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Abstract

To address limitations of observational epidemiology studies of air pollution and health effects,
including residual confounding by temporal and spatial factors, several studies have taken
advantage of ‘natural experiments’, where an environmental policy or air quality intervention has
resulted in reductions in ambient air pollution concentrations. Researchers have examined whether
the population impacted by these air quality improvements, also experienced improvements in
various health indices (e.g. reduced morbidity/mortality). In this paper, | review key accountability
studies done previously and new studies done over the past several years in Beijing, Atlanta,
London, Ireland, and other locations, describing study design and analysis strengths and
limitations of each. As new ‘natural experiment’ opportunities arise, several lessons learned from
these studies should be applied when planning a new accountability study. Comparison of health
outcomes during the intervention to both before and after the intervention in the population of
interest, as well as use of a control population to assess whether any temporal changes in the
population of interest were also seen in populations not impacted by air quality improvements,
should aid in minimizing residual confounding by these long term time trends. Use of either
detailed health records for a population, or prospectively collected data on relevant mechanistic
biomarkers coupled with such morbidity/mortality data may provide a more thorough assessment
of if the intervention beneficially impacted the health of the community, and if so by what
mechanism(s). Further, prospective measurement of a large suite of air pollutants may allow a
more thorough understanding of what pollutant source(s) is/are responsible for any health benefit
observed. The importance of using multiple statistical analysis methods in each paper and the
difference in how the timing of the air pollution/outcome association may impact which of these
design features is most important is also discussed. Based on these and other lessons learned,
researchers may provide a more epidemiologically rigorous evaluation of cause-specific health
impacts of an air quality intervention or action.
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INTRODUCTION

Numerous studies have reported associations between air pollution and cardiorespiratory
mortality and morbidity,1-> primarily focusing on respiratory outcomes (e.g. asthma
exacerbation, asthma incidence, wheezing), cardiovascular outcomes (e.g. myocardial
infarction, stroke, arrhythmia, heart failure), and lung cancer. More recently they have also
studied reproductive (e.g. preterm birth, fetal growth restriction, stillbirth, pregnancy
complications) and neurologic outcomes (e.g. autism). Others have studied air pollution and
adverse changes in relevant biomarkers of physiological and biochemical function (e.g.,
heart rate variability, lung function, inflammation, oxidative stress).1-3 However, criticisms
of these studies have included exposure misclassification and its resulting bias towards the
null, and residual confounding by both temporal and spatial factors including time trends in
exposure and health (e.g. hour of the day, weekday, season, long term time trends),
socioeconomic status and access to health care, smoking, other neighborhood factors,
exposures to other toxicants, and occupational exposure to pollution. A central limitation of
these epidemiology studies is that they are observational in nature, and the investigator
cannot control who is exposed and who is not, and therefore can only measure many of these
potential confounders and try to control for them in his/her analytic models.

However, other studies have taken advantage of ‘natural experiments’ where a large scale air
pollution reduction or composition change was observed in a community, region, or country
following a legislative mandate, during a large scale sporting event, during an employee
strike at a large industrial facility, etc. Investigators then examined whether improvements in
morbidity/mortality were observed concurrent to these periods of lower air pollution levels.
These natural experiments come as close to a laboratory-controlled experiment as possible in
epidemiology/observational science, and allow one to observe whether the same pollutant/
health endpoint associations observed in the studies described above (increased pollution
concentrations associated with increased morbidity and/or mortality) exist when pollution is
reduced (i.e. decreased pollution concentrations associated with decreased morbidity and/or
mortality).

These “accountability” studies evaluate the extent to which an air pollution improvement or
regulation in a city or region beneficially impacted human health. Most were opportunistic
in nature and used already existing health and pollution data to evaluate whether an action
resulted in air quality and/or health improvements in impacted populations. In 2003, the
Health Effects Institute published a monograph providing a conceptual framework defining
the “chain of accountability” and outlining how such studies can be done (Figure 1).6 For
example, that chain describes how a regulatory action can impact emissions, ambient air
quality, exposure/dose, and then human health. Accountability studies can ask a series of
questions based on this chain. For example, has a regulatory action or controls reduced
emissions? Have pollutant concentrations been reduced due to source controls and emissions

Environ Int. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rich

Page 3

reductions? Has this led to reduced subject exposures? Have these reduced subject exposures
led to reduced doses? Have health risks declined as a result of any of these actions on
previous components of the chain? In 2010, HEI hosted a workshop to discuss the current
state of accountability research conducted by investigators funded by HEI, with a summary
of lessons learned described by van Erp et al 2012.7 Currie et al (2011) also provided a
review of 10 such studies assessing whether such air pollution reductions impacted infant’s
and children’s health.8 This review provides an update, describes both older and more recent
studies, and provides a set of epidemiologic recommendations for future investigators that
want to conduct such studies when a new natural experiment opportunity arises. Studies
were identified using www.pubmed.org and search terms such as natural experiment,
accountability, PM, air pollution and health, etc. Others studies were identified if they were
discussed in one of the papers found via this PubMed search.

Although studies have assessed whether dramatic increases in air pollutant concentrations
due to accidents/disasters (e.g. World Trade Center attacks in New York City, oil tank
explosion in Gulen, Norway) have impacted health,%10 these are not included in this review.
The focus of this paper is a discussion of those natural experiments where an air pollution
reduction was observed or expected, and whether that reduction resulted in a health benefit
was examined. Below | summarize accountability studies assessing health effects of 1)
industrial pollution sources and large industrial shutdowns, 2) residential heating fuel and
changes in fuel type, 3) traffic pollution and changes in motor vehicle fuel composition or
plans to reduce traffic congestion, 4) national or state wide air pollution reductions, and 5)
reductions in air pollutant levels during large scale sporting events. Listed in Table 1 and
discussed below for each study, are descriptions of the study location, the natural experiment
scenario, the ‘chain of accountability” question assessed, study objective(s), the study’s main
findings, and its key strengths and limitations. The strengths and limitations (i.e. sources of
bias and residual confounding) listed in Table 1 may not be a complete list for each study.
There may be other sources of residual confounding in these observational studies, even
though each study has made attempts to identify them, minimize their effects, and/or discuss
potential impacts on their effect estimates. Last, a discussion of key problems/strengths
across these studies and recommendations for the designs of future accountability studies, if
such opportunities arise, is provided.

INDUSTRIAL POLLUTION SOURCES AND INDUSTRIAL SHUTDOWNS
Utah Valley Steel Mill

One of the first such natural experiments used to assess air pollution/health associations
occurred when a large steel mill closed in the Utah Valley from August, 1986 to September
1987 (13 months) in response to an employee strike. Until that time, the largest contributor
to PMyq (particles <10 um in aerodynamic diameter) concentrations in the valley was that
large steel mill, with multiple occasions when the 24 hour PM1g concentration was >150
pg/m3 during this pre-shutdown period. However, when the mill shut down during the
employee strike, average PM;q concentrations were ~43% lower (from 90 pg/m3 to 51 pg/
m3), and there were no 24 hour averages >150 pug/m3.11 Compared to the periods before and
after the strike when pollution levels were higher, Pope and colleagues reported reductions
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in hospital admissions for pneumonia, pleurisy, bronchitis, and asthma,1 childhood school
absenteeism, 12 bronchitis and asthma admissions for pre-school aged children,!3 respiratory
symptoms and reduced peak expiratory flow,14 and total non-accidental mortality,
respiratory mortality, and cardiovascular mortality during the period of reduced air pollution
levels (i.e. during the strike).1® For these analyses, Pope and colleagues used hospital
admissions data and daily air pollution measurements from an air pollution monitoring
station in Lindon, Utah. Statistical analyses were generally time-series analyses utilizing
Poisson regression models, adjusting for daily temperature and relative humidity.

Strengths and limitations—A strength of these analyses was the study design allowing
for an A-B-A comparison where the mortality rate during the air pollution reduction period
(i.e. strike and mill shutdown; Pollution Level B) was compared to the mortality rates both
before (Pollution Level A) and after the shutdown (Pollution Level A) when the air pollution
levels were much higher. This allowed for a more robust control of confounding by long
term time trends in pollution and mortality then just an A-B analysis (i.e. comparison of
mortality rate during shutdown when air pollution levels are reduced [Pollution Level B]
only to the mortality rate before shutdown when air pollution levels were higher [Pollution
Level A]).

Utah Valley Steel Mill — Birth Outcomes

Taking advantage of this same natural experiment, Parker et al. (2008) examined whether
there was an improvement in the rate of preterm birth (<37 weeks gestational age) during
this 13 month period of reduced air pollutant concentrations.16 They used birth records from
1984 to 1990 from the National Center for Health Statistics for pregnancies where the
mother resided in either Utah County (Utah Valley including Provo and Orem) or other Utah
counties, including only singleton births of non-Hispanic white, married women with
complete data on birth weight and gestational age on the birth certificate. Parker et al (2008)
categorized all Utah Valley pregnancies as having exposure during the first trimester, second
trimester, third trimester, first and second trimesters, second and third trimesters, and whole
pregnancy (all 3 trimesters) during the 13 month strike. They then compared the rate of
preterm birth in each of these exposure windows to pregnancies of Utah Valley women
where the comparable portion of the pregnancy was during the same calendar dates in the 2
years before or the 2 years after the strike. Second, they repeated this analysis for births/
pregnancies to women residing in other Utah counties during the same time. They found that
Utah Valley mothers who were already pregnant at the time of mill closure were less likely
to deliver prematurely than mothers pregnant before or after the closure. They saw no such
pattern in non-Utah Valley births. Further, the largest effects were observed for pregnancies
with their 29 trimester during the mill closure (RR=0.86; 95% CI =0.75, 0.98). However,
they did not find a significant reduction in birth weight during the steel mill closure.16

Strengths and Limitations—Strengths of the analysis included the A-B-A design and its
control of time trends in air pollution and preterm birth. Further, the simultaneous
assessment of these same temporal comparisons in other Utah counties provided control for
background changes in the preterm birth rate occurring during this time in Utah independent
of any air pollution change. However, the study also had limitations. First, the time period
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during which the air pollution reduction occurred in the valley was long relative to the length
of pregnancy (~13 months). This made examination of specific windows of pregnancy (e.g.
15t month or last month), when reduced pollutant concentrations might result in improved
birth outcomes, difficult. Identifying specific windows of pregnancy, when air pollution
impacts fetal growth, may help identify potential underlying physiologic mechanisms.
Second, there was no examination of pollution levels in the other non-Utah Valley counties.
Last, there was no complementary direct assessment of whether air pollution levels in Utah
Valley during these years were significant predictors of preterm birth in these Utah Valley
residents to provide evidence that changes in air pollution were driving these preterm birth
rate changes.

Four Southwestern States — Copper Smelters

Using a similar study design to the original Utah Valley analyses, Pope et al (2007) also
examined whether a nationwide copper smelter strike from July 1967 to April 1968 and its
reduction in air pollution (e.g. ~60% reduction in suspended sulfate particles), resulted in a
decreased mortality rate in four southwestern US states (New Mexico, Arizona, Utah, and
Nevada). Before the strike, Pope et al. (2007) estimated that ~90% of sulfate emissions in
these four states were made by copper smelters, and that a major component of PM 5
(particulate matter <2.5 um in aerodynamic diameter) concentrations was sulfate, with an
~2.5 pg/m3 reduction in suspended sulfate concentration observed regionally during the
strike.1” Using a similar Poisson regression modeling approach as in the Utah Valley study,
they regressed monthly mortality counts against indicator variables for the strike period,
adjusting for time trends, mortality counts in bordering states, and nationwide mortality
counts for influenza/pneumonia, cardiovascular disease, and other respiratory mortality (as a
means of controlling for both national and regional trends in cardiorespiratory mortality).
They reported a 2.5% decrease in mortality (95% CI = 1.1%, 4.0%) associated with the
copper smelter strike in these 4 states, again suggesting a health benefit in the population
presumably driven by a reduction in air pollution emitted by copper smelters in these
states.’

Strengths and Limitations—This analysis had similar strengths to those listed above for
the Utah Valley Steel Mill analyses. It also adjusted for regional and national background
cardiovascular and respiratory (both influenza/pneumonia and other non-infectious
respiratory diseases) mortality rates, which should have further reduced residual
confounding by changes in the underlying disease rate occurring across the whole region/
nation.

RESIDENTIAL HEATING FUEL AND CHANGE IN HEATING FUEL TYPE
Ireland 1 - Dublin

In 2002, Clancy and colleagues described their assessment of the natural experiment in
Dublin, Ireland centered on a regional ban on the marketing and sale of coal for residential
combustion in 1990.18 Coal, primarily bituminous coal, was used increasingly in the 1980’s
in Ireland, instead of oil, for residential space and water heating, resulting in adverse impacts
on air quality,1® with some suggesting concomitant increases in adverse health effects
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including in-hospital respiratory mortality.2% Thus, the Irish government banned the
marketing, sale, and distribution of coal in the city of Dublin on September 1, 1990. Using
national mortality records and measurements of air pollutants (black smoke and SO,) from 6
residential monitoring stations in Dublin, Clancy et al (2002) compared both air pollution
levels and cause-specific mortality rates in the 6 years before and after the ban. They
reported improvements in the concentrations of black smoke in Dublin (-71%; 50.2 pg/m3
to 14.6 ug/m3 across all seasons) with the largest changes observed in the winter (~75%
reduction; 85.4 pg/m3 to 21.4 ug/m3), when use of coal for heating was greatest. Concurrent
to these air pollution changes, they also reported improvements in age-standardized, cause-
specific mortality rates (total non-trauma: —6% [95% CI = —4%, —7%], respiratory: —16%
[95% CI = 12%, 19%], and cardiovascular: —10% [95% CI =—8%, —13%]), after adjustment
for temperature, relative humidity, influenza epidemics, and cause-specific mortality rates
from the rest of Ireland.18

Strengths and Limitations—The strengths of this design included the use of readily
available, nationally-maintained mortality data and air pollution measurements from several
monitoring locations in Dublin, without the need for more costly and time consuming
prospective data collection. Further the study provided assessment of changes in cause-
specific mortality after adjustment for influenza epidemics, thereby reducing potential
confounding by other causes of respiratory mortality. Similar to the Utah Valley studies,
Clancy et al (2002) also attempted to control for background mortality rates across Ireland.
However, some limitations in this approach and data used to adjust for background rates are
noted and discussed below.

Ireland 2 - Cork, Five Smaller Cities, and Dublin re-analysis

The Irish government legislated similar coal sale bans in other cities/counties of Ireland in
1995 (Cork County Borough) and five smaller cities in 1998 (Arklow, Drogheda, Dundalk,
Limerick, and Wexford), providing another natural experiment opportunity to be used to
replicate the Dublin findings. As part of this study, Goodman et al (2009) reported a 49%
reduction in black smoke concentrations in Cork (from 33.7 pg/m3 to 17.2 pg/m3), and 48%
to 61% reductions in the 5 smaller cities of the 1998 ban, when comparing the 5 years after
the ban to the 5 years before each ban.2! Dockery et al, (2013) then examined whether
changes in cause-specific mortality rates (using similar national mortality records) and
cause-specific morbidity rates (using hospital admissions data for a set of hospitals in Cork
County Borough) were observed. As part of the mortality analyses, they also re-examined
whether the Dublin ban was associated with reductions in cause-specific mortality rates,
using alternative statistical methods and confounder control, as well as an extended study
period (here using 10 years before and after the ban). When using interrupted time-series
analyses with this longer study period, and use of cause-specific mortality rates from
counties (i.e. Coastal Counties of Clare, Donegal, Kerry, Leitrim, Mayo, and Sligo) thought
to be unaffected by the Coal Sale bans in Dublin (1990), Cork (1995), and other cities
(1998), they reported no reduction in total mortality (—1% [ 95% CI = -6%, 4%]; —4% [95%
Cl =-10%, 1% ]; 0% [95% CI = —3%, 4%] respectively), or cardiovascular mortality (0%
[95% CI = -9%, 10%]; —4% [95% CI = —12%, 6%]; —1% [95% CI = —6%, 4%)]
respectively) for these three bans. However, they did still find significant reductions in
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respiratory mortality following the 1990 coal sale ban in Dublin (=17%; 95% CI = —24%,
—8%). Further, they reported non-significant reductions following the Cork 1995 coal sale
ban (-9%; 95% CI = —18%, 1%), and the other cities in 1998 (-3%; 95% CI = —8%, 3%).22
As a comparison, they estimated the change in total, cardiovascular, and respiratory
mortality in 12 “Midland” counties (Cavan, Monaghan, Meath, Laois, Longford, Offaly,
Westmeath, North and South Tipperary, Carlow, Kilkenny, and Roscommon), which were
presumed to be unaffected by the coal sale ban, associated with each of the bans. Adjusting
for the same covariates as in Dublin, including the cause-specific mortality rates in the
coastal counties, the 1990 ban in Dublin was associated with small non-significant decreases
in total (—3%; 95% Cl=-8%, 3%), cardiovascular (-2%; 95% CI = -10%, 7%), and
respiratory mortality (—2%; 95% CI = —12%, 8%). There were also similar small non-
significant changes in cause-specific mortality rates associated with the 1995 Cork and 1998
5 cities coal sale bans.?2

Strengths and Limitations—In this revised analysis of the Dublin coal sale ban,?? the
addition of a control population of other counties to assess whether the 1990 Dublin ban had
mortality effects outside Dublin, and the inclusion of cause-specific mortality rates in the
coastal counties provided likely better control of confounding by long term time trends and
background mortality rates than in the original analysis,!® and are a strength of the analysis.
However, these revised Dublin findings with regard to total and cardiorespiratory mortality
were in direct contrast to those reported by Clancy et al (2002) in the first analysis, and
highlight the difficulty in retrospectively adjusting for background trends in mortality rates
that are occurring at the same time as the reductions in air pollution. Further, they highlight
the importance of having a control population with comparable health experiences during
the study period that was also not affected by the intervention and its reduced air pollutant
concentrations to assess if any residual confounding remains. As discussed by Cox and
Popken (2015),23 the lack of an adequate control group that experienced the same trends in
mortality (here a decline in cardiovascular and total mortality over the past several years),
but not the improvements in air quality, makes any conclusion about the impact of an
intervention on mortality (here total or cardiovascular mortality) less convincing.

This Ireland natural experiment study also attempted to assess whether morbidity rates were
impacted by the coal sale ban in Cork (via hospital admissions records). However, the data
system used to compile and store the hospital admissions records began use at essentially the
same time as the coal sale ban. Thus the first few years appeared to have lower number of
admissions compared to later years, making it difficult to estimate a change in cause specific
hospital admission rates associated with the coal sale ban. Further, there was not a control
population on which to run similar analyses as described above for mortality.22

NATIONAL OR STATE WIDE AIR POLLUTION REDUCTIONS

German reunification

Following the reunification of Germany in 1990, concentrations of total suspended
particulates and sulfur dioxide concentrations decreased substantially.24 Prior work in Erfurt,
Germany (formerly in East Germany) reported that accumulation mode particle
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(100-500nm) concentrations decreased, but nucleation mode particles (10-30nm) increased
since 1990 in this region of Germany.2> They argued that these concentration changes
(mostly reductions) occurring since reunification, may be due to reduced emissions from
stationary sources, increases in motor vehicle use and emissions, and due to air quality
regulations targeted at the reduction of larger particles.2527 Heinrich et al (2002) then
conducted three cross-sectional surveys (1992-1993; 1995-1996, and 1998-1999) of children
(5-14 years of age) living in 3 areas in the former East Germany, and used a 2-stage
modeling approach to estimate the change in several respiratory disorders (bronchitis, otitis
media, sinusitis, frequent colds, infections, cough, and shortness of breath) associated with
changes in TSP and SO, concentrations during this time. Across these time periods, the
prevalence of each of these respiratory conditions declined. They reported that each 50
pg/m3 increase in TSP was associated with a significant 202% increase in the prevalence
odds of bronchitis (95% CI = 72%, 429%), 158% increase in the prevalence odds of sinusitis
(95% CI = 0%, 565%), and 90% increase in the prevalence odds of frequent colds (95% Cl=
17%, 209%), after adjustment for age, gender, parental education as a marker of
socioeconomic status, parental atopy, home dampness or molds, gas cooking, second hand
smoke exposure, and cat contact. They reported similar sized effect estimates associated
with each 100 pg/m? increase in SO, concentrations. Thus, they concluded that these
reductions in the prevalence of common respiratory illnesses in children following the
reunification of Germany, were, in part, driven by the substantial declines in air pollution
levels observed.28

Strengths and Limitations—The strengths of this study include the measurements of
TSP, sulfur dioxide, as well as particle number counts of size fractioned particles (here
accumulation mode particles and nucleation mode particles) allowing a greater
understanding of pollution sources and how they changed following reunification. Further,
the study contacted schools and daycare centers to recruit children that had lived in the study
area for at least 2 years and had not relocated to the current house from than 2km away, and
attempted to re-contact each child for the 2 successive surveys. This assessment of some of
the same children across the three time periods, and the prospective collection of data are
strengths of the study. As noted by the study authors, however, the changes to a western life-
style (e.g. diet, medication use, access to care) may also have impacted the prevalence of
these respiratory outcomes in children across the 3 time periods. Thus, residual confounding
by temporal changes in these factors may also explain some of the reductions in respiratory
illness prevalence. Further, without a control population as in the Ireland analysis described
above,?? residual confounding by long term time trends is possible.

Germany — power plant scrubber installations

Using birth and death records maintained by a state agency, and SO, data from 553
monitoring station to estimate county wide SO, concentration averages, Luechinger (2014)
examined whether there were reductions in infant mortality in Germany from 1985 to 2003
following mandated installations of scrubbers at power plants. Using fixed effects regression
models adjusted for TSP pollution, rural and urban trends, reunification effects, weather, and
demographic development, every 1 pug/m3 decrease in annual, county average SO,
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concentration was associated with a reduction in infant mortality of 2.6 lives per 100,000
births.2°

Strengths and Limitation—Although, this study used a large national dataset and
adjusted for multiple potential temporal and spatial confounders, they assessed only SO,
and no other pollutants (e.g. PM> 5, sulfate). Since this was a national evaluation, there was
no control population possible to adjust for background infant mortality rates from a similar
area that was not impacted by this power plant scrubber installation. Thus, residual
confounding by changes in diet, other environmental conditions, cultural changes, as well as
long term time/health trends could remain.2?

California air quality policies

Air quality-control policies in California, targeted at mobile and stationary sources and
including fuel and consumer-product reformulations, have resulted in decreased air pollutant
concentrations over the past few decades. Gauderman et al (2015) used children’s lung
function measurements from 3 cohorts of the Children’s Health Study, and examined
whether lung-function development from 11 to 15 years of age (operationalized as changes
in FEV, and FVC over that 4 year period) was associated with decreases in concentrations
of several air pollutants (NO,, PM, 5, PM;g, and O3) during those same 4 years of age.30
Decreases in the concentrations of NO, (14.1 ppb), PM5 5 (12.6 pug/m3), and PMq (8.7
pg/m3) across the study’s 5 California communities were associated with 91.4 ml (95% CI =
47.9,134.9), 65.5 ml (95% CI = 17.1, 113.8), and 65.5 ml (95% CI = 27.2, 103.7) increases
in FEVq from 11 to 15 years of age, respectively, and 168.9 (95% CI = 127.0, 210.7), 126.9
ml (95% CI = 65.7, 188.1), and 113.0 ml (95% CI = 60.0, 166.1) improvements in FVC
from 11 to 15 years of age, respectively, after adjustment for sex, race, Hispanic ethnicity,
height, body mass index, and respiratory tract illness on the day of assessment.
Improvements in 4 year growth of FEV4 and FVC were observed in both boys and girls, and
in children with and without asthma.30

Strengths and limitations—Strengths of the study include use of a large, well
characterized cohort of children with prospective data collection, and available air quality
data for the entire study period. Dockery and Ware (2015) argue that this study provides
corroborating evidence of air pollution impacts on pulmonary function since these analyses
are based on comparisons within communities, and thus are not confounded by differences
in characteristics between communities. However, they argue that changes in racial/ethnic
composition and other characteristics of the cohort over the study period (e.g. use of
healthcare relative to health insurance copayments) may result in residual confounding.3!
Similar to other studies discussed above, it was not possible to use another community with
a similar health history, but dissimilar air pollutant concentration patterns over time (a
control population), as a means to control for this residual confounding.30
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TRAFFIC POLLUTION, CHANGES IN VEHICLE FUEL COMPOSITION,
TRAFFIC CONGESTION REDUCTION PLANS

Hong Kong

Hedley and colleagues assessed whether a reduction in the sulfur content of fuel oil used in
power plants and road vehicles in Hong Kong from 1990 to 1995 was associated with
reduced mortality among Hong Kong residents. Compared to before the intervention,
concentrations of SO, fell by ~80% (Kwai Tsing [highly polluted district]: peak of 88-101
pg/m3 in 1989 and 113-136 ug/m?3 in 1990, to 23-26 pg/m3 in 1991) and sulfate by 38% after
the intervention (Kwai Tsing: 12.5 pug/m?3 in 1989 to 7.7 pg/m3 in 1991). There were no such
large changes in other pollutant concentrations.32 Hedley et al (2002) used census data
(ICD-9 codes) to provide monthly counts of all cause, respiratory, cardiovascular, and other
causes of mortality, district board resident populations to estimate the population covered by
the 5 monitoring stations, and time series methods (Poisson regression) to estimate the
change in seasonal mortality after the intervention. They reported small but significant
reductions in seasonal counts of respiratory (—3.9%), cardiovascular (—2.0%), and total
mortality (-2.1%), compared with predicted seasonal values, with the largest declines in the
first 12 months after the invention.33 This is consistent with their previous work showing
greater reductions in bronchial hyper-responsiveness and chronic bronchitis symptoms, after
the intervention, in children living in a polluted district compared to children living in an
unpolluted district.32:34

Strengths and Limitations—Although this study examined whether the seasonal pattern
in mortality changed after this fuel intervention was implemented, it did not control for
influenza and other infectious disease epidemics, which may contribute to seasonal
mortality, and did not control for mortality rates in other similar populations (if possible) not
affected by this fuel intervention. However, given the tropical location of Hong Kong,
residual confounding by influenza may not have a large impact.33

London, England

Starting in early 2003, the mayor of London, England implemented a congestion charging
zone in central London, which charged drivers a small fee (~8 pounds in 2008) per day to
drive into the zone during working hours. As of 2008, congestion had improved with a 26%
reduction in the excess delay per kilometer, and a reduced traffic volume during the charging
hours, compared to before the charging scheme was implemented.3° Kelly et al (2011) then
examined whether the London low emission zone had beneficial impacts on air pollution
levels, traffic patterns, and traffic volume in central London. Their modeling efforts
predicted small to moderate reductions in NOy (—3.8% by 2008 and -7.3% by 2012) and
PM 1o emissions (—2.6% by 2008 and —6.6% by 2012).36

Another goal of this project was to assess the suitability of using a large primary care
database of London residents to assess whether this congestion charging scheme resulted in
any health benefits. Pilot analyses suggested essentially no link between NOx exposures and
the prevalence or incidence of cardiorespiratory outcomes (asthma, chronic obstructive
pulmonary disease, wheeze, hay fever, upper and lower respiratory tract infections, ischemic
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heart disease, heart failure, and atrial fibrillation). Further, using a quantitative risk
assessment approach (i.e. not measuring health outcomes directly), they estimated the
mortality benefit of this reduction in the low emission zone of London, to be 183 years of
life gained per 100,000 people.3’

Strengths and Limitations—Kelly et al (2011) documented some difficulties in using
primary care medical records for a health analysis, as some primary care providers were
concerned about losses in confidentiality due to geographic patterns of NO, and PM1
concentrations relative to residences of their patients in the dataset. Therefore, they restricted
analyses to NOx only in their pilot analyses. However, in further power calculations, they
determined that these health data may be valuable for future analyses, as they would provide
the power to detect a 5% decline in various health measures (e.g. medication prescriptions,
respiratory consultations).38 Kelly et al (2011) also did not compare these traffic reductions
or changes in cardiorespiratory outcomes (from 2003 to 2008) to another London area for
the same time period. This would have provided further evidence that the observed traffic
changes, and thus estimated air pollution reductions, were a result specifically of the
congestion charging scheme.

New Jersey and Pennsylvania

From 1997 to 2000, toll plazas on highways in New Jersey and Pennsylvania installed the E-
ZPass toll collection system. E-ZPass allows drivers to pass through the toll without
stopping while electronically collecting the toll payment for each car, thereby reducing
traffic congestion, idling, and likely air pollutant concentrations at and near the toll plazas.
Using vital statistics data to provide information on births (i.e. gestational age, birth weight,
etc.) to mothers living near these 98 toll plazas for the 3 years before and after E-ZPass
installation, Currie and Walker (2011) assessed whether there were reduced numbers of
preterm births (<37 weeks gestational age) and low birth weight babies (<2500 g) after E-
ZPass was installed, among mothers living near (within 2 km) and farther away (2-10 km)
from a toll plaza. Using difference-in-differences models, the introduction to E-ZPass was
associated with 11.8% and 10.8% reductions in low birth weight babies and preterm births,
respectively, among mothers living within 2 km of the toll plaza relative to mothers living
2-10 km from the toll plazas. Further, they found no difference in the demographic
characteristics or housing prices after E-ZPass installation.3°

Strengths and Limitations—The study had several strengths, including the use of large
vital statistics datasets to provide all the health data needed, and the use of a control
population to evaluate whether similar changes in birth outcomes were observed in both the
populations living near the toll plazas, and the populations living farther away from the toll
plazas, thereby minimizing confounding by time trends in birth outcomes and air pollution.
Although air pollution monitoring was not done at the sites or the communities within 2 km
and 2-10 km from the toll plazas, the assumption is that reductions in traffic congestion and
idling times at the toll plazas, and thus reductions in air pollution levels in the areas around
the toll plazas may explain these health improvements.
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Puget Sound, Washington

In the mid 2000’s, Washington State implemented an emissions reduction program to retrofit
school diesel school buses with aggressive pollution control technologies to reduce diesel
emissions and pollution concentrations on the bus. Adar et al (2015) characterized pollutant
exposures and measures of respiratory biomarkers in 275 school bus riders before, during,
and after retrofit program in Washington State (2005-2009), and found that fine and ultrafine
particle concentrations were reduced in buses using these control technologies by 10-50%.40
Beatty and Shimshack (2011), however, hypothesized that since school buses travel through
residential areas in the school district, perhaps ambient air pollutant concentrations would be
reduced in the community. Using state hospital admissions data for adults with chronic
health conditions and children living in school districts in the Puget Sound area of
Washington state, and difference-in-differences models, they found that child residents of
the 34 school districts adopting the retrofit program experienced 23% and 37% fewer
admissions for bronchitis/asthma and pleurisy/pneumonia, respectively, relative to residents
living in non-adopter school districts. 41

Strengths and Limitations—Similar to Currie and Walker (2011), strengths of the study
included the use of a large statewide hospital admissions dataset providing close to complete
coverage of all hospital admissions to residents of the Puget Sound school districts/
communities under study, and the use of a control population (here residents of the 9 non-
adopting school districts), which likely minimized residual confounding by time trends.
Further, this study had a similar limitation to Currie and Walker (2011) in that it did not
provide estimates of the change in air pollution levels after the retrofit program in both the
adopting and non-adopting school districts/fcommunities to provide evidence that the air
pollution change was driving this response.

AIR POLLUTION REDUCTIONS AND LARGE SPORTING EVENTS
1996 Atlanta Summer Olympics — Study 1

During the 1996 Atlanta Olympics, a system was implemented to reduce vehicular traffic
and congestion so that spectators could reach Olympic events with little delay and to reduce
ozone pollution (frequent ozone violations occurred regularly in the summertime in Atlanta).
This included a new public transportation system (24 hour a day) including buses as part of a
park and ride service, local businesses increasing use of alternative employee work hours
(times other than 9-5pm) and telecommuting, closing the downtown area to private
automobiles, and using public warning systems to notify people of traffic and air quality
problems. This provided an opportunity to examine if reductions in traffic, ozone, and traffic
pollution would result in fewer acute care visits and hospitalizations among Atlanta
residents. Using datasets of hospitalizations, emergency department visits, and urgent care
center visits for residents of 5 metropolitan Atlanta counties aged 1-16 years, Friedman et al
(2001) reported reductions in acute care and hospitalizations for asthma, reduced PMyg, CO,
and O3 concentrations, and 22.5% reductions in peak morning traffic on week days, during
the Olympics compared to the 4 weeks before and 4 weeks after the Games.*2
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Strengths and Limitations—Although the study utilized four datasets for a 5 county
area, it did so for only a 73 day study period, resulting in limited statistical power. Further,
residual confounding by seasonal patterns in pollution and hospital admissions, residual
confounding by Atlanta residents changing their behaviors during the Games (resulting in a
reduction in asthma visits and hospitalizations during the Olympics independent of any
reduced air pollution effect on asthma), could explain these findings.

1996 Atlanta Summer Olympics — Study 2

Therefore, Peel et al (2010) used a larger dataset of emergency department data from 1995
to 2004 (longer time period to allow better control of season and long term time trends),
more spatially diverse air pollution measurements across the metropolitan Atlanta area, and
traffic data from 18 sites within the five counties of the Atlanta metropolitan area to
reanalyze the health effects of this Olympic traffic reduction campaign. Using Poisson
generalized linear regression models, they conducted several analyses contrasting ED visits
during the Olympic Games to both the weeks before and after the games in 1996, as well as
to ED visits in the years before and after the 1996 Olympic Games. They reported large
reductions in ambient ozone concentrations (20%-30%) in Atlanta, but smaller reductions in
CO. However, they reported that similar declines in 0zone concentration were observed
throughout Georgia and the southeastern United States during this time. They also found 2%
to 20% reductions in weekday peak morning traffic counts, consistent with, but smaller in
magnitude*3 than those of Friedman et al (2001). However, there was no evidence of
reduced cardiovascular or respiratory ED visits during the Olympic Games, which was
inconsistent with the earlier work by Friedman and colleagues.

Strengths and Limitations—~Peel and colleagues utilized a large, well characterized ED
dataset in a large urban 5 county population, did so for a longer study period than Friedman
et al (2001), and in sensitivity analyses examined whether similar health responses were
observed between study subjects residing inside and outside a perimeter highway. However,
there were also several limitations. First, the Olympic period was only 17 days, and thus the
daily number of ED visits may still not have been large enough to provide ample statistical
power. Further, the air pollutant reductions in Atlanta during the Olympic Games may have
been too subtle or for too short a time to induce a measureable health effect in the
population. Last, although Peel et al (2010) conducted several analyses to control for
temporal confounding, assessed whether similar air pollution and traffic reductions were
observed in other areas outside of Atlanta, there was a lack of a “‘control” area/county/city in
their health effects analyses with a similar population where such a traffic reduction system
was not implemented to control for temporal and seasonal changes in CV and respiratory
ED visits. Thus residual confounding could still remain.

2008 Beijing Summer Olympics — Cardiorespiratory outcomes

As a condition for hosting the 2008 Summer Olympic Games, the Chinese government
agreed to make Beijing’s air quality (e.g. Pre-Olympic 24-hour mean PM, 5 = 100.9 ug/
m?3)#4 comparable to that of previous host cities. Thus, a series of aggressive control
measures were implemented to achieve this goal, including coal and leaded gasoline bans,
tightening of motor vehicle emission standards, relocation and closing or reducing the
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polluting capacity of industrial facilities, suspension of construction activities, and removal
of approximately one-half of the cars (1.5 million cars) from Beijing roads on alternate
days.*> Concentrations of several PM and gaseous co-pollutants differed dramatically
before, during, and after the Olympics.#446-49 For all pollutants but ozone, concentrations
declined substantially from the Pre- to the During-Olympic period (-60% to —18%), and
increased substantially from the During-Olympic to the Post-Olympic period (+21% to
+197%).44.46

Zhang and colleagues conducted a prospective panel study in healthy young medical
residents living on or near a hospital campus to examine whether these large drastic air
pollutant concentrations declines from the Pre- to During-Olympics, but only of short
duration (~47 days), were associated with improvements in biomarkers of several
hypothesized pathophysiologic mechanisms (i.e. systemic inflammation, coagulation,
pulmonary function, vascular function, autonomic function, oxidative stress, etc.) of air
pollution cardio-respiratory health effects. Each subject provided measurements of each
biomarker twice before, twice during, and twice after the Olympics. They reported generally
large reductions/improvements in most biomarkers (e.g. —60% exhaled nitric oxide [eNO;
pulmonary inflammation], -58% urinary 8-OHdG [oxidative stress]; —28% urinary
malonaldehyde [oxidative stress]; —34% p-selectin [coagulation], —30% exhaled breath
condensate nitrite [pulmonary inflammation]), but not those of heart rate variability.44:50-52

Concurrently and using a similar panel study approach, Mu et al (2014) reported increases in
peak expiratory flow (measure of lung function) in both men (56 L/min; 13.4%; 95% CI =
9.5%, 14.3%) and women (50 L/min; 17.2%; 95% CI = 12.1%, 22.4%), but not blood
pressure in healthy subjects living in Beijing.>3 In a panel study of children living in Beijing,
Lin et al (2011) reported reductions in both air pollutant concentrations and exhaled nitric
oxide levels during the Olympic Games compared to the Pre-Olympic period, with each 4.0
pg/m3 increase in black carbon associated and 149 ug/m3 increase in PM, 5 concentration
associated with 16.6% (95% CI = 14.1%, 19.2%) and 18.7% (95% CI = 15.0, 22.5%)
reductions in eNO, respectively.>* Further, they reported similar reductions in markers of
oxidative stress during the Olympic Games (8-oxodG: —37%, 95% CI = -54%, —-16%;
urinary malonaldehyde: —25%, 95% CI = -34%, —15%) and similarly, decreased 9-0xodG
and malonaldehyde levels associated with increased pollutant concentrations (black carbon,
PM, 5, SO5, NO,, and CO).%°

Strengths and Limitations—As described by Dominici and Mittleman (2012) in a
commentary on Rich et al (2012)%6, these types of ‘natural experiment’ or accountability
studies are particularly compelling for several reasons, including the prospective design with
multiple health measurements on each subject during each of the three study periods (Pre-,
During-, and Post-Olympic), control of long term time trends in air pollution and health by
virtue of this design, the assessment of biomarkers of physiologic mechanisms rather than
just cause-specific morbidity and mortality rates, and the ability to assess health effects
associated with a reduction in the entire air pollution mixture and not just one pollutant/
component.®8 However, this may also be a limitation if you are interested in assessing health
responses to one pollutant (e.g. nitrogen dioxide) or pollutant source (e.g. traffic pollution).
An important potential limitation of this study, and perhaps of other studies where a
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regional/city-wide air pollution reduction was associated with a large scale event visible to
the population such as the Olympics, is a concomitant change in personal activities.
However, based on subject diaries for the 24 hours before each of the 6 clinic visits, they
found little change in activity other than small changes in walking/biking and time spent
outdoors per day. Thus, changes in personal activities did not appear to explain study
finding.44:46:51

An additional strength of the Beijing Olympics natural experiment was that other studies
evaluated cardiorespiratory outcomes and mortality. For example, Su et al (2015) reported
both substantial reductions in pollutant concentrations during the Olympics compared to
before the Olympics, and using Quasi-Poisson regression models for the entire study period
(May 20 to December 1, 2008), a 9% increase (95% CI = 3%, 15%) in cardiovascular
disease mortality (in Beijing residents) associated with each interquartile range increase in
ultrafine particle count/concentration (particles <0.1 um) in the previous 5 days.>’ He et al
(2016) similarly reported a 8.4% decrease in all-cause mortality associated with each 10
pg/m3 decrease in PMjq concentrations during the 2008 Beijing Summer Olympics, and
concluded that results were primarily driven by cardiovascular, cerebrovascular, and
respiratory mortality.>® He et al (2016) also reported reduced monthly mortality counts
during the Olympics compared to the years before and after the games.8 Li et al (2010)
reported a 46% (95% CI = (-61%, —25%) reduced risk of outpatient asthma visits during the
Olympic games (August 8 — September 20, 2008) compared to the a pre-Olympic period
(July 1 — August 7, 2008).59 Taken together, these studies provide strong evidence for effects
of air pollution on cardiorespiratory health.

2008 Beijing Summer Olympics — Birth outcomes

Assessments of whether the Beijing Olympics air pollution reductions impacted non-
cardiorespiratory outcomes were also conducted. Rich et al (2015) used a birth registry
dataset including data from mothers living in 4 central Beijing districts and the same
ambient PM> 5, NO5, SO,, and CO concentrations of Zhang et al (2013) to examine whether
the air pollution improvements during the Olympics provided an improvement in fetal
growth (using birth weight in term births [>37 weeks gestational age] as a proxy) among
Beijing residents. They reported that babies born to pregnant women living in Beijing whose
8t month of pregnancy was during the 47 day period of lower pollution levels during the
Olympics, were 23 g (95% CI = 5g, 40g) larger than babies born to pregnant women with
their 8t month of pregnancy during the same calendar dates in 2007 or 2009 (when air
pollution levels were higher). Further, increases in multiple pollutants during the 8" month
of pregnancy were associated with significant 17g to 34g birth weight reductions in these

same children. They did not observe any consistent associations for gestational months 2 to
7.80

In other analyses, however, they observed no significant reduction in hypertensive
complications of pregnancy (gestational hypertension, preeclampsia, eclampsia) or fetal/
placental complications (fetal macrosomia, fetal distress, placental abruption, threatened
preterm labor, polyhydramnios, oligohydramnios, or premature rupture of membranes) when
any portion of a pregnancy was during the 2008 Olympic Games compared to the same
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calendar dates in 2009.%1 Huang et al (2015) conducted a similar study in Beijing during the
Olympics, using similar birth registry data and ambient air pollution measurements made at
multiple PM1o and NO, monitoring stations across Beijing. Consistent with Rich et al
(2015), they reported that among full term births (=37 weeks gestational age) each 10 pg/m3
increase in ambient NO, concentrations during the third trimester was associated with a 14g
reduction in birth weight (95% CI = -21g, —6g) during the third trimester.52

Strengths and Limitations—Although a strength of these studies was the use of existing
large birth registries providing ample statistical power, they are limited in that each mother’s
personal activity levels, physical location in and out of Beijing during their pregnancy, and
data on biomarker measures of pathophysiologic mechanisms thought to underlie effects of
air pollution on fetal growth throughout pregnancy are not known. Further, there was no
simultaneous temporal comparison of birth weight in a similar Chinese community not
impacted by the Beijing Olympics’ air pollution reduction. These studies and that of Parker
et al (2008)16 are the first such natural experiment studies examining whether reduced
community levels of air pollutants resulted in improvements in pregnancy outcomes.
Together with the first set of Beijing Olympic studies examining biomarker responses
described above, they highlight the potential to use a future natural experiment to study
potential mechanisms of air pollution medicated fetal growth restriction and other adverse
pregnancy outcomes.

Games

Lee et al (2007) examined whether the Seoul Asian Games in 2002 and its 14 days of traffic
volume control in Busan, South Korea reduced air pollutant concentrations and concurrently
reduced childhood asthma hospitalizations.®3 Compared to the Pre- and During-Games
period, they reported that during the Post-games period, there were 1%-25% reductions in
pollutant concentrations (e.g. Pre- and During-Games Os: 30.3 ppb and PM1q: 63.8 pg/m3;
Post-Games Os: 40.4 ppb and PMyq: 64.3ug/m3), and a reduced risk of childhood asthma
hospitalization (RR = 0.73; 95% CI = 0.49, 1.11). Moreover, there was no such pattern in air
pollution changes across these same calendar dates in the 3 previous years or 1 subsequent
year. Further, using time-series methods, interquartile range increases in PM1g, SO5, NO,,
and O3 concentrations were associated with significant 24%-35% increases in the risk of
hospitalization for asthma, respectively.64

Strengths and Limitations—Strengths of the study include the comparison of change
patterns in 2002 (year of Asian games) to the change patterns in the 3 years before and 1
year after, thereby controlling for long term time trends. Further this study assessed both
changes in an outcome after the games compared to before and during the games, and
separately, changes in an outcome associated with individual pollutants,54 providing more
convincing evidence that air pollution reductions were driving the benefit in childhood
asthma hospitalizations. However, the duration of the Asian games was only 14 days. Thus
an assessment of changes in asthma hospitalizations from the Pre-games to the During-game
period only was not possible. Further, there was no control population to determine if any
health outcome changes were observed in other communities whose air pollution levels were
not impacted by the Asian Games.
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CONCLUSIONS AND LESSONS LEARNED

These accountability studies provide some evidence of health impacts of ambient air
pollution, and perhaps the health benefits of air quality actions taken to reduce air pollution
over the short, medium, or long term. They have examined health responses to air quality
actions directed at traffic pollution,33:374243 jndustrial emissions,11-15.17.29 home heating
fuel, 1822 and both long term reductions in the entire air pollution mixture,30 and short term
temporary reductions ranging from 14 to 47 days.#4-50-52,54.55,59,60,62.64 They have assessed
concentration changes and health responses to measured/estimated concentrations of
TSP28.53 P\, 11-15.3853.64 p\., o 3044465153545 plack carbon 5 black smoke, 182122
sulfate,33:44.46.51 other PM size fractions,4:46:51.53.57 p\M components and ions,#446:51 NO,
or NO,,30:44,46,51,59,60.64 5., 18,21,22,28,29,33,44,46 51,60,64 C 4446515960 a
04.42-44.46,51.59 Fyrther, some of these air pollutant concentration changes have been large
(e.g. Beijing, Dublin), while others were smaller in magnitude (e.g. Atlanta). Further, some
have examined effects on mortality,11:13-15.17.18.22,29,33,57.58 hogpital/emergency room
admissions or outpatient visits,143:59.64 hirth outcomes,16:29:39.60 and various
cardiovascular and respiratory biomarkers.#4:46:51.53.55 some studies examined potentially
susceptible populations of children and newborns.12:14.16,28-30,32,42,54,55,60-62,64

However, these studies all had various limitations and strengths, some of which are common
across the studies. For example, correctly modelling effects of temperature, relative
humidity, and other weather covariates, as well as other temporal and subject specific
covariates is difficult but important. If and when another natural experiment occurs allowing
an assessment of whether air pollution and health are concomitantly improved in a
population, we should design our studies to minimize these limitations and maximize the
strengths. Several lessons learned from these studies, and recommendations to address them
are the following.

First, confounding by long term time trends in air pollution and health rates is important to
address, and if not done properly, will limit our ability to make strong or in some cases even
valid conclusions about the health benefits of an air quality action. As a means to better
control this confounding, future studies assessing long term changes in health outcomes
following an air quality action should, if possible, include health data from a population that
experienced the same overall health experiences as the population under study before the air
quality action, but did not experience the improvement in air quality at the same time. These
studies could also present a comparison of demographic characteristics, cause-specific
mortality and morbidity rates, and air pollution levels between a potential control population
and the population under study, such as in Beatty and Shimshack (2011)*! and described in
Stuart (2010),5° that would allow the reader to evaluate the suitability of that control
population. Ideally, these characteristics, rates, and air pollution levels should be similar
between the 2 populations in the pre-intervention period. As shown by the Dublin, Ireland
analyses,18:22 however, identification of an ideal control population is difficult, and thus,
some discussion of the suitability of a control population should be included in any
description of a study’s findings.
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Second, most accountability studies were done retrospectively using already collected health
data (e.g. hospital admissions with ICD-9 codes for the diagnoses on which the
hospitalization was based). This is clearly not a weakness of these studies; it is in fact cost-
and time-efficient, and may merely reflect that the purpose of the study was to assess
measurable morbidity/mortality impacts in a specified population. However, such studies
could incorporate assessments of air pollution impacts on relevant biomarkers to provide a
more complete understanding of the any population health response under study. For
example, although numerous studies have examined associations between air pollution and
myocardial infarction,®® recent studies have reported an increased risk of ST-elevation
myocardial infarction (MI), but not non-ST-elevation MI, associated with short term
increases in ambient air pollution.87:68 However, characterization of MI type and symptom
onset time, needed for such a case-crossover study, are not regularly included in the
hospitalization record resulting in a limited health effects analyses. Moreover, as
demonstrated by the Beijing Olympics studies, prospective data collection of relevant
biomarkers and pollutants in a well-defined study population, when coupled with data on
these clinical events and proper control of confounding in both analyses, can allow a more
complete understanding of if and how any air pollution reduction impacted the health of a
community. For example, if the rate of Ml is reduced during an air quality intervention, and
levels of relevant biomarkers of pathways thought to underlie such an association (e.g.
platelet activation, systemic inflammation) are also improved during the same intervention,
then this provides evidence of not only if air pollution had a health effect in the population,
but also by what mechanism. For studies of reproductive and neurologic outcomes, such a
prospective study design with concurrent assessments of clinical outcomes and mechanistic
biomarkers could provide strong evidence of if and how air pollution does or does not affect
that outcome. Further, simultaneous assessments of clinical outcomes across a range of
disease systems (i.e. cardiovascular, respiratory, neurologic, reproductive, etc.), would
provide a more complete picture of health impacts of the air quality intervention in the
community.

Third, spatial misalignment,%9:70 may be present in several studies. As discussed by Peng
and Bell (2010), health data used in several of the studies described above were collected on
a regional basis (i.e. across a city, province, or country). However, air pollution data for
these studies were often measured at 1 or more fixed monitoring stations in that city, region,
or country, often placed in specific locations due to a specific pollutant source or regularly
high pollutant concentrations at that location. Data from this monitoring station(s) were then
used as proxies for individual subject’s pollutant exposures. This likely resulted in
substantial exposure error, as individual subject’s actual exposures differ appreciably across
the area, in part due to the chemical constituents of the air pollution mixture. This may be
particularly concerning for studies discussed above that used national/regional health data
sets and fixed site pollution monitors.13.15.18.22,29,33,57,58,60.64 Thys, prospective collection
of health and exposure data on the same spatial scale should be used, when possible.

Fourth, most studies used regularly collected air pollution measurements at 1 or more
monitors in the study region (e.g. PM3 5, PM1g, SO, and O3). Those that had additional
pollutants measured 2844.50.51 sych as concentrations of ultrafine particles, accumulation
mode particles, sulfate, nitrate, elemental carbon, and organic carbon, could provide more
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understanding of what pollutant sources are impacted the most by the air quality action.
However, assessments of health risks associated with PM components’! may require more
sophisticated health analyses. For example, as discussed by Mostofsky et al (2012), health
effects associated with individual PM constituents that are more highly correlated with PM
mass may appear to be more toxic than those constituents not as well correlated with PM
mass, even if in fact they are not truly more toxic. Several modelling methods are presented
to allow assessment of health effects associated with specific PM constituents independent
of PM mass, with interpretations of coefficients also described.”2 In addition, Rich et al
(2013) provided another method to assess the impact of PM components on health, by
assessing whether the risk of myocardial infarction associated with increased PM5 5 mass
concentration was modified by the mass fraction of several PM components.” Several
ongoing studies, currently funded by the Health Effects Institute as part of their
Accountability Studies Program, will, when completed, provide additional, sophisticated
methods to assess the changes in health outcomes in a population following 1 or more air
quality regulations or actions.

Fifth, natural experiments often are less prone to confounding by factors in traditional cohort
or case-control studies (e.g. differences in subject characteristics that are correlated with
their exposure and independently associated with the health outcome of interest [age,
socioeconomic status operationalized as education level or income level, etc.], or weather
factors [temperature, relative humidity, etc.]). However, they may be confounded by whether
the intervention that resulted in the air pollution decrease (i.e. Olympic Games, legislative
mandate requiring fuel oil composition change) was noticeable by city residents which
changed their activity frequency and/or level. For example, investigators of the Atlanta or
Beijing Olympic studies had to consider confounding by changes in personal activity level,
dietary alterations, stress, income level changes, and population influx/efflux. However,
policies that result in air pollution improvements that are not evident to the population may
not be prone to this type of confounding. Consideration should be taken to identify these
factors, and to design ways to collect data to determine if they are in fact a problem for the
study and making inference based on it (e.g. subject diaries).

Sixth, the utility of assessing whether the quantitative results and qualitative inference made
in the study are robust to statistical analyses and assumptions in them is paramount. As
evidenced by the Dockery re-analysis of the Dublin coal sale ban, only when multiple
analyses and several control populations are assessed does one conclude that the respiratory
mortality changes are not confounded by time trends. However, due to the same set of
sensitivity analyses, conclusions of reductions in cardiovascular and total mortality after the
Dublin ban compared to before the ban cannot be confidently made. Further, new and
previously developed causal inference methods have been proposed for such accountability
studies. 23.74

Last, it is important to note the difference between natural experiment studies assessing short
term (days to weeks; e.g. 11:13.1542-44,46,51,53,55,57,59.64) an( Jong term (years;

e.g. 18.22.30,33) relationships between air pollution reductions and any beneficial health
effects. Correctly adjusting for background trends in morbidity/mortality and air pollution
levels are likely more of an issue in the long term studies. Whereas the use of an A-B-A
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design to evaluate whether biomarker levels decrease when air pollution decreases (from
time A to B), and then increase when air pollution levels increase again (from B to A), is
more important in short term studies so as to establish that the biomarker changes are driven
by the air pollution changes.

Overall, these accountability studies have provided important assessments of whether
environmental policies and individual air quality actions around the world have benefited
public health. In some, they have also provided important evidence to assess if and by what
mechanisms air pollution may cause a health event or contribute to underlying disease.
Future natural experiments may occur, and if so, epidemiologic lessons learned from these
studies may inform us as to how to maximize the information learned from the future events.
If so, we may gain information about new pollutant/outcome associations, specific diseases
impacted or not impacted by air pollution, sources of pollution most strongly linked or not
linked at all to health effects, and/or new groups of susceptible individuals requiring
protection.
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1.
2.
3.

Highlights
Natural experiments assess if regulatory actions resulted in lower air pollution
Natural experiments also assess if beneficial health effects were observed

Strengths and limitations of past designs can inform future study designs
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