
INDEX OF ARTICLES 
AND PAPERS
This activity includes four general-audience articles and four scientific papers. Divide the class into eight 
groups. Assign each group a different article or paper. Have each group answer the questions about their 
assigned article/paper, then make a short presentation to the class summarizing what they read. Next, pair 
up each group that read a general audience article with a group that read the related scientific paper. Have 
them exchange papers and add to the answers given by the first group. (Pair Article 1 with the Paper 1, and 
so forth.)

For the purposes of this activity,  received permission to post some of the articles and papers on 
the It’s Our Air website. Those articles and papers are included in this document. There were several articles 
for which we were unable to obtain this permission, but teachers can download the documents from their 
original source. The links to the sources for those articles are provided in this document.

ARTICLES
ARTICLE 1: “Duke Scientists Report Air Pollution Controls Linked to Lower NC Death Rates” by S. Wheeler

ARTICLE 2: “Take-Home Message is Clear” by T. Lucas

ARTICLE 3: “Air Pollution, Climate and Heart Disease” by D.R. Gold and J.M. Samet

ARTICLE 4: “FAQ Regarding Public Health and Wildfires by the North Carolina Department of Public Health”

SCIENTIFIC PAPERS
PAPER 1: “Long-term Dynamics of Death Rates of Emphysema, Asthma, and Pneumonia and Improving Air 

Quality” by J. Kravchenko et al.

PAPER 2: “Coarse Particulate Matter (PM 2.5-10) Affects Heart Rate Variability, Blood Lipids, and Circulating 
Eosinophils in Adults with Asthma” by K. Yeatts et al.

PAPER 3: “Controlled Exposure of Healthy Young Volunteers to Ozone Causes Cardiovascular Effects” by R.B. 
Devlin et al.

PAPER 4: “Forecast-Based Interventions Can Reduce the Health and Economic Burden of Wildfires” by A.G. 
Rappold et al.
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ARTICLE 1: “Duke Scientists Report Air Pollution Controls Linked to Lower NC Death Rates”  
by S. Wheeler Reproduced courtesy of the Charlotte Observer.
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ARTICLE 2: “Take-Home Message is Clear” by T. Lucas Reproduced courtesy of Dukenvironment  
Magazine, Fall 2014, Nicholas School of the Environment at Duke.
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During the 2008 Summer 
Olympics in Beijing, while the 
rest of the world was watching 

swimmers, gymnasts and other athletes 
go for gold, Junfeng “Jim” Zhang and 
his team had their eyes on a different 
prize.

Zhang, an expert in the field of 
exposure science, had temporarily set up 
shop in the Chinese capital to measure 
how improvements in the city’s air 
quality during the Olympics affected its 
residents’ cardiovascular and respiratory 
health. 

Beijing is one of the world’s most 
polluted cities, but the Chinese 
government had promised to reduce 
pollution by shutting down factories 
and limiting traffic for a six-week period 
leading up to and encompassing the 
games.

“This was something no one had 
attempted to do on such a large scale 
before,” Zhang says. “We wanted 
to take advantage of such a huge 
intervention and look at what happens 
in people’s bodies when their exposure 
to pollution drops.”  

To conduct the study, he and his 
colleagues measured blood clotting, 
heart rate, lung and systemic 
inflammation and other biomarkers of 
cardiovascular health in 125 young, 
healthy, nonsmoking medical residents 
who worked at a central Beijing 
hospital. They examined each volunteer 
six times: twice before the pollution-
control measures began; twice while 
they were in play; and twice after the 
games ended and air quality measures 
were relaxed.

The results were golden.  
Zhang’s study, published four years 

later in the prestigious Journal of 
the American Medical Association, 
became the first to identify a biological 
link between air pollution and 
cardiovascular health.  

“Inflammation, oxidative stress and 
other risk factors for heart disease were 
significantly reduced while pollution-
control measures were in play but rose 
again sharply when the measures were 
relaxed,” he says. “This was evidence 
that physiological changes occur rapidly 
in our bodies when we are exposed to 
changing levels of pollution.” 

The take-home message was clear: 

Even short-term improvements in air 
quality can yield significant reductions 
in disease risks, not just among children 
and other higher-risk groups but in 
healthy young adults, too.  

It was the latest in a series of 
breakthroughs that have catapulted 
Zhang, who joined the Nicholas School 
faculty in 2013, to the forefront of his 
field.  

Since 1994, he’s published more 
than 150 studies examining the 
environmental and human health 
impacts of air pollution. His work has 
shed light not only on what the effects 
of exposure to pollutants are, but 
also how they alter the physical and 
biochemical processes that affect Earth’s 
climate and reduce or increase disease 
risks in our bodies.  

He was among the first scientists 
to investigate hydrocarbon emissions 
and health risks from cookstoves in 
developing countries, and has led 
pioneering studies on a long list of 
other pollutants, as well, including 
diesel fumes on the streets of London; 
lead dust from pottery production in 
Mexico; volatile organic compounds 
from paint manufacturing in Kenya; 
hydrocarbon emissions from mosquito 
coils in China and Malaysia; perchlorate 
exposures in lactating women in New 
Jersey; greenhouse gas emissions and 
other airborne pollutants from charcoal 
making in Brazil and Kenya; and, most 
recently, engineered silver and carbon 
nanoparticles in consumer products in 
the United Kingdom and the United 
States. 

“Indoor exposures, outdoor 
exposures—I’m interested in them all, 
particularly in cases where people work 
and live very close to the source of 
pollution,” says Zhang, 49, of his globe-
spanning interests. 

In recognition of his early work to 
characterize sources of non-methane 
greenhouse gases, Zhang was officially 
recognized as a contributor to the 
2007 Nobel Peace Prize awarded to 
the United Nations’ Intergovernmental 
Panel on Climate Change.  

In 2012, he received the Jeremy 
Wesolowski Award, the highest 
professional honor bestowed by the 
International Society of Exposure 
Science. In 2013, he was named a 

Fellow of the American Association for 
the Advancement of Science.

A follow-up study to his 2008 Beijing 
research may yield additional accolades. 

The study, which Zhang and 
colleagues recently submitted to a 
leading environmental health journal, 
examines the impact of pollution 
reductions on pre-term birth rates and 
birth weights – another scientific first.   

“We find that babies’ birth weights 
increased significantly if their mothers’ 
eighth month of pregnancy was during 
the 2008 Olympics, when air pollution 
was reduced for six weeks,” he says. 
“Even a temporary reduction made a 
statistically significant difference.” 

It’s further proof, he says, that from 
birth to death, our health and the 
environment are inextricably linked.

A GROWING GLOBAL THREAT
The urgency of Zhang’s work is 
underscored by a World Health 
Organization (WHO) report released 
earlier this year. The report estimates 
that in 2012 about 7 million deaths, 
or roughly one in eight premature 
deaths worldwide, were caused by air 
pollution—more than from malaria, 
tuberculosis and AIDS combined. 

The new estimate of pollution-
related deaths is more than twice 
that of previous WHO estimates, and 
establishes airborne pollutants as the 
world’s single largest environmental 
threat to human health, particularly in 
developing countries and large cities.   

Emissions from carbon-based fuels 
account for most of the risk. But new 
threats may be emerging.

“Manufactured nanoparticles are 
being used in all kinds of consumer 
products, from fuel additives to 
sunscreens to sporting equipment, but 
we’re only beginning to understand 
how they interact with the environment 
or might affect human health,” says 
Zhang, who is heading two major 
research initiatives to find answers.

With $4 million in funding from the 
U.S. Environmental Protection Agency 
and the United Kingdom’s National 
Environmental Research Council, he’s 
directing a four-year laboratory study 
to assess the risks posed by engineered 
nanoparticles used in consumer 
products.     
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With $5 million in funding from the 
National Institute of Environmental 
Health Sciences, he’s leading a five-
year lab study to understand the link 
between the physiochemical properties 
of nanoparticles and their toxicity.

“Our goal is to produce well-defined 
measurements of nanoparticle properties 
so we can better determine their risks,” 
he explains. “It’s not possible to test 
nanoparticles side by side, one to one, 
as we can with other pollutants. They’re 
too tiny and there’s too many of them. 
But if we know their basic properties—
such as their sizes, shapes and 
structures, and if they’re water soluble 
or not—we can figure out relationships 
between those properties and toxicity, 
and provide guidance on how to design 
and manufacture safer alternatives.” 

One of the initiatives’ most widely 
cited findings so far has been on the use 
of nanosized ceria additives in diesel 
fuel. 

Ceria, or cerium oxide, is a metallic 
powder. Nanosized ceria has been 
used in recent years as a catalyst to 
improve combustion and increase fuel 
efficiency in diesel engines. Zhang’s 
team’s analysis, published in 2013 in 
the journal Environmental Science & 
Technology, suggests the jury is still out 
on whether the environmental benefits 
outweigh the possible risks. 

“Nanosized ceria additives do reduce 
fuel use by 10 to 15 percent, meaning 
engines emit 10 to 15 percent less 
carbon dioxide emissions,” he says. But 
there’s a catch. “Even though we see a 
reduction in particle mass, we also see 
a shift from larger particles to smaller 
ones.”  

These particles are so small they 
resemble a gas and not only can be 
inhaled into lungs but also can shoot 
directly into a person’s blood.

“We’ve essentially changed the 
emissions’ profile and the pathways they 
can take into our bodies,” Zhang says. 
“It’s too early to tell if this is a good 
thing or not.”

While lab studies on nanoparticles 
and other emerging sources of pollution 
occupy more and more of his time 
now, Zhang continues to pursue the 
meticulously constructed field studies on 
real-life exposures that have long been 
his hallmark. 

OUR TESTS SHOW THAT AFTER                                 

EXPOSURE TO DIESEL TRAFFIC 

FUMES, PHYSIOLOGICAL 

CHANGES OCCUR IN THE 

VOLUNTEERS’ RESPIRATORY 

SYSTEMS. THEIR LUNG 

FUNCTIONING DROPS 

TEMPORARILY BY AN AVERAGE                                   

                                    6 TO 7%

Photo by istock images
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A case in point is his ongoing study, 

first reported in 2007 in the New 
England Journal of Medicine, on how 
short-term exposure to big-city traffic 
exhaust alters lung functioning.

The project, which Zhang began in 
2000, measures changes in biomarkers 
of respiratory health in people with 
asthma after they spend two hours 
walking along London’s busy Oxford 
Street.   

“Our tests show that after two 
hours’ exposure to diesel traffic fumes, 
physiological changes occur in the 
volunteers’ respiratory systems. Their 
lung functioning drops temporarily by 
an average of 6 to 7 percent,” he says. 

By comparison, rescue workers who 
responded to the 9/11 bombings of 
New York City’s World Trade Center 
lost an average of 10 percent of their 
lung functioning. The rescue workers’ 
decrease was far more debilitating and 
long-lasting, Zhang says, but it serves 
to illustrate “how serious the effects of 
even short-term exposure to big-city 
traffic exhaust can be, especially for 
people with a mild to moderate pre-
existing respiratory disease. Biology 
does not lie.”

SMALL BEGINNINGS
These days, new research findings by 
Zhang and other leaders in the field can 
generate widespread buzz in medical, 
scientific and policy circles.  

But it wasn’t always the case. 
“My early presentations on cookstove 

emissions attracted very small crowds. 
Sometimes, it was just me, my mentor 
Kirk Smith and maybe one other person 
in the room,” Zhang recalls with a 
laugh. “It was the mid-1990s. Exposure 
science, especially indoor air science, 
was just emerging. I was one of only a 
few researchers worldwide looking at 
the cookstove exposure issue.” 

And even he came to it somewhat 
circuitously.

After earning a bachelor’s degree 
in applied chemistry in 1985 from 
Peking University in Beijing, Zhang 
stayed on to pursue a master’s degree 
in atmospheric chemistry. He planned 
to study ozone pollution, which was a 
growing problem in many of China’s 
large cities.  

“I was more interested in 

environmental applications than human 
health exposures,” he says. “But by the 
time I graduated with my master’s in 
1988, my interests had broadened. I was 
becoming more aware of the human 
health impacts of air pollution, so 
decided I wanted to do something that 
bridged human health, environmental 
science and physical science.” 

He enrolled at Rutgers University in 
New Jersey to pursue a second master’s 
degree in environmental science. He 
stayed at Rutgers for his doctoral 
studies, earning his PhD in exposure 
science in 1994 before heading west 
for a two-year postdoctoral fellowship 
with renowned global environmental 
health researcher Kirk R. Smith at the 
University of California at Berkeley.

“My training in exposure science 
up to that point had mostly been 
in hardcore theoretical science, but 
Professor Smith transformed my 
thinking,” Zhang says. “He helped me 
understand what is really important, 
and I began working much more on the 
applied side.” 

Zhang’s earliest work focused on 
characterizing the sources of greenhouse 
gas emissions, but he increasingly 
became fascinated with the issue of 
indoor air quality.

“It was a new field, there were lots of 
opportunities, and the number of people 
affected was huge, especially women 
and children in developing countries,” 
Zhang says. “I started looking at the 
issue anywhere there was considerable 
exposure.”

A rapid-fire succession of peer-
reviewed papers followed, along 
with a steady rise up the ranks of 
some of the world’s leading centers 
for environmental health, including 
Rutgers and the University of Southern 
California’s Keck School of Medicine.

In 2013, he joined the Duke faculty 
with joint appointments as professor of 
environmental and global health at the 
Nicholas School of the Environment, the 
Duke Global Health Institute (DGHI) 
and Duke Kunshan University in China. 

Today, he divides his time between 
the Durham and Kunshan campuses, 
managing research labs and teaching 
students at both.  

In Durham, he teaches a master’s-level 
course on air pollution and will co-teach 

a doctoral-level course on exposure 
measurement and assessment next fall. 
In China, he teaches an “Introduction to 
Global Health” course. 

When he’s not busy teaching, 
traveling, giving talks, managing 
research, writing papers, or writing 
grant proposals for new projects, 
Zhang enjoys spending time at home 
in Durham with his wife, Gloria, and 
their two sons, Charles, 14, and Barry, 
12, photos of whom are among the 
few personal items on display in his 
still half-unpacked office in the Levine 
Science Research Building. 

If he had spare time, he’d also like to 
take up a favorite old pastime again: 
writing poetry. 

“When I was younger, I published 
numerous poems, mostly in Chinese but 
also a few in English,” he says. “I enjoy 
playing with language, the challenge it 
presents.”

A poem that he wrote in 1990 about 
his parents, “Memory: a Serenade,” 
won first place in the National Hongyu 
(Rainbow and Rain) Cup Contest of 
Poetry and Words in Beijing. The honor 
is prominently listed on page two of 
Zhang’s 44-page curriculum vitae, the 
same page as his Nobel Prize citation.  

“It’s been years since I’ve written 
anything like that. I miss it, but after 
writing grants all day, you don’t have 
room in your brain to write something 
different,” he says as he politely turns 
and eyes the stacks of unfinished grant 
proposals on his desk and the ever-
growing number of emails accumulating 
in his inbox. “You make your choice 
about what’s truly important. 

“Someday, perhaps, I’ll have time 
to pursue poetry again. But if not, it’s 
okay,” he says contentedly. “I have more 
than enough to keep me challenged.” 

Tim Lucas is senior writer for Dukenvironment 

magazine and is the Nicholas School’s director of 

marketing communications.
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ARTICLE 3: “Air Pollution, Climate and Heart Disease” by D.R. Gold and J.M. Samet

This article cannot be posted on the website, but teachers may download it from the following 
link and print it out for their students: http://circ.ahajournals.org/content/128/21/e411.full.
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PAPER 1: “Long-Term Dynamics of Death Rates of Emphysema, Asthma, and  
Pneumonia and Improving Air Quality” by J. Kravchenko et al Reproduced courtesy of J. 
Kravchenko and Dove Press, publisher of the International Journal of COPD. The open access  
license is available here: http://www.dovepress.com/why_publish_with_dove.php?content_id=3045

© 2014 Kravchenko et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php
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Background: The respiratory tract is a major target of exposure to air pollutants, and respiratory 
diseases are associated with both short- and long-term exposures. We hypothesized that improved 
air quality in North Carolina was associated with reduced rates of death from respiratory diseases 
in local populations.
Materials and methods: We analyzed the trends of emphysema, asthma, and pneumonia 
mortality and changes of the levels of ozone, sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon 
monoxide (CO), and particulate matters (PM2.5 and PM10) using monthly data measurements 
from air-monitoring stations in North Carolina in 1993–2010. The log-linear model was used to 
evaluate associations between air-pollutant levels and age-adjusted death rates (per 100,000 of 
population) calculated for 5-year age-groups and for standard 2000 North Carolina population. 
The studied associations were adjusted by age group-specific smoking prevalence and seasonal 
fluctuations of disease-specific respiratory deaths.
Results: Decline in emphysema deaths was associated with decreasing levels of SO2 and CO in 
the air, decline in asthma deaths–with lower SO2, CO, and PM10 levels, and decline in pneumonia 
deaths–with lower levels of SO2. Sensitivity analyses were performed to study potential effects 
of the change from International Classification of Diseases (ICD)-9 to ICD-10 codes, the effects 
of air pollutants on mortality during summer and winter, the impact of approach when only the 
underlying causes of deaths were used, and when mortality and air-quality data were analyzed 
on the county level. In each case, the results of sensitivity analyses demonstrated stability. The 
importance of analysis of pneumonia as an underlying cause of death was also highlighted.
Conclusion: Significant associations were observed between decreasing death rates of emphysema, 
asthma, and pneumonia and decreases in levels of ambient air pollutants in North Carolina.
Keywords: chronic obstructive pulmonary disease, sulfur dioxide, carbon monoxide, nitrogen 
dioxide, particulate matter

Introduction
Air pollution has a deleterious impact on human health,1–6 with global outdoor air 
pollutants estimated to account for approximately 1.4% of total mortality and 2% of 
all cardiopulmonary mortality.7 Both ambient particles4,8,9 and such gases as nitrogen 
dioxide (NO2), ozone (O3), and carbon monoxide (CO) have been shown to increase 
total, cardiovascular, and respiratory (predominantly due to lung cancer and chronic 
obstructive pulmonary disease [COPD]) mortality and morbidity.3,10,11 While the impact 
on any individual’s risk of death has been thought to be relatively modest per se, the 
overall impact of air pollution on the health of an exposed population makes it a major 
public health concern.12
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While more studies on short-term impacts of changes 
of air quality are available (such as the legislated traffic 
holidays during the 1996 Atlanta Olympic Games13 and the 
2008 Beijing Olympic Games14), less is known about the 
long-term effects of changing air quality on the health of 
exposed populations. For example, a ban on heating-coal 
sales in Dublin was thought to be associated with both 
reduced pollution from airborne particulate matters (PMs) 
and 5.7% reduction in all-cause, 15.5% reduction in respi-
ratory, and 10.3% reduction in cardiovascular mortality.15 
However, these results were considered inconclusive, due to 
the  complexity and expense of evaluating the health effects 
of air pollution on populations.16,17 Since the 1990s, a variety 
of acts, standards, and requirements in the US have been 
adopted to improve air quality. For example, increasingly 
stringent national gasoline and automotive engine require-
ments have been applied, resulting in a decrease of CO, NOx, 
PM, and volatile organic compounds in the air. At the state 
level, North Carolina in 1992 entered into the Southern Appa-
lachian Mountains Initiative, leading to the development of 
the Clean Smokestacks Act18 to mandate reduced emissions 
from coal-fired power plants.19

While few studies have analyzed the associations of 
both air quality and health over a long period, and they were 
typically limited to analysis of a specific air pollutant or a 
couple of pollutants, we were able to study longitudinally a 
number of air contaminants, including both PMs and noxious 
gases. In addition, we analyzed both air quality and health 
outcomes over almost two decades (1993–2010). Because 
respiratory morbidity and mortality are affected by changes 
in air quality,20–22 we evaluated the associations between the 
changes of the levels of PM10 and PM2.5, ozone, CO, NO2, 
and SO2 in the air and death rates of emphysema, asthma, 
and pneumonia.

Materials and methods
Data
We analyzed mortality rates for emphysema (International 
Classification of Diseases [ICD]-9 code 492, ICD-10 code 
J43), asthma (ICD-9 code 493, ICD-10 codes J45, J46), and 
pneumonia (ICD-9 codes 480.0, 480.1, 480.2, 480.9, 485, 486, 
487.0, 487.1, ICD-10 codes J11.00, J11.1, J12.0, J12.1, J12.2, 
J12.9, J18.0, J18.9) in North Carolina from 1983 to 2010 using 
the data from the Vital Statistics National Center for Health Sta-
tistics Multiple Cause of Death dataset. We started the mortality 
analysis with the data from 1983, but could only analyze air 
quality when monitoring data were available, ie, 1993–2010. 
The mortality data enabled an analysis of a longer period of 

death-rate dynamics, thus allowing to observe the dynamics of 
disease-specific mortality before the measured reduction in par-
ticulate and gaseous emissions in North Carolina. Age-adjusted 
death rates (per 100,000 of population) were calculated using 
5-year age-groups and standard 2000 North Carolina popula-
tion. The data on population were provided by the Surveillance 
Epidemiology and End Results Registry (SEER) at http://www.
seer.cancer.gov/popdata/download.html.

Data on concentrations of PM2.5 ( g/m3), PM10 ( g/m3), 
ozone (ppb), CO (ppb), NO2 (ppb), and SO2 (ppb) in the air 
in 1993–2010 were obtained from the US Environmental 
Protection Agency (EPA) (http://www.epa.gov/ttn/airs/air-
saqs/detaildata/downloadaqsdata.htm). We used the averaged 
month-specific concentrations of air pollutants for North 
Carolina to further analyze them for associations with the 
dynamics of cause-specific monthly mortality in the state.  
A two-stage averaging procedure was used to avoid heteroge-
neity in the numbers of measurements made in certain days 
of the month: first, we calculated the day-specific means, and 
then these values were averaged, resulting in month-specific 
means. Negative values were excluded, and measurements 
with various units were converted to g/m3 for PM2.5 and 
PM10, and to ppb for ozone, CO, NO2, and SO2. Since the data 
on air pollutants represented different methods of  registration 
 during different durations of sample collection (ie, the length 
of time used to acquire a sample measurement), an auxiliary 
analysis was performed to check whether the specific method 
could be considered as an outlier and therefore excluded 
from the analyses.

Also, data on the prevalence of tobacco use for 1995–2010 
were obtained from the Centers for Disease Control and 
 Prevention Behavioral Risk Factor Surveillance System 
survey for age–groups 18–24, 25–34, 35–44, 45–54, 55–64, 
and 65  years (http://www.cdc.gov/brfss).

ethics statement
The data used in this study have no individual identifiable 
information. No specific procedures were required for de-
identification of the records. All data analyses were designed 
and performed in accordance with the ethical standards 
of the committee on human experimentation and with the 
Helsinki Declaration (1975, revised in 1983), and were 
approved by the Duke University Health System Institutional 
Review Board.

Methods
Trends of cause-specific death rates and of levels of air 
contaminants were analyzed for correlations. Adjustment by 
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smoking prevalence and seasonal fluctuations in respiratory 
deaths (for monthly death rates of emphysema, asthma, and 
pneumonia) were included in a log-linear model that was 
used to evaluate the associations between the level of each 
studied air pollutant and the death rates, as follows:

 log( ) ,mr u c s1 2
1

11

m
m

I
 

(1)

where u was the intercept, 1 represented the effect of each 
studied air pollutant depending on its concentration (denoted 
by c) measured in its units (as described in the Data section), 

2 represented the effect of smoking prevalence (denoted 
by s), m represented the effects of 11 months (January to 
November for each year) in respect of December (Im is the 
month indicator), and  stood for random residuals. Note 
that if the air-pollutant concentration changes by one unit of 
its measured level in the air, the rate r changes by the factor 
of exp( 1). For multiple comparisons, the Bonferroni cor-
rection was applied.

sensitivity analysis
The potential effect of ICD code changes (from ICD-9 to 
ICD-10), the seasonal fluctuation of air pollutants and mor-
tality during summer and winter, and the analysis validity 
when only the underlying causes of deaths contributed to the 
cause-specific death rates were tested. In addition, sensitivity 
analysis was performed for county-level data on respiratory 
mortality and air-pollutant levels. Only counties for which 
the data on air quality were directly measured by monitoring 
stations were included in the analysis: 37 counties for ozone 
measurements, 11 counties for NO2, 22 counties for SO2, 16 
counties for CO, and 37 counties for PM2.5 and PM10 measure-
ments. As in the main analysis, dynamics of smoking preva-
lence (on state level) and seasonal fluctuations in respiratory 
mortality were used for adjustments of the results.

Results
We analyzed up to 180 month-specific measurements of each 
of the studied air pollutants recorded at multiple monitoring 
sites in North Carolina (see Table 1 for detailed air pollutant-
specific information). We found air quality in North Carolina 
gradually improving over time, primarily due to decreasing 
PM10, NO2, and CO levels. These decreases became more 
pronounced from 2002 (see Figure 1; note that individual 
pollutants were placed onto a single graph by utilizing the 
arbitrary units to enable a collective visualization of the 
trends). The following seasonal fluctuations of pollutants 
levels were observed (Figure 2): levels of ozone, PM2.5, and 

PM10 were higher in summer, while levels of SO2, NO2, and 
CO were higher in winter.

Since 1983, the death rates of three studied diseases have 
been decreasing (Figure 3), with declines in emphysema 
death rates more dramatic since 1998, for asthma since 1995, 
and for pneumonia since 1990. From 1993 to 2010, 101,374 
deaths in North Carolina were caused by pneumonia, 13,187 
by emphysema, and 5,509 by asthma. The detailed description 
of the studied population is presented in Table 2. Among those 
who died from emphysema and from pneumonia, 80.7% and 
85.9%, respectively, were older than 65 years. For asthma, 
ages at death were younger: 9.7% were younger than 40 years, 
and 31.3% were aged 40–64 years old. However, the declin-
ing trends of pollutant concentrations and death rates during 
1993–2010 do not essentially confirm causality.

The association between the changes of air-pollutant 
levels and dynamics of disease-specific death rates after 
being adjusted for smoking prevalence (for respective year 
and age-group), and by monthly fluctuations in respiratory 
disease-specific death rates are shown in Table 3, for each 
air pollutant. The disease-specific death rate (number of 
deaths per 100,000 population) decreased by a factor cal-
culated based on the value of estimate presented in Table 3 
(ie, per decrease of concentration of each pollutant by one 
unit of measurement: per 1.0 ppb for ozone, SO2, NO2, CO, 
and per 1.0 g/m3 for PM2.5 and PM10). For example, the 
estimate for emphysema in Table 3 means that if the SO2 
level decreases by 1 ppb, the emphysema death rate (per 
100,000 population) can be predicted to decrease by a factor 
of exp(0.0547) 1.056. Similar interpretation can be devel-
oped for smoking estimates, keeping in mind that smoking 
is represented by its prevalence in population measured in 
percentages, and thus the respective exponential factor cor-
responds to a change in smoking prevalence by 1%.

Among gaseous pollutants, the estimates for associa-
tions between reduction of air-pollutant levels and reduc-
tion of death rates were significant for SO2 and emphysema 
(0.0547 0.0106, P 0.0001), asthma (0.0598 0.0173, 

Table 1 Measurements of air pollutants used in the study, 

1993–2010

Air pollutant Number of 
monitored sites

Number of month-
specific measurements

Ozone 69 148

nitrogen dioxide 15 180

sulfur dioxide 35 180

Carbon monoxide 41 180

PM
10

68 180

PM
2.5

60 132

Abbreviation: PM, particulate matter.
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P 0.001), and pneumonia (0.0309 0.0093, P 0.001), and 
for CO and emphysema (0.0004 0.0001, P 0.0001) and 
asthma (0.0006 0.0001, P 0.001). For PM, reduced PM2.5 
levels were associated with reduction of emphysema mortal-
ity (0.0155 0.0066, P 0.05) and reduced PM10 levels, with 
reduction of asthma mortality (0.0204 0.0058, P 0.001). 
As expected, smoking significantly affected the mortality of 
each disease.

sensitivity analysis
The sensitivity analysis demonstrated good stability of obtained 
results (see Table S1 for detailed information). In the sensitivity 
analysis, the association between pneumonia mortality and CO 
levels became significant (P 0.0655 in main versus P 0.0001 
in sensitivity analysis) when pneumonia was analyzed as an 

underlying cause of death. Recent studies have demonstrated 
that separation of comorbid conditions to underlying and 
secondary causes can be unreliable;23–25 however, for certain 
diseases with a predominantly acute course (eg, pneumonia), 
that may not be the case, and additional information can also 
be obtained from analysis of underlying causes of death. In 
addition, sensitivity analysis showed that during summer 
decreased mortality from emphysema was associated with 
lower levels of PM10 (P 0.2554 in main versus P 0.017 in 
sensitivity analysis), and statistical significance was observed 
for associations between pneumonia mortality and CO levels 
when ICD code changes were taken into account (P 0.0655 
in main versus P 0.018 in sensitivity analysis).

A county-level analysis also demonstrated the stability of 
most observations in the main analysis. Among associations 
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Figure 1 levels of six air pollutants in north Carolina, 1993–2011. Individual pollutants were placed onto a single graph by utilizing arbitrary units to enable a collective 
visualization of the trends.
Abbreviation: PM, particulate matter.
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Figure 2 Seasonal fluctuations of air-pollutant levels: summer (red, 3 months) and winter (blue, 3 months), 1993–2011.
Abbreviation: PM, particulate matter.
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Figure 3 Trends in death rates for emphysema, asthma, and pneumonia in north Carolina, 1983–2010. Mortality rates were age-adjusted to the 2000 north Carolina population.
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Figure 2 Seasonal fluctuations of air-pollutant levels: summer (red, 3 months) and winter (blue, 3 months), 1993–2011.
Abbreviation: PM, particulate matter.
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Figure 2 Seasonal fluctuations of air-pollutant levels: summer (red, 3 months) and winter (blue, 3 months), 1993–2011.
Abbreviation: PM, particulate matter.
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Table 2 Demographic characteristics of north Carolina 
population with cause-speciÀc respirator\ mortalit\, 1993–2010

Demographic 
characteristic

Cause of death

Emphysema Asthma Pneumonia

number of deaths 13,187 5,509 10,1374
sex, n 
  Males 

Females

 
�,��� (�����) 
�,��� (�����)

 
�,��� (�����) 
�,��� (�����)

 
��,��� (�����) 
��,��� (�����)

race, n 
  Caucasians 

african-americans 
Other

 
��,��� (�����) 
�,��� (����) 
�� (����)

 
�,��� (�����) 
�,��� (�����) 
�� (����)

 
��,��� (�����) 
��,��� (�����) 
��� (����)

age, n 
  15 years old 

15–39 years old 
40–64 years old 
65  years old

 
� (����) 
�� (����) 
�,��� (�����) 
��,��� (�����)

 
��� (����) 
��� (����) 
�,��� (�����) 
�,��� (�����)

 
��� (����) 
�,��� (����) 
��,��� (�����) 
��,��� (�����)

Table 3 associations between trends in emphysema, asthma, and pneumonia death rates and dynamics of air pollutants in north 
Carolina, 1992–2010

Potential health-impact factor Emphysema Asthma Pneumonia

Ozone, ppb 
smoking

0.0061 0.0030, P 0.05 
0.0493 0.0056†, P 0.0001

0.0082 0.0056* 
0.0649 0.0105†, P 0.0001

0.0011 0.0019*
0.0413 0.0034†, P 0.0001

sO2, ppb 
smoking

0.0547 0.0106†, P 0.0001 
0.0399 0.0074†, P 0.0001

0.0598 0.0173†, P 0.001 
0.0563 0.0121†, P 0.0001

0.0309 0.0093†, P 0.001
0.0360 0.0063†, P 0.0001

nO2, ppb 
smoking

0.0153 0.0062, P 0.01 
0.0456 0.0090†, P 0.0001

0.0270 0.0094, P 0.005 
0.0511 0.0140†, P 0.001

0.0030 0.0053*
0.0455 0.0076†, P 0.0001

CO, ppb 
smoking

0.0004 0.0001†, P 0.0001 
0.0300 0.0083†, P 0.001

0.0006 0.0001†, P 0.0001 
0.0349 0.0129, P 0.01

0.0001 0.0001*
0.0388 0.0074†, P 0.0001

PM2.5, g/m3 
smoking

0.0155 0.0066, P 0.05 
0.0414 0.0072†, P 0.0001

0.0116 0.0083* 
0.0329 0.0093†, P 0.001

0.0044 0.0063*
0.0462 0.0067†, P 0.0001

PM10, g/m3 
smoking

0.0045 0.0039* 
0.0583 0.0069†, P 0.0001

0.0204 0.0058†, P 0.001 
0.0644 0.0109†, P 0.0001

–0.0015 0.0035*
0.0499 0.0057†, P 0.0001

Notes: )or each air pollutant, the effect of smoNinJ was evaluated� 7he effects of month-to-month fluctuations in disease-speciÀc mortalit\ for emph\sema, asthma, and 
pneumonia are not shown in the table, but they also were evaluated for each month. *P 0.05; †siJniÀcant under %onferroni correction for multiple comparisons�
Abbreviation: PM, particulate matter.

that were significant under Bonferroni correction in the main 
analysis, associations between dynamics of SO2 and mor-
tality from emphysema (0.1399, P 0.001) and pneumonia 
(0.0698, P 0.001), and associations between changes of 
CO levels and asthma mortality (0.0004, P 0.05) were 
also significant in the sensitivity analysis. The association 
between CO and pneumonia mortality was also significant 
when analysis was performed on a county level (0.0002, 
P 0.001). Recall that this association was significant in 
the analysis using state-level data in two cases: when being 
corrected for changes of ICD codes and when only underly-
ing causes of deaths were considered as contributing to the 
cause-specific death (see detailed results in Table S1). The 
effects of dynamics of SO2 and PM10 on asthma mortality 
became nonsignificant (P 0.05), likely due to the small 
number of county-specific asthma deaths and due to the 

large fraction of zeroth death rates that were not successfully 
described by Equation 1.

Discussion
We found significant correlations between reduction of air 
pollutants and dynamics of deaths due to respiratory diseases 
during the period we studied. We need to contextualize 
these findings, particularly in regard to the multifactorial 
contributors to respiratory mortality. In general, COPD has 
been shown to correlate highly with air pollution linked 
to global urbanization,26 eg, higher prevalence of chronic 
bronchitis (odds ratio [OR] 2.26, confidence interval [CI] 
1.54–3.31), asthma (OR 1.57, CI 1.25–1.98), and emphysema 
(OR 2.98, CI 1.95–4.54) were observed in the meta-analyses 
of individuals exposed to urban air.27 Little is known about 
whether chronic, low-dose exposure to ambient air pollutants 
can exacerbate COPD progression.28,29 Several recent stud-
ies related respiratory symptoms to long-term rather than 
short-term effects of ambient particles,30 with the long-term 
exposure to PM10 increasing the risk of COPD.31

Changing air quality in North Carolina could be a good 
example of analysis of the trends of both improved air quality 
and respiratory mortality over almost two decades of obser-
vations. Improved air quality in North Carolina since the 
mid-1990s is related to a series of federal and state acts and 
regulations (see Table 4), including the national heavy-duty 
truck engine standards, reduction of NOx emissions, the Clean 
Smokestacks Act, and new engine standards. Regulations of 
emissions of NOx, PM10, and CO appeared to be very effec-
tive in improving air quality in the state. Observed seasonal 
fluctuations of air-pollutants levels could be due to season-
dependent local dispersive conditions, breeze dynamics,  
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