures.
36

 In a study of public parks and park-adjacent neighborhoods 

in Los Angeles, CA, PM2.5 concentrations were positively associated with percent 

Hispanic, Asian and Black race/ethnicity and NO2 concentrations with percent Hispanic 

and Asian race/ethnicity.
4
 In 25,064 individuals in California’s South Coast Air Basin, 

geometric mean concentrations of PM2.5 emitted from diesel engines were higher for non-

White people than for Whites, after accounting for population density and daily travel 

distance.
18

 In urban census tracts located in the North eastern US, annual concentrations 
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of PM2.5 in the census tract increased for each interquartile range increase in census tract 

percent Black, Asian and other non-White race, respectively.
17

    

 No previous studies have evaluated the association between racial segregation and 

air pollution exposures. In our study after adjusting for study site, segregation of 

Hispanics, Asians and Whites, measured by the G statistic were associated with higher air 

pollution exposure, while no differences were seen for racial residential segregation for 

Blacks. It is possible that these findings are related to other sociodemographic 

characteristics, such as higher socioeconomic status, of Black neighborhoods in the study. 

The finding of higher air pollution exposures among census tracts with over-represented 

White populations is counter intuitive with the consistent pattern of lower air pollution 

exposures in census tracts with >60% vs. <25% Whites. It will be important to evaluate 

the consistency of the findings for racial residential segregation and air pollution 

exposure in other studies including White, Black, Hispanic and Asian populations. Both 

gaseous and particulate matter air pollutants have been related to adverse health effects.
37-

42
 The higher levels of exposure to ambient air pollution among ethnic minorities and in 

minority communities in this study, which in some cases exceeded the EPA standards, 

may be contributing to the existence of environmental health disparities. 

2.5.1 Strengths and Limitations 

This study benefits from individual-level objective measures of air pollution exposure, 

the multi-city study design and the high quality standardized protocol. The use of a multi-

ethnic cohort designed to recruit a large proportion of participants from non-White 

groups, including Black, Chinese, and Hispanic participants allowed us to assess 

exposure to air pollution in previously unexplored racial groups. Our study is also 



33 

 

strengthened by the assessment of racial/ethnic differences in air pollution exposure at the 

individual and neighborhood levels by including participant race/ethnicity, neighborhood 

racial composition and multiple measures of racial residential segregation. A few 

limitations should be taken into account. MESA participants were enrolled at each study 

site with the intent of having specific distributions across strata defined by race/ethnicity, 

gender and age group and not by random sample; due to this sampling strategy MESA 

samples are not necessarily representative of the race/ethnicity or spatial distribution of 

the populations at each site. In this study there were few participants with low 

socioeconomic status. Indeed the educational attainment and family income among 

participants in this study were higher than that of adults ≥ 45 years of age who 

participated in the National Health and Nutrition Examination Survey (NHANES) 199- 

2010. Given the sampling methodology, the major sources of ambient air pollution and 

the population demographics in this study, these findings may not be generalizable to 

other populations. Also, data for some race/ethnicities were unavailable for some study 

sites and we were unable to evaluate associations comparing all race/ethnicities in all 

cities. 

2.5.2 Conclusions 

In this multi-ethnic study, the racial composition and segregation of a neighborhood were 

associated with air pollution exposure independent of an individual’s race/ethnicity. This 

finding highlights the importance of measuring neighborhood level segregation in the 

environmental justice literature and including measures of segregation in research on the 

health effects of air pollution. The higher levels of exposure to ambient air pollution 

among ethnic minorities and in minority communities in this study, which in some cases 
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exceeded the EPA standards, contributes to  environmental injustice and highlights the 

need for additional strategies for reducing racial/ethnic disparities in air pollution 

exposure as well as air pollution-related morbidity and mortality.  

  



35 

 

2.6 FIGURE LEGENDS 

 

Figure 1: Ratio of geometric means (95% CI) of air pollution concentrations for Black, 

Hispanic and Chinese participants compared to White participants overall and stratified 

by study site, 2000- 2002. Points represent the ratio of geometric means of PM2.5 and 

NOX concentrations comparing participants of each race/ethnicity to White participants. 

Horizontal lines represent 95% confidence intervals. Results were adjusted for age, sex, 

education, participant annual family income, census tract median family income and 

population size.  

Figure 2: Air pollution concentrations by census tract racial composition (percent White, 

Asian, Black and Hispanic) stratified by participant race/ethnicity. Black, red, orange, 

blue and green lines represent geometric mean PM2.5 and NOX concentrations by percent 

race/ethnicity in the census tract modeled on the basis of restricted quadratic splines with 

knots at 10
th

, 50
th

, and 90
th

 percentiles for all participants and White, Chinese, Black and 

Hispanic participants, respectively. Results were adjusted for age, sex, education, 

participant annual family income, census tract median family income, population size, 

study site and race/ethnicity (for overall).  
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Table 1. Characteristics of participants stratified by race/ethnicity, 2000- 2002 

 White Black Hispanic Chinese 

No. of participants 2349 1622 1249 650 

Sex     

  Female 52.0 55.0 51.6 50.0 

  Male 48.0 45.0 48.4 50.0 

Age, yrs 62.4 (10.1) 61.9 (9.9) 61.4 (10.3) 61.9 (10.2) 

Education     

  < High school 4.7 11.5 42.0 21.4 

  High school 17.0 19.0 21.2 16.2 

  Some college/Technical 27.5 34.8 26.3 21.1 

  College/Graduate degree 50.9 34.8 10.4 41.4 

Family income, $     

  < 24,999   15.2 26.8 46.7 44.9 

  25,000- 49,999 26.3 29.7 33.1 23.4 

  50,000- 74,999 19.9 19.2 10.6 12.3 

  ≥ 75,000 36.4 17.0 7.8 18.9 

  Unknown   2.2 7.3 1.8 0.5 

Study site     

  Winston-Salem, NC 21.5 26.1 — — 

  New York, NY 8.7 20.9 35.5 — 

  Baltimore, MD 19.5 28.2 — — 

  St. Paul, MN 23.4 — 28.8 — 

  Chicago, IL 21.6 16.7 — 42.5 

  Los Angeles, CA 5.2 8.0 35.6 57.5 

Air Pollution Exposure* 

PM2.5 concentration, µg/m
3
 15.7 (15.6, 15.8) 17.1 (17.0, 17.2) 17.9 (17.8, 18.1) 19.3 (19.1, 19.6) 

NOX concentration, ppb 34.9 (34.2, 35.6) 44.4 (43.4, 45.5) 58.4 (56.9, 60.0) 56.1 (54.1, 58.2) 
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Values represent percentages for categorical variables and means (SD) for continuous variables 

*PM2.5 and NOX are reported as geometric means (95% confidence intervals) 
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Table 2. Characteristics of census tracts stratified by participant race/ethnicity, 2000- 2002 

 White Black Hispanic Chinese 

No. of participants 2349 1622 1249 650 

Population size 5069 (2167) 4835 (2445) 5919 (2880) 4766 (1777) 

Median family income, $ 70927 (34504) 42879 (19896) 42652 (22934) 59607 (31074) 

Racial/Ethnic Composition 
% White     

   <25 9.3 71.8 61.2 52.3 

   25- 60 30.8 16.4 19.5 21.4 

   >60 59.9 11.8 19.3 26.3 

% Black     

   <25 78.3 16.8 88.6 98.5 

   25- 60 15.8 25.8 10.2 1.4 

   >60 5.9 57.3 1.2 0.2 

% Hispanic     

   <25 81.6 82.7 26.5 62.2 

   25- 60 16.9 12.0 31.3 30.0 

   >60 1.5 5.4 42.2 7.8 

 % Asian     

   <25 97.6 99.3 90.5 39.1 

   25- 60 2.3 0.6 8.1 41.2 

   >60 0.2 0.1 1.4 19.7 

Residential Segregation  
White     

   Neutral 66.4 32.9 40.8 43.1 

   Under-represented 20.4 64.8 56.0 45.2 

   Over-represented 13.2 2.3 3.1 11.7 

Black     

   Neutral 88.0 40.0 96.3 96.0 

   Under-represented 6.9 1.3 0.1 3.4 

   Over-represented 5.1 58.8 3.6 0.6 

Hispanic     

   Neutral 70.3 82.7 34.3 84.2 

   Under-represented 4.4 1.8 1.9 5.8 

   Over-represented 25.3 15.5 63.8 10.0 

Asian     

   Neutral 84.1 76.1 81.9 20.8 

   Under-represented 0.8 17.5 4.2 0.0 

   Over-represented 15.1 6.4 13.9 79.2 

Values represent percentages for categorical variables and means (SD) for continuous variables  
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Figure 1. Ratio of geometric means (95% CI) of air pollution concentrations for Black, Hispanic and Chinese participants compared to 

White participants overall and stratified by study site, 2000- 2002  
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Table 3. Ratio of geometric means of air pollution exposure by census tract racial/ethnic composition and 

residential segregation, 2000- 2002 

  PM2.5 concentration  NOX concentration 

 N Model 1 Model 2  Model 1 Model 2 

Racial/Ethnic Composition 

White, %       

  < 25 2488 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  25- 60 1373 0.97 (0.96, 0.98) 0.98 (0.97, 0.99)  0.86 (0.84, 0.89) 0.95 (0.92, 0.97) 

  > 60 2009 0.92 (0.91, 0.93) 0.95 (0.94, 0.96)  0.75 (0.72, 0.78) 0.89 (0.86, 0.92) 

Black, %       

  < 25 3859 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  25- 60 927 1.01 (1.00, 1.02) 1.00 (0.99, 1.01)  1.02 (0.98, 1.05) 0.99 (0.96, 1.01) 

  > 60 1084 1.00 (0.99, 1.02) 1.01 (1.00, 1.02)  1.01 (0.97, 1.05) 1.00 (0.97, 1.03) 

Hispanic, %       

  < 25 3993 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  25- 60 1176 1.05 (1.04, 1.06) 1.02 (1.01, 1.03)  1.15 (1.11, 1.18) 1.02 (1.00, 1.05) 

  > 60 701 1.12 (1.11, 1.14) 1.07 (1.05, 1.08)  1.40 (1.35, 1.47) 1.15 (1.11, 1.20) 

Asian, %       

  < 25 5287 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  25- 60 431 1.02 (1.00, 1.03) 1.00 (0.99, 1.02)  1.07 (1.03, 1.12) 1.02 (0.98, 1.05) 

  > 60 152 1.00 (0.97, 1.02) 0.99 (0.96, 1.01)  0.98 (0.91, 1.07) 0.96 (0.90, 1.02) 

Residential Segregation 

White       

  Neutral 2882 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  Under-represented 2525 1.18 (1.15, 1.20) 1.05 (1.04, 1.06)  1.43 (1.35, 1.51) 1.13 (1.09, 1.16) 

  Over-represented 463 1.08 (1.04, 1.12) 1.02 (1.00, 1.04)  1.38 (1.26, 1.52) 1.08 (1.03, 1.14) 

Black       

  Neutral 4541 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  Under-represented 207 0.93 (0.87, 1.00) 1.01 (0.98, 1.04)  0.81 (0.69, 0.94) 0.98 (0.91, 1.06) 

  Over-represented 1122 0.97 (0.94, 1.00) 0.98 (0.97, 1.00)  0.95 (0.89, 1.02) 1.00 (0.96, 1.03) 

Hispanic       

  Neutral 3968 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  Under-represented 195 1.17 (1.12, 1.23) 1.00 (0.98, 1.02)  1.51 (1.35, 1.69) 1.02 (0.96, 1.08) 

  Over-represented 1707 1.13 (1.10, 1.16) 1.04 (1.03, 1.05)  1.45 (1.37, 1.53) 1.13 (1.10, 1.17) 

Asian       

  Neutral 4368 1.00 (ref) 1.00 (ref)  1.00 (ref) 1.00 (ref) 

  Under-represented 356 1.12 (1.07, 1.18) 1.01 (0.99, 1.03)  1.14 (1.02, 1.28) 1.11 (1.05, 1.18) 

  Over-represented 1146 1.06 (1.03, 1.09) 1.01 (1.00, 1.02)  0.96 (0.89, 1.02) 1.02 (0.98, 1.05) 

Model 1 adjusted for age, sex,  race/ethnicity, education, family income, census tract median family income 

and population size 

Model 2 further adjusted for study site 
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Figure 2. Air pollution concentrations by census tract racial composition stratified by race/ethnicity, 2000 
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3.1 ABSTRACT 

Background:  Ethnic differences in atherosclerosis remain unexplained after accounting 

for clinical risk factors. Epidemiological studies have shown increased risk for 

atherosclerosis associated with exposure to ambient air pollution. Exposure to air 

pollution is markedly different by race/ethnicity. However, the contribution of air 

pollution exposure to ethnic differences in atherosclerosis has not been evaluated.  

Objective: To estimate the contribution of exposure to ambient air pollution to ethnic 

differences in atherosclerosis severity and progression. 

Methods: We studied 5,588 White, Chinese, Black and Hispanic adults who participated 

in the Multi-Ethnic Study of Atherosclerosis across 6 US cities. Ambient air pollution 

was assessed using concentrations of fine particulate matter (PM2.5) and oxides of 

nitrogen (NOX) for the year 2000 at home addresses. We first estimated ethnic 

differences comparing Black, Hispanic and Chinese participants to White participants for 

common carotid intima-medial thickness (IMT), amount of coronary calcium, incident 

coronary artery calcification (CAC) and annual change in coronary calcium. We then 

estimated the average mediation effect (AME) of PM2.5 and NOX concentrations on 

ethnic differences for each outcome. 

Results: After adjusting for demographics and cardiovascular risk factors, increased 

exposure to PM2.5 was estimated to increase carotid intima media thickness for Black, 

Hispanic and Chinese women compared to White women (AMEs [95% CI] were 5.3μm 

[1.1, 9.6], 5.5μm [0.3, 10.7] and 11.0μm [1.9, 20.4] for Black, Hispanic and Chinese 

women, respectively). Increased exposure to NOX was estimated to increase the risk for 

incident CAC for Black women compared to White women (AME: 0.01, 95% CI: 0.00, 



44 

 

0.03 μm). These differences were not statistically significant after adjustment for 

metropolitan area. Differences as a result of increased air pollution exposure for other 

outcomes for women or for any measures for men were not statistically significant either 

before or after adjustment for metropolitan area. 

Conclusions: Ethnic differences in measures of atherosclerosis persisted after adjustment 

for demographic and cardiovascular risk factors. Exposure to ambient air pollution, as 

measured by household level PM2.5 and NOX concentrations, did not significantly explain 

the racial/ethnic differences in severity and progression of atherosclerosis, expect maybe 

among some subgroups of women.  
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3.2 INTRODUCTION 

Despite national declines in cardiovascular disease mortality in the past decades, many 

subgroups defined by race/ethnicity show striking disparities in clinical and subclinical 

cardiovascular disease even after adjustment for clinical risk factors.
1-7

 This has lead to 

the exploration of other potential explanations for these disparities, 
8-15

 including 

environmental exposures. Exposure to air pollution is markedly different by 

race/ethnicity
10, 16, 17

 and studies have consistently shown increased risk for 

cardiovascular morbidity and mortality associated with exposure to ambient air pollution, 

including exposure to fine particulate matter (particles <2.5 μm in aerodynamic diameter 

[PM2.5]) and nitrogen oxides (sum of nitric oxide, nitrogen dioxide [NO2], nitrous acid 

and nitric acid, [NOX]).
18-23

 Potential mechanisms for the relationship between air 

pollution exposure and increased cardiovascular disease risk include the development and 

progression of atherosclerosis and/or the triggering of cardiovascular events in persons 

with subclinical disease.
24-28

 Indeed increased exposure to fine particulate matter and 

roadway traffic has been associated with larger carotid intima-media thickness (IMT) and 

greater coronary artery calcification (CAC). Differences ranged from a 1% to 10% larger 

IMT and from no difference to 17% more coronary calcium.
29-34

  

The role of air pollution exposure to explain racial/ethnic differences in 

atherosclerosis has not been explored. Prior studies of air pollution with disparities in 

other health outcomes have been limited to ecological exposure assessment, lack of 

adjustment for relevant risk factors and self-reported study outcomes, especially for 

cardiovascular disease.
35-38

 The objective of this study was to estimate the contribution of 

exposure to PM2.5 and NOX, measured at the household level, to racial/ethnic differences 
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in atherosclerosis severity, measured by carotid intima media thickness and coronary 

artery calcification, and to the development and progression of coronary artery 

calcification after adjustment for cardiovascular disease risk factors. Racial/ethnic 

differences in subclinical atherosclerosis have been shown to vary by sex, therefore the 

contribution of air pollution exposure was considered separately for women and men. 

3.3 METHODS 

3.3.1 Study Population 

MESA enrolled 6,814 White, Black, Hispanic and Chinese participants aged 45 to 84 

years of age who were free of cardiovascular disease from Forsyth County (Winston-

Salem), NC; New York, NY; Baltimore, MD; St. Paul, MN; Chicago, IL and Los 

Angeles, CA between 2000 and 2002 (baseline examination). Additional details are 

provided elsewhere.
39

 In summary, White participants were recruited from all six study 

sites, Black participants were recruited from all sites except St. Paul, Hispanic 

participants were only recruited in Los Angeles, New York and St. Paul, and Chinese 

participants were only recruited in Chicago and Los Angeles. Participants were recruited 

using lists from the Department of Motor Vehicles, local labor unions, commercial 

mailers, and random digit dialing. Additionally, friends, family members, and persons 

serviced by the Centers for Medicare and Medicaid Services were also contacted in order 

to recruitment older participants. This analysis will be based on data collected from the 

MESA Baseline Exam (July 2000- Aug 2002) through MESA Exam 5 (Apr 2010– Nov 

2011). From the 6,814 participants, we excluded 814 participants missing data on air 

pollution exposure, 5 participants who were enrolled from sites with few participants of 

the same race/ethnicity (2 Chinese-Americans in New York and 3 Hispanics in Winston-
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Salem), 74 participants missing information on common carotid IMT or coronary calcium 

at baseline, 236 participants without follow-up information on coronary calcium and 97 

missing other relevant covariates, leaving a total of 5,588 participants (2,938 women and 

2,650 men) for this analysis.  

3.3.2 Demographics 

Self-reported race/ethnicity was categorized as non-Hispanic White, non-Hispanic Black, 

Hispanic and Chinese. Self-reported educational attainment and annual family income at 

baseline were used as primary measures of participant socioeconomic status. Participant 

education was measured as the highest level completed and categorized as less than high 

school, high school, some college/ technical school and college/graduate degree. Annual 

family income was collected in thirteen categories. For this analysis we categorized 

annual family income as unknown, less than $24,999, $25,000- $49,999, $50,000- 

$74,999, and $75,000 and greater. 

3.3.3 Ambient Air Pollution Exposures 

Concentrations of PM2.5 and NOX were measured using data from the U.S. 

Environmental Protection Agency (EPA) Air Quality System supplemented with data 

from fixed site monitors in each MESA community and home monitors at a subset of 

participant homes. To assess household-level ambient air pollution exposure we used 

likelihood-based annual average concentrations of PM2.5 and NOX for 2000 that were 

estimated for each participant based on their home address at the baseline examination. 

PM2.5 and NOX measures incorporated environmental monitor data from the US 

Environmental Protection Agency (EPA) Air Quality System (AQS) and monitors 

deployed by MESA Air (at fixed sites in participant dense areas underrepresented by the 
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AQS network and at participant’s homes). Models for PM2.5 and NOX exposure also 

incorporated geographic covariates including roadway density, land use and outputs from 

dispersion model. Additional details regarding the exposure assessment and modeling are 

available elsewhere.
40-43

  

3.3.4 Atherosclerosis Severity and Progression 

Intima media thickness 

Images of the right and left common and internal carotid arteries were obtained from 

supine participants using high resolution B-mode ultrasound (Logiq 700, 13MHz; GE 

Medical Systems) during MESA Exam 1 (2000-2002). Videotaped images collected were 

digitized and analyzed centrally at Tufts-New England Medical Center (Boston, 

Massachusetts) masked to participant characteristics and clinical information. Although 

MESA measured IMT both in the common and internal carotid, previous research on air 

pollution and IMT has focused on the common carotid
25, 32, 33, 44, 45

, therefore common 

carotid IMT was used as our outcome of interest in this study. Intima media thickness 

(IMT) for the common carotid was assessed as the mean of all available maximum wall 

thicknesses across the near and far walls of the left and right sides. Intraclass correlation 

coefficients for intra- and inter-reader reproducibility of common carotid IMT were 0.98 

and 0.87, respectively. 

Coronary artery calcification 

Coronary artery calcium (CAC) was measured by electron-beam computed tomography 

scanner (Imatron C-150; Imatron, San Francisco, California) in 3 sites (Chicago, IL; Los 

Angeles, CA and New York, NY) and by multidetector row computed tomography 

system (Lightspeed, General Electric Medical Systems, Waukesha, Wisconsin; or 
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Volume Zoom, Siemens, Erlanger, Germany) in 3 sites (Baltimore, MD; Winston-Salem, 

NC and St. Paul, MN).  Participants were scanned twice consecutively and scans were 

read by a trained physician-reader at a centralized reading center (Los Angeles 

Biomedical Research Institute, Torrance, California).
46-48

 Agatston calcium scores were 

determined on the basis of averaging results from each of the 2 scans done at the 

examination, and adjusted using a standard calcium phantom. 

CAC was measured in all participants during MESA Exam 1 (2000–2002). A second 

CAC measurement was performed in 50% of participants randomly selected during 

MESA Exam 2 (2002–2004) and the remaining 50% during MESA Exam 3 (2004–2005). 

At MESA Exam 4 (2005–2008), a subsample of 25% randomly selected participants had 

a third CAC measurement performed. Finally, at MESA Exam 5 (2010- 2012) all 

participants had repeated CAC measurements.  

The presence of coronary calcium at baseline was defined as an Agatston score greater 

than zero at MESA Exam 1. Among participants with CAC present at baseline, we 

assessed severity of coronary artery calcification based on the amount of coronary 

calcium (Agatston score) at MESA Exam 1. Similar to previous studies in MESA,
49, 50

 

progression of CAC was defined in 2 ways: (1) incident CAC defined as detectable CAC 

at a follow-up examination in a participant without coronary calcium present at baseline 

and (2) annual change in CAC score between the last follow-up exam and the baseline 

exam in participants who had coronary calcium present at baseline. Kappa statistics for 

intra- and inter-reader reproducibility of CAC presence were both 0.92. Intraclass 

correlation coefficients for intra- and inter-reader reproducibility of CAC scores exceeded 

0.99. 
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3.3.5 Other variables 

Cardiovascular disease risk factors at Exam 1 included cigarette smoking, body mass 

index, hypertension, diabetes, cholesterol and medication use. Cigarette smoking was 

categorized as current, former or never and life-time pack-years of smoking were 

estimated. Body mass index (BMI) was calculated by dividing measured weight in 

kilograms by measured height in meters squared. Blood pressure was measured using a 

Dinamap PRO 100 automated oscillometric device after five minutes of rest. Three 

systolic and diastolic blood pressures were measured on the same day in the sitting 

position and the average of the second and third readings was used in this analysis. 

Hypertension was defined as systolic blood pressure ≥ 140 mmHg, diastolic blood 

pressure ≥ 90 mmHg or use of antihypertensive medication. A central laboratory 

measured total and high density lipoprotein (HDL) cholesterol and glucose levels from 

blood samples obtained after a 12 hour fast. Diabetes status was classified as normal 

(fasting glucose < 100 mg/dL), impaired (fasting glucose 100-125 mg/dL) or diabetes 

(fasting glucose ≥ 126 mg/dL with or without hypoglycemic medication use). 

Metropolitan area was the study site of participant’s baseline examination (Winston-

Salem, NC; New York, NY; Baltimore, MD; St. Paul, MN; Chicago, IL and Los Angeles, 

CA). 

3.3.6 Statistical Analysis 

Descriptive statistics were stratified by participant race/ethnicity (White, Chinese, Black 

and Hispanic) and gender. We compared differences in (1) baseline common carotid 

intima media thickness, (2) amount of coronary calcium (Agatston score) at baseline, (3) 

incident CAC and (4) annual change in CAC comparing Black, Hispanic and Chinese 



51 

 

participants to White participants. Analyses for amount of calcium at baseline and annual 

change in CAC were restricted to 2,718 participants with CAC present at baseline. 

Analyses for incident CAC were restricted to 2,870 participants without CAC present at 

baseline.  

We used linear regression to compute mean differences in common carotid IMT 

and amount of coronary calcium at baseline and annual change in CAC by race/ethnicity. 

Amount of coronary calcium at baseline was highly skewed; therefore we computed 

differences on log-transformed Agatston score. Absolute risk regression (generalized 

linear model assuming Gaussian error with robust standard error estimates) was used to 

model the difference in risk or probability of incident CAC detected at follow-up among 

participants free of CAC at baseline.  

Multivariable models were adjusted for age (continuous), education (categorical) 

and annual family income (categorical), smoking status (categorical), pack-years of 

smoking (continuous), body mass index (continuous), diabetes (categorical), systolic 

blood pressure (continuous), diastolic blood pressure (continuous), total cholesterol 

(continuous), HDL cholesterol (continuous), anti-hypertensive medication use 

(dichotomous) and statin use (dichotomous) (Model 1). To control for the influence of 

non-air pollution related factors that may also vary geographically, models were 

estimated further adjusting for metropolitan area (Model 2).  

To evaluate the potential contribution of exposure to ambient air pollution to 

racial/ethnic differences in atherosclerosis severity and progression, we estimated the 

average mediation effect (AME, modified from the original name “average causal 

mediation effect [ACME]”
51, 52

) of PM2.5 and NOX concentration in the relationship 
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between race/ethnicity for each outcome after adjustment for demographics and 

cardiovascular disease risk factors.  The AME is also known as the indirect effect, and is 

the amount by which Black, Hispanic and Chinese participants are estimated to differ on 

the outcome (carotid IMT, risk for incident CAC, annual change in CAC or geometric 

mean of amount of calcium) compared to Whites as a result of the effect of race/ethnicity 

on air pollution exposure which in turn affects atherosclerosis severity and progression. 

Thus the AME takes into account both the relationship between race/ethnicity and air 

pollution exposure as well as the relationship between air pollution exposure and 

atherosclerosis. The AME was estimated by fitting the following set of regression models 

for each outcome, Y: 

(1)  Y= α1 + β1Race + γM + βiC  

(2) M= α2 + β2Race + βiC  

Where Race represents Black, Hispanic or Chinese race/ethnicity compared to Whites, M 

represents log-transformed PM2.5 or NOX concentrations and C represents potential 

confounders (demographics and cardiovascular risk factors). The AME relies on the 

assumption that race/ethnicity causes differences in air pollution exposure (as opposed to 

merely being associated as in confounding) and as such air pollution exposure is an 

explanatory variable that is in the causal pathway between race/ethnicity and 

atherosclerosis outcomes. The AME and its 95% confidence interval were estimated from 

the mediation package (version 4.2.2)
51-55

 in R software using a bootstrap method with 

2000 resamplings. As race/ethnicity is expected to also influence atherosclerosis 

independent of its effect via air pollution exposure, we estimated the direct effect of 

race/ethnicity by adjusting multivariable models for log-transformed PM2.5 or NOX 
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concentrations (Model + PM2.5 and Model + NOX). Estimates from these models are the 

differences in outcomes for participants that differ by race/ethnicity but have equal 

exposure to air pollution.  

All statistical analyses were performed using R software (version 2.14.2).
56

 All 

statistical tests were 2-sided and confidence intervals were set at 95%. Cross-sectional 

analyses for severity of IMT and coronary calcium at baseline were repeated including 

the 236 participants without follow-up information (138 with coronary calcium at 

baseline for analysis of amount of coronary calcium) with similar findings (not shown). 

3.4 RESULTS 

3.4.1 Participant Characteristics  

Among the study participants 40% were White, 27% were Black, 21% were Hispanic and 

11% were Chinese. Forty-seven percent of participants were male and the mean age was 

62 years, with no differences by race/ethnicity. Table 1 shows the distribution of risk 

factors by race/ethnicity and sex. White participants had higher educational attainment, 

family income, pack-years of smoking, statin use (women only) and antihypertensive 

medication use (men only) and had lower systolic and diastolic blood pressures, total 

cholesterol and were less likely to have diabetes or use antihypertensive medication 

(women only). Black participants were more likely to be current smokers and use statins 

(women only) or antihypertensive medication, had higher BMI (women only), HDL 

cholesterol (men only) and systolic and diastolic blood pressures and had lower total 

cholesterol (men only). Hispanic participants had higher BMI (men only) and total 

cholesterol and were more likely to have diabetes. They had lower educational 

attainment, family income, pack years of smoking, HDL cholesterol and were least likely 
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to use statins. Chinese participants were least likely to be current smokers or use 

antihypertensive medication (men only) and had lower BMI and systolic blood pressure 

(men only). PM2.5 concentrations were higher in Chinese participants compared to other 

race/ethnicities and NOX concentrations were higher in Hispanics. PM2.5 and NOX 

concentrations were lowest in Whites compared to other race/ethnicities (Table 1).  

3.4.2 Atherosclerosis Severity at Baseline – Intima Media Thickness 

In bivariate models, IMT was highest for Black women and men and lower for Chinese 

women and men (Table 1). Among women, White and Hispanic women had similar IMT. 

Among men, however, Whites had higher IMT compared to Hispanics (Table 1). After 

adjustment for demographics and cardiovascular disease risk factors, the mean difference 

in carotid intima media thickness was 29.2μm, -16.6μm and -18.1μm for Black, Hispanic 

and Chinese women, respectively, compared to White women (Table 2). Carotid intima 

media thickness was estimated to be significantly larger for Black, Hispanic and Chinese 

women compared to White women due to their increased PM2.5 exposure (AME [95% 

CI]: 5.3 [1.05, 9.6] μm, 5.5 [0.3, 10.7] μm and 11.0 [1.9, 20.4] μm for Black, Hispanic 

and Chinese women, respectively, Table 2). Adjusting for differences in PM2.5 

concentrations decreased the higher IMT for Black women compared to White women 

and increased the protective association for Hispanic and Chinese women compared to 

White women (Table 2, Model 1). Carotid intima media thickness was also estimated to 

be larger for Black, Hispanic and Chinese women compared to White women as a result 

of increased NOX exposure (AMEs were 0.8μm, 2.8μm and 2.5μm for Black, Hispanic 

and Chinese women, respectively, Table 2) although these differences were not 

statistically significant. After adjusting for metropolitan area, differences in carotid 
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intima media thickness compared to White women were decreased to 27.8μm for Black 

women, and the protective associations for Hispanic and Chinese women were increased 

to -26.8μm and -35.4μm, respectively (Table 2, Model 2). The AMEs for PM2.5 were no 

longer statistically significant.  

After adjustment for demographics and cardiovascular disease risk factors, the 

mean common carotid IMT was significantly larger for Black men compared to White 

men (Difference: 34.0μm, 95% CI: 16.6, 51.4). Common carotid IMT was 13.7μm and 

8.7μm lower for Hispanic and Chinese men, respectively compared to White men 

although these differences were not statistically significant (Table 2, Model 1). These 

differences by race/ethnicity remained after adjustment for metropolitan area. Increased 

PM2.5 and NOX exposure among Black, Hispanic and Chinese men was not associated 

with differences in common carotid IMT compared to White men, either before or after 

adjustment for metropolitan area.  

 As a comparison we also conducted analyses using systolic blood pressure, a 

known risk factor for atherosclerosis, as the mediator of interest. Systolic blood pressure 

contributes to differences in carotid IMT for Black women compared to White women 

and we see that the estimates were not significantly different for the AME estimated for 

PM2.5 concentrations (Appendix 3.1, Model 1). We also found evidence of confounding 

by metropolitan area and differences by sex for systolic blood pressure and after 

adjustment for metropolitan area, differences in systolic blood pressure significantly 

contribute to ethnic disparities in IMT for Black, Hispanic and Chinese women and Black 

and Chinese men whereas PM2.5 does not. (Appendix 3.1, Model 2).  
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3.4.3 Atherosclerosis Severity at Baseline – Coronary Artery Calcification 

Despite having greater common carotid IMT, Black women and men were least likely to 

have CAC present at baseline compared to other race/ethnicities (Table 1). Among 

women with coronary calcium at baseline, the amount of coronary calcium was lower for 

Black and Hispanic women compared to White women (Table 3, Model 1). There was no 

difference in the amount of coronary calcium for Chinese women compared to White 

women. After adjusting for metropolitan area, differences in the amount of coronary 

calcium remained statistically significant only for Black women compared to White 

women (Difference in log Agatston score: -0.37, 95% CI: -0.64, -0.09). Chinese women 

had more coronary calcium compared to White women although this difference was not 

statistically significant. Increased PM2.5 and NOX exposure among Black, Hispanic and 

Chinese women was not associated with significant differences in the amount of coronary 

calcium compared to White women and adjusting for these exposures did not change the 

effects of race/ethnicity on coronary calcium. 

Among men with coronary calcium at baseline, the amount of coronary calcium 

was significantly lower for Black, Hispanic and Chinese men compared to White men 

(Difference [95% CI] in log Agatston score was -0.56 [-0.79, -0.33], -0.27 [-0.52, -0.02] 

and -0.44 [-0.74, -0.15] for Black, Hispanic and Chinese men, respectively, Table 3, 

Model 1). The corresponding differences were -0.54, -0.22 and -0.34 after adjustment for 

metropolitan area. The amount of coronary calcium was no longer statistically significant 

for Hispanic men after adjusting for metropolitan area. Increased PM2.5 and NOX 

exposure among Black, Hispanic and Chinese men was not associated with significant 

differences in the amount of coronary calcium compared to White men either before or 
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after adjustment for metropolitan area. However, adjusting for PM2.5 exposures reduced 

the protective associations of Black, Hispanic and Chinese race/ethnicity on coronary 

calcium. 

3.4.4 Atherosclerosis Progression – Coronary Artery Calcification  

Among the 2,870 participants (51.4%) without detectable CAC at baseline, 1,016 

(35.4%) went on to develop incident CAC over an average of 7.0 years of follow-up. 

Incident CAC at follow-up was more likely among White participants and least likely 

among Chinese participants (Table 1). Compared to White women, the risk for 

developing CAC during follow-up was 6%, 4% and 2% lower for Black, Hispanic and 

Chinese women although these differences were not statistically significant (Table 4, 

Model 1). After adjusting for demographics, cardiovascular disease risk factors and 

metropolitan area there was no suggestion of air pollution mediating the association 

between race/ethnicity and incident CAC (Table 4, Model 2).  

Compared to White men, the risk for developing CAC during follow-up was 19% 

and 15% lower for Black and Chinese men, respectively (Table 4, Model 1). Risk for 

incident CAC was not statistically significantly different for Hispanic men compared to 

White men.  Further adjustment for metropolitan area attenuated the risk slightly (Table 

4, Model 2). Increased PM2.5 and NOX exposure among Black, Hispanic and Chinese 

men was not associated with differences in risk for incident CAC compared to White men 

and adjusting for these exposures did not change associations of race/ethnicity with risk 

for incident CAC either before or after adjustment for metropolitan area. 

Among the 2,718 participants (48.6%) with CAC present at baseline, CAC 

progressed on average 48.2 (36.7 for women and 56.5 for men) Agatston units per year 
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over an average of 6.3 years of follow-up. In bivariate analyses among women, 

progression was fastest among Black women followed by Hispanic then White and 

Chinese women (Table 1). After adjusting for demographics, cardiovascular risk factors 

and metropolitan area, progression of CAC was 15.1 (95% CI: 0.0, 30.1) Agatston units 

per year faster for Chinese women compared to White women (Table 4, Model 2). There 

was no difference in CAC progression for Black and Hispanic women compared to White 

women. Increased PM2.5 and NOX exposure among Black, Hispanic and Chinese women 

was not associated with differences in progression of coronary calcium compared to 

White women. 

After adjustment for demographics, cardiovascular risk factors and metropolitan 

area, progression of CAC (95% CI) was -13.8 (-25.6, -2.0), -14.2 (-27.9, -0.5) and -9.4 (-

25.8, 6.9) Agatston units per year for Black, Hispanic and Chinese men compared to 

White men (Table 5, Model 2). Increased PM2.5 and NOX exposure among Black, 

Hispanic and Chinese men was not associated with differences in progression of coronary 

calcium compared to White men. 

3.5 DISCUSSION 

 This study is unique in its assessment of the contribution of ambient air pollution 

exposure to ethnic differences in measures of atherosclerotic disease using a well-defined 

cohort with data on individual cardiovascular risk factors. Increased exposure to PM2.5 

was estimated to increase carotid intima media thickness for Black, Hispanic and Chinese 

women compared to White women and increased exposure to NOX was estimated to 

increase the risk for incident CAC for Chinese women compared to White women. These 

findings, however, were no longer statistically significant after adjustment for 
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metropolitan area and the magnitude of the association was markedly attenuated. The 

results indicate that after accounting for cardiovascular risk factors and metropolitan area, 

exposure to ambient air pollution, as measured by household-level PM2.5 and NOX 

concentrations, did not significantly explain the racial/ethnic differences in severity and 

progression of atherosclerosis in MESA participants, except for maybe among some 

subgroups of women. Our study, however, cannot discard that cardiovascular disease 

disparities related to differential air pollution exposure are related to the triggering of 

cardiovascular events rather than changes in long-term subclinical atherosclerosis. 

The consideration of air pollution exposure as an explanatory variable in the association 

between race/ethnicity and atherosclerosis (mediation) requires that (1) race/ethnicity is 

associated with air pollution exposure and (2) exposure to air pollution is associated with 

cardiovascular disease. The first criterion has been demonstrated in several studies 
57-61

 

including a study we conducted using data from MESA. In summary, we found that 

Black and Hispanic race/ethnicity, living in majority Hispanic neighborhoods and living 

in segregated Hispanic neighborhoods was associated with significantly higher air 

pollution exposures. In meeting the second requirement, epidemiologic studies have 

consistently shown increased risk for subclinical and clinical cardiovascular disease 

associated with both gaseous and particulate matter air pollutants.
18-23, 29-34, 62-67

  

Exposure to ambient air pollution is hypothesized to contribute to disparities in 

health outcomes through two major mechanisms: greater exposure in minority and low-

income communities to air pollution due to proximity to air pollution sources and greater 

susceptibility/vulnerability to the health effects of air pollution.
10, 17, 68

 In this study we 

specifically evaluated the possibility of differential air pollution exposure by 
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race/ethnicity and its potential explanation for disparities in cardiovascular disease.  In 

future research, it will be important to evaluate the role of greater susceptibility. Both 

explanations, greater exposure and greater susceptibility could act independently or 

synergistically.
69

  

Geographic location is often used as a surrogate for various neighborhood level 

characteristics which may explain differences in disease risk across various 

disadvantaged groups and analysis for the contribution of these characteristics is often 

done by comparing statistical models with and without adjustment for geographic 

location. In our study we conducted analyses without and with adjustment for 

metropolitan area. A variable representing a geographic location can often correspond to 

a variety of factors in the physical or social environmental including chemical exposures, 

crowding and neighborhood stressors.
10

 One study found that accounting for place 

resulted in 15% to 76% reduction of the Black/White disparity in self-rated health beyond 

those accounted for by individual-level covariates.
70

 In our study we assessed air 

pollution exposure using concentrations of PM2.5 and NOX before and after accounting 

for metropolitan area in order to examine the impact of exposure to ambient air pollution 

specifically and not just differences that may arise due to place of residence. The 

decrease in associations after adjustment for metropolitan area could indicate that some 

of the mediation observed is related to place. However, given the nature of air pollution 

exposure and the large differences across cities adjustment for location could also result 

in over adjustment. 

Few studies have examined the role of air pollution exposure to racial/ethnic 

health disparities
35-38, 71-73

 with most focused on respiratory outcomes
36, 37, 71-73

 and only 
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one including cardiovascular outcomes  (hospital admissions for cardiovascular events).
36

 

No previous study has examined the role of air pollution to explain ethnic differences in 

atherosclerosis. Most of these studies were ecological studies examining racial/ethnic 

composition and patterns of air pollution exposure with regional-level health outcomes 

without the ability to account for individual risk factors.
35-38

 A California study examined 

racial/ethnic disparities in cardiovascular and respiratory hospital admissions and asthma 

emergency room visit rates resulting from exposure to ozone and PM2.5 concentrations in 

excess of federal standards.
36

 This study used zip code-level daily average air pollution 

exposures and hospital event rates from state databases to calculate excess attributable 

risk over 2005- 2007 for Whites, Blacks, Hispanics and Asian/Pacific Islander residents 

by zip code and found that for cardiovascular admissions Black residents experienced 

significantly higher excess attributable risk of White residents and Hispanic and 

Asian/Pacific Islander residents significantly lower excess attributable risk compared to 

Whites. These findings for Asian/Pacific Islanders are consistent with our findings for 

Chinese women for which accounting for PM2.5 concentrations improved IMT, amount of 

coronary calcium and CAC progression compared to Whites.  

3.5.1 Strengths and Limitations 

This study has several strengths. First, this study is strengthened by individual-level 

objective measures of air pollution exposure, the multi-ethnic cohort, multi-city study 

design and the high quality standardized protocol. Our study is also strengthened in the 

assessment of the contribution of air pollution exposure to racial/ethnic differences in 

atherosclerosis by using mediation analysis to formally test for the significance of this 

contribution. Finally, the inclusion of both intima media thickness and coronary artery 



62 

 

calcification allowed us to explore ethnic differences in atherosclerosis in different 

vascular beds using objective measures. Mediation analysis assumes no feedback (reverse 

causation) between the independent variable, dependent variable and mediator and that 

the effects of these variables in the mediation model are not confounded by unmeasured 

variables.
51, 52

 These assumptions were likely met in this study by the inclusion of 

information on individual race/ethnicity (which cannot be caused by either air pollution 

exposure or atherosclerosis) and our ability to account for important confounding 

cardiovascular risk factors.  

Some limitations should be taken into account. We were limited by a relatively 

small sample size particularly for analyses of coronary artery calcification. In addition, 

MESA participants were required to be free of clinical cardiovascular disease at baseline; 

due to this recruitment strategy MESA participants may be healthier than individuals of 

the race/ethnicity in the general population and this healthy participant bias could be 

differential by race/ethnicity, affecting more some racial groups. This would result in 

smaller differences comparing outcomes by race/ethnicity and limit our ability to detect, 

the relatively small impacts expected due to air pollution exposures. MESA participants 

were enrolled at each study site with the intent of having specific distributions across 

strata defined by race/ethnicity gender and age group and not by random sample of the 

population; this sampling strategy may have resulted in populations that are very different 

from the general population for each race ethnicity. Additionally, it is important to note 

that while the statistical methods used in this analysis are useful in quantifying 

associations between the variables of interest, mediation is a causal phenomenon that 

cannot be proved or disproved by statistical tests. 
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3.5.2 Conclusions 

In this study, we observed significant ethnic differences in severity and 

progression of IMT and coronary calcium. Exposure to PM2.5 and NOX did not 

significantly contribute to ethnic differences in atherosclerosis severity and progression 

after accounting for demographics, cardiovascular risk factors and metropolitan area but 

some differences were observed before adjustment for metropolitan area, especially 

among women. Our findings highlight the importance of individual level information to 

the study of environmental health disparities. Studies investigating environmental 

exposures and health disparities are essential toward achieving environmental justice. 

Additional studies are needed to further explore the role of environmental exposures, 

including ambient air pollution to racial/ethnic differences in health outcomes, including 

cardiovascular disease. 



 

Table 1. Participant characteristics by race/ethnicity and stratified by gender 

 Women Men 

 White Black Hispanic Chinese White Black Hispanic Chinese 

No. of participants 1171 836 614 317 1087 669 576 318 

Age, yr 62.0 (10.2) 61.8 (9.8) 61.3 (10.3) 61.4 (10.1) 62.5 (10.0) 61.5 (10.0) 61.2 (10.3) 62.1 (10.1) 

Education         

  < High school 5.5 9.8 45.1 27.4 3.8 11.5 38.7 15.4 

  High school 20.8 19.4 23.0 21.5 12.5 17.9 18.6 11.0 

  Some college 30.7 35.0 24.1 23.0 23.5 35.0 29.3 20.1 

  ≥ College degree  43.0 35.8 7.8 28.1 60.3 35.6 13.4 53.5 

Income, $         

  < 24,999   19.0 30.6 52.4 50.2 10.0 20.2 39.4 40.3 

  25,000- 49,999 29.2 33.0 31.9 22.1 22.9 26.5 34.0 23.6 

  50,000- 74,999 19.0 17.7 9.3 10.7 21.5 21.7 13.5 13.8 

  ≥ 75,000 30.6 12.2 4.2 16.1 43.5 23.6 11.6 22.3 

  Unknown   2.1 6.5 2.1 0.9 2.0 8.1 1.4 0.0 

Smoking         

  Never 49.6 53.6 68.4 95.3 40.3 37.7 39.9 52.8 

  Former 39.5 30.9 21.7 2.8 49.1 42.8 44.1 37.7 

  Current 10.9 15.6 9.9 1.9 10.6 19.6 16.0 9.4 

Pack-years of smoking 
a
 22.4 (22.5) 19.1 (19.8) 11.2 (15.9) 18.2 (25.7) 30.9 (39.7) 23.1 (21.3) 19.6 (22.6) 19.9 (23.0) 

Body mass index, kg/m
2
 27.5 (5.8) 31.2 (6.3) 30.1 (5.7) 24.0 (3.5) 27.9 (4.1) 28.7 (4.5) 28.8 (4.3) 24.2 (3.1) 

Systolic BP, mmHg 122.0 (21.5) 132.3 (22.5) 126.5 (22.7) 123.0 (22.3) 123.9 (18.3) 129.5 (19.5) 125.6 (19.6) 123.8 (18.9) 

Diastolic BP, mmHg 66.9 (9.5) 72.6 (10.2) 68.2 (9.6) 68.5 (10.3) 73.9 (9.0) 77.0 (9.6) 74.8 (9.4) 75.2 (9.2) 

Diabetes         

  Normal 88.0 72.6 70.5 76.3 78.9 65.0 63.4 64.2 

  Impaired 7.5 12.4 13.7 12.9 13.8 17.6 18.2 21.7 

  Diabetes 4.4 15.0 15.8 10.7 7.3 17.3 18.4 14.2 

         

         



65 

 

Table 1 (continued). Participant characteristics by race/ethnicity and stratified by gender 

 Women Men 

 White Black Hispanic Chinese White Black Hispanic Chinese 

No. of participants 1171 836 614 317 1087 669 576 318 

Total cholesterol, mg/dl 202.3 (34.6) 195.7 (35.0) 203.2 (38.3) 195.1 (31.1) 188.9 (34.7) 182.4 (34.4) 193.1 (36.0) 189.4 (30.8) 

HDL cholesterol, mg/dl 58.9 (15.5) 57.2 (15.5) 52.6 (13.9) 53.5 (13.1) 45.3 (11.9) 46.5 (12.1) 42.8 (10.2) 45.5 (11.0) 

Medication use, % yes         

  Statin use 14.3 17.0 13.8 15.5 18.8 13.0 12.2 12.3 

  Anti-hypertensive 25.3 49.9 33.4 28.7 26.3 42.6 27.3 24.5 

Air pollution exposure 

PM2.5 concentration, µg/m
3
 15.7 (2.3) 17.1 (1.9) 18.0 (4.3) 19.3 (3.6) 15.6 (2.3) 17.1 (2.0) 17.7 (4.5) 19.3 (3.5) 

NOX concentration, ppb 35.3 (19.5) 44.8 (23.0) 60.0 (27.7) 56.3 (17.9) 33.8 (18.5) 43.7 (23.1) 56.4 (29.9) 55.7 (18.6) 

Atherosclerosis severity and progression 

Baseline Common CIMT, μm 835 (178) 881 (186) 835 (176) 806 (173) 887 (201) 925 (197) 877 (192) 844 (165) 

Presence of CAC at baseline         

  Yes 42.4 34.6 34.9 39.4 69.5 49.2 56.4 58.2 

  No 57.6 65.4 65.1 60.6 30.5 50.8 43.6 41.8 

Baseline CAC, Agatston units
b
 206 (342) 187 (370) 141 (247) 164 (322) 411 (646) 297 (536) 337 (637) 218 (418) 

Length of follow-up, yr 6.5 (3.6) 6.7 (3.5) 6.9 (3.6) 6.6 (3.6) 6.7 (3.5) 6.4 (3.4) 6.6 (3.5) 6.7 (3.5) 

Incident CAC
c
         

  Yes 31.7 33.6 33.8 29.2 49.4 34.4 41.0 32.3 

  No 68.3 66.4 66.2 70.8 50.6 65.6 59.0 67.7 

CAC progression, ΔCAC/yr
b
 34.8 (57.2) 42.0 (69.5) 35.1 (56.1) 34.8 (67.6) 59.4 (89.8) 57.3 (91.7) 54.6 (87.6) 45.5 (63.2) 

Values represent percentages for categorical variables and means (SD) for continuous variables except PM2.5 and NOX for which geometric means 

(SD) are reported 

Abbreviations: CIMT, Carotid intima media thickness; CAC, Coronary artery calcification 
a
Pack years of smoking for former and current smokers only; 

b
Among participants with CAC present at baseline; 

 c
Among participants without CAC 

present at baseline 
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Table 2. Mean difference (95% CI) in common carotid intima media thickness (µm), for Black, Hispanic and Chinese 

participants compared to White participants and stratified by sex, 2000- 2002 

   PM2.5 concentrations  NOX concentrations 

 N Model AME (95% CI) Model + PM2.5  AME (95% CI) Model + NOX 

Model 1        

Women        

  White 1171 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 836 29.2 (14.2, 44.1) 5.3 (1.0, 9.6) 25.0 (9.8, 40.2)  0.8 (-2.5, 4.3) 27.8 (12.6, 43.0) 

  Hispanic 614 -16.6 (-34.0, 0.9) 5.5 (0.3, 10.7) -22.3 (-40.1, -4.4)  2.8 (-5.3, 10.8) -19.4 (-37.8, -1.0) 

  Chinese 317 -18.1 (-39.2, 3.0) 11.0 (1.9, 20.4) -26.8 (-48.7, -5.0)  2.5 (-5.5, 10.6) -20.5 (-42.2, 1.1) 

Men        

  White 1087 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 669 34.0 (16.6, 51.4) -0.6 (-6.6, 5.1) 33.8 (16.1, 51.5)  -2.8 (-7.3, 1.6) 35.0 (17.3, 52.8) 

  Hispanic 576 -13.7 (-33.4, 6.0) 0.3 (-4.9, 5.3) -13.9 (-34.0, 6.1)  -2.6 (-10.4, 4.8) -11.9 (-32.4, 8.6) 

  Chinese 318 -8.7 (-31.6, 14.2) -1.9 (-13.3, 9.1) -9.1 (-32.9, 14.7)  -5.5 (-13.7, 2.6) -7.0 (-30.5, 16.5) 

Model 2        

Women        

  White 1171 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 836 27.8 (12.2, 43.4) 0.0 (-0.3, 0.4) 27.8 (12.2, 43.5)  0.0 (-1.0, 0.8) 28.0 (12.4, 43.7) 

  Hispanic 614 -26.8 (-46.1, -7.5) 0.0 (-1.6, 1.8) -26.9 (-46.2, -7.6)  -0.4 (-2.7, 1.7) -26.5 (-45.8, -7.1) 

  Chinese 317 -35.4 (-59.0, -11.7) 0.3 (-2.4, 3.4) -35.4 (-59.0, -11.7)  0.0 (-2.0, 2.0) -35.6 (-59.2, -11.9) 

Men        

  White 1087 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 669 35.7 (17.6, 53.9) 0.3 (-0.8, 1.3) 35.7 (17.6, 53.9)  -1.4 (-4.2, 1.0) 36.6 (18.4, 54.8) 

  Hispanic 576 -19.7 (-41.5, 2.0) -1.8 (-5.2, 0.8) -19.1 (-40.9, 2.7)  -0.8 (-3.8, 1.6) -18.8 (-40.6, 3.0) 

  Chinese 318 -13.4 (-39.2, 12.4) 3.0 (-0.2, 7.7) -13.8 (-39.6, 12.0)  0.2 (-4.0, 4.3) -13.9 (-39.7, 11.9) 
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Model 1 adjusted for age, education, income, smoking status, pack-years of smoking, body mass index, diabetes, systolic 

blood pressure, diastolic blood pressure, total cholesterol, HDL cholesterol, anti-hypertensive medication use and statin use 

Mode 2 further adjusted for metropolitan area 

AME: Average Mediation Effect 
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Table 3.  Mean difference (95% CI) in the amount of coronary calcium (log Agatston score) at baseline when any coronary 

calcium was present, for Black, Hispanic and Chinese participants compared to White participants and stratified by sex, 2000- 

2002 

   PM2.5 concentrations  NOX concentrations 

 N Model AME (95% CI) Model + PM2.5  AME (95% CI) Model + NOX 

Model 1        

Women        

  White 496 0.00 (ref)  0.00 (ref)  0.00 (ref)   0.00 (ref)  0.00 (ref)  

  Black 289 -0.37 (-0.63, -0.11) 0.03 (-0.04, 0.11) -0.37 (-0.63, -0.10)  -0.01 (-0.07, 0.05) -0.36 (-0.62, -0.10) 

  Hispanic 215 -0.36 (-0.66, -0.06) -0.08 (-0.20, 0.05) -0.35 (-0.67, -0.04)  -0.08 (-0.23, 0.07) -0.32 (-0.64, 0.00) 

  Chinese 125 0.01 (-0.35, 0.37) -0.02 (-0.20, 0.17) 0.02 (-0.36, 0.40)  -0.07 (-0.21, 0.08) 0.04 (-0.34, 0.41) 

Men        

  White 755 0.00 (ref)  0.00 (ref)  0.00 (ref)   0.00 (ref)  0.00 (ref)  

   Black 329 -0.56 (-0.79, -0.33) 0.00 (-0.08, 0.07) -0.52 (-0.75, -0.28)  0.02 (-0.03, 0.06) -0.54 (-0.78, -0.31) 

  Hispanic 325 -0.27 (-0.52, -0.02) -0.04 (-0.11, 0.02) -0.22 (-0.47, 0.03)  -0.03 (-0.12, 0.06) -0.24 (-0.50, 0.02) 

  Chinese 185 -0.44 (-0.74, -0.15) -0.11 (-0.25, 0.03) -0.35 (-0.66, -0.04)  -0.03 (-0.13, 0.07) -0.41 (-0.72, -0.11) 

Model 2        

Women        

  White 496 0.00 (ref)  0.00 (ref)  0.00 (ref)   0.00 (ref)  0.00 (ref)  

  Black 289 -0.37 (-0.64, -0.09) 0.00 (-0.01, 0.03) -0.37 (-0.64, -0.09)  0.00 (-0.02, 0.03) -0.36 (-0.64, -0.09) 

  Hispanic 215 -0.30 (-0.64, 0.05) -0.06 (-0.16, 0.01) -0.29 (-0.64, 0.05)  -0.01 (-0.09, 0.07) -0.29 (-0.64, 0.05) 

  Chinese 125 0.13 (-0.29, 0.55) 0.04 (-0.05, 0.18) 0.13 (-0.29, 0.55)  0.01 (-0.10, 0.14) 0.13 (-0.29, 0.55) 

Men        

  White 755 0.00 (ref)  0.00 (ref)  0.00 (ref)   0.00 (ref)  0.00 (ref)  

  Black 329 -0.54 (-0.78, -0.30) 0.00 (-0.02, 0.01) -0.54 (-0.78, -0.30)  0.00 (-0.03, 0.03) -0.53 (-0.77, -0.29) 

  Hispanic 325 -0.22 (-0.50, 0.06) -0.03 (-0.10, 0.01) -0.19 (-0.47, 0.09)  -0.03 (-0.09, 0.01) -0.21 (-0.49, 0.07) 

  Chinese 185 -0.34 (-0.67, -0.01) 0.02 (-0.04, 0.08) -0.35 (-0.69, -0.02)  -0.01 (-0.05, 0.03) -0.34 (-0.68, -0.01) 
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Model 1 adjusted for age, education, income, smoking status, pack-years of smoking, body mass index, diabetes, systolic 

blood pressure, diastolic blood pressure, total cholesterol, HDL cholesterol, anti-hypertensive medication use and statin use 

Mode 2 further adjusted for metropolitan area 

AME: Average Mediation Effect 
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Table 4. Absolute difference in risk (95% CI) for incident CAC when no coronary calcium was present at baseline, for Black, 

Hispanic and Chinese participants compared to White participants and stratified by sex, 2000- 2012 

   PM2.5 concentrations  NOX concentrations 

 N Model AME (95% CI) Model + PM2.5  AME (95% CI) Model + NOX 

Model 1        

Women        

  White 675 0.00 (ref) 0.00 (ref) 0.00 (ref)  0.00 (ref) 0.00 (ref) 

  Black 547 -0.06 (-0.12, 0.00) 0.01 (-0.01, 0.03) -0.06 (-0.12, 0.00)  0.01 (0.00, 0.03) -0.06 (-0.12, -0.01) 

  Hispanic 400 -0.04 (-0.11, 0.03) 0.01 (-0.01, 0.02) -0.05 (-0.12, 0.02)  0.02 (-0.01, 0.05) -0.06 (-0.13, 0.01) 

  Chinese 192 -0.02 (-0.10, 0.06) 0.00 (-0.03, 0.04) -0.03 (-0.11, 0.05)  0.02 (-0.02, 0.05) -0.04 (-0.12, 0.04) 

Men        

  White 332 0.00 (ref) 0.00 (ref) 0.00 (ref)  0.00 (ref) 0.00 (ref) 

  Black 340 -0.19 (-0.27, -0.11) 0.00 (-0.03,0.03) -0.19 (-0.27, -0.11)  0.00 (-0.03, 0.02) -0.18 (-0.26, -0.10) 

  Hispanic 251 -0.06 (-0.15, 0.04) 0.00 (-0.02, 0.03) -0.06 (-0.15, 0.04)  0.01 (-0.03, 0.06) -0.05 (-0.15, 0.05) 

  Chinese 133 -0.15 (-0.25, -0.05) -0.03 (-0.08, 0.02) -0.15 (-0.26, -0.05)  -0.02 (-0.07, 0.03) -0.15 (-0.25, -0.05) 

Model 2        

Women        

  White 675 0.00 (ref) 0.00 (ref) 0.00 (ref)  0.00 (ref) 0.00 (ref) 

  Black 547 -0.06 (-0.12, 0.00) 0.00 (0.00, 0.00) -0.06 (-0.12, 0.00)  0.00 (0.00, 0.00) -0.06 (-0.12, 0.00) 

  Hispanic 400 -0.08 (-0.15, 0.00) 0.00 (0.00, 0.01) -0.08 (-0.15, 0.00)  0.00 (-0.01, 0.00) -0.07 (-0.15, 0.00) 

  Chinese 192 -0.05 (-0.14, 0.03) -0.01 (-0.03, 0.00) -0.05 (-0.14, 0.03)  0.00 (-0.01, 0.01) -0.05 (-0.14, 0.03) 

Men        

  White 332 0.00 (ref) 0.00 (ref) 0.00 (ref)  0.00 (ref) 0.00 (ref) 

  Black 340 -0.19 (-0.27, -0.10) 0.00 (-0.01, 0.01) -0.19 (-0.27, -0.10)  0.00 (-0.02, 0.01) -0.19 (-0.27, -0.10) 

  Hispanic 251 -0.05 (-0.16, 0.05) 0.01 (-0.01, 0.03) -0.06 (-0.16, 0.05)  0.00 (-0.01, 0.02) -0.06 (-0.16, 0.05) 

  Chinese 133 -0.13 (-0.25, -0.02) 0.00 (-0.03, 0.03) -0.13 (-0.25, -0.02)  0.01 (-0.03, 0.05) -0.13 (-0.25, -0.02) 

Model 1 adjusted for age, education, income, smoking status, pack-years of smoking, body mass index, diabetes, systolic 

blood pressure, diastolic blood pressure, total cholesterol, HDL cholesterol, anti-hypertensive medication use and statin use 

Mode 2 further adjusted for metropolitan area 

AME: Average Mediation Effect 



71 

 

 

Table 5. Difference (95% CI) in the progression of coronary calcium (Annual change in Agatston score) when any coronary 

calcium was present at baseline, for Black, Hispanic and Chinese participants compared to White participants and stratified 

by sex, 2000- 2012 

   PM2.5 concentrations  NOX concentrations 

 N Model AME (95% CI) Model + PM2.5  AME (95% CI) Model + NOX 

Model 1        

Women        

  White 496 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 289 -5.2 (-14.5, 4.2) 0.0 (-2.2, 2.5) -4.3 (-13.8, 5.3)  -0.6 (-2.5, 1.1) -4.5 (-14.0, 5.0) 

  Hispanic 215 -7.9 (-18.7, 3.0) -2.1 (-5.5, 1.4) -6.3 (-17.6, 5.1)  -2.0 (-6.9, 3.1) -6.2 (-17.9, 5.4) 

  Chinese 125 4.1 (-8.9, 17.2) -2.8 (-9.2, 3.6) 6.1 (-7.6, 19.9)  -3.7 (-9.1, 1.4) 5.4 (-8.0, 18.9) 

Men        

  White 755 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 329 -14.6 (-26.0, -3.2) -0.4 (-4.0, 3.2) -13.4 (-25.0, -1.8)  -0.6 (-2.4, 1.1) -14.7 (-26.2, -3.1) 

  Hispanic 325 -10.6 (-22.8, 1.7) -1.3 (-4.5, 1.7) -9.0 (-21.5, 3.5)  -1.9 (-7.1, 3.0) -10.7 (-23.4, 2.1) 

  Chinese 185 -11.6 (-26.1, 2.9) -2.7 (-9.2, 3.4) -8.9 (-24.0, 6.2)  -3.7 (-8.9, 1.3) -11.7 (-26.6, 3.2) 

Model 2        

Women        

  White 496 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 289 -5.8 (-15.6, 4.0) 0.2 (-0.3, 0.9) -5.8 (-15.6, 3.9)  -0.2 (-1.1, 0.7) -5.7 (-15.5, 4.1) 

  Hispanic 215 -1.6 (-13.9, 10.7) 0.9 (-1.3, 3.9) -2.3 (-14.7, 10.0)  0.8 (-0.9, 2.7) -1.3 (-13.7, 11.0) 

  Chinese 125 15.1 (0.0, 30.1) 0.6 (-1.8, 4.3) 15.1 (0.1, 30.2)  0.4 (-3.7, 4.7) 15.0 (-0.1, 30.0) 

Men        

  White 755 0.0 (ref) 0.0 (ref) 0.0 (ref)  0.0 (ref) 0.0 (ref) 

  Black 329 -13.8 (-25.6, -2.0) 0.0 (-0.9, 0.8) -13.8 (-25.6, -2.0)  -0.2 (-1.1, 0.7) -13.8 (-25.6, -1.9) 

  Hispanic 325 -14.2 (-27.9, -0.5) -1.6 (-4.9, 0.6) -13.3 (-27.1, 0.5)  0.8 (-0.9, 2.6) -14.2 (-27.9, -0.5) 

  Chinese 185 -9.4 (-25.8, 6.9) 0.8 (-1.9, 3.8) -9.8 (-26.2, 6.6)  0.3 (-3.5,4.4) -9.4 (-25.8, 6.9) 
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Model 1 adjusted for age, education, income, smoking status, pack-years of smoking, body mass index, diabetes, systolic 

blood pressure, diastolic blood pressure, total cholesterol, HDL cholesterol, anti-hypertensive medication use and statin use 

Mode 2 further adjusted for metropolitan area 

AME: Average Mediation Effect 
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CHAPTER 4: DISCUSSION 

4.1 Summary of Findings 

Disparities in risk for atherosclerosis and clinical cardiovascular disease by 

race/ethnicity persist in the United States even after accounting for clinical cardiovascular 

disease risk factors. This has led to the exploration of social and environmental factors 

that may explain these differences. Exposure to ambient air pollution, which has been 

shown to increase severity and progression of atherosclerosis, is markedly different by 

race/ethnicity. The contribution of exposure to air pollution to racial/ethnic disparities in 

atherosclerosis however has not been explored. Additionally, prior studies have been 

limited by a lack of objective measures of air pollution exposure, a lack of information on 

race/ethnicities other than Whites and Blacks, and ecological study designs which do not 

allow for the consideration of individual-level race/ethnicity or cardiovascular risk 

factors. Using data from the Multi-Ethnic Study of Atherosclerosis (MESA), this 

dissertation aimed to further our knowledge regarding racial/ethnic differences in air 

pollution exposure and to improve our understanding of the role of these exposure 

differences to racial/ethnic disparities in atherosclerosis severity and progression.  

Proximity to pollution sources, poor enforcement of environmental regulations in 

minority communities and inadequate response to community complaints are contributing 

factors to the higher exposure to environmental hazards, such as air pollution in minority 

communities.
1
 Despite the importance of contextual information in environmental justice 

research, few studies have simultaneously examined how individual race/ethnicity and 

neighborhood characteristics are related to environmental exposures. In the second 

chapter, we conducted a cross-sectional analysis to describe associations of exposure to 
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ambient air pollution, estimated by household-level annual PM2.5 and NOX 

concentrations, with race/ethnicity, neighborhood racial composition and neighborhood 

racial residential segregation among 5,870 White, Black, Hispanic and Chinese adults 

distributed across 1,144 census tracts. We found that living in majority White 

neighborhoods was associated with lower PM2.5 and NOX concentrations. In addition, 

Black and Hispanic race/ethnicity, living in majority Hispanic neighborhoods and living 

in segregated White (clusters of over or under-represented) and Hispanic (clusters of 

over-represented) neighborhoods were associated with higher PM2.5 and NOX 

concentrations.  

In the third chapter, we extended our findings regarding differences in air 

pollution exposure by race/ethnicity and explored the contribution of these differences to 

racial/ethnic differences in atherosclerosis severity and progression. We first conducted a 

cross-sectional analysis to estimate the contribution of PM2.5 and NOX exposure to ethnic 

differences in common carotid intima media thickness (IMT) and coronary artery 

calcification (CAC) among 5,588 White, Black, Hispanic and Chinese adults (2,938 

women and 2,650 men). We found that after adjusting for demographics and 

cardiovascular risk factors carotid IMT was significantly larger for Black, Hispanic and 

Chinese women compared to White women in connection with their increased PM2.5 

exposure. The average mediation effects (AME) were 5.3μm (95% CI: 1.05, 9.6), 5.5μm 

(95% CI: 0.3, 10.7) and 11.0μm (95% CI: 1.9, 20.4) for Black, Hispanic and Chinese 

women, respectively compared to White women and accounting for these differences in 

exposure decreased the higher IMT for Black women compared to White women and 

increased the protective association for Hispanic and Chinese women compared to White 
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women. After adjusting for metropolitan area, these estimates were no longer statistically 

significant. Exposure to air pollution did not contribute to racial/ethnic differences in 

IMT among men. Among the 1,124 women and 1,594 men with coronary calcium present 

at baseline, exposure to PM2.5 and NOX did not significantly contribute to differences in 

the amount of coronary calcium.  

Second, we conducted a longitudinal analysis to estimate the contribution of 

exposure to ambient air pollution to ethnic differences in the development and 

progression of coronary artery calcification, measured by incident CAC in 1,814 women 

and 1,056 men without coronary calcium present at baseline and annual change in the 

amount of coronary calcium in 1,124 women and 1,594 men who had coronary calcium 

present at the baseline examination. Analyses were based on CAC determinations at 

MESA Exam 1 (2000– 2002) through MESA Exam 5 (2010 – 2012) with an average of 

6.6 years between the baseline and last follow-up measures. After adjusting for 

demographics and cardiovascular risk factors, increased NOX exposure among Black 

women was associated with a 1% (95% CI: 0%, 3%) increase in the probability of 

developing incident CAC compared to White women. Increased exposure to PM2.5 

exposure among Chinese women was associated with a 1% (95% CI: 0% to 3%) decrease 

in probability of developing incident CAC for Chinese women compared to White 

women. No differences were observed among men or for CAC progression among 

women. After adjustment for metropolitan area, exposure to PM2.5 and NOX did not 

significantly contribute to racial/ethnic differences in development and progression of 

coronary artery calcium. 
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4.2 Unexpected Findings 

 In the second chapter, as expected, we found that living in a neighborhood with 

the majority (>60%) of the population identifying as White was associated with lower 

PM2.5 and NOX concentrations compared to a neighborhood with <25% White. When 

using measures of residential segregation, however, we found that living in clusters of 

White over-represented census tracts was associated with higher air pollution 

concentrations compared to neutral census tracts. However this finding may be due to our 

study population as only 8% of participants in our study lived in clusters of census tracts 

with Whites over-represented and no participants in St. Paul, one of the sites with lower 

air pollution exposures, lived in clusters of White over-represented census tracts.  

In the third chapter, the improvement in risk for incident CAC observed among 

Chinese women following their increased PM2.5 exposure was an unexpected result, 

although these differences were markedly attenuated after adjusting for metropolitan 

area. These findings are inconsistent with our findings for common carotid IMT, where 

exposure to PM2.5 exposure was associated with significant increases in carotid IMT for 

Chinese women. These findings are consistent with a cross-sectional study conducted 

using hospital admissions data from the California state databases
2
 that found that despite 

having higher exposure to air pollution, Asian/Pacific Islanders in California had 

substantially lower excess risk for hospital admissions for cardiovascular disease 

attributable to air pollution exposure compared to White residents. The authors 

contributed this finding to differences in baseline risk for cardiovascular disease 

hospitalizations by race/ethnicity (due to differences in risk factors, etc.) which are 
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substantially large compared to the relatively small contribution of air pollution exposure 

to cardiovascular disease risk among Asian/Pacific Islanders.  

An additional unexpected finding in chapter 2 was that after adjusting for 

metropolitan area the contributions of air pollution exposure to racial/ethnic differences 

were no longer statistically significant. Geographic location corresponds to a variety of 

factors in the physical or social environmental. These factors may explain differences in 

disease risk across various disadvantaged groups, such as minorities. In the National 

Health Interview Survey (1989- 1984) after adjusting for individual-level covariates, 

further adjustment for “residential context” reduced the Black/White disparity in self-

rated health by 15% to 76%.
3
 Indeed cardiovascular disease mortality rates vary 

markedly by region in the United States, with age-adjusted coronary heart disease rates 

varying more than double between the states with the highest and lowest rates.
4
 

Therefore, baseline risk of atherosclerosis by race/ethnicity could vary geographically 

impacting our ability to detect the relatively small contribution due to air pollution 

exposure. For example, differences in access to healthcare or other environmental 

exposures that vary by region, such as exposure to secondhand tobacco smoke could 

contribute to racial/ethnic differences in atherosclerosis outcomes. Also, because air 

pollution greatly varies across geographical areas, adjustment for geographical area could 

induce over adjustment making it difficult to disentangle the effect of air pollution per se 

from the overall residential context effect. 

4.3 Strengths and Limitations 

This dissertation was conducted using data from the Multi-Ethnic Study of 

Atherosclerosis and Air Pollution (MESA Air), the largest study investigating the role of 
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air pollution in development of subclinical and clinical cardiovascular disease in the 

United States. Air pollution exposure was assessed using household-level estimates of 

fine particulate matter and nitrogen oxide exposure. Prior cohort studies of air pollution 

in the United States have relied on a single community-wide exposure
 
or single closest 

monitor concentration to assign exposure to all residents in that metropolitan area. 

However this approach does not capture important local spatial variation of air pollutants. 

The use of more accurate measures of exposure to ambient air pollution in this study 

allowed us to improve our ability to assess exposure to and consequences of exposure to 

ambient air pollution as compared to previous studies. Also, several racial/ethnic groups 

have been proposed to be especially susceptible to effects of air pollution on 

cardiovascular disease.
5
  Previous work in the area of environmental exposures in health 

disparities have focused mainly on Whites and Blacks with limited information available 

on other racial groups. The use of a multi-ethnic cohort designed to recruit a large 

proportion of participants from non-White groups, including African-Americans, 

Chinese, and Hispanic participants allowed us to assess the effects of air pollution in 

previously unexplored racial groups.  

A few limitations should be taken into account. MESA participants were enrolled 

at each study site using convenience sampling strategies with the intent of having specific 

distributions across strata defined by race/ethnicity, gender and age group and not using 

probabilistic sampling strategies; due to this sampling strategy MESA participants are not 

necessarily representative of the race/ethnicity or spatial distribution of the populations at 

each site. Also, as participants in MESA were free of clinical cardiovascular disease at 

baseline, they may be healthier or at lower risk for cardiovascular disease than 
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individuals in the general population; this may be especially true among participants who 

were in older age groups at enrolment and it may affect some race/ethnic groups more 

than others. This would result in smaller differences in atherosclerosis severity and 

progression by race/ethnicity in our study population compared to what would be 

expected in the general population. 

4.4 Implications and Future Research 

Given the widespread exposure to air pollution in the United States, the 

contribution of this exposure to cardiovascular disease development and trends is an 

important area of research. An important conclusion derived from our review of the 

literature was that although the role of air pollution exposure to cardiovascular disease 

outcomes has been consistently demonstrated in the literature and differences in air 

pollution by race/ethnicity have been hypothesized to be related to ethnic differences in 

cardiovascular disease, little information is available that test this hypothesis. 

Additionally the studies that are available were limited as a consequence of limitations in 

their study design and in the data available.  

In addition to identifying racial/ethnic groups exposed to increased air pollution 

concentrations, we found that the racial/ethnic composition and segregation of a 

neighborhood were associated with air pollution exposure more strongly than, and 

independently of an individual’s race/ethnicity. These findings highlight the importance 

of considering neighborhood context in the environmental justice literature and providing 

further evidence to the mechanisms linking individual race/ethnicity to air pollution 

exposure. They also imply that solutions to improve air pollution exposure and reduce 

disparities need to be taken at the community level. 
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While there is ample evidence supporting the role of exposure to air pollution in 

cardiovascular disease, effects of this exposure on cardiovascular disease disparities is 

largely unknown. Although findings from our study regarding the contribution of 

exposure to ambient air pollution to ethnic disparities in atherosclerosis were not 

statistically significant after adjustment for metropolitan area, before adjustment for 

metropolitan area we observed worsening of several outcomes particularly among women 

as a result of differential air pollution exposure. This dissertation may also help eliminate 

certain alternative explanations. Indeed, increased exposure to ambient air pollution has 

been hypothesized to increase cardiovascular disease burden through the development 

and progression of atherosclerosis and/or the triggering of clinical cardiovascular events. 

We evaluated the contribution to atherosclerosis. It is, however, possible that the role of 

air pollution exposure to racial/ethnic disparities in cardiovascular disease may act by 

triggering clinical events. Therefore, studies should be conducted to assess the 

contribution to exposure to ambient air pollution to ethnic differences in clinical 

cardiovascular disease events.  

This study contributes to the understanding of important public health questions 

regarding the role of environmental exposures, such as air pollution in racial/ethnic health 

disparities. The average mediation effect (indirect effect) estimated in this dissertation 

served to quantitatively test the hypothesized relationship between differences in air 

pollution exposure by race/ethnicity with differences in atherosclerosis severity and 

progression by race/ethnicity. The statistical tools used in these analyses function in 

determining whether an association exists between the variables of interest 

(race/ethnicity, air pollution and atherosclerosis) and the magnitude of these associations 
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which may assist in establishing the plausibility of causal relationships however it is 

important to note that statistical models cannot prove causal relationships. 

4.5 Conclusions 

Given the disproportionate burden of cardiovascular disease and exposure to 

ambient air pollution among certain racial/ethnic groups and the potential role of these 

exposures in disease development, this dissertation by utilizing comprehensive and 

individual-level assessments of air pollution exposure and subclinical atherosclerosis, 

was in a unique position to enhance our understanding of the role of environmental 

exposures, such as air pollution to racial/ethnic health disparities and provides additional 

strategies for reducing health disparities as air pollution exposure can be monitored and 

controlled. 
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Figure Legends 

Appendix 2.2: Median (IQR) PM2.5 and NOX concentrations by participant 

characteristics. Points represent the median PM2.5 and NOX concentrations. Horizontal 

lines represent interquartile ranges. Blue vertical lines represent the median PM2.5 and 

NOX concentrations for all participants. 

Appendix 2.3: Median (IQR) PM2.5 and NOX concentrations by census tract 

characteristics. Points represent the median PM2.5 and NOX concentrations. Horizontal 

lines represent interquartile ranges. Blue vertical lines represent the median PM2.5 and 

NOX concentrations for all participants.  

Appendix 2.5: Ratio of geometric means of air pollution by racial/ethnic composition 

stratified by study site. Points represent the ratio of geometric means of PM2.5 and NOX 

concentrations comparing census tracts with >60% of each race/ethnicity to census tracts 

with <25% of each race/ethnicity in the census tract. Horizontal lines represent 95% 

confidence intervals. Results were adjusted for age, sex, race/ethnicity, education, 

participant annual family income, census tract median family income and population size.  

Appendix 2.6: Ratio of geometric means of air pollution by residential segregation 

stratified by study site. Points represent the ratio of geometric means of PM2.5 and NOX 

concentrations comparing over-represented census tracts to neutral census tracts. 

Horizontal lines represent 95% confidence intervals. Results were adjusted for age, sex, 

race/ethnicity, education, participant annual family income, census tract median family 

income and population size. 
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Chapter 2 

 

Appendix 2.1. Example of Black over-represented, neutral and under-represented census tracts as defined by G statistic 

Black individual Other race/ethnicity

County A: 50% Black

Black under-representedBlack over-represented Black neutral
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Appendix 2.2 Median (IQR) of air pollution concentrations by participant characteristics, 2000- 2002 



 

Appendix 2.3. Median (IQR) of air pollution concentrations by census tract characteristics, 2000- 2002 

 
 



106 

 

Appendix 2.4. Characteristics of census tracts stratified by study site, MESA 2000- 2002 

 Winston-Salem,  

NC 

New York,  

NY 

Baltimore,  

MD 

St Paul,  

MN 

Chicago,  

IL 

Los Angeles,  

CA 

No. of participants 929 988 917 910 1055 1071 

Population size 4560 (1705) 7041 (3525)  4578 (2073)  4657 (1484) 4968 (2424) 4987 (1564) 

Median family income, $ 54844 (20432) 47312 (41302) 52149 (21296) 51709 (14564) 80284 (40433) 47531 (22597) 

Racial/Ethnic Composition 
% White       

   <25 18.2 69.2 50.9 6.7 29.2 74.6 

   25- 60 21.0 12.4 20.4 47.1 21.5 19.8 

   >60 60.8 18.3 28.7 46.2 49.3 5.6 

% Black       

   <25 55.8 60.2 27.0 99.6 61.9 87.7 

   25- 60 27.3 25.7 19.0 0.3 16.0 6.8 

   >60 16.9 14.1 54.0 0.1 22.1 5.5 

% Hispanic       

   <25 99.4 35.0 99.8 49.8 96.6 31.5 

   25- 60 0.6 30.8 0.2 50.1 2.6 35.6 

   >60 0.0 34.2 0.0 0.1 0.9 33.0 

 % Asian       

   <25 100 99.9 100 97.9 89.0 58.3 

   25- 60 0.0 0.1 0.0 2.1 7.4 31.1 

   >60 0.0 0.0 0.0 0.0 3.6 10.6 

Residential Segregation  
White       

   Neutral 68.7 46.9 42.4 43.7 66.6 27.2 

   Under-represented 19.9 37.7 49.5 56.3 24.7 69.2 

   Over-represented 11.4 15.5 8.1 0.0 8.6 3.6 
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Appendix 2.4 (continued). Characteristics of census tracts stratified by study site, MESA 2000- 2002 

 Winston-Salem,  

NC 

New York,  

NY 

Baltimore,  

MD 

St Paul,  

MN 

Chicago, 

IL 

Los Angeles, 

CA 

No. of participants 929 988 917 910 1055 1071 

Black       

   Neutral 69.8 84.7 48.6 98.1 74.6 86.8 

   Under-represented 10.5 1.5 7.7 0.0 2.2 0.0 

   Over-represented 19.7 13.8 43.6 1.9 23.2 13.2 

Hispanic       

   Neutral 84.3 44.8 94.8 25.8 95.1 59.3 

   Under-represented 1.4 5.8 0.0 0.0 2.5 9.2 

   Over-represented 14.3 49.4 5.2 74.2 2.5 31.5 

Asian       

   Neutral 54.3 96.1 90.6 94.2 69.2 46.4 

   Under-represented 21.2 3.8 4.5 0.0 0.0 7.5 

   Over-represented 24.5 0.1 4.9 5.8 30.8 46.1 

Air Pollution Exposure* 
PM2.5 concentration, µg/m

3
 16.6 (16.5, 16.7) 18.1 (18.1, 18.2) 16.1 (16.0, 16.2) 12.8 (12.7, 12.8)  16.2 (16.2, 16.3) 22.2 (22.0, 22.3) 

NOX concentration, ppb 23.4 (23.0, 23.8) 81.3 (80.0, 82.5) 41.1 (40.5, 41.8) 26.0 (25.6, 26.4) 44.4 (43.7, 45.1) 69.8 (68.7, 70.8) 

Values represent percentages for categorical variables and means (SD) for continuous variables, except PM2.5 and NOX concentrations for which 

geometric means (95% CI) are reported.  
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Appendix 2.5. Ratio of geometric means (95% CI) of air pollution concentrations for living in a census tract with >60% of each 

race/ethnicity compared to living in a census tract with <25% or each race/ethnicity stratified by study site, 2000- 2002 
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Appendix 2.6. Ratio of geometric means of air pollution for living in a census tract with clustering of under- or over-

representativeness of each race/ethnicity compared to living in a neutral census tract stratified by study site, 2000- 2002 

 



 

Chapter 3 

 

Appendix 3.1. Average mediation effects (95% CI) for differences in common carotid 

intima media thickness (µm), for Black, Hispanic and Chinese participants compared to 

White participants and stratified by sex, 2000- 2002 

   Average Mediation Effects (95% CI) 

 N Adjusted Model PM2.5 concentration Systolic blood pressure 

Model 1     

Women     

  White 1171 0.0 (ref) 0.0 (ref) 0.0 (ref)  

  Black 836 29.2 (14.2, 44.1) 5.3 (1.0, 9.6) 9.9 (6.2, 13.8)  

  Hispanic 614 -16.6 (-34.0, 0.9) 5.5 (0.3, 10.7) 1.4 (-2.4, 5.1)  

  Chinese 317 -18.1 (-39.2, 3.0) 11.0 (1.9, 20.4) 3.6 (-1.1, 8.2)  

Men     

  White 1087 0.0 (ref) 0.0 (ref) 0.0 (ref)  

  Black 669 34.0 (16.6, 51.4) -0.6 (-6.6, 5.1) 4.3 (1.8, 7.3)  

  Hispanic 576 -13.7 (-33.4, 6.0) 0.3 (-4.9, 5.3) -1.4 (-4.0, 0.9)  

  Chinese 318 -8.7 (-31.6, 14.2) -1.9 (-13.3, 9.1) 4.0 (-0.5, 8.9)  

Model 2     

Women     

  White 1171 0.0 (ref) 0.0 (ref) 0.0 (ref)  

  Black 836 27.8 (12.2, 43.4) 0.0 (-0.3, 0.4) 7.7 (4.3, 11.6)  

  Hispanic 614 -26.8 (-46.1, -7.5) 0.0 (-1.6, 1.8) 6.1 (0.8, 12.3)  

  Chinese 317 -35.4 (-59.0, -11.7) 0.3 (-2.4, 3.4) 8.6 (1.7, 17.2)  

Men     

  White 1087 0.0 (ref) 0.0 (ref) 0.0 (ref)  

  Black 669 35.7 (17.6, 53.9) 0.3 (-0.8, 1.3) 3.1 (0.8, 6.1)  

  Hispanic 576 -19.7 (-41.5, 2.0) -1.8 (-5.2, 0.8) 1.8 (-0.9, 5.3)  

  Chinese 318 -13.4 (-39.2, 12.4) 3.0 (-0.2, 7.7) 8.2 (1.3, 17.0)  

Model 1 adjusted for age, education, income, smoking status, pack-years of smoking, body 

mass index, diabetes, total cholesterol, HDL cholesterol, anti-hypertensive medication use 

and statin use. Model for  PM2.5 further adjusted for  systolic blood pressure and diastolic 

blood pressure 

Model 2 further adjusted for metropolitan area 



 

CURRICULUM VITAE 

 

MIRANDA JONES 

615 N. Wolfe Street, Office W7513 

Baltimore, MD 21205 

Email: mijones@jhsph.edu  

 

EDUCATION AND TRAINING 

Johns Hopkins Bloomberg School of Public Health (JHSPH), Baltimore, MD 

Doctor of Philosophy in Epidemiology 9/2013 

Area of Concentration: Cardiovascular Disease Epidemiology   

Thesis: “Exposure to ambient air pollution as a potential 

explanation of ethnic disparities in atherosclerosis severity and 

progression” 

Johns Hopkins Bloomberg School of Public Health (JHSPH), Baltimore, MD 

Masters of Health Science in Epidemiology 5/2010 

Area of Concentration: Clinical Epidemiology   

Thesis: “Urine arsenic levels and hypertension endpoints in the 

2003-2008 National Health and Nutrition Examination Survey 

(NHANES)” 

University of Maryland, Baltimore County (UMBC), Baltimore, MD 

Bachelor of Arts in Health Administration and Policy 5/2008 

Area of Concentration: Public Health 

Minor: Sociology 

HONORS AND AWARDS 

Overall winner, Delta Omega Scientific Poster Competition, JHSPH 2012 

1
st
 place, Applied Science, Delta Omega Scientific Poster Competition, JHSPH 2012 

CVD Epidemiology Predoctoral Training Program, JHSPH 2010- 2013 

NHLBI Diversity Research Supplement, JHSPH 2009- 2010 

2
nd

 place, Applied Science, Delta Omega Scientific Poster Competition, JHSPH 2009 

PHS Kirschstein-NRSA Trainee Award, JHSPH 2008 

Maryland Delegate Scholarship Award 2008- 2013 

Maryland Senatorial Scholarship Award 2007- 2013 

RESEARCH EXPERIENCE 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Graduate Research Assistant 2011- 2013 

Perform data analysis of racial disparities and menthol cigarette use 

in the 1999- 2008 National Health and Nutrition Examination 

Survey (NHANES). The goal of this project was to assess 

differences in concentrations of cadmium, cotinine and lead by 

race/ethnicity and menthol cigarette use.   

 

 

 

mailto:mijones@jhsph.edu


112 

 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Graduate Research Assistant 2010- 2011 

Perform data analysis of 2005-2008 Healthcare Utilization Project 

(HCUP) Maryland state inpatient hospital data. The goal of this 

project was to assess the impact of the Maryland Clean Indoor Air 

Act on hospitalizations for acute myocardial infarction.   

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Graduate Research Assistant 2009- 2010 

Conduct systematic review and analysis of cross-sectional data of 

the association of arsenic exposure with hypertension in NHANES 

as part of NHLBI Diversity Research Supplement. 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Research Assistant  2008- 2011 

Manage databases and perform data analysis for the Secondhand 

Smoke Exposure among Bar and Nightclub Employees study. The 

goal of this project is to assess exposure to secondhand tobacco 

smoke among bar and nightclub employees in countries around the 

world. 

Project HEALTH, Baltimore, MD 

SOURCE Community Consultant 2008- 2009 

Conducted focus groups of providers in clinics that utilize Project 

HEALTH in Baltimore City. The goal of this project was to 

examine the barriers to provider referrals to the program and draft a 

communication system for provider feedback. 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Intern 2008 

Collected and analyzed data assessing secondhand smoke exposure 

in motor vehicles in Baltimore, MD as part of Diversity Summer 

Internship Program. 

Centers for Medicare and Medicaid Services, Baltimore, MD 

Intern 2007- 2008 

Analyzed and presented data on the cost effectiveness of traditional 

Medicare and preventative benefits in Medicare Advantage (MA) 

plans. Conducted fiscal soundness reviews on MA organizations 

and negotiated cost sharing of MA benefits. 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Intern 2007 

Analyzed preliminary data from the Secondhand Smoke Exposure 

among Bar and Nightclub Employees study using data from 

Baltimore and Guatemala City as part of Diversity Summer 

Internship Program.  

 

 

 

 



113 

 

 

University of Maryland, Baltimore County (UMBC), Baltimore, MD 

Research Assistant 2005- 2006 

Data collection and entry for the Health Aging in Neighborhoods of 

Diversity across the Life Span (HANDLS) study, which examined 

the association between neighborhood characteristics and health 

status in Baltimore. 

TEACHING EXPERIENCE 

Johns Hopkins University, Baltimore, MD 

Guest Lecturer Spring 2013 

Chemical Karma: From Pollution to Disease 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Teaching Assistant 1
st
 term 2011 

Epidemiologic Methods I 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Teaching Assistant 1
st
 term 2010 

Epidemiologic Methods I 

OTHER EXPERIENCE 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Graduate Assistant 2011 

Assist Program Director for Diversity Summer Internship Program. 

Responsibilities included assisting interns and facilitation of 

seminars and journal sessions. 

Cohen, Milstein, Sellers & Toll, PLLC, Washington, DC 

Consultant 2010- 2011  

Serve as tobacco epidemiologist for class action lawsuit evaluating 

health outcomes associated with smoking light compared to regular 

cigarettes. Responsibilities include reviewing study documents and 

providing consulting services. 

Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 

Diversity Ambassador 2009- 2013 

Conduct seminars and present in student panels for Diversity 

Summer Internship Program, meet with students upon request and 

assist Student Diversity Office with events for incoming and 

prospective students. 

Project Health, Baltimore, MD 

Program Coordinator 2007 – 2008 

Organized and administered volunteer training, and weekly 

seminars and reflection sessions at UMBC. Scheduled staffing and 

supervised Project HEALTH Family Resource Desk at St. Agnes 

clinic.  

 

International Service Learning, Central America 



114 

 

General Medicine Volunteer 2007 

Assisted multi-disciplinary health team providing basic and 

preventative health services to rural areas of Costa Rica and 

Nicaragua. 

Project Health, Baltimore, MD 

Family Resource Desk Volunteer 2006 – 2007 

Operated Family Resource Desk and collected and entered data for 

needs assessment survey for establishment of Family Resource 

Desk at Baltimore Medical Systems community care clinic at St. 

Agnes.   

Art and Drama Therapy Institute, Inc., Washington, DC 

Program Aide 2000  

Assisted Program Therapist with organizing and supervising 

activities and reporting progress of adults with physical and 

developmental disabilities at therapeutic day treatment center. 

PUBLICATIONS  

Peer-reviewed publications:  

Jones MR, Navas-Acien A, Yuan J, Breysse P. Secondhand tobacco smoke concentrations in motor 

vehicles: a pilot study. Tobacco Control 2009; 18(5): 399-404. 

 

Blanco-Marquizo A, Goja B, Peruga A, Jones MR, Yuan J, Samet JM, Breysse PN, Navas-Acien A. 

Reduction of secondhand tobacco smoke in public places following smoke-free legislation in Uruguay. 

Tobacco Control 2010;19(3): 231-234. 

 

Spector JT, Kahn SR, Jones MR, Jayakumar M, Dalal D, Nazarian S. Migraine headache and ischemic 

stroke risk: an updated meta-analysis. American Journal of Medicine 2010; 123(7): 612-624.  

 

Barnoya J, Arvizu M, Jones MR, Breysse P, Navas-Acien A. Secondhand smoke exposure in bars and 

restaurants in Guatemala City: Before and after smoking ban evaluation. Cancer Causes Control 2011; 

22(1): 151-156. 

 

Jones MR, Tellez-Plaza M, Sharrett AR, Guallar E, Navas-Acien A. Urine arsenic levels and 

hypertension endpoints in the 2003-2008 National Health and Nutrition Examination Survey 

(NHANES). Epidemiology 2011; 22(2): 153-161. 

 

Abhyankar LN, Jones MR, Guallar E, Navas-Acien A. Arsenic exposure and hypertension: A 

systematic review and meta-analysis. Environmental Health Perspectives 2012; 120(4): 494-500. 

 

Jones MR, Wipfli H, Shahrir S, Avila-Tang E, Samet JM, Breysse P, Navas-Acien A. Secondhand 

tobacco smoke: An occupational hazard for smoking and non-smoking bar and nightclub employees.  

Tobacco Control 2012 Jan 24. [Epub ahead of print]. 

 

Jones MR, Apelberg BJ, Samet JM, Navas-Acien A. Smoking, menthol use and peripheral arterial 

disease in the 1999-2004 National Health and Nutrition Examination Survey (NHANES). Nicotine & 

Tobacco Research 2013;15(7):1183-9 

 



115 

 

Jones MR, Apelberg BJ, Tellez-Plaza M, Samet JM, Navas-Acien A. Menthol cigarettes, race/ethnicity 

and biomarkers of tobacco use in US adults: The 1999- 2010 National Health and Nutrition 

Examination Survey (NHANES). Cancer Epidemiology Biomarkers and Prevention 2013;22(2):224-

32. 

 

Tellez-Plaza M, Jones MR, Dominguez-Lucas A, Guallar E, Navas-Acien A. Cadmium Exposure and 

Clinical Cardiovascular Disease: a Systematic Review. Current Atherosclerosis Reports 2013; 

15(10):356. 

 

Jones MR, Tellez-Plaza M, Navas-Acien A. Smoking, Menthol Cigarettes and All-Cause, 

Cardiovascular and Cancer Mortality: Evidence from the National Health and Nutrition Examination 

Survey (NHANES) and a Meta-Analysis. PLoS One (accepted September 2013). 

 

PRESENTATIONS  

Oral presentations: 

 “Assessment of Secondhand Smoke Exposure to Support and Evaluate Smoke-Free Environments” 

Global Tobacco Control Branch, CDC, Atlanta, GA.  Feb 2013 

“Testimony in Support of Senate Bill 30: Banning Smoking in Motor Vehicles with Young Passengers” 

Senate Judicial Proceedings Committee, MD State Senate, Annapolis, MD.  Feb 2013 

“Secondhand Smoke Exposure in Bars and Nightclubs Impacts Smoking Employees” 

International Society of Exposure Science, Baltimore, MD.  Oct 2011 

“Designing and presenting effective research posters” 

Seminar given for Diversity Summer Internship Program, JHSPH, Baltimore, MD.  Jul 2011 

“Designing and presenting effective research posters” 

Seminar given for Diversity Summer Internship Program, JHSPH, Baltimore, MD.  Jul 2010 

 “Urine arsenic levels and hypertension in U.S. adults” 

3
rd

 International Congress on Arsenic in the Environment, Tainan, Taiwan.  May 2010 

“Exposure to secondhand tobacco smoke in motor vehicles” 

Environmental Health Sciences Department annual retreat, JHSPH, Baltimore, MD.  Jan 2010 

“Designing and presenting effective research posters” 

Seminar given for Diversity Summer Internship Program, JHSPH, Baltimore, MD.  Jul 2009 

 

Poster presentations: 

“Ethnic Differences in Exposure to Air Pollution: the Multi-Ethnic Study of Atherosclerosis (MESA)” 

International Society for Environmental Epidemiology, Basel, Switzerland.  August 2013 

“Smoking, Menthol Cigarettes and All Cause, Cancer and Cardiovascular Mortality: Evidence from 

the National Health and Nutrition Examination Survey (NHANES)” 

AHA EPI/NPAM Conference, New Orleans, LA.  March 2013 

“Secondhand tobacco smoke: An occupational hazard for smoking and non-smoking bar and nightclub 

employees” 

Delta Omega Poster Competition, APHA Annual Meeting, San Francisco, CA.  October 2012 



116 

 

“Race/Ethnicity, Menthol Cigarettes and Biomarkers of Tobacco Use in US Adults” 

International Society for Environmental Epidemiology, Columbia, SC.  August 2012 

“Smoking, Menthol Cigarettes and Peripheral Arterial Disease in the 1999- 2004 National Health and 

Nutrition Examination Survey (NHANES)” 

AHA EPI/NPAM Conference, San Diego, CA.  March 2012 

“Secondhand Smoke Exposure in Bars and Nightclubs Impacts Non-Smoking and Smoking Employees” 

International Society for Environmental Epidemiology, Barcelona, Spain.  Sept 2011 

“Urine Arsenic Levels and Hypertension in the 2003-2008 National Health and Nutrition  

Examination Survey (NHANES)” 

Moderated poster, AHA EPI/NPAM Conference, Atlanta, GA.  March 2011 

“Urine Arsenic Levels and Hypertension Endpoints in the 2003-2008 National Health and  

Nutrition Examination Survey (NHANES)” 

Masters Poster Symposium, JHSPH, Baltimore, MD.  March 2010 

“Acute Coronary Events Following Enactment of Smoke-Free Legislations: A Systematic  

Review and Meta-analysis” 

AHA EPI/NPAM Conference, San Francisco, CA.  March 2010 

“Migraine headache and ischemic stroke risk: an updated meta-analysis” 

AHA Scientific Sessions, Orlando, FL.  Nov 2009 

“Use of Multilevel Modeling in the Association of Depression with AIDS Progressions” 

Methodological Challenges in Epidemiologic Research, JHSPH, Baltimore, MD.  May 2009 

“Secondhand Smoke Exposure in Motor Vehicles” 

International Society for Environmental Epidemiology, Pasadena, CA.  Oct 2008 

“Secondhand Smoke Exposure in Maryland Motor Vehicles” 

Diversity Summer Internship Program scientific poster session, Baltimore, MD.  Aug 2008 

“Secondhand Smoke Exposure among Bar and Nightclub Employees in Baltimore and Guatemala” 

Diversity Summer Internship Program scientific poster session, Baltimore, MD.  Aug 2007 

 

PEER REVIEW ACTIVITIES 

Referee for papers in the following Journals: 

BMC Public Health 

Environmental Health Perspectives 

Society for Research on Nicotine and Tobacco   

 

PROFESSIONAL MEMBERSHIPS 

American Public Health Association, Student Member    

International Society for Environmental Epidemiology, Student Member    

 

COMPUTER SKILLS 

Statistical Packages: STATA, R, SAS, SPSS, Mplus 

Geographical analysis: ArcGIS 

Reference Management:  Reference Manager, RefWorks, Endnote 

Other: QUOSA, Microsoft Office Suite, Adobe Photoshop 


