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• Exposure Assessment

• Health Impact Assessment
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Donora Smog (1948)



London Smog (1952)



NYC Smog (1966)



Examples of Catastrophic Air Pollution

• 1911 in London – 1,150 died from effects of coal smoke. The 
term “smog” was coined to describe the mix of smoke and fog 
that hung over London at the time

• 1948 in Donora, Pennsylvania – 20 died and over 6,000 were ill 
from smog emitted from community’s steel mill, zinc smelter, 
and sulfuric acid plant

• 1952 in London – Caused by a severe air inversion resulting in 
a build up of SO2 and PM. Over 4,000 deaths

• 1966 in New York City – 168 people died from air pollution



Clean Air Act

• Signed into law in 1963, amendments in in the 70s and 90s

• One of the most comprehensive air quality laws in the world

• Established the HAPs and CAPs
• HAPs: Hazardous Air Pollutants: a list of 170+ chemicals considered harmful to 

human health

• CAPs: Criteria Air Pollutant: six high priority air pollutants with common point 
sources (ozone, particulate matter, lead, carbon monoxide, sulfur oxides, and 
nitrogen oxides)



Particulate Matter (PM)

• A complex air mixture of solid particles 
and liquid droplets. Components 
include:
• Acids (nitrates, sulfates)
• Organic chemicals
• Metals
• Soil, dust particles

• Common sources:
• Primary emissions: dust, fuel combustion, 

motor vehicles, industrial processes, fires
• Secondary formation in the atmosphere 

(chemistry!)

• PM is grouped into size-dependent 
categories:
• Inhalable coarse particles (PM10)
• Fine particles (PM2.5)

Adapted from Kioumourtzoglou (2019)



Air Pollution Epidemiology

• Associations between exposures of air pollution and health 
endpoints

• Methods are somewhat complex, but can be roughly divided 
into two categories:
• Short-term (acute) effects

• Long-term (chronic) effects



Methods for Air Pollution Epidemiology

• Studies of short-term exposure (hours-days)
• Episode
• Population-based daily time-series
• Panel-based acute exposure
• Case-crossover

• Studies of long-term exposure (years-decades)
• Population-based cross-sectional
• Cohort-based mortality
• Cohort- and panel-based morbidity
• Case-control studies
• (Population based monthly/annual time-series)

• Intervention/natural experiment (months-years)

• Controlled experimental human and animal

Adapted from C. Arden Pope III (2016)



Time-Series Epidemiology

• Usually addresses short-term, acute effects of air pollution

• Involves analysis of a series of daily observations of air 
pollution and health data

• Widely used and economical approach, often utilizing readily-
available data

• Most air pollution epidemiology studies have followed this 
design



Daily Time-Series Studies



Poisson Regression

• Counts of independent and random occurrences classically modeled as 
being generated by a Poisson distribution:

• One form of a log-linear model

Adapted from C. Arden Pope III (2016)



Studies are not just daily!



Panel-Based Acute Exposure

• Panel study: a longitudinal study of a cohort of people with 
multiple measures over time

• Different from a normal cohort study:
• Limited sampling with respect to exposure

• No guarantee of specific outcome (or lack of outcome)

• In fact, disease/outcome of interest are not specified

• They are just a group of people progressing through time towards 
undetermined outcomes...

• Statistical analysis: mixed effect models





Cohort-Based Mortality

• Address longer-term, more chronic effects

• Approach:
• Large populations in multiple cities enrolled and then followed for 

many years to determine disease or mortality experience

• Must control for potential “spatial” confounders, 
e.g., smoking, income, race, diet, occupation

• Assessment of confounders at individual level is an advantage over 
cross-sectional, “ecologic” studies

• $$$



Cox Proportional Hazards Survival Model

• Cohort studies of ambient air pollution have commonly used a Cox model to relate 
survival experience to exposure while simultaneously controlling for other well known 
mortality risk factors.

• The model has the form:

Adapted from C. Arden Pope III (2016)





Harvard Six Cities Study

• 14-16 year prospective follow-up of 8,111 adults living in six 
U.S. cities

• Monitoring of TSP PM10, PM2.5, SO4, H+, SO2, NO2, O3

• Data analyzed using survival analysis, including Cox 
Proportional Hazards Models

• Controlled for individual differences in: age, sex, smoking, BMI, 
education, occupational exposure.

Adapted from C. Arden Pope III (2016)



Harvard Six Cities Study











• All of Medicare from 2000-2012

• 60,925,443 Medicare beneficiaries

• 460,310,521 person-years of follow-
up

• HR = 1.08

Adapted from C. Arden Pope III (2016)



C. Arden Pope III (2016)





Exposure Assessment

• We need air pollution measurements for air pollution epi

• How do we measure air pollutant concentrations?

• Historically, we used monitoring data



AQS Monitors in the United States (PM2.5)

https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-monitors

https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-monitors


AQS Monitors in New York State (PM2.5)

https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-monitors

https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-monitors


Prediction Models

• Increasing use of prediction models to reduce exposure measurement error 

and include populations in areas without monitors

• Models predict both spatial and temporal changes in air pollution

• Initially, models were “simple”

• Land use regression models 

• Generalized additive mixed models 

• More recently, more sophisticated models

• Fuse remote sensing data, predictions from chemical transport models, etc.

• More robust methods for higher predictive accuracy (e.g. random forests, neural 

networks, ensembles)

• Higher spatial and temporal resolution



How do these models work?

• Mathematical representations of the planet

• Starts with the basics:
• Thermodynamics

• Blackbody radiation

• Atmospheric chemistry

• Cloud microphysics

• Each adds his/her own “sophisticated” parts into the mix…





The Community Multiscale Air Quality 
Model (CMAQ)

• Atmospheric dispersion model developed 
by US EPA

• Goal is to address regional air pollution 
problems

• 12x12 km2 grids



Fused Air Quality Surface Using 
Downscaling (FAQSD)

• Combines AQS (monitor) and CMAQ (modeled) outputs

• Uses a Bayesian space-time downscaler model to “fuse” the 
two sets of data

• 12x12 km2 grids



CDC Wide-ranging Online Data for 
Epidemiologic Research (CDC WONDER)

• Database of public health 
information provided by CDC

• Included are daily PM2.5
predictions

• Links satellite-derived and 
spatially interpolated ground-
based PM2.5 using linear 
regression

• 10x10 km2 grids

• Available from 2003-2011



Statistical Satellite-Based PM2.5 (Emory)

• Model developed by Yang Liu’s group 
at Emory University

• Statistical model that combines 
satellite aerosol optical depth (AOD), 
land use, traffic, and meteorological 
data using machine learning (random 
forest algorithm)

• 1x1 km2 grids



Prediction Models in Health Studies

• Many groups are developing these models for exposure assessment in 

epidemiologic studies

• To date, most health studies use predictions from a single model to assign 

exposures

• PM2.5 and Mortality (Kloog, Epidemiology, 2013)

• Long-Term Ozone and Mortality (Turner et al, AJRCCM, 2016)

• Air Pollution and Mortality in the Medicare Population (Di et al, NEJM, 2018)



Prediction Models in Health Studies

• Results of these papers are used to inform regulations

• But…are these models telling the same story?

• Exposure measurement error?

• Are variations in space (e.g. urban vs. rural) different by prediction model?

• How about in time (e.g. seasons?)



One Story, Five Ways

• PM2.5 and cardiovascular admissions over NY State, 2002-2012

• Five exposure datasets

• Goal: assess sensitivity of health effect estimates on the choice of different 
prediction models for exposure assessment



Methods

• Exposure assessment

• Five daily county-average PM2.5 datasets: AQS, CMAQ, AQS + CMAQ Fused, CDC WONDER, 

Emory model

• Meteorological data from NASA 

• Outcome assessment: daily inpatient cardiovascular admissions from NYS 

DOH

• On average, 7 admissions per day per county

• Statistical analysis: Poisson regression models

• Indicator variables for counties and day of week

• Temperature (3 df), relative humidity (3 df), and long-term and seasonal trends (4 df

per year)



Results

AQS CMAQ Fused CDC Emory

AQS 1.00

CMAQ 0.52 1.00

Fused 0.89 0.61 1.00

CDC 0.83 0.49 0.86 1.00

Emory 0.90 0.52 0.92 0.85 1.00

AQS CMAQ Fused

CDC Emory







Conclusions

• Significant, positive associations between PM2.5 and cardiovascular 

admissions for all (but one) model

• Some fluctuation in effect estimates depending on analysis type

• Differences could be due to measurement error

• However, conclusion remains the same!

• Effect modification:

• Spatial: higher estimates in more urban areas

• Temporal: generally higher estimates in fall/winter, but some differences 

across models



C. Arden Pope III (2016)



Health Impact Assessments

• Mortality estimate from the following equation:

• 𝑴 = 𝑴𝒐 × 𝑷 × (𝟏 − 𝒆
−𝑪𝑹𝑭×𝑪)

Where 
𝑀 = change in the number of deaths

𝑀0 = baseline mortality rate

𝑃 = population

𝐶𝑅𝐹 = concentration-response function (slope of the log-linear relationship between 
concentration and mortality)

𝐶 = change in air pollution concentration







Take-Home Messages

• Air pollution remains a major problem today, in both 
developed and developing countries

• There are numerous methods in the air pollution 
epidemiologist’s toolbox: key is to know when to use what

• The PM2.5-health association is very robust, and likely causal

• Prediction models are being used as the exposure in air 
pollution epi studies to reduce exposure measurement error

• A strong health impact assessment relies on all of the above, 
and more



Questions?


