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∗ Higher and worsening concentrations observed in 
densely-populated areas of South and East Asia 
(Parrish et al. 2012; Cooper et al. 2014)

What Makes Ozone Important?



Source: Cooper et al. 2014





∗ Ozone has not seen nearly the same decreases as in 
other pollutants in many parts of the United States, 
particularly in more polluted areas such as Southern 
California (Gauderman et al. 2015) 

∗ American Lung Association estimates 116,000,000 
people live in areas exceeding the National Ambient 
Air Quality Standard for ozone (70 ppb)

Importance Cont’d



Ozone Compared to Other Pollutants in Five 
Southern California Communities

(Source: Gauderman et al. 2015)



∗ Complex atmospheric chemistry that depends on 
sunlight creates complex spatiotemporal patterns 
that operate at meso (regional) and micro (within-
city) scales

∗ Often follows a mirrored pattern with NO2 which has 
many documented health effects at the micro scale

What Makes Ozone Health Effects 
Hard to Study?



National Ozone Map 2008 EPA Downscaler Model: 
Large Area Regional Variations



Inverse Association of Ozone with 
Nitrogen Dioxide Sacramento, CA 

Preliminary Results Su, Jerrett, Ritz
R = -0.55



∗ Pattern of exposure different than most other pollutants in 
relation to possible social confounders, both individual and 
in neighborhoods

∗ Often higher in suburban areas and in green areas such as 
parks  - areas with higher SES (Su, Jerrett et al. 2011)

∗ Ozone often competes against other variables that 
positively affect health (individual education, income, 
occupation, obesity or area green space or lower crime)

Hard to Study (Cont’d) 





∗ Included 45,231 women who lived in any of 56 U.S. 
metropolitan areas who had complete BMI 
information at baseline (1995)

∗ Incident cases of type 2 diabetes were ascertained by 
self-report of doctor-diagnosed diabetes at age 30 or 
older during follow-up validated in sub-study of 
medical records till 2011

∗ Used EPA Downscaler ozone estimates 2007-2008 
∗ Cox Proportional Hazards model

Black Woman’s Health Study



Effect of Individual Variables on HRs

parental hx DM = parental history of diabetes; BMI = body mass index; HR = hazard ratio; SES = socioeconomic status



Concentration-Response Plot



Interaction Plot of O3 by NO2



∗ Complex pattern of spatial confounding in the 
association between ozone and health

∗ Complex chemistry and interaction with NO2 has 
strong spatial component

∗ Substantive knowledge about spatial distributions of 
the pollutant, co-pollutants, and social variables 
critical to detect the association

Key Analytic Points



Integrated Science Assessment 
(Source: EPA 2013)



Long-term Effects



∗ Searched PubMed database with keyword “ozone health 
effects” and “Air pollution health effects review”

∗ 602 entries scanned for relevance by title going back to 
2016

∗ Selected relevant ones from those and did an abstract 
review (N =121)

∗ Contacted numerous colleagues involved in ozone health 
effects research

∗ Focused on newer evidence, but also evidence likely to 
influence causal determinations in the next Integrated 
Science Assessment conducted by EPA

Methods for Literature Review





Cardiovascular 

Respiratory 



Table 1. Weekly & long-term air pollution concentrations
by city and area of high or low O3 concentrations. Data
are presented as mean (SD).

Respiratory Effects of ozone 
Exposure in Greek Children

Athens Thessaloniki

Environmental
indicator

Low
(n=37)

High 
(n=60)

Low
(n=32)

High 
(n=57)

O3 personal 
measurements 
(weekly; μg/m3)

8.2 
(6.7)

10.8 
(7.8)

4.7 
(4.8)

5.9 
(6.6)

Calibrated outdoor 
long-term O3 
exposure (μg/m3)

44.9 
(19.7)

89.8 
(35.7)

21.1 
(10.7)

36.6 
(28.3)

O3 outdoor at 
schools (weekly; 
μg/m3)

45.9 
(14.7)

64.3 
(20.1)

35.2 
(20.7)

45.6 
(19.4)

O3 at fixed sites 
(weekly; μg/m3)

24.6
(13.8)

63.8 
(16.4)

36.3 
(16.7)

41.3 
(18.5)

PM10 at fixed sites 
(weekly; μg/m3)

28.9 
(7.4)

23.1 
(7.1)

18.9 
(3.8)

21.0 
(9.3)

 Panel study with 97 10-11 year 
old students of state elementary 
schools from Athens and from 
Thessaloniki, Greece (N = 176). 

Field work during the academic 
year 2013-14. Five intensive field 
work weeks: two in fall; one in 
winter; two in spring/summer 
period. 

 Exposure: Weekly personal O3

measurements for 5 weeks & 
Calibrated outdoor long-term 
exposure



∗ Evidence base strengthened since last Integrated Science 
Assessment review

∗ Determination of a causal relationship between ozone and 
short-term respiratory effects unlikely to change

∗ Cardiovascular disease (CVD) effects may be upgraded to 
likely to be causal or causal depending on toxicology, 
chamber, quasi-experimental  evidence

Short-term Effects



∗ Several major studies have appeared in the past 3 
years on ozone and mortality

∗ American Cancer Society Cancer Prevention II study 
(ACS CPS II) with extended follow up and vastly 
improved exposure assignment

∗ Canadian Census Health and Environment Cohort 
(CanCHEC)

∗ Harvard Medicare Study

Evidence on Long-term Mortality



∗ Bigger sample sizes more than 60,000,000 in the 
Harvard study, more than 2,500,000 in CanCHEC and 
670,000 in ACS

∗ Previous largest study was Jerrett et al. (2009) 
440,000

∗ Improved exposure modeling with machine learning, 
remote sensing and ground data

∗ Better control for co-pollutants
∗ Worse control for individual confounders

Key Characteristics 
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ACS CPS II New Findings



ACS CPS II Study Population
∗ 669,046 CPS-II participants
∗ 237,201 all-cause deaths (1982-2004)



Methods

∗ O3 concentrations
∗ EPA Bayesian space-time hierarchical model (2002-2004)

∗ Mean annual daily 8-hour maximum 
∗ 36 x 36 km grid level

∗ PM2.5 concentrations
∗ National-level hybrid land use regression (LUR) and Bayesian maximum 

entropy (BME) interpolation model (1999-2004) 50 m grid

∗ Statistical Analysis – Cox proportional hazards regression

∗ Control applied for 44 individual (e.g., smoking, occupation, 
education, nutrition) and 17 ecologic (e.g., unemployment, air 
conditioning, poverty, temperature) confounders in multilevel 
Cox models



Mean annual daily 8-hour maximum O3 concentrations, 
Hierarchical Bayesian Space Time Modeling System, US, 2002-

2004 



Multi-Pollutant Models (per 10 units)

Key Points: 
Now see ozone effects for all cause, circulatory and   
cardiovascular even with control for co-pollutants and 
54 confounders
Respiratory effects are much larger than in Jerrett et al. 
(2009)



Threshold Present for
Respiratory Mortality

∗ Respiratory mortality
∗ 34-35 ppb annual O3 (p = 0.002)





∗ All Medicare participants (n=67,682,479) in the continental 
United States from 2000 to 2012

∗ Outcome: all-cause mortality
∗ Cox proportional hazards model
∗ Covariates: 

∗ Date of death, age of entry, year of entry, sex, race, whether 
eligible for Medicaid (proxy for SES), and ZIP code of 
residence

∗ Numerous ecological variables for SES, lifestyle, 
demography, and medical care 

Methods Summary 

SES = socioeconomic status



Exposure assessment

∗ Cross-validated correlation: 
∗ R2=0.84 for PM2.5

∗ R2=0.76 for ozone on held out monitors

Neural network: 
satellite-based measurements, simulation outputs from a chemical 
transport model (CTM), land-use terms and other ancillary data 

OzonePM2.5



Results

∗ 10 ppb increase in ozone ~ 1.1% increase in mortality
∗ 10 ppb increase in ozone ~ 1.0% increase in mortality below 50 ppb



∗ Canadian Census Health and Environment Cohort
∗ N= 2,521,525
∗ 16 year follow up from 2001 onward
∗ Linked to mortality and tax files
∗ BUT no direct information on smoking, BMI, etc. so indirect 

adjustments made
∗ Ozone modeled with chemical transport model from 

Environment Canada
∗ Cox proportional hazards used for associative evaluation

BMI = body mass index



38



39

Joint Non-Linear Three Pollutant Relative Risk Model
(2001 CanCHEC Non-Accidental Mortality)

Source: Burnett personal communication



∗ 3 very large cohorts all show ozone effects on total 
mortality, and some on CVD mortality, diabetes, and 
respiratory mortality

∗ Effects not confounded by co-pollutants of PM2.5 and 
NO2

Synthesis of Results on Long-term 
Exposure and Mortality

CVD = cardiovascular disease



∗ Huge increase in studies from Asia on short-term effects generally 
corroborating findings from earlier European and North American studies, 
with a few exceptions

∗ Strengthens overall evidence of short-term effects on cardiovascular and 
respiratory disease

∗ Substantial increase in long-term effects on mortality from large studies in 
areas of relatively low exposure

∗ Evidence of thresholds that are well below the current regulatory 
standard

Overall Conclusions



∗ Growing evidence of cardiometabolic effects (particularly 
diabetes and metabolic biomarkers), both short term and long 
term

∗ Stronger evidence of central nervous system and psychiatric 
effects

∗ Panel designs, quasi-experimental studies and long-term studies 
emphasize importance of high quality exposure assessment

∗ Some evidence of effect modification by age, gender, race, 
ethnicity, obesity, area deprivation, and weather patterns

Conclusion (Cont’d)
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