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Abstract
This commentary addresses some of the diverse questions 
of current interest with regard to the health effects of air 
pollution, including exposure-response relationships, toxicity 
of inhaled particles and risks to health, multipollutant mix-
tures, traffic-related pollution, accountability research, and 
issues with susceptibility and vulnerability. It considers the 
challenges posed to researchers as they attempt to provide 
useful evidence for policy-makers relevant to these issues. 
This commentary accompanies papers giving the results from 
the ESCALA project, a multi-city study in Latin America that 
has an overall goal of providing policy-relevant results. While 
progress has been made in improving air quality, driven by 
epidemiological evidence that air pollution is adversely af-
fecting public health, the research questions have become 
more subtle and challenging as levels of air pollution dropped. 
More research is still needed, but also novel methods and 
approaches to address these new questions.
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Resumen
Este comentario aborda algunos de los temas de interés actual 
en relación con los efectos de la contaminación del aire sobre 
la salud, tales como las relaciones exposición-respuesta, la 
toxicidad y riesgos para la salud de las partículas inhaladas, 
las mezclas de contaminantes múltiples, la contaminación 
relacionada con el tráfico, la investigación sobre responsa-
bilidad, y los problemas de susceptibilidad y vulnerabilidad. 
Considera los retos que se presentan a los investigadores que 
intentan proporcionar evidencia para los responsables políti-
cos en estas cuestiones. Este texto acompaña otros trabajos 
con resultados del proyecto ESCALA, un estudio en varias 
ciudades de América Latina que tiene como objetivo general 
proporcionar resultados relevantes para la política pública. 
Aunque ha habido avances para mejorar la calidad del aire, 
gracias a la evidencia epidemiológica de que la contaminación 
aérea está afectando negativamente a la salud pública, las 
preguntas de investigación se han vuelto más sutiles y difíciles 
a medida que los niveles de contaminación se reducen. Se 
necesita más investigación, pero también nuevos métodos y 
enfoques capaces de enfrentar estas preguntas.
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Serious research on the health effects of air pollution 
dates to the 1950s, following the London fog of 

1952 and other air pollution disasters.1,2 At that time, 
the motivating concern was the threat to public health 
of acute excess mortality during times of very high 

pollution. While this concern persists for much of the 
world’s population living in the growing number of 
polluted megacities in low- and middle-income coun-
tries, air quality control and changes in industry, motor 
vehicles, power plants, and other sources have greatly 
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Curves A and B both are linear, without threshold, but curve A has a 
steeper slope, indicating greater susceptibility. Similarly, comparing C and 
D, persons subject to dose-risk relationship C would have greater risk than 
those following D, which has a threshold

Figure 1. Hypothetical dose-risk relationships
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lowered air pollution concentrations in many high-
income countries. Nonetheless, even in these countries 
epidemiological studies continue to link current air pol-
lution levels to risk for adverse health effects, leading 
to a need for ongoing research to provide evidence for 
policy formulation.3-5 Additionally, levels of air pollution 
are currently reaching dangerous peaks in many of the 
megacities in Asia, and recently long unseen high levels 
of air pollution were measured in London and Paris.
	 This paper addresses the diverse questions of 
current interest with regard to the health effects of air 
pollution (table I). It considers the challenges posed to 
researchers as they attempt to provide useful evidence 
for policy-makers relevant to these questions. Appro-
priately this commentary accompanies papers giving 
the results from the ESCALA project, a multi-city study 
in Latin America that has an overall goal of providing 
policy-relevant results.
	 Over the decades, epidemiologists addressing air 
pollution and health have faced methodological chal-
lenges, resulting primarily from the non-specificity of 
outcomes linked to air pollution and the difficulties of 
exposure estimation. Because of this lack of specificity 
of the health outcomes of interest, researchers need to 
take into account the effects of other factors that may 
also contribute to the occurrence of the measure(s) 
under study. Such potential confounding is of concern 
for studies on both short- and long-term time frames, 
except for situations with abrupt changes in exposure 
–the London fog of 1952 representing an extreme 
example– that decouple potential confounders from 
exposure.6 There has already been substantial con-
sideration of methodological issues arising in epide-
miological studies of air pollution.7-9 This manuscript 
describe ongoing challenges as epidemiologists seek 
to address topics of greatest relevance to current policy 
formulation (table I).

Exposure-response relationship

The form of the exposure-response relationship at am-
bient concentrations is critical to formulating policies 
protective of public health (figure 1). Figure 1 presents 
several different exposure-response relationships which 
might lead to different policy choices. For example, the 
Clean Air Act in the United States calls for national 
standards for major pollutants that “… protect the public 
health with an adequate margin of safety.”10 If a thresh-
old can be identified (figure 1, curve D), then a standard 
set below the point of inflection would meet the Clean 
Air Act requirements and the degree of protection af-
forded would depend on the concentration at which 
the standard was set (figure 1). If risks for a susceptible 

population follow curve A, then a standard based on 
curve B might not adequately protect the susceptible 
group. For two major air pollutants, particulate matter 
(PM) and ozone (O3), the evidence for diverse outcomes 
has remained consistent with a linear relationship with-
out threshold,4,11-16 leading to regulatory strategies in 
the United States that attempt to minimize the burden 
of pollutant-attributable disease.17-19 
	 The challenge of describing exposure-response 
relationships at even lower concentrations is obvious, 

Table I

Current research questions on outdoor air 
pollution

•	 What is the form of the exposure-response relationship at current 
ambient levels?

	 • Is assumption of linearity appropriate?
	 • Is there a threshold?

•	 What determines the toxicity of inhaled particles? What are the 
sources of particles conveying the greatest risk to health?

•	 What are the risks of pollutant mixtures? How can they be 
assessed?

•	 What are the risks of exposure to traffic-related pollution?

•	 What public health gains have been made through pollution 
control?

•	 What factors determine susceptibility and vulnerability to air pollu-
tion?  What is the potential role of genetic factors? Of socioeconomic 
factors?
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	 Research on this topic needs to sort through the 
diverse health effects associated with general indicators 
of particulate matter and the array of related chemical 
and physical characteristics. To sift through the many 
potential associations of risk for adverse health effects 
with particulate matter characteristics, large data sets 
are needed, absent strong prior hypotheses. In the 
United States, the Environmental Protection Agency 
(EPA) implemented its Speciation Trends Network to 
provide a platform for research on this topic. The data 
were organized by the Health Effects Institute (HEI) 
as a starting point for planning research based in this 
network (https://hei.aer.com). 
	 Our team at Johns Hopkins used these data to 
address components of particulate matter and health. 
Initially, we explored the data descriptively to charac-
terize the extent of correlation among the components, 
given the common sources of many of them. Bell and 
colleagues33 showed that most of the variation in mass 
from day to day came from a limited number of compo-
nents, implying that potential toxicity of some compo-
nents might not be readily isolated from that of others. 
Further analyses addressed associations of components 
with hospitalization rates. The data on composition 
were used to explore risk-determining characteristics 
of particulate matter, using Medicare hospitalization as 
the outcome measure.34,35 The analyses identified nickel, 
vanadium, elemental carbon, along with organic carbon 
matter as associated with higher risk.36,37

	 These analyses, though based in large national 
databases, lacked sufficient power to disentangle the 
separate effects of mixture components. Continued data 
collection will facilitate further, more powerful analyses 
as the database grows. Ongoing collection of particle 
characteristics is to be encouraged to facilitate research. 
Developing robust evidence on the issue of particulate 
matter components will require multidisciplinary ap-
proaches that combine epidemiology and toxicology.

Characterizing the risks of multipollutant 
mixtures

The complexity of pollution mixtures, particularly in 
urban environments, has long been recognized, as have 
the associated challenges in characterizing the risks to 
health posed by mixtures. Typically, pollution mixtures 
vary across urban areas across the day, as traffic and 
stationary sources vary, and spatially, reflecting the dis-
tribution of sources. In the US and many other countries, 
regulations and control strategies have been directed at 
single pollutants (e.g., the “criteria” pollutants in the 
US). The World Health Organization has also published 
guidelines for major outdoor pollutants.5 While this 

reflecting the need for a sufficiently large study popula-
tion, the consequences of exposure measurement error, 
and the potential for uncontrolled confounding. Large 
sample sizes are needed, particularly in the setting of 
the inevitable misclassification of exposure to some 
extent. Measurement error has many sources and its 
consequences depend on the underlying patterns of 
error. Typical “non-differential” measurement error 
diminishes the signal-to-noise ratio, making it more dif-
ficult to detect an effect. Also challenging is distinguish-
ing alternative exposure-response relationships as in 
figure 1; curvi-linearity may also be of interest. Robust 
and flexible statistical methods have been proposed for 
characterizing exposure-response relationships and for 
taking measurement error into account.20-25 For obtaining 
sufficiently large sample sizes, investigators have turned 
to large health-care administrative databases and also 
pooled data sets from separate studies.15,16,26,27

	 For example, our team at Johns Hopkins used 
national databases for mortality and morbidity in time-
series analyses, thereby maximizing sample size and 
the potential to explore informative heterogeneity in 
effect estimates across the country.7,26,28,29 The mortality 
analyses were based on data for the 100 largest cities in 
the US, while the morbidity analyses used the records 
of the Medicare program, which covers most persons 65 
years and older. We also teamed with investigators in 
Canada and Europe to pool and analyze multi-countries 
time-series data with a common protocol, one goal being 
assessment of exposure-response relationships.4 Even 
analyses of such large databases may leave uncertainty 
on the key policy issues of the linearity of the exposure-
response relationship and the presence of a threshold. 

Sources and characteristics of particles
and risks to health

Airborne particles have diverse sources and vary sub-
stantially over space and time in physical and chemical 
characteristics. Most air quality standards for particulate 
matter use mass of airborne particles as the indica-
tor, thus lumping all particles equally, regardless of 
characteristics and sources. To move from mass-based 
standards towards more targeted strategies for man-
agement of particulate matter air pollution, evidence 
is needed that addresses whether particular particle 
characteristics or sources of particles increase the risk 
of inhaled particles. Over the last decade, motivated 
by this decision-making need, substantial research has 
been directed at this topic.30 It was highlighted as pivotal 
in the series of reports from the US National Research 
Council’s Committee on Research Priorities for Airborne 
Particulate Matter.31,32
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single pollutant strategy has proved successful so far, 
there is increasing recognition of the need for multipol-
lutant strategies.32

	 Dominici and colleagues38 commented on the 
challenges of carrying out research directed at multiple 
pollutants or at the toxicity of mixtures, rather than at-
tempting to isolate the effects of particular components 
through design or analysis. An initial requirement is the 
availability of data on multiple components that are rel-
evant to health. As mentioned, EPA’s Speciation Trends 
Network facilitates research on particulate matter char-
acteristics. There are not, however, national systems in 
place in the United States or elsewhere that characterize 
atmospheric mixtures on an ongoing basis. One approach 
is to intensely monitor within a defined geographic area 
and to investigate risks to health of residents within the 
area in relation to temporal and spatial variation in the 
mixture. This approach was followed in the ARIES study 
(Aerosol Research and Inhalation Epidemiology Study) 
in Atlanta.39-42 A comprehensive monitoring program 
for particulate matter and components and gaseous 
pollutants was established and various community-level 
morbidity and mortality indicators were tracked. 
	 Concern about the health effects of mixtures is not 
new and the complexities of investigating the health 
risks of mixtures using epidemiological and toxicologi-
cal approaches have long been recognized. Even assess-
ing interactions between two components of a mixture 
has proved challenging.43 Nonetheless, research on 
mixtures is needed to better characterize those sources 
contributing to the ongoing burden of morbidity and 
mortality associated with urban air pollution.

Understanding the risks of traffic-related 
pollution

Over the last several decades, substantial evidence has 
accumulated linking exposure to air pollution from 
traffic with a wide range of adverse effects.44 A system-
atic review on the topic by the HEI reached the overall 
conclusion that “…traffic-related emissions affect ambi-
ent air quality on a wide range of spatial scales, from 
local roadsides and urban scales to broadly regional 
background scales.“44 The review also found sufficient 
evidence to conclude that there is a causal relationship of 
traffic exposure with exacerbation of asthma. Evidence 
was judged suggestive of causation for a number of 
other health outcomes. The possibility that exposure 
to traffic-related air pollution harms public health has 
potentially profound and far-reaching implications for 
the design of cities and transportation planning.45 Re-
search on the topic needs to bring greater certainty to 
the evidence, given these implications, and to enhance 

understanding of how the mixture of traffic-related 
pollutants damages health. 
	 The principal challenge to epidemiological research 
on traffic lies in exposure characterization. Traffic-related 
pollution comprises a heterogeneous mixture that varies 
in composition on brief time frames and over short dis-
tances. Fresh vehicle emissions contain immense numbers 
of small particles, 10-20 nanometers in aerodynamic di-
ameter at their formation; as distance from the roadway 
increases, the particles quickly grow in size through 
agglomeration and change in composition through loss 
of volatile components and chemical transformations.46 
The exposures received indoors, presumably directly 
leading to the associated risks, reflect further changes to 
the mixture. 
	 Research on traffic continues, using both epide-
miologic and toxicologic approaches. Epidemiologists 
are using modeling approaches to develop indicators 
of exposure at locations of residences; this approach is 
feasible but needs to be complemented by more in-depth 
exposure characterization to generate the evidence-
base for air quality management.47,48 Toxicological ap-
proaches involve the exposure of animals to real-world 
traffic pollution, using mobile exposure facilities. This 
line of investigation is useful for better understanding 
mechanisms of injury.

Accountability research

In the face of generally improving air quality in a num-
ber of countries, including the United States, govern-
ments have been asking for estimation of the resulting 
public health gains. So-called “accountability research” 
has the objective of characterizing such gains, whether 
from shorter-term or longer-term initiatives to improve 
air quality. Several examples of such research are 
widely cited: the studies by Pope on the consequences 
of the interruption of the operation of a steel mill in the 
state of Utah in the United States49-51 and the tracking 
of mortality in Dublin, Ireland and then other cities 
in Ireland after the implementation of a ban on coal 
burning.52,53 Such studies of interventions, particularly 
if implemented abruptly, have the potential to provide 
evidence for a causal association by decoupling the 
change in air pollution from other factors that may 
confound the association. 
	 In 2003, the HEI published Communication 11, As-
sessing health impact of air quality regulations: Concepts 
and methods for accountability research.6 The monograph 
defined the concept of accountability and accountability 
research; set the historical and regulatory context for 
its application; considered methodological issues; and 
offered a research agenda for accountability. While not 
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explicitly defining accountability, it offered a general 
framework, the “chain of accountability”, for consider-
ing accountability research and the implication of its 
findings (figure 2). The HEI also initiated a program of 
accountability research.
	 A review of the resulting studies funded by HEI 
highlighted the potential limitations of accountability 
research, particularly for providing clear evidence of 
benefits.54 Across a diverse portfolio of studies, power 
had proved to be a key limitation, particularly as in-
terventions had led to smaller effects than anticipated 
in the design of the accountability studies. There was 
also a blurred distinction between evaluation of inter-
ventions and research that would generate new and 
deeper understanding of air pollution and health. Rec-
ommendations for further accountability research were 
offered in a report of a workshop held by the HEI.53 The 
recommendations point to methodological needs as well 
as refining those circumstances in which accountability 
research might be considered. 

Susceptibility and vulnerability

Although often used interchangeably, susceptibility 
and vulnerability should be considered as distinct: 
susceptibility implies a greater risk for outcome at any 
particular level of exposure while vulnerability refers to 
a greater likelihood of being exposed or having higher 
exposure.55 With regard to susceptibility, genetic factors 

are a current focus but emphasis has long been given 
to age (e.g., infants and children, and the elderly) and 
to underlying disease status (e.g., asthma, chronic 
obstructive pulmonary disease [COPD], and coronary 
heart disease). For vulnerability, socioeconomic status 
has been of interest. Those with lower income are more 
likely to live near point sources of pollution and busy 
roadways and consequently to be exposed to higher 
concentrations than the more affluent.56 This issue of 
vulnerability fits under the general concept of “envi-
ronmental justice”.57 

	 Now, there is rising interest in genetic factors 
that may affect susceptibility to air pollution. The 
understanding of mechanisms by which air pollu-
tion causes disease, such as oxidative injury and 
multistage carcinogenesis, provides some insights as 
to genes that may determine susceptibility. Research 
has been directed at genes and the respiratory58 and 
cardiovascular effects59 of air pollution. The AIRGENE 
Study, for example, is a multi-center European study 
addressing gene by environment (air pollution) inter-
actions and the oxidative response in survivors of a 
myocardial infarction.60 Gilliland has addressed the 
implications of genetic determinants of air pollution 
effects in children with asthma; he comments on the 
complex clinical, public health, and regulatory im-
plications of genetically determined susceptibility to 
air pollution in the large population of children with 
asthma.61

Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links indicate possible directions of 
influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge gained from accountability assessment 
can provide valuable feedback for improving regulatory or other action
Adapted from Health Effects Institute (HEI) Communication 11,  Assessing health impact of air quality regulations: Concepts and methods for accountability 
research6

Figure 2. Chain of accountability
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	 Susceptibility and vulnerability are considered in 
setting air quality standards. The US Environmental 
Protection Agency always considers susceptibility and 
vulnerability in revising the National Ambient Air 
Quality Standards (NAAQS), which cover the major 
pollutants. Susceptibility across the population needs 
consideration in setting concentration limits for pollut-
ants in outdoor air. Vulnerability needs to be considered 
in developing control strategies. 

Conclusions

Remarkable progress has been made in improving air 
quality in many cities and regions of the world. This 
progress has been driven by epidemiological evidence 
that air pollution is adversely affecting public health. 
Research questions have become more subtle and chal-
lenging as levels of air pollution have dropped in some 
countries (table I). More research is still needed, but new 
methods and approaches are required for the new ques-
tions. In those places where air pollution concentrations 
exceed WHO guidelines, at times many-fold, urgent 
action is needed to control sources and to assure that 
the pollution does not worsen. 
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