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Why worry about the effects of air 
pollution on health? 

• Historical context 

• Recent Research 

• Global context 

• Evolving understanding 

• Research needs 



What do we mean by air pollution? 

• Particles  

• Gases 

 

• Primary air pollutants 

• Secondary air pollutants 

 

• Point sources 

• Mobile sources (Traffic-related Air Pollution) 

 



Historical Context 

• Major air pollution episodes killed people 

• Dramatic improvements in US air quality 

• Evolving understanding of health effects 

 



Global Burden of Disease 

Lancet, 2012 
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Scientific Background 

 Air Pollution Linked to Cardiovascular and 
Respiratory Disease 

 Short-term and long-term exposures 

 

 Focus here primarily on long-term exposures 

 



 



Epidemiological Investigations 

 Early Observations 
 Meuse Valley, 1930 

 Donora, PA, 1948 

 London, 1952 

 

 Analytical Epidemiological Approaches 
 Ecological 

 Semi-individual (semi-ecological?) 

 Individual level studies 



 

Donora, PA  1948 



Los Angeles 1955 



Historical Pollution Episodes Established Temporal 
relationship between PM/Sulfates and Mortality 

 

 Combination of industrialization and weather conditions 

 Meuse Valley, Belgium 1-5 December 1930 

 60 people died in last 2 days (10x expected) 

 London Smog 5-9 December 1952 

 TSM reached 1500 µg/m3 

 12,000 Excess Deaths Attributed to Event 

 



Harvard Six Cities Study 
 Prospective Cohort Study 

 About 8000 subjects selected randomly 

 Six US Cities w/ differing air pollution 

 Subjects followed every two years 
 lung function and questionnaires 

 Ambient air exposures assessed from special fixed-
site monitoring stations 
 Particles, sulfates, gaseous pollutants 

 
     Dockery et al, NEJM 1993; 329:1753-9 





American Cancer Society 

Cancer Prevention II Study 

• 1.2 million adults recruited in 1982 

• Link to exposure data for 552,138 residing in 

metro area, based on zip code at entry 

• Vital status 1982-1998 

• Cox proportional hazards model 

– Metro area spatial differences random effect 

• 2 Updates of study first published in 1995  

Pope, JAMA, 2002;Circulation 
2004; 109: 71  



ACS Study 

Pope, JAMA, 2002 
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Exposure Data 

• EPA AIRS database 

 

• Annual Average Concentrations, year 2000 

 

• Pollutants:  

• PM2.5 (PM10, SO2, NO2, CO, O3) 

 

• Closest monitor within 30 miles of subject 
residential zipcode centroid 



Miller K et al. N Engl J Med 2007;356:447-458 

Average Concentrations of Fine Particulate Matter 
(PM2.5) Measured near the Homes of 65,893 Subjects 

(Year 2000) 



Miller K et al. N Engl J Med 2007;356:447-458 

Estimated Hazard Ratios for the Time to the First Cardiovascular Event or Death Associated with 
an Exposure Increase of 10 {micro}g per Cubic Meter in the Level of Fine Particulate Matter 

(PM2.5) 



Miller K et al. N Engl J Med 2007;356:447-458 

Level of Exposure to Fine Particulate Matter and the Risk 
of Death from Cardiovascular Causes in Women 



• PM2.5 associated with CVD events in 
postmenopausal women without prior CVD  
– Nonfatal, Fatal 

 

• Association of CVD events and chronic PM2.5  
exposure similar regardless of most established 
CVD risk factors  
– age, hypercholesterolemia, hypertension, diabetes 

 

• Increased risk among overweight, obese  
– Overall and central obesity may modify  

    risk of air pollution-related CVD events 
 

• Within-city spatial exposure heterogeneity 
contributes to risk of cardiovascular events 

 
 
 

 
 

 

 

Summary 



The Multi-Ethnic Study of 
Atherosclerosis and Air 
Pollution (MESA Air) 



MESA Air Primary Aims 
1. To prospectively examine the relation between 

an individual assessment of long-term air 
pollution exposures and the progression of 
subclinical CVD 

2. To assess the relation between individual 
assessments of long-term air pollution 
exposures and incidence of CVD events 



MESA Air Primary Aims 
1. To prospectively examine the relation between 

an individual assessment of long-term air 
pollution exposures and the progression of 
subclinical CVD 

2. To assess the relation between individual 
assessments of long-term air pollution 
exposures and incidence of CVD events 

3. To assess individual-level exposure to specific 
particulate and gaseous ambient-derived air 
pollutants 



Our Approach 

 Pair state-of-the-art cardiovascular 
epidemiology with state-of-the-art 
exposure estimation 

 Unusual dedication of resources 

 Encourage collaborations and promote 
opportunities for ancillary studies 

 MESA Air as research platform 



State-of-the Art Epidemiology 

 Multi-ethnic sampling strategy 
(Caucasian, African-American, Hispanic, 
Chinese-American) 

MESA Field Centers  Multi-city 

 (providing exposure 
heterogeneity) 

 ~7,000 ppts, 45-84 
yrs old, CVD-free at 
baseline 



Exposure Modeling Goals 

 Outdoor concentrations at all MESA Air 
participant residences 

 PM2.5, NO2, NOX, BC 

 Two-week scale 

 Can average up to desired time 

 1999 – 2012 



 Over-arching goal:  Most accurate 
estimate possible of each individual 
study participant’s exposure to air 
pollutants of interest over the period of 
study  

 Focus is on ambient air pollutants 

 Concentration vs. exposure 

 Emphasize sources of intra-area variation 
in pollutant concentration and exposure 

 

State-of-the-Art Exposure 
Assessment 



Outdoor  
Pollutant  

Measurements 

Indoor 
Pollutant  

Measurements 
Geographic 

Data 

Reported  
Housing 

Characteristics 

Observed  
Housing 

Characteristics 

Deterministic Models 

Spatio-temporal 
Hierarchical  

Modeling 

Infiltration  
Modeling 

Predicted 
Outdoor Concentrations 

at Homes 

Reported  
Time/Location 
Information 

Predicted 
Indoor Concentrations 

at Homes 

Weighted 
Average 

Personal Exposure 
Predictions for 
Each Subject 

     Measurements 
   
    Questionnaires 
   
    Predictions 



Approaches to Outdoor Spatial 
Concentration Modeling 

• Metro-wide annual averages 

• Nearest monitor 

• Distance to nearest roadway 

• Spatial interpolation 

• Dispersion modeling 

• Land-use regression 

• Hybrid approaches 

• Likelihood-based spatio-temporal modeling 



Outdoor Pollutant Monitoring 

 AQS Network Data 

 

 MESA Air Campaigns 

 Fixed Sites (26 locations, contiguous 
sampling for 4 yrs) 

 Home Outdoor (100 homes per city, 2x) 

 NOx Snapshot (100 locations per city, 3x) 



Monitoring Data: MESA Air 

 2005 – 2009 

 PM2.5, NO2, NOX, BC 

 2-week measurements 

 Fixed Sites  
 3 – 7 per city, 1 collocated with AQS site 

 Home Outdoor Sites 
 1 – 3 measurements from ~100 participant 

residence locations in each city 

 Snapshot Sites (NOX and NO2 only) 
 Clusters around roadways 

 

 

 



Fixed Sites & Home Outdoor 



“Snapshot” Set Up 





Infiltration Monitoring 



MESA Air Monitoring Campaigns 

 Collected 7,420 two-week samples 

 Over 2.3 million hours of active and passive 
air monitoring 

 Samples analyzed for PM2.5, LAC, NOx, O3, 
SO2, and metals 

 Ancillary studies add EC/OC, endotoxin, PM10 
at a subset of locations 



Geographic Inputs 

 Traffic volumes (via CALINE) 

 Land use (e.g., commercial/industrial) 

 Population density 

 Distance to coast 

 Vegetation index 

 Other variables (railyards, airports, ports, 
etc.) 



PM2.5 Predictions 
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PM2.5 Predictions 

1999 2001 2003 2005 2007 2009 2011
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NOX Predictions: 2000 Average 



NOX Predictions: 2000 Average 
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Coronary Artery Calcium (CAC) 

 CT Scan 

 Agatston 
Score 

 Associated 
with events 

 Associated 
with 
traditional 
risk factors 



 

 

 

Modeling Strategy 

 Model 1: Age, sex, race, site 

 Model 2: + smoking, second-hand smoke, adiposity, 

intentional exercise, cholesterol 

 Model 3: + neighborhood socioeconomic status 

(SES), income, education, employment status 

 Model 4: + hypertension, blood pressure, diabetes 

0 0 1 0 2

0 1 2 1 2
1

( )

[ ]

[ ( )( )] [ ]

kit ki ki ki

t

kit kit ki kit ki t kit kit
t

Y X Z a

X W b v v U

  

       


   

      

49 



Air Pollution Exposure 

 Primary exposures: PM2.5, NOX, NO2, and BC 

over period of follow-up 

 Two-week predictions aggregated up to nearest 

full year since baseline exam 

 Modeled baseline CAC includes term for year 

2000 exposure 

50 
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WFU

CU

JHU

UMN

NU

UCLA

10 20 30 25 75 125 10 30 50 0.5 1.5

       PM2.5                  NOX                  NO2                    BC  

     (µg/m3)               (ppb)                 (ppb)                (µg/m3) 

   
  LA 

NYC 

St. Paul 

Baltimore 

Chicago 

Winston-

Salem 

  
  

Overall  

IQR: 
   (12.9, 15.7)      (21.4, 57.3)         (11.8, 26.4)         (0.5, 1.2) 

 

 

Exposure Distribution by Site 



52 

Eligible: 7067 

Score at E1: 7057 

Have Follow-Up Scores: 6243 

2 Scores: 2660 

Last Score E2 or E3: 2335 

E4 Score: 123  

E5 Score: 202 
No Follow-Up 

1 Score: 814 

3 Scores: 2823 

Last Score E4: 301 

Last Score E5: 2522 

4 Scores: 760 

Last Score E5 

1 Score Used for 

Cross-Sectional 

Piece of Model: 

887  

2 Scores Used: 2712 

Last Score E2 or E3: 2394 

Last Score E4: 118 

Last Score E5: 200 

3 Scores Used: 

2719 

Last Score E4: 292 

Last Score E5: 2427 

4 Scores Used: 

739 

Last Score E5 

Coronary Revascularization: 166 

Before E2 or E3: 61 

Before E4: 32 

Before E5: 73 

8
1
4
 

3
3
 

2
6
2
7
 

2
7
1
1
 

1
1
2
 

2
1
 

7
3
9
 

7
3
 

8
5
 

8
 

Number of CT Scans by Exam 

E1: Baseline Exam, E2: Exam 2, E3: Exam 3, E4: Exam 4, E5: Exam 5 



Baseline Participant Characteristics by 

Exposure 

53 

Year 2000 PM2.5 (µg/m3) < 14.81 14.81-15.9 15.91-16.64 16.65-19.93 >19.93 

Baseline N 1364 1364 1352 1354 1362 

Baseline  Agatston score 165 (445) 123 (355) 168 (475) 146 (379) 125 (364) 

Progression (Agatston/year) 25 (57) 21 (51) 28 (68) 23 (51) 22 (55) 

Age (years) 61 (10) 62 (10) 63 (10) 63 (10) 63 (10) 

Male 50% 47% 48% 43% 47% 

  Caucasian 55% 39% 42% 46% 14% 

  African-American 4% 8% 3% 9% 35% 

  Chinese 6% 43% 45% 29% 11% 

  Hispanic 35% 10% 9% 16% 40% 

  Never 43% 49% 40% 46% 60% 

  Former 40% 37% 43% 39% 28% 

  Current 16% 13% 16% 14% 11% 

BMI (kg/m2) 29 (5) 29 (6) 29 (5) 28 (6) 27 (5) 

Systolic Blood Pressure (mmHg) 122 (21) 127 (20) 128 (21) 127 (22) 128 (23) 

HDL (mg/dl) 50 (15) 52 (15) 52 (15) 53 (16) 49 (14) 

Total Cholesterol (mg/dl) 198 (36) 194 (35) 191 (35) 193 (36) 196 (37) 

Hypertension 36% 49% 49% 45% 44% 

Statin Use 14% 15% 17% 17% 14% 

  Normal 75% 74% 75% 75% 66% 

  IFG 14% 13% 13% 13% 17% 

  Diabetic 11% 13% 12% 11% 17% 
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Risk Factor and Demographic 

Predictors of CAC Progression 
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Agatston units/year per IQR From minimally adjusted models  

including age, sex, race, and site 





Summary of Findings 

 

 

 

 

 Strong association between PM2.5 and NOX on 
CAC progression 

 Sensitivity analyses 

 Consistent results between model stages 

 Overall result attenuated compared to site-
adjusted 

 Effect Modification 

 Stronger associations in older adults and those 
with diabetes or hypertension 

 No evidence of effect modification by sex, 
cholesterol, obesity, or SES was observed. 
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Findings and Conclusions 

 

 

 

 

 Consistent evidence that long-term average 
predicted outdoor PM2.5 and NOX are associated 
with an increased progression rate of Coronary 
Artery Calcium 

 This measure of extent of atherosclerosis is 
strongly related to risk of both myocardial 
infarction and stroke 

 Strongly supports biological plausibility of 
increased risk of cardiovascular disease due to 
air pollutant exposures 

 Exposures occurred during period of declining 
PM exposures, but include range of 
concentrations still common 
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Extra Slides 

 
 



Copyright ©2010 American Heart Association 

Brook, R. D. et al. Circulation 2010;121:2331-2378 

Biological pathways linking PM exposure with CVDs 





Systemic Oxidative Stress and 
Inflammation 

 
 

Autonomic Nervous System 
Imbalance 

 

Ischemic Events Cardiomyopathy Arrhythmia Events 

   Air Pollution Exposures 
 

Particle Translocation 
 

 



Pulmonary Oxidative Stress 
and Inflammation 

 
 

Autonomic Nervous System 
Imbalance 

 

Ischemic Events Cardiomyopathy Arrhythmia Events 

   Air Pollution Exposures 
 

Particle Translocation 
 

 

Systemic Oxidative Stress and 
Inflammation 

 
 



Pulmonary Oxidative Stress 
and Inflammation 

 
 

Autonomic Nervous System 
Imbalance 

 

Ischemic Events Cardiomyopathy Arrhythmia Events 

   Air Pollution Exposures 
 

Particle Translocation 
 

 

Systemic Oxidative Stress and 
Inflammation 

 
 

Atherosclerosis 

Ischemic Events Cardiomyopathy Arrhythmia Events 

Altered Cardiac Structure and 
Function 

 

Thrombosis 



Pulmonary Oxidative Stress 
and Inflammation 

 
 

Autonomic Nervous System 
Imbalance 

 

Ischemic Events Cardiomyopathy Arrhythmia Events 

   Air Pollution Exposures 
 

Particle Translocation 
 

 

Systemic Oxidative Stress and 
Inflammation 

 
 

Atherosclerosis 

Ischemic Events Cardiomyopathy Arrhythmia Events 

Altered Cardiac Structure and 
Function 

 

Thrombosis 

Lipid / 
Carbohydrate 
Metabolism 

 

Hypertension 

Endothelial Function 

Vascular Compliance 



Systemic Oxidative Stress and Inflammation 
CRP, IL-6, fibrinogen 

 

ANS Imbalance 
Heart rate variability, retinal vascular caliber 

Metabolism 
Pericardial fat, diabetes, 
hepatic fat, lipid profile,  

 metabolic syndrome 
HOMA-IR  

Hypertension 
Blood pressure, 

hypertensive treatment 

Endothelial Function 
ICAM-1, VCAM-1, E-selectin, flow-
mediated brachial artery dilation, 

retinal vascular caliber, erectile 
dysfunction 

Atherosclerosis 
Coronary artery calcium (CAC), calcified coronary 

artery plaque, plaques with lipid core, 
extracoronary calcifications, intima-medial 
thickness (IMT), aortic and coronary wall 

thickness, ankle-brachial index, coronary artery 
remodeling, CABG, PCI 

Ischemic Events 
MI, ischemic stroke, ECG (Q wave), 

gadolinium enhancement 

Cardiomyopathy 
Congestive heart failure 

Peripheral Vascular Disease 
Ankle-brachial index, peripheral 

revascularization 

Altered Cardiac Structure and Function 
Ventricular mass and function, concentric 

remodeling, LV hypertrophy & papillary 
muscle mass, stroke volume, ejection 

fraction, cardiac output, ECG (QT,R waves, 
axis) 

Vascular Compliance 
Carotid and aortic distensibility, 
brachial   imaging,  radial pulse 
wave analysis – small & large 

vessel 

Thrombosis 
Fibrinogen, Factor VIII, 

PAI-1, Plasmin-
antiplasmin, D-Dimer, 
Von Willebrand factor, 
soluble tissue factor, 
tissue factor pathway 
inhibitor, thrombotic 

stroke 
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DE exposure: Mean change in systolic 
blood pressure from baseline  

Cosselman K E et al. Hypertension 2012;59:943-948 Copyright © American Heart Association 

Mean diesel exhaust effect on SBP. Mean difference between change (from pre-exposure) in SBP with DE 

exposure and change in SBP with FA exposure: a measure of the DE effect on SBP. The mean effect is positive 

at all of the time points, with peak difference (5.1 mm Hg [95% CI: 0.7–9.5]; P=0.02) occurring ≈60 minutes after 

exposure start. Error bars represent 95% CIs for the paired t test. 



DE, Blood Pressure, effect of alpha-
adrenergic blockade 
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Retinal Photography 

• Non-invasive, in vivo, 

method to 

characterize human 

microvasculature 

• Observes retinal 

vessels 100-300 μm 



Associations between retinal diameter and 
long- and short-term PM2.5 exposures 

Adar et al, PLoS Medicine, 2010 



Adar et al, PLoS Medicine, 2010 
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Systemic Oxidative Stress and Inflammation 
CRP, IL-6, fibrinogen 

 

ANS Imbalance 
Heart rate variability, retinal vascular caliber 

Metabolism 
Pericardial fat, diabetes, 
hepatic fat, lipid profile,  

 metabolic syndrome  

Hypertension 
Blood pressure, 

hypertensive treatment 

Endothelial Function 
ICAM-1, VCAM-1, E-selectin, flow-
mediated brachial artery dilation, 

retinal vascular caliber 

Atherosclerosis 
Coronary artery calcium (CAC), calcified coronary 

artery plaque, plaques with lipid core, 
extracoronary calcifications, intima-medial 
thickness (IMT), aortic and coronary wall 

thickness, ankle-brachial index, coronary artery 
remodeling, CABG, PCI 

Ischemic Events 
MI, ischemic stroke, ECG (Q wave), 

gadolinium enhancement 

Cardiomyopathy 
Congestive heart failure 

Peripheral Vascular Disease 
Ankle-brachial index, peripheral 

revascularization 

Altered Cardiac Structure and Function 
Ventricular mass and function, concentric 

remodeling, LV hypertrophy & papillary 
muscle mass, stroke volume, ejection 

fraction, cardiac output, ECG (QT,R waves, 
axis) 

Vascular Compliance 
Carotid and aortic  

distensibility, brachial  imaging, 
radial pulse wave analysis – 

small & large vessel 

Thrombosis 
Fibrinogen, Factor VIII, 

PAI-1, Plasmin-
antiplasmin, D-Dimer, 
Von Willebrand factor, 
soluble tissue factor, 
tissue factor pathway 
inhibitor, thrombotic 

stroke 

   Air Pollution Exposures 
(Particulate Matter and Traffic-Related Agents) 









Environmental Factors in 
Cardiovascular Disease 

• Disease Expression Can Usually Be Conceived 
of as Genes + Environment 

• Environmental Factors 

– Some well-evaluated and often-considered 

– Some less-thoroughly understood 

 

– “Lifestyle” factors vs. factors to which exposure is 
not a personal choice 

 



Air Pollution and the Cardiovascular 
System 

• Epidemiological Studies 
– Increasingly sophisticated and mostly consistent 

observations 
• From “cardiopulmonary” mortality in cohort studies and overall 

mortality in time-series studies 
• To verified cardiovascular events in cohort studies and case-

crossover studies 
• To clinically (or pathophysiologically) relevant subclinical measures 

in panel or cohort studies 

• Experimental Approaches 
– Animal Studies Using Relevant Models 
– Human Controlled Exposure Inhalation Studies  

• CAPS and DE 



Cardiovascular Events with Short-Term 
Air Pollutant Exposures  

• More Consistent 

– Myocardial Infarction 

– Stroke 

• Mostly ischemic? 

• Some Observations 

– Arrhythmias 

– Heart Failure 



Mechanisms Sought to Explain 

Epidemiological Observations 

• Short-term Increases in Pollutant Concentration 

Associated with Triggering of Acute Cardiovascular 

Events 

• Long-term Concentration Gradients Associated with 

Increased Risk of Cardiovascular Events 

 

• Appealing to consider common mechanisms, though 

common mechanism not necessary 



Research Needs 

• Understand biological mechanisms underlying 
effects 

• Understanding of most toxic components of the 
air pollution mix 
– Enable more cost-effective prevention measures 

• Understanding of most susceptible populations 
– Target prevention resources 

• Testing of interventions to reduce exposures and 
effects 
– Translate research into action 

 


