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Abstract

GENEE S. SMITH: air pollution and pulmonary tuberculosis disease in California
(Under the direction of Marilie Gammon)

Mycobacterium tuberculosis the causative agent of pulmonary tuberculosis (TB)
disease, but environmental factors may influensealie susceptibilignd orprogression
from infection to diseasé=cologic analyses, including a preliminary study conducted,
suggest a possible link between active TB and ambient air pollution. Animal models
demonstrate that air pollution is associatéitha reduction in cytokines that normally
prevent latent TBnfection(LTBI) from progressing into clinical diseaSene primary
objectiveof this investigatiorwas to evaluate the association between ambient air pollution
(as measured by SONO,, CO, Q, PM,sand PMg) and incident pulmomg TB (PTB). An
additional aim wa to determine whether cigarette smoking is a risk factdPF@rdiseasen
this populationand whether smoking influences the association between air pobntibon
increasd risk of developing PTB. To address these aims a-cas&ol study nested among
members of Kaiser Permanente Northern California (KPM&) undertakerlJsing
electronicclinical databasedECD), incidentcases oPTB diagnosed anmg adults between
the years 199@010 were selectedand controls without a history BB matched to the
cases on age, gendandrace/ethnicity. Cigarette smoking, current and historical residential
addresses, andher covariates of interest weaibstracted from thECD. To estimate

individuatlevel pollutant exposurgeocoded addresses were linked to inverse distance



weightedsurfaces of averagaonthly pollutant concentrationproduced by the California

Air Resources Board.ogistic regression models wensed to evaluate the relatghip
between individual air pollutant and incident PTB, stratifying on history of cigarette
smoking. Theeresultsarethe first from an analytic epidemiologic investigation undertaken
to formally evaluate the hypothesis that individlealel estimates ddir pollution
concentrations are associated withramreasedisk of incident PTB.Considering the high

air pollution levels and increasing TB rates internationally, their potential association

warrants study.
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SPECIFIC AIMS

Understanding cofactors that may increase TB susceptibility is necessary to inform
intervention programs airdeat reducing TB transmissioHigh levels ofambient air
pollution are common in many high TB prevalence areas, areldegn previously
associated with several adverse health outcorAggollution may increas¢herisk of
progression of LTBI to PTBhrough changes in the adaptive immsgstem Utilizing data
from Kaiser Permanente Northern California (KPNC), a large and diverse integrated health
care delivery system, | evaludtthe association between individual estimates of ambient air
pollution and incident pulmonary tuberculosis (PTB) diseaseng California (CA)

residentsSpecific Aimswere as follows:

Specific Aim 1 Estimate the magnitude of the association betweentkmg, 24

month exposure to air pollution (NGO, CO, G, PMypand PM slevels) and development

of incident activePTB.

Hypothesis Adults are at higher risk of developing PTB if they reside in areas with

high air pollution levels, measured by SQ0,, CO, @, PMypand PMslevels.

Rationale In an unpublished ecologic study conducted in North an associat®n wa
observed between prevalent TB cases and residing in a county with high levels of air

pollution assessed using measures of fvid PM s as recorded by United States (U.S.)



Environmental Protection Agency (EPA) monitoring sites. Building upon this fyjndin
nested caseontrol study wa proposed to determine whether the risk of developing incident
PTB is associated with individuddvel estimates of air pollution concentratio@sses and

controls vereidentified from the KPNC membership.

Specific Aim 2. Evaluate whether there is a positive association between cigarette

smoking and incident PTB disease, and to test whether smoking is a confounder and/or effect

modifier of the association between air pollution levels and TB.

Hypothesis Smokers willbe at a higher risk of developing TB, and thus smokers who
reside in areas with high air pollution levels may be at an even higher risk of developing TB

than nonsmokers.

Rationale The few epidemiologic studies which have focused on whether smoking is
as®ciated with TB are inconsistent. Those that have found an association, the odds ratio
(OR) estimates range from 0.80 (95% confidence intervals (CI):1088) to 4.62 (95%CI:
2.44-8.73) for smokers as compared with remokergLin 2007) Because smoking is a
potential confounder or effect modifier of thenpary aim, this association wasaluated
among the same Kais€&B patients and control population. @ssess smoking status, data

wasabstracted from the electronic clinical data maintained by KPNC.

To address these specific aintge proposed study utilidea casecontrol design
nested within the KPNC population. @asvereKPNC members with a first time diagsis

of PTB disease between 1988d 2A0. Controls also members of KPN®&erematched 2:1



by age, gendegndrace/ethnicity. Primary exposures of interest inctushenthly averages
of ambient air pollution asieasured by local monitor§ollutant concentrations at monitors
located closest to residential addressutilized to estimate individudével exposure
Logisticregressiommodels vereused to derive the effect estimate for the association
betweeraveiage24-month air pollution estimates and risk of developing incident PTias
study wasthe first to formally evaluate the proposed primary aim in a poputatsed

epidemiologic study.



CHAPTER 1

BACKGROUND

Epidemiology of Tuberculosis

TuberculosigTB) dates back to ancient history, confirmed with evidence of TB
found in the remains Egyptian mummies from as far back as 4000B&Eschild 2001,
Zink 2003).In the 1600s, one out of every four deaths in Europe was due to TB. It was not
until that 1882Robert Koch identifiedMycobacterium tuberculosis the bacillus

responsible for TB.

Improvements in living conditions, the introduction of effective public health
preventive measures and the development of effective antibiotics, helped to bring
tubercuiosis somewhat under control during the second half of the@tury (Tremblay
2007). However, the surfacing of HIV/AIDS and increase in dagistant TB, led to a
resurge of cases in many ar¢gaolo 2004)As a result, the World Health Organization
(WHO) declared TB a global health emergency and implemented Directly Observed
Treatment Short course (DOT®)ver 183 countries currently use the DOTS strategy in

efforts to eliminate TB across the globe.

Today the first line of antibiotic treatments fOB includeisoniazid, rifampicin,

ethambutol, and pyrazinamid8econeine drugs used in TB treatment are often less



effective than firsline drugs and cause toxic side effects; these include include
streptomycin, cycloserine, capreomyaihionamide, iad levofloxacin among others.
Treatment generally lasts approximately 6 months and is highly effective in abating TB.
Although public health has come a long way to control TB, we are still a long way from
elimination.Rates have dramatically declined i tdS throughout the years, but TB has

remained a significant public health problem in the less developed coii#3 2010)

It is estimated that approximatelyehehi r d of t he worl ddéds popu
infected withMycobacterium tuberculosi40 percent of which will develop tuberculosis
disease during their lifetime. According to the World He&rganization between 2002 and
2020, roughly one billion people will develop tuberculosis infection, over 150 million will

become ill, and 36 million will die from the diseg¥¢HO 2010)

Most of the infected will have no symptoms, but those taome ill from the
disease often experience prolonged debilitating symptoms including coughing, sputum
production, chest pain, loss of appetite, weight loss, fatigue, night sweats, chills and fever
(NIEHS 1998). Initial symptoms are generally mild, ofbeing mistaken for the flu or a
lingering cold, but do not subside. Symptoms worsen with progression of the disease,
resulting in severe coughing and blood in the sputum, an indication of damage to blood
vessels in the lungs. Left untreated;6¥ of actve TB cases result in death (Yancey

2008).

TB Infection and Disease

TB is a contagious disease causedWlygobacterium tuberculos(®/HO 2010) The



most common form of the disease is pulmonary tuberculosis, however, tuberculosis can

attack almost any part of the bo@umar 2007)

TB is spread from peon to person through the air, usually when infected people
cough and sneeze and others inhale infectious droplets circulating in the air. TB cannot be
transferred from items touched by an infected person, but in rare cases may be spread
through open wourgdand from mother to child before and during b{@DC 2009)
Infection occurs when inhaled mycobacteria are engulfedvapkar macrophages and
survive in the phagosomes of these cells. In a person with an intact immune system, the cells
of the immune system assemble a wall around the infected macrophages, preventing
symptomatic infection. This state is referred to as tdtdyerculosis infection. When the
body6és defenses are not capable or | ose the
active tuberculosis. Persons with active pulmonary tuberculosis are usually symptomatic and

capable of passing the infeation to other peopl@VHO 2010)

TB infection can be present for years, with the individual being asymptoma
However, in some instances TB infection may progress into disease in a matter of weeks,
especially in young children and HIV infected individuals. In either case, the infection
becomes active as a result of ibfécon.iThsmune sys
modification to the immune system occurs when there is a change in health status due to HIV
infection, substance abuse, diabetes mellitus, cancer, kidney disease, or a number of other

reasongCDC 1997)



TB Risk Factors

Individuals at higher risk of deloping active tuberculosis disease include the
elderly, the chronically ill including people with HIV/AIDS, the poor, immigrants,

minorities, and healthcare and prison staff.

Many of the elderly were previously exposed to TB years ago and have be&n able
fight off the infection; however, as they age, many suffer from chronic diseases and
malnutrition, which weaken the immune system. In addition, the elderly often live in long
term care facilities where they are at greater risk for exposure to othlerEBwvitt is often
difficult to recognize their TB symptoms as weight loss and fatigue, are common in the

elderly.

Individuals with chronic illnesses, such as cancer, diabetes and kidney disease, often
have weakened immune systems and as a result aretgrgisk for developing TB. Even
those that are malnourished and have extremely low body weight are at increasedrissk for
Persons with HIV/AIDS are at extremely high risk for progressing from latent to active TB.
While only 10% of healthy individuaisfected withTB will develop the disease over a
lifetime, this same percentage of HIV positive individuals infected Watwill develop
active TB disease every year if not treated with-eattovirals. The fact that some
HIV/AIDS infected people are dguaddicts or homeless already prone to infection only

compounds the problem.

Roughly 67% of all people with TB in the United States are homeless and the

prevalence of active TB among the homeless is almost twenty times to of the nation as a



whole (Yancey2008). The homeless frequently live and sleep in overcrowded shelters and
many suffer from malnourishment, drug abuse and/or alcoholic addictions and have little or

no access to healthcare.

In the US, TB rates are higher among foreigmn personsKigure 1.1). Many
immigrants come from countries where TB is endemic and prevention of latent TB is not a
priority. In addition, language and communication barriers often cause problems as
i mmi grants as it may hinder i mrakegmedione sbé6 abi l

correctly, and return for follow up visits.

The large proportion of TB cases arising from blacks, however, cannot be explained
by migration Figure 1.2). While TB is known to be more prevalent among minorities,
Blacks in the US, carry a wedisproportionate burden of the disease. Increased risk for TB is
not only a problem for Blacks, but for Hispanics, Native Americans, and Asians as well.
Many argue that the increased risk for TB associated with minorities is actuaiby@diict
of lower SES becausminorities are more likely to experience conditions such as
malnutrition, homelessness, and limited access to healthcare, all of which are risk factors for

TB.

TB can also be an occupational haz&wdson staffs argenerally at high riskfol B
infection because many of these facilities lack isolation rooms, have poor ventilation, are
often overcrowded and have inadequate medical services. In addition, individuals from
various communities reside with one another for varying periods, whnctesult in
susceptible populations having regular contact with persons with existing TB diG&3e

2009),



TB Prevalence

In 2009 there were almost 9.4 million incident cases and 14 million prevalent cases of
TB worldwide, resulting in more than 1.3 million deaths among-Hégative people and
0.38 million deaths among H¥gositive people attributed taBI{WHO 2010) The largest
number of newlyetected TB cases occurs in the Sdtiéist Asia Region, making up 35% of
incident cases globally. The estimated incidence rate k$ahlran Africa is more than 350
cases per 100,000. Tuberculosis control has been greatly complicated by the appearance of
drugresistant strains, including those resistant to isoniazid and rifampicin (multiple drug
resistant, MDR), those resistant to isoniazid, rifampicin, floroquinolone, and one or more
injectable drugs (extensively drug resistant, XDR) and totally drusfaes (TDR). Cases of
MDR and XDR tuberculosis are very expensive and difficult to treat and have raised the
specter of a strain that is almost completely untreatable. The problem of MDR and XDR
tuberculosis is acute in Russia, South Africa, and othentcies where resources and

modern infection control facilities are limit¢Amukoye 2008)

In 2009 there were 11,545 Tdases (resulting in a rate of 3.8 cases per 100,000
people) reported in the US. While the numbers of TB cases reported and the case rate have
both steadily decreased throughout the years, TB still has a public health impact on many in
the US. California arrently contributes, and has for years, the largest number of cases to the
nationds TB total. California contributed
United States for 2009. With an incident rate of 6.4 cases per 100,000 population, compared
to a national rate of 3.8 cases per 100,000 population, California has the second highest TB

rate in the nation (CDC 2009).
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Air Pollution and Tuberculosis

Epidemiology of Air Pollution

Air pollution refers tasubstances in the air capable of causing hiarhumans and
the environmenfTable 1.1). Thisgeneral ternis used to describeot just one constituent,
but a complex mixture sometimes containing hundreds of components. Some pollutants, like
smog, are visible to the human eye, while others, sucarasit monoxide (CO), go
undetected. These undesirable elements may be in solid, liquid, or gaseous form and can be
natural or mammade. Naturally occurring air pollutiaran be formed by volcano eruptions,
forest fires, dust storms, and even interactionerag other pollutants. Air pollution caused
by humans, however, is a much larger problem, because this pollution is avoidable and
modifiable.Pollutants produced by human activity are numerous in sources including, but
not limited to, power plants, manufaang facilities, marine vessels, aircraft, motor vehicles,
controlled burning, chemicals, waste deposition in landfills, furnaces and otheufueig
heating devices and fumes from paint and aerosol sprays (CARB 2010). Because there are so
many causeand sources of air pollution, this mixture is often difficult to elucidate,
particularly in outdoor air pollution where many of the coexisting pollutants are also highly

correlated (Briggs 1997).

Although, most of the same ambient pollutants are préisemighout all cities,
states, and countries, they originate from different causes, and exist in varying quantities.

This often depends on tigeographical location, temperature, wind and other climatic
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factors, as well as industrial factors. A prime exbng how these factors can affect levels

of air pollution can be seen in California, where more than 90% of residents are exposed to
unhealthy levels of outdoor air pollution during some portiothefyear (CARB 2010).

Here, wind patterns and mountaimgas allow air pollution to be trapped into cities, often
resulting in smog. These naturally occurring events conducive to the formation of ambient air
pollution are also compounded by an abundance of motor vehicle traffic (more cars per
household than amyther state), major ports, and oil refineriegy(ire 1.3) (BAAMQD

2010).

While levels of air pollution have continually dropped in the US and other developed
countries in recent years, levels in developing countries remain high and are even increasing
in many areas. The persistence of ambient air pollution remains a major public health
problem asnillions die each year from causes directly related to air pollution. There has
been an abundanoéresearch studies showing some relationship between amabient
pollution and adverse health effects. In previous reseamhrelatively low concentrations

of air pollution have been shown to be associated with adverse health effects (WHO 2011).

A substantial amount of scientific evidence has been amassedigiggists that
exposure to ambient air pollution is responsible for a large burden of illness in the US and
abroad. Throughout the years, research has shown air pollution to be associated outcomes
ranging fromcough, exacerbation of asthma and overallideslin lung function to low
birth weight, COPD, elevated respiratory and cardiovascular hospitalizations, and even
mortality (Holgate 1999)The tremendous burdens air pollution has placed on public health

prompt us to delve deeper into understandingettent of the problem.
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People in urban areas of developing countries are exposed to the highest levels of
outdoor air pollution in the world. Each year outdoor air pollution imposes an estimated
burden of hundreds of thousands of deaths and millionsan$ yé healthy life lost from
cardiovascular disease, selected respiratory diseases, and lung lveeicZ005 Downs
2007, Fullerton2008. In addition to respiratory effects noted above, ambient air pollution
has also previously been linked wgheumococcal diseaseaused by bacterwhich can
lead to pneumonia and meningitis, so this type of association between air pollution and

infectious disease is not unprecedented (Kim 1996).

The immune response has long been a sensitive indicator for detecting adverse effects
of ambient air pllution (Wang 1989Wei 200). Wanget al studied the immune function of
children living in various ambient and indoor air pollution exposure levels. The immune
function ofpupils living in mildly polluted areas but whose family used coal for cooking was
inhibited more than was the immune function of pupils residing in heavily polluted areas but
whose family used gas for cooking. The immune function of pupils living in nplalluted
areas and using gas for cooking faired the best. While indoor air pollution may play a role in
the immune function of children, ambient air pollution could also affect immune processes

and should not be neglect@yang 1989Chen 2003

Air Pollution and Tuberculosis: Animal Studies

Combustiorsource air pollution is recognized to influence resistance to infection
with Mycobacterium tuberculosithrough effect®n airway resistance, and macrophage
function in animal modelddiramatsu and colleagues (2005) investigated effects of the diesel

exhaust inhalation on murine mycobacterium infeciiowivo. In this experiment mice were
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exposed to diesel exhaust for 1, 2, or 6 monthdowolg the last exposure day, exposed and
unexposed mice were aerially infected wiligcobacterium tuberculosend seven weeks

post infection, the lung tissues were examined. After 6 months of diesel exhaust exposure,
the expression levels of interleukl®, interferorgamma, and inducible NO synthase

MRNAs were decreased, and the mycobacterial load in the mice increased approximately

four-fold (Hiramatsu 2005)

Air pollution exposure in murine models were shown to reduce tumor necrosis factor
(TNF-U and i-gamrear(IFNenomroducti on (Saito 2002b) .
because TNF) ane IpANMYy a centr al role in containin
mycobacterium (Flad 199B®06ffinger 2004 Fremond 2005). These findings suggest that
ambient air pollution affects immune processes that can affect TB. Further, the inhibition of
TNFFU by drugs in clinical trial has been | inl

association irmice may be applicable to huma@dscobs 2007)

Air Pollution and Tuberculosis: Human Studies

In the lastwenty years, rates of tuberculosis have been on the rise, mostly in parts of
the developing world. On the observation that industrialization coincides with TB, historical
statistics of TB and energy were compared dating back to the (B4dsblay 2007.)
Investigators found thatoal consumption and TB rates appear to follow the same trends in
the U.S., Canada, and Chidowever, an explanation féine link between industrialization
and rates of tuberculosis remains to be discovered. A paper by Tremblay hypothesizes that

pollution caused by the combustion of coal during industrialization has provoked previous
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epidemics in the West and may contribtct¢he continual burden of TB in developing parts

of the world.

A different study explored the seasonal fluctuations of TB incidence, and found that
along with various climatic factors, atmospheric pollutants (including NO, CO, agd SO
affected TB incidace(Shilova 2004) These results are suggestive, but to tteee are no
published epidemiological studes that have specifically evaluated the association
between estimated individuallevel outdoor air pollution concentrations and incident
PTB. If air pollution exposure increases the risk of infection, illness, or death from
tuberculosis, then the attribble burden of disease would be even greater. Given that
tuberculosis infection is endemic in many developing countries, even a small increase in the
risk for tuberculosis disease could translate into a large attributable §Qaleen 200Y.

Thus, research on outdoor air pollutimd tuberculosis is important.

Air pollution from outdoor sources, including motor vehicles, industry, and solid
waste burning, is associated with increased morbidity and mortality from respiratory
infections in children and adul(sin 2007). In recent years, air pollution has been identified
as a possible risk factor for tuberculosis. Mishra et al. linked biomaksgduels and
tuberculosis based on a 199293 survey of 90,000 households in India. This study found
that women in households using biomass cooking fuels are three times more likely to report
tuberculosis than those in households using cleaner(fdedbra 1999. Miners in coal and
gold mines are also prone to tuberculosis, although it is considered, at leastan p&egct

of silicosis(Rockette 197y

Several epidemiologic studies have suggested a connection between outdoor air
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pollution and tuberculosis. In Shenyang, China anogpoél analysis was used to study

chronic effects of air pollution on mortality in 1992. The analysis showed a significant
association between daily mortality and daily ambient levels of total suspended particulates
(TSP) and S@ Considerable increasasthese pollutants led to significant increases in

mortality from COPD (chronic obstructive pulmonary disease), cerebrovascular disease,
cardiovascular disease, cancer (all sites combined), and tuberculosis disease, as well as total

mortality (Xu 1995).

The proposed nested caseontrol study will be the first epidemiologic
investigation to formally evaluate the hypothesis that individualevel estimates of air
pollution concentrations will be associated with an increaskrisk of incident pulmonary
TB. My hypothesis is that given the ubiquitous exposuidytoobacterium tuberculosithe
causative agent of PTB, other-faxtors are likely to play a role in influencing susceptibility
to and progression of TB disease. Experimental idatavo andin vitro and ecologic
analyses undertaken in human populations support the hypothesis that air pollution, by
increasing inflammation and decreasing immune response, will increase the risk of

developing pulmonary TB diseadegure 14).

Smoking and Tuberculosis

Epidemiology of Smoking

The practice of tobacco smoking has existed for thousands of years; however, with

the passage of time, we have determined just how hazardous this activity can be. Many
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equate smoking with cancer, but according to the CDC, smokisgsdiarm to almost every
organ in the human body. Cigarette smoking wreaks havoc on the general health of smokers
and is commonly the cause of disease, especially cancer, heart disease, and respiratory

diseases (CDC 2010).

Although most people think of ice smoking when considering potential health
effects, passive smoking can also be a health hazard. Passive smoking can be experienced
through secondhand smoke (SHS), also known as environmental tobacco smoke (ETS). SHS
can result from a smoke remainiraléwing the burning of a cigarette, cigar, or pipe, or
from smoke exhaled by individuals in the process of smoking. ETS exposures occur most
frequently in homes, workplace, and restaurants. Chemical analyses have shown over 4,000
different compounds prestin ETS, many of which are carcinogens (CDPH 2009). Cigarette
smoking, including the resulting SHS exposure, is the number one cause of preventable

deaths in the US, accounting for 443,000 (or 1 out of every 5) deaths each year (CDC 2010).

Approximatelyone in five adults (18+ years) in the US smokes cigarettes. The
practice of smoking is more common among men than women, 24% vs. 18%, and is often
associated with socioeconomic status. The US economy suffers a loss of about $96 billion in
health care costassociated with smoking related diseases eachTyeaprevalence of adult
(18+ years) cigarette smoking ranges from 9.3% to 26.5% across the US (CDC 2009). In
California, the adulsmoking prevalence has dropped from 25.9% percent in 1984 to 11.9%
in 2010(Figure 1.5), the second lowest in the nation (CDPH 20Y@hile rates of smoking
are declining in developed nations, tobacco consumption in the developing world is rising at

a rate of 3.4% annually. Smoking related diseases will be the cause oftenadult deaths
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globally and still, approximately 10 million cigarettes are sold worldwide every minute

(WHO 2002).

Cigarette Smoking and Tuberculosis: Animal Studies

Cigarette smoking is known to increase the risk of respiratory tract infection by
seveal mechanisms, including inducing inflammation, increasing mucosal perviousness,
impairing mucociliary clearance, enhancing pathogen adherence, disrupting the respiratory

epithelium, and altering immune function (Benowitz 2010).

Several studies have beeonducted that suggest there may be a link between
exposure to cigarette smoke and increased susceptibility to TB disease. A study conducted by
Chan et al. found an association between the number of cigarettes smoked in the household

and the risk of devejng active TB among exposed individuals (Chan 2010).

In an animal experiment (Shang 2011), mice were exposed to cigarette smoke for 14
weeks and thereafter exposed to aerosoldgcbbacterium tuberculosi®esults showed
that mice exposed to cigaretteae had more mycobacteria isolated from the lungs and
spleens after 14 and 30 days than control mice. Cigarette smoke exposed mice also had worse
lung lesions, less macrophages producing2land TNFU, and ®PdewardU ITNF

producing CD4 and CDS8 csll

Shang et al . used 2 different approaches
approach, they infected macrophages isolated from the cadaveric lungs of smokers and
nonsmokers with TB. The result showed increased mycobactium isolated from the

macrofhages of theraokers compared with nonsmoketavestigators in this study also
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infected macrophages from two healthy nonsmokers with TB alone or with 10% cigarette

smoke extract, 1 Ig/mL nicotine, or 30 Imol/L acrolein. After only four days of infection,

there was signiycantly more mycobacterium TE
extract, nicotine, or acrolein compared with that in the alveolar macrophages infected with

TB alone Levels of TNFUwere decreased by 42%, 41%, and 28% by the cigametoke

extract, nicotine, and acrolein, respectively (Shang 2011).

Investigators believe that nicotine in the cigarette smoke prevents macrophages in the
lungs from producing TN, and in the absence of this cytokine, reactivation of TB is more
likely to occur (Davies 2006). Considering the increasing number of studies pointing to a

plausible connection, this hypothesis warrants further examination.

Cigarette Smoking and Tuberculosis: Human Studies

Cigarette smoking is increasing worldwide, particulamlyesourcepoor countries.
The geographic overlap between areas of the world with a high prevalence of cigarette
smoking and regions with the most cases of latent and active TB cases is striking. China and
India not only parallel in top rankings in thember of smokers, but also rank as the two
countries with the largest number of active TB cases (1.4 million and 1.9 million,

respectively) (Chan 2016lassmiller 200k

A large caseontrol study fromndia found that smokingttributable deaths from TB
were greater than the smokiagributable deaths from vascular disease or cancer (Benowitz
2010) and a Hong Kong study of over 15,000 female never smokers found that household

exposure to SHS increassdsceptibility to TB disease (Leung 2004in et al.(2007)
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conducted a metanalysis to explore the link between tobacco smoking and the risk of TB
attributed infection, disease, and death. Included in the analysis were observational studies
reporting efect estimates and 95% confidence intervals on how tobacco smoking, is
associated with tuberculosis. Substantial evidence was found that tobacco smoking is
positively associated with all tuberculosis outcomes, and that passive smoking and indoor air
pollution from biomass fuel combustion are also possibly associated with tuberculosis

disease (Lin 2007).

Several studies have found that cigarette smoking to be a risk factor for tuberculosis
infection, tuberculosis disease, severe forms of tuberculosis disaalsdeath from
tuberculosis, however, a few have not found this association. The odds ratio (OR) estimates
range from 0.80 (95% confidence intervals (Cl): €1339) to 4.62 (95%CIl: 2.48.73) for
smokers as compared with nemokerqgGajalakshmi 2003Hassmiller 2006den Boon
2007, Lin 2007). Despite current building evidence, CDC does not record smoking in the
present surveillance system. This study may offer acdhditievidence that cigarette smoking

is an important factor in the susceptibility to developing tuberculosis disease.

Preliminary Study

For my masterdés essay, I utilized Poisson
outdoor air pollutants (PMand PM s) on rates of pulmonary tuberculosis disease in NC
residents for 1992007. This ecologic study is the first in the U.S. to provide support for a

potential link between air pollution and TB, in a geographic location where both the
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prevalence of the expare and the outcome are lower than have been reported in studies

conducted in developing countries.

All physicianreported cases of tuberculosis disease during the study period were
considered for this analysis, and annual averages of county leveljzetimatte(Table
1.2) were used to define case exposure to air pollution. During the study period there were

5319 reported cases of pulmonary tuberculosis disease total in NC.

The overall rate of pulmonary tuberculosis disease in North Carolina dhgér.
100,000 personears from 1993 to 200Figure 1.6 illustrates how the rates and frequency
of diagnosed tuberculosis disease cases in North Carolina have declined nearly

monotonically since 1993.

Table 13 shows rate ratios for pulmonary TB in rébatto PM and PM s after
adjustment for age, gender, race, and year of diagnosis and then after adjustment in a co
pollutant model. Elevated PMtended to have larger incidence rate ratios thapPM
although there was inconsistency across the highdstategories. Before adjustment for
confounding variables, all quintiles of particulate air pollution above the lowest had elevated
incidence rate ratios, suggesting that any exposure above the lowest quintile was associated
with a higher rate of tubertasis disease. However, adjustment for confounders weakened

the observed associations.

This analysis was hampered by the lack of PM monitors within North Carolina.

Official monitoring of PM s by the U.S. EPA in the state did not occur until 1999, and as a
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result, no data for this pollutant could be analyzed before that year. Additionally, the number

of PMypmonitors in NC declined by ortéird in 1998 and then by half in 2003.

The true effects of air pollution on tuberculosis may be other than estineateddr
numerous reasons. Primarily, individuals are typically exposed to a mixture of air pollutants,
whereas these data include information only onfid PM s The estimated effects may
be attenuated to the extent that a mix of pollutants coulgetrigiberculosis disease, rather
than solely PMp and PM s. In addition, county level measures, adapted from local monitors,
are not an ideal measure of exposure to air pollution. Interpretation also must consider
temporal ambiguity complicated by an unkm latency period. It should also be noted that
the trends for particulate matter air pollution and reported TB disease during the period both
declined similarly throughout the period. While there could be many causes of this
correlation, the possibilitthat TB disease rates could be influenced by pollutants outside of

county lines should be considered.

Additionally, data were not available that would allow for the assessment of several
important covariates: occupational exposures, HIV status, and behauah as tobacco
smoking, alcohol consumption, and injection drug use. For example, smoking could affect
the relationship between particulate air pollution and tuberculosis disease. TB is a disease of
poverty and is often linked with urban living; howevine association of specific so€io
economic factors like urbanicity and tuberculosis is not clear. Information is also lacking in
this study concerning the length of residence in a particular county. Available data could not

account for individuals migteng in and out of a county and varying air pollutant exposures
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as a result. This history is important, because the effects of air pollution on the risk of

tuberculosis disease could be cumulative over time.

None of the rate ratios was meaningfully belb®, consistent with the possibility of
a threshold effect. This investigation was a first step in exploring the association between
ambient air pollution and TB, and motivating us to further investigate the study hypothesis

by improving upon the study dga and exposure assessment methods.

Summary

Mycobacterium tuberculosis the causative agent of TB disease. Laboratory
experiments demonstrate that it is biologically plausible that environmental factors may
influence progression from TB infection totize disease (Saito 2002aaito 2002b
Hiramatsu 2005Bonay 2006). Experimental results are supported by ecologic analyses in
humans. Comprehensive understanding of the
of TB. Although recent TB studi@s humans have focused on the influence of HIV,
alcohol, and other etactors (den Boon 20Q0Kolappan 2007)nonehave assessed the
impact of personal ambient air pollution concentrations. Because of the high PTB burden, the
increasing air pollution leve worldwide, and the biologic plausibility of a possible link
between the two, the putative association between modifiable environmental exposures and

TB deserves exploration.

Current evidence supports the idea that exposure to ambient air pollution and

cigarette smoke both act as TB disease promoters. Therefore, in this dissertation, | will
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investigate incident pulmonary tuberculosis disease in relation to levels of ambient air
pollution and PTB in relation to cigarette smoking. The research questitns dissertation
are of considerable public health importance as they address an important relation that is

missing in existing TB literature.
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Chapter 1 Figures and Tables

Figure 1.1Trends in TB Cases in Foreidrorn Pesons, United States, 199810.

8,200 70%
8,000
7,800 60%
7,600 - 50%
7,400 -
7,200 - 40%
7,000 - 30%
6,800 -
6,600 - 20%
6,400 -

10%
6,200 -
6,000 - 0%

mm Number —e— Percent

Data Source: Centers for Disease Control and Preveittitgn/{www.cdc.gov/tb/statistics/reports/2011/table5htm
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Figure 1.2Reported TB Cases by Origin and Race/Ethyiicitnited States, 2009.

(a) U.S. born

American Indian or
Alaska Native (2%)

Hispanic or Latino

Native Hawaiian/ (19%)
Other Pacific
Islander (1%)

Asian (3%)

(b) Foreign born

American Indian or
Alaska Native
(<1%)

Hispanic or Latino
(36%)

Native Hawaiiarn/
Other Pacific
Islander (<1%0)

*All races are norfHispanic. Persons reporting two or more races accounted for less than 1% of all cases.
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Figure 1.3 Sources of all air pollutants measured in California

Natural Sources Industrial
(2%) Processes and

Petroleum
Production
(3%)

Fuel Combustion

from Stationary

Sources, Solvent

Evaporation, and

Surface Coatings
(8%)

Diesel Trucks and
Motorcycles (3%)

Waste Disposal
(5%)

*Residential fuel comisstion, farming operations, construction, road dust, shilesvn dust, fires, waste burning,
utility equipment and other miscellaneous processes.

Data Source: California Air Resources Board Emissions Inventory report

(http://www.bar.ca.gov/80 BARResources/02 SmogCheck/Air Pollution Sources.htm)l
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Figure 1.4Conceptual Diagram for the association of air pollution, smoking, and pulmonary
tuberculosis (PTB).

Cigarette Smoking

N
—
zZ
\ 4

A 4

No granuloma formation Inability to contain TB infection
Air PTB
Pollution Disease

Z I-F1 > Z NO gener

Mycobacterium growth

A 4

Adapted from: Tremblay (2007).

27



Table 1.1 Health effects of common air pollutants.

POLLUTANT

HEALTH EFFECTS

EXAMPLES OF SOURCES

Particulate Matter
(P M2_5 and P Mo)

Hospitalizations for worsenec
heart diseases

Emergency room visits fo
asthma

Premature death

Cars and trucks (especially
diesels)

Fireplaces, woodstoves
Windblown dust from roadways,
agricultureand construction

Ozone
(Os)

Cough, chest tightness
Difficulty taking a deep breatt
Worsened asthma symptoms
Lung inflammation

Precursor sources*: motor
vehicles, industrial emissionand
consuner products

Carbon Monoxide
(CO)

Chest pain in heart patients*”
Headaches, nausea**
Reduced mental alertness**
Death at very high levels**

Any source that burns fuel such
as carstrucks, construction and
farming equipment, and
residentiaheaters and stoves

Sulfur Dioxide
(SO)

Increases lung disease and
breathingoroblems for
asthmatics.

Reacts in the atmosphere to
form acid rain.

Coal or Oil Burning Power Plants
and Industries, Refineries, Dies¢
Engines

Nitrogen Dioxide
(NO)

Increased response to
allergens

Any source that burns fuel such
as carstrucks, construction and
farming equipment, and
residential heaters and stoves

Data Souce http://www.arb.ca.gov/research/health/fs/fs1/fs1.htm

*Ozone is not generated directly by these sources. Rather, chemicals emitted by these precursor sources react with sunlight

to form ozone in the atmosphere.
**Health effects from CO exposures occur at levels considerably higher than ambient.
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Figure 1.5 Smoking prevalence among Califor@idults, 1984010
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Table 1.2Mean = standard deviation of particulate raatir pollution concentrations in

North Carolina, 1992007

PMio( € g°) m
Year Mean SD Min Max
1993 2463 291 17.75 29.0
1994 22.44 298 16.63 29.67
1995 2241 346 16.46  33.81
1996 23.25 329 16.26 32.72
1997 22.38 2.9 16.06 28.49
1998 23.74 247 19.85 28.04
1999 2253 296 16.29 27.81
2000 22.29 349 16.72 29.81
2001 20.94 2.67 15.53 26.55
2002 19.82 2.38 15.53 23.90
2003 19.31 2.13 14.21 22.28
2004 18.98 3.03 14.85 24.68
2005 1891 2.89 12.82 23.D
2006 19.51 2.71 15.94 26.19
2007 1939 3.83 9.60 26.82
PM.s( € g°Y m
Year Mean SD Min Max
1999 15.9 1.47 11.93 17.76
2000 1484 164 1195 17.72
2001 1356 1.40 9.76 16.39
2002 13.17 1.25 10.16 15.74
2003 12.43 1.56 8.74 15.26
2004 12.94 1.32 10.37 15.34
2005 13.34 1.33 10.32 15.73
2006 12.77 1.38 9.73 1524
2007 12.38 1.43 8.9 14.68

DataSourceU . S.

SD= standard deviation
Aerometric

EPAGSs
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Table 1.3Comparison of crude and adjusted incidence rate ratios of pulmonary TB for

ambient PM exposure in North Carolina

Crude Adjusted*
IRR (95%CI) IRR (95%CI)
PMg" <19.05 Ref Ref
(eg® 1 19.0621.08 1.20 (1.07,1.34) 1.21 (0.97, 1.51)
21.0922.78 1.09 (0.97, 1.23) 0.96 (0.76, 1.20)
22.7924.92  1.17 (1.05, 1.31) 1.00 (0.79, 1.26)
) 024 . 1.44 (1.30,1.60) 1.22 (0.98, 1.52)
PM,.¢ <11.94 Ref Ref
(ed® 1 11951291 1.38 (1.15, 1.66) 1.29 (0.97,1.71)
12.9213.75 1.28 (1.09, 1.50) 1.27 (1.00, 1.62)
13.7614.68 1.13 (0.96, 1.32) 1.09 (0.86, 1.39)
O14. 1.34 (1.14,1.56) 1.06 (0.80, 1.40)
DataSource:Smith2013

A Analysis includes years 1992007
Y Analysis ircludes years 19992007
*Adjusted for age, gender, race, and year of report
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CHAPTER 2

RESEARCH METHODS

Study Design

The primary aim of the proposed large, populatiased caseontrol study, nested
within the Kaiser Permanente Northern California (KPNC) cohort membership, was to
evaluate the hypothesis that individledel estimates of concentrations of the six criteria air
pollutants, S@ NO,, CO, @, PMypand PM s, are associated with incident pulnasy TB.
A secondary aim was to examine the association between active smoking and TB within the

same study population.

A nested caseontrol study approach utilizing existing data from Northern California
(CA) was utilized to address the study aiffise sudy population, drawn from the existing
KNPC membership cohort, and includes 2380 incident cases of pulmonary TB (PTB) and
4738 matched controls without TB. Exposure assessment is based on individual air pollution
concentrations, which are estimates &diusing spatial and temporal analyses.
Identification of the study population, electronic abstraction of the corresponding medical
record data for key covariates, and individual estimates of air pollution concentrations are
being conducted by Dr. Steph&an Den Eeden and colleagues at KNPC, utilizing the

protocol funded by American Lung Association (Pl: Genee Smith);idefdified data set



was made available for the proposed dissertatiogidtic regression was used to examine
both the relationshipdiween individualevel pollutant concentrations and PTB r(skm 1)
as well as, the association between ever smoking, as recorded in the electronic clinical data,

and risk of PTB (aim 2).

Northern CA was an excellent geographic location in which towdrttis study.
TB rates in CA are among the highest in the nation. The KNPC has a large electronic clinical
database (ECD), which provides comprehensive medical and demographic data with which
to identify and characterize a large number of TB cases atched controls. Extensive air
pollution data were available with considerable exposure spatial variability, based on
California Air Resources Board (CARB) data of mean pollutant values and/or days
exceeding standard$dble 2.1). The proposed investigati was the first to yield results
from an observational analytic epidemiologic study on whether TB is associated with

individualklevel air pollution concentrations.

Study Population

All eligible participants were drawn from KPNC, which provides integrated
comprehensive care to approximately 3.3 million people, about 25% of the total population
in the geographic areas servé&ayre 2.1). KPNC members closely approximate the general
population ethnically, racially, and socioeconomically; however, theyoanewwhat more
educated and undeepresent income extremdsdqure 2.2). Patient information on TB and

other factors is electronically available from the KPNC ECD, which houses linkages to
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multiple databases and disease registries which are constantlgdipddtfrequently

validated via chart review.

Subiject Eligibility Criteria

Based on KPNC data, an average of nearly 300 incident TB cases per year occur
within KPNC. This study included aduticident casesf PTB newly diagnosed among
KPNC members betvem January 1, 1996 and December 31, 2010, incluSmetrolswere
drawn from the KPNC cohort and matched to cases (2:1) by age, gender, and race/ethnicity.
Patients with a known history of past TB disease were excluded from the initial study
population. @er the study period, KPNC documented a total of 4750 cases of incident PTB
in their ECD. However, this study was restricted to adults (21 years of age and older) with a
required the length of membership enroliment in KPNC study participants of at least tw
years (to screen out recent immigrants). This resulting population included 2380 cases and

4738 controls for analysis.

For each participant, electronic medical record data were abstracted, including
diagnosis date, age, gender, race/ethnicity, lengtPdfC membership, smoking status,
alcohol related hospitalization (as a proxy for alcohol abuse), history of TB drug use, HIV
status, camorbidity (e.g., diabetes, COPD, renal dialysis), and current/historical residential
addresses. The latter was geocoaled linked to available U.S. Census data to obtain
contextual indicators of socioeconomic status (SES) not routinely collected at KPNC (e.qg.,

education, income, percent foreign born) at the bleukl.

39



Case Definition

TB was defined as a positive TB auk or a prescription for at least 30 days of four
or more anttuberculosis medications isoniazid, rifampin, ethambutol, and pyrazinamide (the
general regimen for TB treatment). At Kaiser, PTB is ascertained among patients with cough,
clinical uncertaintyfpneumonia, TB, other), chestray that is on reading "suspicious for
TB", and irhouse sputum smear microscopy, and when positive, the TB diagnosis is made.
ECD were reviewed for each case of TB to ascertain site of disease, and only cases of
pulmonaryTB were included in the study data. EMR were also used to verify the date of
diagnosis (defined as the date of the collection of the specimen for sputum smear

microscopy, or, if necessary, the date of the start of treatment).

Exposure Assessment

Air Pollu tion Exposure

Monthly averages for criteria air pollutants particulate matter with an aerodynamic
diameter less than 2.5 um (B, PM with an aerodynamic diameter less than 10 pm
(PMyg), sulfur dioxide (S®@), nitrogen dioxide (N, ozone (@), and capon monoxide
(CO) were developed by the California Air Resources Board (CARB) staff from January
1994 to December 201Bxposure to monthly pollutant averages were chosen over
maximum concentrations as they were more likely to be indicative of personasueg@and
reflect relevant long term exposure previously explored in animal mddelsgh lead (Pb)

is also a criteria pollutant, this was not included in the analysis as ambient levels have
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dramatically decreased since 1973 when lead began to be phasédnotor vehicle
gasoline (U.S. EPA); this exclusion is common for epidemiologic investigations on air

pollution.

CARB manages the collection of rdahe measurements of ambient air pollutants
through the California state and local air monitoring oekw

(http://www.arb.ca.gov/aqd/netrpt/netrpt.htithese fixeesite monitors Table 2.2,Figures

2.3-2.8) were used to estimate levels of PMPM,o, SQ, NO,, O3, and CO are part of
exposure. Mough the CA state and local air monitoring network hag Jeldta, these
measurements have only been routinely collected in California since 1999. Because initial
PM s monitoring sites throughout the study area were limited, monitoring data were
supplenented with data from the Interagency Monitoring of Protected Visual Environments
(IMPROVE). Analogous to the other pollutant measurements, the FRéfivork

measurements from the IMPROVE network were also created with monitors using Federal
Reference Metbds, howevethey include continuous and every 6 day monitdrisese
measurements were all treated the same in calculating monthly averages, however months
having less than three CARB calculatednthly average ambient concentratiémsall

monitoring siesin California from, 1994 to 2010.

Monthly values of ambient concentrations were delivered to KPNC for spatial linkage
of study participant addresses. Al | parti ci
geocoded as KPNC has database of gemtaddresses for all KPNC members. These
estimates were based upon available patient data on the date of diagnosis and previous 24

months, the most etiologically relevant exposure windRawv(glione 1995)including all
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new addresses for participants cglng within California from January 1994 through

December 2010. If a change in address was not found in the electronic clinical database, this

was assumed to have remained the same throughout the entire study dadedthe
assumption that pollutante asur ement s at monitors cl osest
more influence on pollutant concentrations at each residence than those farther away,

exposure estimates were assigned based on the monitor closest to the residence. The distance
from eachcase and control residence to the closest air pollution monitor with available data

each month was calculated separately for every pollutant (distributions shown in appendix

Table A9). To account for the relative importance of each monitor assignmeutisthace

from the closest monitor was used to weight each exposure value.

Cigarette Smoking Exposure

The primary covariate of interest for aim 2, to evaluate whether there is a positive
association between cigarette smoking and incident PTB disease, tastiwhether
smoking is a confounder and/or effect modifier of the association between air pollution levels
and TB is smoking. Data on this covariate was obtained by abstracting data in the KPNC
electronic clinical databases for study subjects. Howavéhne Kaiser ECD smoking
exposure has been recorded in several different forms with inconsistent definitions over the
study period, complicating the derivation a smoking variable. The variable containing the
most detailed information on smoking statubjah is ideal for addressing aim 2, is a
covariate | abeled as O0Tobaccod, which was mo

years (20082010). Additionally, of all the smoking variables used over the years at Kaiser,
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6Tobaccob6 ap peashamountobmiskiraydaabte Alesholvs the amount of

mi ssing data by year of diagnosis for the OT

The proportion of smokers among the 2080 cohort is nearly identical regardless
of the smoking definition used, as expected. Howeweerthe entire cohort (where the earlier
cohort had a large amount of missing data on smoking for any one variable including
ATobaccoo), the newly derived variable reduc
(Table A2). Although the prevalence obn-smokers appears to be less among those
diagnosed with PTB prior to 2008, it is consistent with the smoking prevalence data

published by the California state health departmiettp:(/www.cdph.cajov/Pages/NR11

031.aspxAccessed June 30, 2012), which shows a steady decline in the proportion of

smokers during this time period.

To obtain more complete data on smoking status of the entire cohort of study
participants for aim 1, a new smoking varehdoking back over the entistudy period,
19962010, was constructed from all other smoking variables in the E\MRwoking was
indicated anywhere in records, the subject w
subject was ¢ omakér.dGnly thabe irdicabing emokirrg on tlee date of
di agnosis were considered 6Currentd smokers.
smoking on the date of diagnosis were catego
comprehensive and completesmokg data (| abeled O0Tobaccod) c
databases during the time period between ZID, estimates of smoking dose (cigarettes

per day) and duration (years of smoking) wer
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Additional Covariates

Potential confounders and effect measure modifiers for the two study aims were
identified through review of the relevant biologic and epidemiologic literd¥aacey
2008). Thesether covariates, also obtained from KPNC clinical databases, and include age
(continuous), gender (male/female), race/ethnicity (categorical), U.S. Cearsusd
income, education, and neighborhood percentage of foreign birth, length of KPNC
membership (continuous), TB drug use (categorical), alcohol hospitalization (yes/no), HIV
status (yes/no), and other comorbidities including (diabetes, COPD, renal dialysis, (each

yes/no)).

KPNC administrative databases house demographic information for nearly 8 million
past and current members. Thi s iaddeessuyetce s me mb
Approximately 80% of race/ethnicity data has been captured in the original database. An
algorithm was created by Kaiser researchers that assigns race values based on name, location,
and other various indicators present in the Kaiser databaseividuals missing
race/ethnicity. As a result, few observations were missing information on demographic

factors.

The immigrant population is generally at a higher risk for PTB, unfortunately,
information on immigration status/place of birth was anailable in this population.
However, mandatory screening confirms that all immigrants should be free of PTB upon
entry into the U.S (Liu 2009). In addition, the twear Kaiser membership requirement for
subject eligibility ensures that recent immigraft®se at the highest risk) are screened out

of the study. Data on percent of foreign born individuals living within a census block were
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used to explore the possibility that an environment/neighborhood with a large foreign born

population may affect risaf PTB.

Kaiser also has an existing HIV registry and diabetes registry. These records are very
well maintained and kept up to date. Information on these covariates were available for every

patient record (i.e. none missing).

Exposure Measurement Concerns

Outdoor Air Pollution

Exposure assessment is frequently the most complex portion of an environmental
epidemiologic study. Air pollution exposure in itself has many challenges, which this
investigation attempts to overcome. Exposure assessment beconmesguhriilifficult when
assessing chronic exposures, as is the case for this investigation. This study attempted to
circumvent common problems of assessing chronic environmental exposures, by examining
exposure over time, ranging frori2d months. Althouglhe relevant exposure window for
influencing the susceptibility to ambient air pollution is unknown, murine models have
shown that exposure to air pollution may lead to increased susceptibility for up to six months
following the exposure (Hiramatsu 2006lpowever, whether this same timeline is
transferrable to humans remains unknown. It is possible that environmental exposures may
result in increased risk on the day of exposure, the following week, or even months after
exposure. Polynomial distributed lagpdels, which assume the effect of exposure on

outcome is distributed across time and that there may be immediate as well as delayed effects
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(Almon 1965), were initially explored as a method to determine the most relevant time
windows of exposureSupplement Al). However, while individualevel exposure estimates
varied over time, the ranking of individuals (required due to thelinearity of pollutant

data) did not change substantially over tH&40month lag period assessed (see Appendix
Figure A4). Indead, average exposure during the 24 months prior to diagnosis/entry into the

study was analyzed using logistic regression.

Another question that arose in the exposure assessment of ambient air pollution is the
ability of a single geocoded residential egks, which is linked to a single stationary
monitor, to estimate individual level exposure during the proposed etiologic time frame of 24
months. This particular concern may be less of an issue for this study because coverage from
Kaiser Permanente is mgerally offered and kept through employment, so individuals in this
study population are more likely to be residentially stable as well. For the proposed study,
the residential addresses were updated from each visit. Although the exact date of address
change was unknown, updating addresses with each visit is likely to introduce much less
measurement error than an assumption of the same residence over several years or decades,
which is a common practice in studies of environmental exposures and caneranipie

(Pope 2002, Laden 2006).

Indoor Air Pollution

An additional issue that often comes along with exposure measurement is that most
individuals spend a great deal of their time indoors, yet indoor sources of air pollutants are

often difficult or impeactical to assess. No data on passive smoking was available for this
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investigation, but given there has been little research on the effects of passive smoking on

TB, it is not certain that this exposure is a concern for my study question.

There was alsominformation available on fireplace use and other indoor sources of
air pollution. However, this particular concern may be less of an issue for this study, given
that the indoor pollutants shown to cause increased TB such as burning biomass, and other
indoor cooking and heating fuels such as coal (Fullerton 2008, Lin 2007, Mishra 1999) are
mostly nonexistent in the U.S., particularly in Northern California (US EIA 2009).
Moreover, most other epidemiological studies of air pollution, including reproeuentig
cardiovascular studies, do not have this level of information available for analyses yet still
offer valuable findings to the literature. Additional information on indoor air pollution would

be desirable, but certainly not necessary to addressuithe caiestion.

Statistical Analysis

All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary,

NC).

Conditional vs. Unconditional Logistic Regression

In studies where cases and controls are matched on certain factors the pradgem

of how to account for nemdependence in the matching. The inclusion of dummy coded

variables in logistic regression often has problems when the number of degrees of freedom is

close to the total degrees of freedom available. In matcheecoat@ studies, conditional

logistic regression can be used to circumvent this issue and condition parameters out of the
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analysis and each case and matching controls form a stratum. When either case or control has
missing information, or is excluded, informatics lost for the entire stratum. To prevent the

loss of information and provide more precise estimates, unconditional logistic regression,
adjusting for all of the matching factors in the analysis, is often used to analyze the matched
data. In this studyyoth conditional and unconditional logistic regression was used in

determining associations that air pollution and smoking have on PTB risk.

Aim 1

The use of splines to fit linear trends in the data was considered, however, the
numerous pollutants in thenalysis may each require a varying number of knots at different
locations. Additionally, splines are not always easily interpreted. Because pollutant variables
were nonlinear, these exposures were grouped into quintiles according to their population
distribution, and exposure levels below the 20th percentile were used as the referent category
for each pollutant (see Appendtigure A5). When categorizing continuous covariates
ensuring homogeneity of variance across levels of exposure is often becomes cn
conducting data analysis. However in logistic regression the variance is alwayswiries

the probability of success

Conditional logistic regression analysis was uselljstingfor all matching factors
(age, gender, and race/ethnicity), stimmate the odds ratios (OR) and 95% confidence
intervals (Cl) for the association between PTB and each average indiladekair pollutant

concentration (S& NO,, CO, Q, PMygand PM g) for the 24 months prior to diagnosis.

Potential effect modifidgon (by cigarette smoking, alcohol hospitalizations, diabetes,

COPD, HIV status, renal dialysis, and percent foreign born in census block) was assessed
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using likelihood ratio testdHosmer 1989ith and withoutnclusion of multiplicative
interaction tems in the logistic regression modpk(.10). Termgonsidered statistically
significant were included istratified analyses; only cigarette smoking met these criteria and

thus only these results are shown.

Confounding was assessed using a greater #nchange in estimate criterion
(Greenland 1989) for several risk facttdrat could potentially confound the relationship
between air pollutiomnd PTB:median household income, percent foreign born in census
block, education in residential census bladkphol hospitalization, diabetes, and HIV status
Using this criterion, no factors were found to confound the-Rifpollution associations
and were therefore notcluded in the final analysiginal models only included the

matching factors (age, gesrd and race/ethnicity).

A multi-pollutant analysis for air pollution and PTB association was also considered
using a forward model building approach (see Appefdixles A14A16). This began with
a simple model of two pollutants showing no associatigh ®TB. Additional pollutants
were entered in the model, one at a time, in order of no association, positive association, and
negative association. At each stage of modeling, effect estimates were inspected for any

changes in association.

Aim 2

Splines vere used to visualize changes in data and detect whether or not the
continuous variables, years of smoking and packs per day, are linearly related tedithéslog
of PTB. No consistent patterns indicated in splines, indicating nonlinearity (see Appendix

Figure A3). Taking into consideration the public health message that will need to be
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communicated from study results, it was also important to manually examine thaesdata

splines may result in cut points that are not easily trans{agedAppendix ablesA4-A5). |
explored several categorical struebuandes for
>30 for years of smoking, and Oi and >IiI for
because they represented the risk profile correctly while usenfgtvest number of

classification levels possible. Because of the completeness of data;@irtistwere created

using years 2062010.

Odds ratios (ORs) and 95% confidence intervals (Clghiassociation between
smoking status and PTB, among caaed controls selected from KPNC between 12060
were calculated usingnconditional and conditional logistic regression adjuitedll
matching factors (age, gender, and race/ethni@itghsson 2008 Separate models were
constructed to estimate effects associated with varying definitions of smoking status (ever vs.
never smoking, and current/past vs. never smoking) over the £9862010 study period
(n = 2380 cases and 4738 controls) and restricted to2008 (n = 734 cases and 1462
controls). In addition, models were constructed to consider dose (cigarettes smoked per day)
and duration (years of smoking) as determined fdama recorded in the ECD from 2608

2010.

Potential effect modification was assesashg likelihood ratio testgéHosmer 1989
with and withoutinclusion of multiplicative interaction terms in the logistic regression
model, and those terms withvalues <0.10 were considersttistically significant When
interaction was preser®Rs for PTBwere calculatedtratified by indicators oéxposure.

Covariates considered as potential effect modifiers include: percent foreign born in

residenti al census block, COPD, alcohol hosp
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immunological prescriptions, diabetes, and HIV status. Potenti&dwoding was assessed
using agreater than 10% change in estimate crite(i@Gneenland 198%or the following
covariatesmedian household income, percent foreign born in census block, education in
residential census block, alcohol hospitalization, diabetes, and HIV.sfdtusovariates

assessed were @etined to confound the association; thus all final models only included as

covariates the matching factors (age, gender, and race/ethnicity).

Study Power

In specific aim 11 proposed to estimate an association between incident PTB and

estimated individal-level air pollutant concentrationSor varying study power, given a

sample size of 7118 cases and controls, | estimated the minimum detectable ORs for the
association between PTB and air pollutant concentrations, each evaluated as (Quartile 4 vs.
Quatile 1) for 20082010 and 199@010 using nQuery Advisor (version 7). The following
assumptions were made: a taided test, the cage-control ratio is 1:2, and a significance

level of 0.05. The minimum detectable OR for the air pollufdB associatio with all

subjects combined, smokers and 1somokers, is 1.27 at 80% power.

In specific aim 21 proposed to estimate the OR and 95% ClI for the association

between incident pulmonary TB and cigarette smoking and test whether smoking is a
confounder and/oeffect modifier of the association between air pollution levels and TB.
Assuming a smoking prevalence of 15% (CDPH 2009), the minimum detectable OR for the

cigarette smokind?TB association is 1.36 at 80% power.
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In the Stratified Analysjsvhere power fotheair pollutantPTB association with

smokers and neemokers is considered separatéhe sample size will be reduced

depending upon the availability of monitor concentrations and smoking data. Using data
from 20062010, the minimum detectable ORs @@lile 4 vs. Quartile 1) for the air
pollutantPTB association at 80% power are 1.91 and 1.29, for smokers aistnoders,

respectively.

In sum, although power will be slightly reduced for different exposure prevalences
than what we illustrate here, amthen adjustments are made for confounding, study power is

expected to be adequate to evaluate the proposed ainTafdee 3).

Summary

TB is a contagious and often deadly disease that internationally affects millions of
people each year. Although itkeown that this disease is caused by the bacterial agent
Mycobacteriun tuberculosishe reasons for increased susceptibility are not fully understood.
| propose that increased concentrations of air pollutants result in a decrease in immune
function and attity to ward off TB disease. Further, | hypothesize that adults residing in
geographic areas with relatively higher air pollution concentrations are at increased

susceptibility of developing PTB disease.

My study objective was to conduct a casmtrol $udy nested within the Northern
CA Kaiser cohort population to determine whether PTB risk is associated with estimated

individuaklevel air pollution concentrations, considering a range of lagged exposure times
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(from zero to 24 months) and controlling fmoking and other potential confounders. 1 also
explored in stratified analyses whether smoking, and other susceptibility factors, modulate
the association between air pollution and pulmonary TB. The results from this study are the
first to be generateddm an analytic epidemiologic, populatibased study on this novel
hypothesis. Results from this U-Based study will be a critical step in helping to determine
whether the burden of TB worldwide could be reduced with a reduction in air pollution levels

worldwide.
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Chapter 2 Figures and Tables

Table 2.1Mean Annual PMslevel (pug/n?) and No. of days exceeding NAAQSh8 Ozone
Standard, Northern California Kaiser counties, 2006

County PM> 5 O3z | County PM> 5 O3
Alameda 11.3 10 | San Francisco 10.7 0
Colusa 9.8 1 San Joaquin 15.3 23
Contra Costa 10.4 14 | San Mateo 10.9 0
Fresno 17.2 74 | Santa Clara 11.6 12
Lake 8.3 0 Santa Cruz 9.9 0
Madera 8.9 15 | Sierra 6.5 0
Marin 9.1 0 Solano 14.2 9
Merced 16.7 30 | Sonoma 9.6 0
Napa 115 0 Stanislaus 16.3 25
Nevada 7.9 63 | Tulare 14.8 104
Placer 13.3 62 | Yolo 9.3 15
Sacramento 14.2 46
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Figure 2.1 Counties covered by Kaiser Permanente Northern California
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Figure 2.2Comparability of KPNC Members to the General CA population
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Table 22 Air pollution monitoss available over the study period

Pollutant Minumum Maximum Mean
CO 78 92 84
NO, 92 113 104
O3 149 182 168
PM;s 56 82 77
PMyo 135 167 150
SO, 31 52 38

DataSource: Lipsett 2011
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Figure 2.3 Available PM 5 pollutant monitors in California
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Figure 2.4 Available PM pollutant monitors in California
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Figure 2.5Available SQ pollutant monitors in California
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Figure 2.6 Available NG pollutant monitors in California
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Figure 2.7 Available G pollutant monitors in California
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Figure 2.8 Available CO pollutant monitors in California
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Table 2.3Minimum detectable odds ratios (Quartile 4 vs. Quartile 1) for the air poHution
PTB association and smokhRJI B association

20082010 20062010
Power (%) 80 90 80 90
Air Pol | uj 1.33 1.39 1.27 1.32
Non-smokers 1.35 1.42 1.29 1.35
Smokers only 2.29 2.59 1.91 2.11
Smoking Y 1.46 1.55 1.36 1.42

64



References
Almon S. (1965). "The distributed lag between capital appropriations and expenditures."
Econometric883: 178196.

BriggsD, CollinsS, et al. (1997). Mapping urban air pollution using GIS: a regresssed
approachinternational Journal of Geographical Information Scief&€7): 699718.

CDPH California Tobacco Control Progra(@009). California Tobacco Control Update
2009: 20 Years of Tobacco Control in California: Sacramento, CA.

Dye C. (2006). Glbal epidemiology of tuberculosiShe Lancet367: 938940.

FullertonDG, BruceN, et al. (2008). Indoor air pollution from biomass fuel smoke is a major
health concern in the developing worldansactions of the Royal Society of Tropical
Medicine and Hgiene 102(9): 843851.

Greenland S. (1989). Modeling and variable selection in epidemiologic anAlysisPublic
Health.79(3):3409.

Henderson B, et al. (2007). Application of Land Use Regression to Estimate -Tenm
Concentrations of TraffiRRelatedNitrogen Oxides and Fine Particulate. Environ. Sci.
Technol. 41(7): 2422428.

HiramatsuK, SaitoY, et al. (2005). "The Effects of Inahalation Diesel Exhaust on Murine
Mycobacterial Infection.Experimental Lung ResearcBil: 405415.

Holgate ST, SametM, Koren HS, Maynard RL. (1999.r pollution and health

Hosmer D, Lemenshow S. (1989). Applied logistic regression. New York: John Wiley &
Sons.

Jasmer RNahidP, et al. (2002). Clinical Practice. Latent Tuberculosis Infectibngl J
Med. 347(23):B60-1866.

Lichstein J SimonsT, et al. (2002). Spatial Autocorrelation and Autoregressive models in
ecology.Ecological Monograph§2(3): 445463.

Lin H, EzzatiM, et al. (2007)Tobacco Smoke, Indoor Air Pollution and Tuberculosis: A
Systematic Reviewral MetaAnalysis.PLoS Med4(1), 173189.

Mishra V. (1999). Biomass cooking fuels and prevalence of tuberculosis inlimdianfect
Dis. 3:119129.

Raviglione MG Kochi A, et al (1995). Global epidemiology of tuberculosis: Morbidity and

mortality ofa worldwide epidemicJAMA, 2733), 220 226. Retrieved from
http://dx.doi.org/10.1001/jama.1995.03520270054031

65



RubinDB. (1987).Multiple imputationfor nonresponse in surveys. New York: John Wiley.

World Health Organization (WHO}2010)."Global tubercwd si s contr ol 2010. 0
http://www.who.int/tb/publications/global_report/20&ccessed on March 20, 2011.

66


http://www.who.int/tb/publications/global_report/2010

CHAPTER 3

CIGARETTE SMOKING AND PULMONARY TUBERCULOSIS IN NORTHERN
CALIFORNIA 1!

Overview

A positive association between smoking and increased risk of tuberculosis disease is
well-documented for populations outside the United States (U.S.). However, it is unclear
whether smoking increases risk of tuberculosis in the U.S., where both smoking prevalence
and disease rates are much lower than in the countries where previous studies have been
conducted. To explore the tuberculesisoking association in a general U.S. dapan, we
conducted a nested casentrol study among members of Kaiser Permanente Northern
California (KPNC). We identified all newly diagnosed cases of active pulmonary
tuberculosis (PTB) disease between 129&@0. Each of the 2380 cases were indiviigua
matched to two controls by age, gender, and race/ethnicity. Using adjusted logistic
regression, increased PTB risk was observed amagrgsenokers (odds ratio (OR)=5;2
95% confidence interval (Cl): 1.00, 1.55), as well as current (OR+923% CI10.84, 1.623

and past (OR=1.29; 95% CI: 1,0D06) smokers, compared to never smokers. Increased

! SmithGS, Van Den EedeBSK, BaxterR, ShanJ, VanRie A, HerringAH, RichardsorDB,
EmchM, and Gammo MD. (2013).Cigarette smoking and pulmonary tuberculosis in
northernCalifornia. [Submitted for Revidw



intensity and duration of smoking were also positively associated with PTB risk. Our
findings support the hypothesis that smoking is a risk factor for PTBemeral U.S.
population, underscoring the importance of tobacco cessation and prevention programs in

eliminating tuberculosis.

Introduction

Cigarette smoking is the number one cause of preventable deaths in the United States
(U.S.), accounting for 443,0000r 1 out of every 5) deaths each WIDC 2011a).
Approximately one in five adults (18+ years) in the U.S. smokes cigarettes. In conthast to
decreasing prevalence of smoking in the WCBC 2011b), rates continue to increase
outside the U.S., particularly in regions with a high prevalence of tuberculosis (TB). For
example, China and India rank among the top countries in the number of smokers as well as
the largest number of active TB cases (1.4 million and 1.9 million, regplggiiHassmiller

2006, Chan 200).

TB is caused by Mycobacterium tuberculd@sosch 2002 As consistently
demonstrated in studies conducted outside of the(Kdbappan 2002, Tekkel 2002, Leung
2003, MiguezBurbano 2003, Liendhart 2005, Gordon 2006, Shetty 2006, Chan,2010
smoking appearstoincreasp& r sonds ri sk of developing TB.
smoking increases the risk of TB in the U.S., where the prevalence of smoking and the rates
of TB are much lower than many of the countries in which these previous sRTdking
studies have beenmducted. Further, most of the previous studies conducted outside the
U.S. focused on latent tuberculosis infection, rather than on active TB dikea26(7).
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Two previous U.Shased studies have explored the association between active TB
disease andhsoking among high risk populations. A casmntrol study of TB risk factors
conducted from 1988990 in King County, Washington found an association increased risk
for active tuberculosis among smokersn where
for immigration screenin@Buskin 1994. In a 2003 caseontrol study, a positive
association was observed between tobacco use and TB, but the study included only human
immunodeficiency virus (HI\fpositive individuals on antiretroviral therafifiguez
Burbano 2003 Thus, the findings from these studies are notable, Hidulifto generalize

to the U.S. population as a whole.

To examine the hypothesis that cigarette smoking is associated with active pulmonary
tuberculosis (PTB) disease risk in a general U.S. population, we conducteecaraske
study nested within theufge and diverse population of Kaiser Permanente Northern
California (KPNC). The populatiehased study design will help to increase the

generalizability of our findings to the American population.

Methods

Institutional Review Board approval for this te casecontrol study was obtained

from all participating institutions.

Study Population

All eligible participants were drawn from the KPNC membership, which provides
integrated comprehensive care to approximately 3.3 million people (about 25% oflthe tota
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population in the geographic areas served). All incident cases of PTB diagnosed among
adult KPNC members from January 1996 through December 2010, were included in the
investigation. TB was defined as a positive TB culture or a prescription for aBledays

of four or more anttuberculosis medications including isoniazid, rifampin, ethambutol, and
pyrazinamidgCDC 2003. Electronic clinical databasesere reviewed for each case of TB

to ascertain & of disease, and only cases of pulmonary TB were included in this analysis.
Controls were drawn from KPNC among members free of TB on the date of diagnosis of the
index case for each control, and matched to cases (2:1) by age, gender, and rage/ethnicit
(Rothman 1998 To exclude recent immigrants from the study, individuals in the initial
study population who had nbeen KPNC members for at least two years prior to the case
date of diagnosis (n=3577) were dropped from the analysis. A total of 2380 cases of active

PTB disease and 4738 tuberculeisee controls were included in the study.

Exposure Assessment

Cigarete smoking status was obtained for study subjects by abstracting data from the
electronic clinical databases, which had been collected and recorded at various visits over the
l ength of membership at KPNC. Oveing ti me, in
status were recorded in the KPNC databases; therefore, the association of smoking and PTB
was explored for two different times during the study period (288 and 2002010).
To examine the smokirBTB relationship over the entire study period,&2910, a derived
variable was constructed from all smoking variables ascertained from the clinical databases.
|l f smoking was indicated anywhere in records

ot herwise the subject wamnythose mdicatidgesmakidgoa &6 Ne v e
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the date of diagnosis were considered O6Curre
and complete smoking data occurred in the clinical databases betwee20A@)8ve were

able to categori na HPhAjsd Ot s MmOk ed Gyr rasntwée |l d
(cigarettes per day) and duration (years of smoking) during this period. Although we were

unable to explore dose and duration for the 12980 study period for the entire study

population, relianceongat andar d fADerivedod smoking vari abl
(current/past)/never smokers yields a much larger sample size with increased exposure

variability.

Covariates

Selected covariates, including age, gender, race/ethnicity, and length oérsbippb
were similarly obtained from electronic KPNC databases. In addition, outpatient, inpatient
and pharmacy databases were used to determine covariate data onraletdubl
hospitalizations, history of TB drug use, immunological prescriptions (irmun
compromising medications known to increase TB risk), and otherarbidities (e.qg.,
chronic obstructive pulmonary disease (COPD), renal dialysis). HIV and diabetes mellitus Il
(diabetes) status were obtained from KPNC registries of these conditiorzbtain
contextual indicators of socioeconomic status (SES) not routinely collected at KPNC (e.qg.,
education, income, and percent foreign born within each subjects neighborhood at the time of
diagnosis/selection), we constructed cerisosk level covarites, and current/historical

residential addresses were linked to year 2000 U.S. Census data.

Statistical Analysis

Odds ratios (ORs) and 95% confidence intervals (CIs) for the association between
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smoking status and PTB, among cases and controls selente&RNC between 1998010,

were calculated using unconditional logistic regression adjusted for all matching factors (age,
gender, and race/ethnicitfflansson 2008 We used separate models to estimate effects
associated with varying definitions of smoking status (ever vs. never smoking, and
current/past vs. never smoking) over the entire 18®8) study period (n = 2380 cases and
4738controls) and restricted to 20@®10 (n = 734 cases and 1462 controls). In addition,

we constructed models to consider dose (cigarettes smoked per day) and duration (years of

smoking) as determined from data recorded in the clinical databases frorf2QA@D8

Potential effect modification was assessed using likelihood ratio(ksssner 1989
with and without inclusion of multiplicate interaction terms in the logistic regression
model, and those terms withvalues <0.10 were considered statistically significant. When
interaction was present, we calculated ORs for PTB stratified by indicators of exposure.
Covariates considered astpntial effect modifiers include: percent foreign born in
residenti al census block, COPD, alcohol hosp
immunological prescriptions, diabetes, and HIV status. Only percent foreign born in the
residential censblock met our criteria for effect modification, and thus stratified results are

shown for this covariate only.

Potential confounding was assessed using a greater than 10% change in estimate
criterion(Greenland 198%or the following covariates: median household income, percent
foreign born in census dtk, education in residential census block, alcohol hospitalization,
diabetes, and HIV status. No covariates assessed were determined to confound the
association; thus all final models only included as covariates the matching factors (age,

gender, and razethnicity).
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Conditional logistic regression was also performed and yielded virtually identical
results; therefore only results from unconditional logistic regression are shown. All
statistical analyses were performed using SAS software (version 9S3inS#tute, Cary,

NC).

Results

The distribution of select characteristics of cases of PTB disease and controls selected
from the KPNC membershig &ble 3.1) are similar for the study time periods, 198610
and 20082010. As expected, the distributidios the two time periods reflect the KPNC
population, as well as the population residing in the surrounding Bay area and environs
served by KPNGGordon 200 The mean age of study participants for the entire-1996
2010 study period was 50.5 years, ranging from 21 to 98 years of age; and the mean length of
membership in KPNC was 10.3 years, ranging from 2 to 31 years. Since gesder w
matching factor, 50% of both cases and controls were female. The study sample includes a
high proportion of Hispanics and Asians, which is reflective of the general population at risk
for TB in the U.S. and the heterogeneous population residingsigebgraphic area. The
distribution of TB risk factors by casmntrol status are similar for the two time periods, but
there are marked differences between cases and controls, with cases being more likely to

have been diagnosed with COPD, HIV, and diebet

Smoking within our KPNC study population declined over time, from 14.2% in 1996
to 11.0% in 2010, which is consistent with the declining smoking prevalence reported by the
California State Health Departmgi@DPH 2010. Table 3.2 shows that the adgted effect
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estimates were elevated for the associations between PTB and smoking status and smoking
patterns for the 2008010 period, when greater smoking detail was available. An adjusted
OR for ever smoking relative to never smoking was 1.25 (95%.0@, 1.55). Once ever
smokers were partitioned into current and past smokers, relative-snakers, the adjusted

OR was 1.29 (95% CI: 1.00, 1.66) for past smoking and 1.17 (95% CI: 0.84, 1.62) for current
smoking. Among past smokers, time since smgkiessation varied by case status, with

17% of cases quitting in the two years prior to the date of diagnosis, compared to only 4.0%

of controls quitting in this same window.

Due to the manner in which smoking was collected in the electronic clinical
datdases, data is available on dose and duration for approximately only 40% of all ever
smokers of the 2008010 KPNC study population, with more than twice as many past
smokers missing the more detailed information than current smokers. As shbabien
3.2, among the 200682010 KPNC study population, PTB risk increased with years of
smoking; however, the increase does not appear to occur until 6 or more years of smoking.
Among those with more than 30 years duration of smoking, the risk of developing BRTB wa
more than two times greater than among never smokers. Among ever smokers, as compared
with never smokers, those smoking up to-ba# pack per day were at 1.47 (95% CI: 0.97,
2.21) times the odds of PTB, which increased to 1.78 (95% CI: 1.18, 2.68p$ar smoking

more than a half pack a day.

When we considered the full KPNC study population (320860), for whom we
created a standard fADerivedo ever/never smok
association between smoking status and PTB disgaseore precise and modestly higher in

magnitude. As shown ihable 3.3, the OR for ever smoking was 1.24 (95% CI: 1.10, 1.39)
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relative to nomsmokers, and, the ORs for current and past smoking were 1.17 (95% CI: 1.00,

1.37) and 1.31 (95% CI: 1.13, 1.52spectively.

Effect modification of the association between smoking and PTB among the 1996
2010 KPNC study population was assessed by stratifying on the percent of the population
that is foreign born in the sowbinTabet3ds r esi de
ever smoking was associated with a slight,-sgmificant 1.13 (95% CI: 0.82, 1.56) increase
in the odds of PTB among those living in a census block with the fewest (up to 15%) foreign
born individuals. In contrast, among those livingiicensus block with 15% to 30% and
more than 30% foreign born individuals, ever smokers had an increased risk compared to

never smokers [1.46 (95% CI: 1.07, 1.98) and 1.48 (95% CI: 1.11, 1.99), respectively].

Discussion

Among the populatiofrased memlyehip of a large and diverse integrated health
system in northern California, we observed clear positive associations between smoking and
active PTB disease. Ever smokers were at an increased risk of PTB when compared to never
smokers. Past smokers weaitea higher risk of developing PTB than current smokers.
However, this latter observation may result from the fact that individuals often quit smoking
as a result of the symptoms brought on by pulmonary TB which causes inflammation
(Willemse2004). There was also a significant elevation observed in the risk of PTB with
increasing dose (packs per day) and duratiookigper year) of smoking; for example, the
OR was increased by 78% for a half pack or more of cigarettes per day, and was doubled
among those smoking greater than 30 years. The effect estimates observed for the
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association between PTB and smoking in Nasthern California population are consistent
with a metaanalysis conducted by Bates et al. of studies conducted primarily outside the
U.S., which estimated an elevated risk of PTB from ever smokers at 2.27 (95% CI: 1.90,

2.71) when compared to never dracs(Bates2007).

Foreign born individuals are at a disproportionately increased risk of TB in the U.S.
(CDC 214a). However, information on immigration status/place of birth was not available
for each individual study participantihis population. Instead, we explored effect
modification of the association between smoking status and TB by the percent of the census
bl ock that was foreign born in the for each
with active PTB for casesy time of selection into the study for controls). We found
evidence in support of a statistical interaction between the percent of foreign born individuals
within a census block and smoking status. Our results are not entirely surprising as certain
immigrant populations are born in countries with a high burden of active TB. Thus residence
in such an area with a high immigrant population would most likely increase the risk of
exposure to M. tuberculosis as residents are more likely to be foreign agiotbdave been
exposed in the past, as well as being more likely to be exposed while living in this area.
However, mandatory screening confirms that all immigrants should be free of active TB
upon entry into the U.SLi{u 2009. In addition, the tweyear KPNC membership
requirement for subject eligibility used in our study helps to ensure that recent immigrants,

who are at increased risk of reactivation, are unlikely to be included in the study.

Two previous studie@Buskin 1994, MigueBurbano 2008conducted in the U.S.
targeted very specific highsk individuals (clinic with high proportion of immigrants and

people living with HIV) and are thus not readily generalizable to the general U.S.
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population. Our investigation takes advantage of a largertcohsubjects with uniform

access to health care, which minimizes potential issues of selection bias. The KPNC
membership has been previously demonstrated to be very similar to residents in the
surrounding geographic area, and representative of theghopuat large, with the exception

of its lower percentage of White ndfispanics, individuals in the income extremes, and
smokergGordon 2005 Additional advantages of this study include the large-cas&ol

nested within a cohort study design, which greatly enhances clear interpretation of the study
findings, uniform access to health care, which minimizes potential issuesdiaebias,

and the availability of detailed clinical data, including risk factors for PTB, such as COPD,
alcohol abuse, diabetes, renal dialysis and immunosuppressive conditions includinguHIV (

2009, CDC 201a).

Although this study was able to indie assessment of a personal history of smoking,
information on environmental tobacco smoke (ETS) exposure was not available. However,
in California, stringent ETS exposure regulatig@®PH 2009 have minimized the impact
of this potential exposure outside the home. Further, whether ETS at levels found commonly

in U.S. homes is a risk factor for PTB is currently unknown.

Smoking status was recorded in severdked#nt forms in the KPNC electronic
database over the study period, restricting the availability of detailed data on smoking
patterns to the years 20@810. We explicitly designed our analytic strategy in
consideration of this potential limitation. West considered those with the detailed data
from those selected for the 26@810 cohort, and then estimated effects among the entire
19962010 cohort. This strategy was facilitated by the strong similarities of the subjects

within these two study timegpiods. The analysisfrom 19260 1 0, usi ng t he 0
77
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ever/never smoking variable, yields nearly the same results seen as seer200)0&ars

with the most comprehensive smoking data, and strengthens the case for an association
between smoking ar@TB in the U.S. Although more than twice as many past smokers were
missing data on dose and duration than current smokers in our study, this will have negligible
influence on observed effects given the point estimate of the effect of smoking on risk of

PTB is not significantly different among past smokers in this study population.

In conclusion, our nested casentrol study is the first evaluation on whether
cigarette smoking is associated with active PTB disease in a general U.S. population sample.
Ourfindings of a positive link between smoking and PTB, and a positive association with
dose and duration of smoking, in a wellaracterized population suggest that, as is observed
in nonU.S. based populations, smoking is a risk factor for PTB in the Urortunately,
smoking data are often not requested or recorded in present TB surveillance systems within
the U.S(CDC 2012). Inclusion of such information would foster research to identify
effective strategies to reduce the risk of developing active PTB disease among Americans.
Furthermore, knowledge of the increased risk of TB associated with smoking underscores the
importarce that smoking prevention and cessation programs can play in the goal of

eliminating TB in the U.S.
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Chapter 3 Figures andTables

Table 3.1 Distribution of select characteristics of cases of pulmonary tuberculosis (PTB)
disease and controls by yedrdmagnosis for cases and year of selection for controls between
19962010 and 2002010, Kaiser Permanente Northern California (KPNC)

19962010 20082010

Characteristic Cases | Controls Cases | Controls
FromECD
All 2380 (100) 4738 (100)| 734 (100) 1462 (100)
Gender

Male 1180 (49.6) 2364 (49.9)| 350 (47.7) 708 (48.4)

Female 1200 (50.4) 2374 (50.1)| 384 (52.3) 754 (51.6)
Age

21-34 527 (22.1) 1036 (21.9)| 155(21.1) 305 (20.9)

3549 667 (28.0) 1318 (27.8)| 230 (31.3) 453(31.0)

50-64 647 (27.2) 1297 (27.4)| 210 (28.6) 419 (28.7)

65+ 539 (22.7) 1087 (22.9)| 139 (18.9) 285 (19.5)
Race/Ethnicity

White 418 (17.6) 835(17.6) | 112 (15.3) 225 (15.4)

Black 188 (7.9)  372(7.9) 52 (7.1) 104 (7.1)

Asian 924 (38.8) 1838(38.8)| 304 (41.4) 603 (41.2)

Hispanic 464 (19.5) 929 (19.6) | 132 (18.0) 269 (18.4)

Other 153 (6.4) 307 (6.5) 44 (6.0) 90 (6.2)

Unknown 233(9.8) 457 (9.7) | 90(12.3) 171 (11.7)
Length of Membership

2-5 years 793 (33.3) 1547 (32.7)| 247 (33.7) 471 (32.2)

5-10 years 648 (27.2) 1257 (26.5)| 191 (26.0) 395 (27.0)

10-15 years 343 (14.4) 656 (13.9) | 112 (15.3) 204 (14.0)

15+ years 596 (25.0) 1278 (27.0)| 184 (25.1) 392 (26.8)
Census Block Derived Datg
Median Household Income

Median $60,747 $61,414 $61,101 $61,709

(IQR%) ($46k$77k) ($46k78K) | ($46k76k) ($46k$78K)
Percent Foreign Born

Median 26.3 21.9 26.4 22.3

(IQR%) (15.041.0) (12.537.6) | (14.641.0) (12.936.8)
> High School Education

Median 62.9 64.1 61.9 63.4

(IQR¥) (49.475.1) (50.476.8) | (49.774.4) (50.1-76.5)

*Abbreviations:ECD = electronic clinical datdQR = interquartile range; COPD = chronic
obstructive pulmonary disease; and HIV+ = human immunodeficiency virus positive.
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Table 3.1continued Distribution of select charaatstics of cases of pulmonary tuberculosis
(PTB) disease and controls by year of diagnosis for cases and year of selection for controls
between 1992010 and 2002010, Kaiser Permanente Northern California (KPNC)

19962010 20082010

Characteristics Cases | Controls Cases | Controls
From Billing Codes
Tuberculosis Risk Factors

None 1334 (56.1) 3185 (67.2)| 405 (55.2) 920 (62.9)
COPD* 881 (37.0) 1329 (28.1)| 273 (37.2) 444 (30.4)
Alcohol Hospitalization 107 (4.5) 173 (3.7) 33 (4.5) 72 (4.9)
Renal Dialysis 149 (6.3) 155 (3.3) 61 (8.3) 94 (6.4)
Immunological Prescription 0 0 0 0
Diabetes 465 (19.5) 567 (12.0) | 140 (19.1) 202 (13.8)
HIV +* 50 (2.1) 13 (0.3) 11 (1.5) 4 (0.3)

*Abbreviations: ECD = electronic clinical data; IQR = interquantiege; COPD = chronic
obstructive pulmonary disease; and HIV+ = human immunodeficiency virus positive.
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Table 3.2 Adjusted* odds ratios (OR) and 95% confidence intervals (Cl) for the associations
between smoking status, duration and dose, and pulmarmasctilosis (PTB) disease,
among cases diagnosed and controls selected betwee2@DD8Kaiser Permanente
Northern California (KPNC)

Cases Controls
n=734 n=1462 OR* 95% Cl
Smoking Status
Never 487 961 ref
Ever 239 398 1.25 1.00 155
Past 160 255 1.29 1.00 1.66
Current 79 143 1.17 0.84 1.62
Years of Smoking
Never Smoker 487 961 ref
O 5 years 15 31 0.95 0.47 1.84
6-30 years 64 91 1.50 1.04 2.17
> 30 years 25 27 2.16 1.19 3.90
Packs per Day
Never Smoker 487 961 ref
O I pack 51 72 1.47 097 221
> 15 pack 53 65 1.78 1.18 2.69

*Adjusted for age, gender, and race/ethnicity
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Table 3.3 Adjusted* odds ratios (OR) and 95% confidence intervals (Cl) for the association

between smoking status and pulmoniatyerculosis (PTB) disease, among cases diagnosed
and controls selected between 12940, Kaiser Permanente Northern California (KPNC)

Cases Controls
n=2380 n=4738 OR* 95% Cl
Smoking Status
Never 1624 3418 ref
Ever 756 1320 1.24 1.10 1.39
Past 406 674 1.31 1.13 1.52
Current 350 646 1.17 1.00 1.37

*Adjusted for age, gender, and race/ethnicity
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Table 3.4 Adjusted* odds ratios (OR) and 95% confidence intervals (Cl) for the association
bet ween fDerivedoO s mokicolagsis $PTB) tisease, atmatified pyu | mo n
the percent of the population that is forei
block at the time of subject diagnosis/selection+, among cases diagnosed and controls
selected between 192910, Kaiser Pernmente Northern California (KPNC)

% Foreign Born NnDer i ve Cases Controls .
in census block  Smoking Status n=2260 n=4474 OR 95% Cl
Up to 15% Never 361 1016 ref

Ever 203 467 1.13 0.82 1.56
15-30% Never 503 1039 ref

Ever 228 403 1.46 1.07 1.98
Over 30% Never 670 1168 ref

Ever 295 381 1.48 1.11 1.99

*Adjusted for age, gender, and race/ethnicity;-vafue =.079 for the interaction on a
multiplicative scale
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CHAPTER 4

AIR POLLUTION AND PULMONARY TUBERCULOSIS AMONG A
POPULATION -BASED SAMPLE OF NORTHERN CALIFORNIA RESIDENTS 2

Overview

Ecologic analyses and animal experiments suggest a jpoagfbociation between air
pollution and tuberculosis. No previous epidemiologic studies have examined this hypothesis
using individuallevel data. We evaluated the association between ambient air pollutants and
active pulmonary tuberculosis (PTBA nestd casecontrol study was conducted among
members of Kaiser Permanente Northern California. All cakastive PTB diagnosed from
19962010 (n=2309) were matched to two controls (n=4604) by age, gender and
race/ethnicity. Average individudével concentaitions of carbon monoxide (CO), nitrogen
dioxide (NQ), sulfur dioxide (S@), ozone (@), and particulate matter with aerodynamic
diameter <2.5um (Plg) and 10um (PMp) for two years prior to diagnosis/entry into the
study were estimated based on homeeskl In singlepollutant, adjusted conditional
logistic regression models, the odds ratio (95% confidence interval).&@$1.15, 1.95jor

the association between the highest CO quintile (vs. lowest); corresponding estimates were

2 SmithGS, Van Den EedeSK, Garca C,BaxterR, ShanJ, VanRie A, HerringAH,
RichardsorDB, EmchM, and Gammo MD. (2013).Air pollution and pulmonary
tuberculosis among a populatibased sample of northern California residefite.Be
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higher among never @8 (1.26, 2.24)) than ever smokers (1.19 (0.74, 1.92)). In contrast,
NO,I PTB associations were higher among ever (1.81 (1.13, 2.91)) than in never smokers
(1.29 (0.97, 1.71). ©was inversely associated with PTB for both smokers and nonsmokers.
No consi¢ent patterns were observed for other pollutants. Findings from-palititant

models were similar. Among a populatibased sample of Northern California residents,
exposure to ambient CO was positively associated with PTB. This association requires

corfirmation in other U.Sbased and international populations.

Background

Air pollution is a substantial cause of morbidity and mortality worldwide, resulting in major
public health impacts and millions of dollars lost each year (Raviglione 1995, WHO 2010).
Recent ecologic studies conducted in several countries, including the United States (U.S.),
suggest that ambient air pollution may contribute to an increased risk of tuberculosis (TB)
(Shilova 2004, Iwai 2005, Tremblay 2007) or pulmonary TB (PTB) (Sntifl82 A cross
sectional study in Japan reported a correlation between total suspended particles in air and
TB (lwai 2005). While exploring seasonal fluctuations of TB incidence in an ecologic
analysis in Russia, Shilova et al. (2004) found that along elinatic factors, atmospheric
pollutants (including NO, CO, and $0were associated with TB incidenicea recent case
case comparison based on 196 hosibiteled patients in Los Angeles, a correlation was
observed between small partidze particulee matter (PMs) and TB (Jassal 2012).

However, large epidemiologic studies that consider a wider variety of indiMekedlair
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pollutant exposures in a populatibased study sample that is more generalizable to the

general population are lacking.

Mycobacterium tuberculosis the causative agent of TB. The immune system is
most often able to contain this infection; however weakened immunity, caused by HIV,
diabetes, and host of other factors, can cause TB to reactivate (Raviglione 1995, WHO 2010).
Biologically, air pollutants could be involved in the reactivation of TB through altering
macrophage function, thereby increasing susceptibility to developing active TB. Tumor
necrosis factor (TNFY) and i-gammear(iFNe)om | ay a c e nirgama | rol e
inhibiting the growth of mycobacteria (Flad 19@%ffinger 2004 Fremond 2005), but
levels of these have been shown to decrease in animal experiments with pollutant exposures
(Hirmatsu 2005Saito 2002a,b). Lonterm exposure to diesel exhaust haen shown to
decrease the expression levels of interledninterferoagamma, and inducible NO
synthase mRNAs reduce TNF aneb IppFNdduction and increase t
the mice(Hirmatsu 2005Saito 2002a,b). Further, the inhibitonof TIF by dr ugs i n
clinical trial has been linked to TB reactivation, implying that the association in mice may be

applicable to humangacobs 2007)

Objectives

This study aims to investigate whether exposure to criteria air pollutants (sulfur
dioxide (SQ), nitrogen dioxide (Ng), carbon monoxide (CO), ozoneg)(particulate matter
with aerodynamic di aghend particulaté matter with aerodynamice s s (
di ameter of 2g)are associaied with em@eased ridk\wf active PTB in a well
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defined population of northern California resident

Methods

Study Population

We conducted a nested casmtrol study of the association between air pollution and
PTB disease among the members of Kaiser Permanente Northern California (KPNC), an
integrated healthcare delivery system providing careen@lion residents in the greater
San Francisco, Oakland, San Jose, Sacramento and Fresno areas. KPNC serves
approximately 280% of the total population in the geographic areas served. Cases included
all newly diagnosed active PTB among adult KPNC mesl@ase identification included
individuals with a new clinical diagnosis and prescription for at least 30 days of four or more
antirtuberculosis medications including isoniazid, rifampin, ethambutol, and pyrazinamide or
a positive TB culture, between Jamy 1996 and December 2010. For cases, diagnosis date,
use of antiTB drugs and relevant laboratory assays were abstracted from the KPNC clinical
data bases. Controls, selected from KPNC members free of TB on the index date of diagnosis
of the case, were atched individually to cases (2:1) by age, gender, and race/ethnicity. All
cases and controls were KPNC members for a minimum of 2 years prior to entry into the

study.

Exposure Assessment

Exposures estimates for each individual were constructed arsamgge ambient

concentrations of Pik, PMo, O3, NO,, CO, SQ from all relevant monitors operating in
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California inthe 24 months prior to diagnosis/entry into the study. Basdtle assumption

that air pollution acts to increase susceptibility to develdp &don exposure to

Mycobacterium tuberculosisve a priori posited that the etiologicaliglevant exposure

window was the period within 24 months prior to of initial exposure (Raviglione 1995, WHO
2010). Pollutant concentration surfaces were generated osnitoring stations from
Californiads State and Local Air Monitoring

(http://www.arb.ca.gov/aqd/netrpt/netrpt.Htmith at least 75% completeness in each month.

The state and local agaas began monitoring PMin1999. The Interagency Monitoring of
Protected Visual Environments (IMPROVE) Network was included to supplemery PM
measurementsjnce this IMPROVE network provides additional coverage of #ivless

populated areas of tistate.

To assess individudével air pollution exposure, geocoded patient addresses (current
and up to two years prior to diagnosis) were assigned the pollutant concentration of the
closest available monitor. For each study participant, monthly expouesach residence
of recordwere averaged to define an aggregate approximation of exposeeehatsidence

of record during th@4 months prior to diagnosis/entry into study

To assess individudével air pollution exposure, geocoded patient adésegsurrent
and up to two years prior to diagnosis) were assigned the pollutant concentration of the
closest monitor. For each study participant, the cumulative exposure was estimated by
accumulating monthly exposures fmach residence of record during 4 months prior to

index date.
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Potential individualevel confounders and effect measure modifiers were ascertained
from electronic clinical databases of KPNC, including data on age, gender, race/ethnicity,
length of KPNC membership, cigarette smokialgohol hospitalization, HIV status, o
morbidity (e.g., diabetes, COPD, renal dialysis), and residential address history. To examine
the potential role of smoking on the association between air pollution and PTB, a variable
was constructed from all othemoking information recorded in the KPNC electronic clinical
database; if smoking was indicated anywhere in records, the subject was considered an ever
smoker, otherwise the subject was considered a never smoker. Additionally, U.S. Census
block level varibles (e.g., education, median household income, and percent foreign born)
were created as indicators of socioeconomic status for factors not routinely collected at

KPNC.

Statistical Analysis

We used conditional logistic regression analysis, adjustinglifanatching factors
(age, gender, and race/ethnicity), to estimate the odds ratios (OR) and 95% confidence
intervals (Cl) for the association between PTB and each average air pollutant concentration
(SO, NGO, CO, @, PMypand PM ) assigned to each inidual for the 24 months prior to
diagnosis date/date of study entry. We grouped pollutant exposures into quintiles according
to their population distribution, and exposure levels below the 20th percentile were used as
the referent category for each pedlat. Monthly air pollutant averages were considered, but
results did not differ from the 2dhonth averages, and thus the results for thm@nth

averages are shown.
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Potential effect modification (by cigarette smoking, alcohol hospitalizations, diabetes,
COPD, HIV status, renal dialysis, and percent foreign born in census block) was assessed
using likelihood ratio testdHosmer 1989ith and withoutnclusion of multiplicative
interaction terms in the logistic regression model (p<0.10). Terms considatistically
significant were included in stratified analyses; only cigarette smoking met these criteria and

thus only these results are shown.

Confounding was assessed using a greater than 10% change in estimate criterion
(Greenland 1989) for severalkifactors that could potentially confound the relationship
between air pollution and PTB: length of KPNC membershgdian household income,
percent foreign born in census block, education in residential census block, alcohol
hospitalization, diabetes, @IV status Using this criterion, no factors were found to
confound the air pollutiof®?TB associations and were therefore not included in the final

analysis. Final models only included the matching factors (age, gender, and race/ethnicity).

A multi-pollutant analysis for air pollution and PTB association was also considered
using a forward model building approach. All analyses were conducted using SAS (version

9.3; SAS Institute, Cary, N

Results

Characteristics of PTB cases and matched controledhesthin the KPNC
membership are summarizedliable 4.1. We identified 230@ases of PTB, and 4604

controls matched 2:1 to cases by age, gender, and race/ethnicity, which were drawn from the
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existing KNPC membership during the study period, 12@80. Less than a third (2028) of

the participants were classified as ever smokérs study population was split equally by
gender, though a larger percentage of males were considered ever smokers than females
(68.5% vs. 31.5% among cases and 63.9% vs. 36.1%goomtrols). As expected, never
smokers were younger in age than ever smokers. The higher proportion of Asians and
Hispanics within this study is consistent with the racial/ethnic distribution of residents in this

geographic area, as well as theisk population for TB in the U.S. (CDC 20ai

As shown inTable 4.2, average ambient air pollution concentrations in the 24 months
prior to the diagnosis date varied greatly for participavitsan air pollution concentrations
were the same among never smolkard ever smokers for all pollutants, with the exception
of CO. Ambient CO concentrations measured in the 24 months prior to PTB diagnosis/entry
into the study were slightly higher for never smokers than ever smokers. Because the number
and the location cdivailable monitors within the network varied throughout the study period,
the number of cases and controls with available pollutant data also varied over thAstudy.
shown inTable 4.3 Spearman's correlation giollutant averages in the 24 months ptm
date of diagnosis showed only moderate correlations between pollutants. The strongest
correlation observed between ambient averages of air pollutants was seenfan®MM 5

(r=0.61).

Figure 4.1 presents the odds ratios (ORs) and 95% confideneerais (Cl) for the
associations between air pollution, in quintiles, and PTB in the 24 months prior to diagnosis
date/study entry, among all cases and matched controls. All effect estimates are adjusted for
the matching factors of age, gender and raapi@ty. There was no evidence of association

between each of the criteria pollutants MPM;o, and SQand PTB. Examination of the
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air pollutionPTB associations stratified on smoking status revealed that any weak
associations observed for many ofségollutants were attenuated once we considered the

effects of smokingKRigure 4.2).

As shown inFigures 4.1-4.2, andTable 4.4, CO and N@were positively associated
with PTB in this populatiofibased sample; however the confidence intervals for these
estmates were wideThe highest effect estimates among all subjects (regardless of smoking
status) for the association of ambient air pollution and PTB were observed for CO (OR=1.50
(95% CI:1.15, 1.95)), as shown fable 4. Additionally, as measured cond¢sations of CO
exposure increased, the associated odds of PTB increased. Thissjusgse pattern
persisted among both never and ever smokers; however, the effect estimates for the highest
quintiles of 8hr CO exposure, compared to the lowest, were maneynced among never

smokers (OR=1.686% CI:1.26, 2.24)) then ever smokers (OR=1.99% CI:0.74, 1.92).

NO,was also positively associated with PTB in this populatiased sample, with an
apparent doseesponse pattern between exposure and PTB biddgever, once stratified on
smoking status, the dosesponse pattern was less pronounced. Among ever smokers the
magnitude of the association between,d@d PTB was more pronounced (AR31 (1.13,

2.92) for the highest vs. the lowest quintile of expesuhan amongever smokers
(OR=1.29 (0.97, 1.71)

An unexpected inverse association was observed fop@mdPTB, with all
exposures above the lowest quintile resulting in decreases in the effect estimates. Those in
the highest quintile of ©exposue had a considerable decrease in risk of PTB (OR= 0.66
(0.55, 0.79)) when compared to those in the lowest quintile. The association beteeen O

PTB did not differ upon stratification by smoking.
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Multi-pollutant analyses were conducted to assess tbeiassn of combined
exposure to several air pollutants on odds of PTB (data not shown). However, the inclusion
of additional pollutants into the model had little influence on the estimated associations for
PTB and the air pollutants in this study, inchglihe effect estimates for CO and NO
exposure concentrations. Stratified analyses of the 4pailiitant model estimates by

cigarette smoking status yielded results similar to the single pollutant analysis.

Discussion

In this sample of 6,914 northerral@ornia residents, which is the first large
populationbased study to assess the potential associations between indievdli@stimates
of the criteria air pollutants and PTB, increased exposure to CO concentrations in the 24
months prior to diagnosisompared to those with the lowest, were observed to be associated
with a 50% elevation in the odds of developing PTB. When the analysis was stratified by
smoking status, these increased estimates remained for CO, even among nonsmokers,
although confidene intervals were wide. Stratified analysis showed slightly stronger effects
among ever smokers, suggesting that a saturation of CO exposure may occur in ever smokers
preventing any additional impact from air pollution from further increasing the risk®irPT
this group of individuals. Positive associations were also noted fgraliibugh the
magnitude of the association was stronger in nonsmokers than in smokers. In addition, an
unexpected inverse association was observed4fdi@consistent associahs were

observed among the other pollutants studied, includingsPRMo, and SQ.

The associations observedCO are consistent with other available evidence on this
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issue. Exposure to ambient CO in the U.S. in this setting is primarily a marogoagure to
combustion products and secondary vehicular traffic (U.S. EPA 2010), and experimental
studies show that diesel exhaust affects immune processes that inhibit TB in mice (Saito
2002a,Saito 2002bHiramatsu 2005). This also is consistent withtiipothesis thatoal
consumption may be linked to TB since both have followed similar trends in the U.S.,

Canada, and Chin@remblay 2007)CO isa known pollutant from coal firing power plants.

Risk of PTB was also associated with exposure tg. NGis gaseous pollutant
produced primarily from combustion sources, such as motor vehicle exhaust, and electric
generating units. Individuals living nelausy roads are particularly vulnerable to/NO
pollution and related health effects. Although individual pollutant exposure depends
predominantly on local outdoor concentrations, indoor pollution such as smoking and using
gas appliances may alter exposheneels (U.S. EPA 2008).

While Nitric oxide (NO), oxygen (&), and CO are normally important for host
defense agast TBrecent studies have demonstrated the abilityldfuberculosissense the
presence of NO and CO and alter gene expression to bypassiCiy (Zacharia 2012).
Previous studies have reported unusual differences in concentrationdNd and CO in
organs, tissues, and cells models (Sherman 2001, Ohno\a@kjil 2008) and it has been
hypothesized thatwhile optimal levels of NO an@O keep TB bacteria inactive, extreme
amounts of CO, and also NO, could result in abnormal immune resp&usear@008).

In this study, an inverse association was seen wj#&in@ PTB, with all exposures
above the lowest quintile resulting in decreasd3TB risk for never smokers. This finding
is supported by the fact that for years UV light, of whichi<a byproduct, has been used to

kill TB bacteria (Escombe 2009). An experimental study exploring this association found
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that exposure to increaseditmontoxic levels of Q (similar to the levels observed in our
population) resulted in reduced numbers of TB bacilli (Belianin 2004).

We observed no consistent association betweessRN PTB, which is in contrast
to the one previous casase compason (Jassal 2012). The 2012 study by Jassal and
colleagues reported a positive association betweernsBMI TB, but the finding is based on
less than 200 patients in a single Los Angeles hospital. In contrast, our results are based on
data from a nestedasecontrol study conducted among 6913 subjects that are representative
of the Northern California population from which they are drawn. Further, our case definition
of active PTB was carefully defined, and compared to a control population that did eot hav
active TB. Thus, our findings are more applicable to the general population. Finally, our
study considered a larger number of criteria air pollutants. Thus, additional carefully

conducted studies addressing this issue are needed.

The method used to &ss individualevel air pollution exposure in our study is an
improvement from previously conducted ecologic studies. However, assigning individual
average exposures by relying on the ambient air monitoring likely introduces some exposure
misclassificatio. This issue may be particularly relevant to CO assessments, because
pollutant measurements may differ within a specific geographic area due to climatic
variations. Further, measurement error might have occurred as a result of variations in
residential vatilation systemdgvels of physical activity, or time spent outdoors, away from
home or traveling by car outside of their residential area. The latter is important as
considerable CO exposure can be experienced while driving or riding in vehicleERAS.

2010). However, these potential sources of error are common to many epidemiologic studies

focused on assessing the health effects associated with air pollution, which have also used
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our approach to estimate individdalel ambent concentrations (Buar 2008, Brunekreef
2009,Lipsett 2011). These errors are usually assumed to be nondifferential, given that
exposure estimates are constructed without knowledge ctoas®l status; hence this type

of exposure misclassification is likely to lead to arestimation of the effect estimate.

To examine the potential role of smoking on the association between air pollution
subjects were considered never smokers if there was no indication of smoking anywhere in
records. This method of categorizing smokers heaxe resulted in underestimation of
smoking prevalence in this study population if smoking status is underreported in the clinical
data. This underestimation could lead to a spurious result when smoking status was included
in the analyses if the error wdsferential by air pollution exposure status. However,
assignment of smoking status was made blinded to case status and air pollution exposure

status, thus differential misclassification of smoking seems unlikely.

Recent immigration status, a factor tpats individuals at disproportionately
increased risk of TB in the U.S. (CDC 2@]},lwas not available for cases and controls in this
population. We instead, explored used percent of the census block that was foreign born as a
confounder. Use of this thiproxy is inexact; however, mandatory screening confirms that all
immigrants should be free of active TB upon entry into the U.S. (Liu 2009). Furthermore, to
ensure that recent immigrants are unlikely to be included in the study, we implemented a

two-yea KPNC membership requirement for subject eligibility.

This nested caseontrol study conducted within a large well defined population has
several advantages. The KPNC membership from which cases and controls were drawn is

very similar to residents in tteurrounding geographic area, and is generally representative
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of the populatiorat-large, with the following exceptions: the KPNC includes a somewhat
better educated membership than the surrounding geographic population, as well as fewer
individuals in thencome extremes, and smokers (Gordon 2006). The uniform access to
health care in this population minimizes the potential for selection bias, and the availability
of detailed clinical data, allowed us to explore the potential confounding effects of nesmerou
risk factors associated with TB including COPD, alcohol abuse, diabetes, renal dialysis and
immunosuppressive conditions including HIV (CDC 2811u 2009). Finally, the

availability of the criteria air pollution data permitted us to construct ambxgotsere
concentrations for all KPNC study participants for thenizhth period prior to a diagnosis

of PTB, which is considered the critical window between exposure to mycobacteria and

development of active PTB (Raviglione 1995, WHO 2010).

The persistencef ambient air pollution remains a major public health problem, as
millions worldwide die each year from causes directly related to air pollution (WHO 2011).
While levels of air pollution have continually dropped in the U.S. and other developed
countriesin recent years, levels in developing countries remain high and are even increasing
in many areas (WHO 2011). Many of the same countries with high levels of air pollution are
also burdened with the highest levels of TB and increasing prevalence of eigareking

(Hassmiller 2006Cohen 2007)

In conclusion, the results from our nested eametrol study showed a positive
association between ambient concentrations of CO and risk of PTB among a population
based sample of residents in Northern Califorintayever confidence intervals were wide.
This is the first large, populatiemased analytic epidemiologic study with indivicietel

estimates of air pollution concentrations conducted in the U.S., thus future studies in places
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similar to the U.S. (low TBates and air pollution levels) using a larger sample size are
needed to confirm our findings. Studies are also needeoluntries outside the U.S. which
experience higher rates of TB and increased exposure to air pollution. Given that large
number of peple worldwide infected wittMycobacterium tuberculosend exposed to high

air pollution concentrations, any association between air pollution and TB is of considerable
public health importance, as attention to the impact of air quality may contribgltdtd TB

control.
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Table 4.3 Spearman correlation coefficienfsr the estimates of cumulative ambient criteria
air pollutant concentrations; 24 months, among pulmonary tuberculosis (PTB) cases and
mached controls nested within the 192610 KPNC membership.

All

Air Pollutant| 24h PMs 24h PMo 24hr SQ 24h NG 8h G; 8h CO
24h PM s 1 0.61 0.12 0.28 0.25 0.35

24h PMy 1 0.09 0.33 0.09 0.42

24h SQ 1 0.19 -0.24 0.30

24h NG 1 -0.33 0.23

8h G 1 -0.28

8h CO 1

" All coefficients statistically significant (p<0.05)
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Figure 4.1 Adjusted* odds ratios (ORs) and 95% confidence intervals (CIs) for the
associations of pulmonary tuberculosis (PTB) and quintile in the estinfatesbient
criteria air pollutants concentrations within the 24 months prior to diagnosis date, among all
cases and matched controls nested within the-2896 KPNC membership.
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*Adjusted for the matching factors (age, gender, and race/ethnicity).
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Figure 4.2 Adjusted* odds ratios (ORs) and 95% confidence intervals (CIs) for the
associations of pulmonary tuberculosis (PTB) and quintile in estimates of ambient criteria
air pollutants concentrations within the 24 months prior to diagnosis date, athoages

and matched controls nested within the 22960 KPNC membership stratified by smoking
status (ever vs. never smokers).

*Adjusted for the matching factors (age, gender, and race/ethnicity).
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