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The Health Consequences of Smoking—50 Years of Progress

the text.

Sections of this chapter on the health consequences of smoking are accompanied by evidence tables detailing the
studies that were used to evaluate the evidence to assess causality. A supplement to this report is provided that
contains these tables. The tables included in the supplement are indicated with an “S” where they are called out in

Introduction

Smoking has long been linked to adverse effects on
the respiratory system, causing malignant and nonma-
lignant diseases, exacerbating chronic lung diseases, and
increasing the risk for respiratory infections. The obser-
vational evidence showing associations with multiple
diseases of the respiratory tract is extensive as is the evi-
dence supporting the biological plausibility of smoking as
a cause of these associations (U.S. Department of Health
and Human Services [USDHHS] 2004, 2010). In addition
to finding that smoking caused lung cancer, the 1964 Sur-
geon General’s report also determined that: “Cigarette
smoking is the most important of the causes of chronic
bronchitis in the United States, and increases the risk
of dying from chronic bronchitis and emphysema” (U.S.
Department of Health, Education, and Welfare [USDHEW]
1964, p. 31).

This chapter updates previous reviews on smoking
and respiratory health, covering chronic obstructive pul-
monary disease (COPD), asthma, and idiopathic pulmo-
nary fibrosis (IPF)—a form of interstitial lung disease (see
Chapter 4, “Advances in Knowledge of the Health Con-
sequences of Smoking: From 1964-2014,” for a detailed

description of the conclusions). It also addresses tuber-
culosis, an infectious disease that has not been previously
covered in the reports of the Surgeon General. The under-
standing of COPD, a leading cause of premature mortality
and morbidity, has evolved substantially over the past 5
decades with advances related to its pathogenesis, genetic
basis, natural history, and underlying structural changes
in the lung. Asthma is the most common chronic disease
of childhood and is also very common among adults. This
chapter considers the effect of smoking on the incidence
and exacerbation of asthma in children and adolescents,
and in adults. It also updates the evidence on smoking and
IPF, a fibrotic disease of the lung. The emerging evidence
on a role for smoking in increasing the risk of develop-
ing tuberculosis and for unfavorably affecting its clinical
course is examined.

Smokefree policies have now been implemented in
many jurisdictions in the United States and other coun-
tries (see Chapter 14, “Current Status of Tobacco Con-
trol”). This chapter considers the evidence on the benefits
of such polices for respiratory illness.

Chronic Obstructive Pulmonary Disease

Perspectives on the epidemiology, genetics, and
pathogenesis of COPD have changed profoundly since the
1964 Surgeon General’s report (USDHEW 1964). Smok-
ing and chronic respiratory diseases were subsequently
covered in numerous reports of the Surgeon General (see
Chapter 4 for detailed descriptions of these reports and
their conclusions for respiratory illness). This chapter
updates previous reviews on COPD, emphasizing how the
evidence on smoking and COPD has progressed during
the last 50 years and examines how advances in the under-
standing of the epidemiology, genetics, pathogenesis, and

heterogeneity of COPD in relation to smoking will alter
disease prevention, management, and prognosis in the
future. This chapter does not address the interrelation-
ships among COPD and other common comorbid diseases
caused by smoking—cardiovascular diseases and cancer in
particular. These comorbidities are strong determinants
of outcome for those with COPD (Decramer and Janssens
2013). For each of the primary topics in this chapter, some
of the most significant articles were selected to document
the progress made over the past 50 years.
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Epidemiology of Chronic
Obstructive Pulmonary Disease

By the time of publication of the 1964 Surgeon
General’s report, several key studies had already linked
chronic bronchitis to cigarette smoking; and commu-
nity surveys had characterized the frequency of chronic
bronchitis and chronic respiratory symptoms (Short et al.
1939; Stuart-Harris 1954; Higgins 1974; USDHHS 1984).
These and other key studies set the stage for the findings
of the 1964 report.

COPD, as defined today, was not recognized as a
distinct clinical entity in 1964 (Fletcher et al. 1959). Cli-
nicians tended to use the terms “chronic bronchitis” and
“emphysema” to refer to the disease constellation now
termed COPD; however, the clinical classification lacked
specificity and differed across countries. That era preceded
the widespread use of spirometry in clinical settings and
the availability of computed tomography (CT) to nonin-
vasively determine the presence of emphysema. The time
period before, and shortly following, the 1964 report was
important in the development of hypotheses related to the
pathogenesis of COPD and the role of cigarette smoking in
its causation. Two hypotheses were extant: one attributed
susceptibility to develop COPD to bronchial hyperrespon-
siveness, the “Dutch” hypothesis (Orie et al. 1961), and
the other to respiratory infections, the “British” hypoth-
esis (Fletcher 1959). The landmark cohort study of Lon-
don men carried out by Fletcher and Peto (1977) in the
1960s described the progressive decline of lung function
with aging and the acceleration of this decline in smokers.
In this study, smoking was the dominant determinant of
decline beyond that expected from aging alone and infec-
tion did not affect the rate of decline.

A key discovery in the early 1960s was the increased
risk for COPD associated with ol-antitrypsin defi-
ciency (AAT), a consequence of genetic mutations that
increase risk for COPD, particularly in smokers (Eriks-
son 1965), discussed in more detail below. That discov-
ery identified one genetic factor that increased risk for
COPD in smokers and launched substantial research on
underlying mechanisms.

Even before the 1964 report, the complexity and
overlap of various chronic obstructive lung diseases—
chronic bronchitis, asthma, and irreversible obstructive
lung disease (primarily emphysema)—were recognized
(Fletcher et al. 1959). In its 1995 guidelines, the American
Thoracic Society (ATS) proposed a conceptual framework
that captured the overlap of the major chronic lung dis-
eases associated with airflow obstruction (Figure 7.1) (ATS
1995). The framework comprises a Venn diagram with
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overlapping circles indicating chronic bronchitis, emphy-
sema, and asthma, overlaid by a rectangle representing
airflow obstruction (Figure 7.1). In this schema, “COPD”
comprises persons with chronic bronchitis and/or emphy-
sema, who also have evidence of airflow obstruction (indi-
cated by shading in Figure 7.1). ATS’ 1995 definition of
COPD referred to chronic airflow obstruction caused by
chronic bronchitis or emphysema. The development of
guidelines by the Global Initiative for Chronic Obstruc-
tive Lung Disease (GOLD) in 2001 changed the approach
to the classification of COPD by focusing on the airflow
obstruction component (the rectangle in Figure 7.1)
rather than symptoms or a clinical diagnosis (Pauwels et
al. 2001). GOLD guidelines recommended that lung func-
tion be measured after administration of a bronchodilator
(to help identify and exclude from the diagnosis of COPD,
those people whose primary problem is asthma, although
some people with COPD respond to a bronchodilator).
The definition of COPD referred to airflow obstruction
that is not fully reversible. Thus, since 1964 the concept
of permanent airflow obstruction has become central to
the identification of COPD, although symptoms and struc-
tural changes documented by imaging are considered rel-
evant to clinical management (GOLD 2013).

Given the changes in clinical approaches and defini-
tions during the past 50 years, the prevalence of COPD
cannot be readily tracked. The 1964 report did include the
findings of several population-based studies that incor-
porated lung function measures. A study by Ferris and
Anderson (1962) in a New Hampshire town determined
that “obstruction” (defined as a forced expiratory volume
in 1 second [FEV,]/forced vital capacity [FVC] ratio of less
than 60%) was found in 24.9% of male smokers, 7.3% of
male nonsmokers, 17.5% of female smokers, and 9.4% of
female nonsmokers. Data from the Ferris and Anderson
study were reanalyzed to give population-based estimates
of what would now be considered “chronic bronchitis,”
defined as bouts of cough and phlegm for 3 weeks for more
than 3 winters (Reid et al. 1964). This symptom pattern
was reported by 13% of men and 8% of women. In addi-
tion, 72% of men and 30% of women in the study com-
munity reported current cigarette, pipe, or cigar smoking
(Reid et al. 1964).

By 1979, nationally representative estimates of
disease burden became available based on data from the
National Health Interview Survey (NHIS). Estimates of the
prevalence of COPD (which included physician-diagnosed
chronic and unqualified bronchitis [Infernational Classi-
fication of Diseases (ICD)-9 490-491]; emphysema [/CD-9
492]; asthma [/CD-9 493]; and other chronic obstruc-
tive pulmonary diseases and allied conditions [/CD-9
494-496]), for 55-84-year-olds in the United States from
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1979-1985, ranged from 9.4% in 1979 to 11.0% in 1985
among men, and 8.8% in 1979 to 11.9% in 1985 among
women (Feinleib et al. 1989). For the U.S. adult popula-
tion 25 years of age and older, estimates of disease burden
based on report of a diagnosis of emphysema or chronic
bronchitis were between 5.5% and 6.5% during the
period 1980-2000 (Mannino et al. 2002). The most recent
national data (2011 Behavioral Risk Factor Surveillance
System Data) yields a 6.3% overall estimate of the preva-
lence of self-reported, physician-diagnosed COPD, chronic
bronchitis, or emphysema among adults 18 years of age
and older (Figure 7.2) (Centers for Disease Control and
Prevention [CDC] 2012a). At the time of this survey, the
prevalence of smoking among U.S. adults had decreased to
19% of the population (CDC 2012b).

These figures are likely underestimates, even con-
sidering the most recent estimates. COPD is frequently
underdiagnosed clinically (Mannino et al. 2000); conse-
quently, the disease burden is likely to be underestimated
when based on data from questionnaire-based surveys.
The National Health and Nutrition Examination Survey
(NHANES) includes lung function data on U.S. adults 25
years of age and older. During 1971-1975, the estimated
prevalence of moderate or worse obstruction (FEV,/FVC

<70% and FEV; <80% predicted) was 7.7%, and the esti-
mated prevalence of mild obstruction (FEV,/FVC <70%
and FEV; >80% predicted) was 7.4%, for a total preva-
lence of 15.1% (Mannino et al. 2002). By 1988-1994,
these estimates had decreased to 6.6% and 6.9%, respec-
tively, with an overall prevalence of 13.5% (Mannino et
al. 2002). Spirometry was performed without administra-
tion of a bronchodilator so that some of those NHANES
participants meeting criteria for obstruction may have
had asthma.

Although the prevalence figures do not document
a trend of increasing COPD burden since 1964, mortality
from COPD has risen progressively in recent decades (Fig-
ure 7.3). With regard to the disease now termed COPD, the
1964 Surgeon General’s report referred to non-neoplastic
respiratory diseases (chronic bronchitis and emphysema,
in particular). In 1964, the general category of “other
bronchopulmonic diseases” (/CD-7 525-524) was the 10th
leading cause of death. In 2010, the category of “chronic
lower respiratory diseases” (ICD-10 J40-47), in which
COPD predominates, was the third leading cause of death
in the United States (National Center for Health Statistics
2012). This figure highlights the steep rise in women and
the recent overtaking of men by women in terms of the
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Figure 7.2
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Source: CDC 2012a.

Age-adjusted?® prevalence of chronic obstructive pulmonary disease (COPD)? among adults—Behavioral
Risk Surveillance System, United States¢, 2011

[ ] 3.1-49%
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[] 63-7.6%
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aAge-adjusted to the 2000 U.S. standard population, using 5 age groups: 18-44 years, 45-54 years, 55—64 years, 65—74 years, and

>75 years.

bBased on an affirmative response to the question, “Has a doctor, nurse, or other health professional ever told you that you have

COPD, emphysema, or chronic bronchitis?”
®Includes the 50 states, District of Columbia, and Puerto Rico.

total number of COPD deaths. While the mortality counts
are affected by changes in classification, the trends are
nonetheless clear.

A separate “COPD” ICD code was introduced in the
early 1970s, and by the mid-1980s this became the main
code used for COPD deaths (Feinleib et al. 1989). In 1985,
74,662 deaths were attributed to COPD (Feinleib et al.
1989), a number that increased to 119,054 in 2000 (Man-
nino et al. 2002) and 133,575 in 2010 (Ford et al. 2013).
Between the years 2000-2005, the age-adjusted mortal-
ity rate for COPD (standardized to the 2000 U.S. standard
population) for adults 25 years of age and older remained
stable, between 60 and 65 per 100,000 population.

COPD mortality has increased dramatically over
the past several decades. Part of this increase is related
to changes in how COPD is characterized and classi-
fied, but a substantial part is due to male and female
birth cohorts with high smoking rates advancing to ages
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where death from COPD is more common (older than 70
years of age). Other factors, such as decreasing mortal-
ity from other chronic diseases including cardiovascular
disease may have contributed. In recent years, the COPD-
related mortality rate has stabilized and may show some
signs of decreasing in certain age and race-ethnicity
groups, reflecting declines in smoking that began several
decades ago.

Gender Effects in COPD

The 1964 Surgeon General’s report focused on men
because of the limited data available on women and smok-
ing at the time. As the disease increased among women,
researchers addressed whether risk for COPD from smok-
ing differed by gender. The findings with regard to gender
and susceptibility and severity of COPD are mixed. By the
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time of the 1984 Surgeon General’s report, which focused
on COPD, the evidence synthesis resulted in the clearly
inclusive statement that “Cigarette smoking is the major
cause of chronic obstructive lung disease in the United
States for both men and women” (USDHHS 1980, p. 8).
The 1980 Surgeon General’s report, The Health Conse-
quences of Smoking for Women, noted that an epidemic
of chronic obstructive lung disease among women had
started. In the preface, this report tackled head-on the
apparent “Fallacy of Women’s Immunity” to the harmful
effects of smoking, and highlighted as a key theme that
“women are not immune to the damaging effect of smok-
ing already documented for men. The apparently lower
susceptibility to smoking-related disease among women
smokers is an illusion reflecting the fact that women
lagged one-quarter century behind men in their wide-
spread use of cigarettes” (p. v). Whether or not there are
gender differences for COPD susceptibility and severity
continues to be debated, but the weight of recent evidence
does indicate that: (1) smoking is the key risk factor for
COPD in men and women, although the dose-response
effects may vary, with women potentially more susceptible

at lower exposure; (2) women appear to develop severe
COPD at younger ages than men and with lower cumula-
tive cigarette smoke exposure; and (3) men and women
now have similar relative risk (RR) of death from COPD.

Prevalence by Gender

During the period between NHANES I (1971-1975)
and NHANES III (1988-1994), the prevalence of moderate
COPD increased in women (from 50.8 to 58.2 per 1,000
population, not a statistically significant change), while
the prevalence decreased in men (from 108.1 to 74.3 per
1,000 population, a statistically significant decrease), but
male rates remained higher than those for women (Man-
nino et al. 2002).

Gender-Specific Manifestations
of COPD

The 2001 Surgeon General’s report noted the exten-
sive pathologic evaluation of the lungs of male and female
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smokers performed by Thurlbeck and colleagues (1974)
showing that male smokers had higher emphysema scores,
and a greater prevalence of emphysema, when compared
to lung sections from female smokers. In a paper by Mar-
tinez and colleagues (2007), an analysis of CT data from
the National Emphysema Treatment Trial (NETT) revealed
that women had significantly less emphysema, despite
similar severity of COPD as measured by the level of FEV;;
on histologic section, the airways of women with COPD
had smaller lumens and thicker walls. Although some of
these differences may represent baseline gender differ-
ences between the lungs of men and women, they may
also support differences in how COPD develops and pro-
gresses in men versus women.

A series of observations during the past decade indi-
cate that women seem to develop more severe COPD at
an earlier age, in comparison with men who smoked the
same cumulative number of cigarettes. In the NETT study
(Martinez et al. 2007), women reported less pack-years!
of cigarette smoking, but had similarly severe spirometri-
cally defined COPD as men, raising the question of height-
ened susceptibility in women to the lung-damaging effects
of smoking (Gan et al. 2006). Gan and colleagues observed
that beyond 45 years of age, female current smokers had a
faster annual decline in FEV; compared to male smokers.

Silverman and colleagues (1998) noted a high prev-
alence of women (almost 80%) in a group with severe,
early-onset COPD (FEV; <40% of predicted at younger
than 53 years of age) recruited for a genetic study. In addi-
tion, Sorheim and colleagues (2010) observed that in peo-
ple with COPD before 60 years of age, women had lower
FEV; and more severe COPD with lower cigarette smoking
exposure. In this study, women had greater reductions in
FEV, than men in the less than 20 pack-year range; after
25-30 pack-years of smoking, the dose-response relation-
ship was similar to that for men.

The COPDGene study enrolled smokers with and
without COPD at 21 clinical centers throughout the
United States (ClinicalTrials.gov 2013). Participants were
self-classified non-Hispanic Whites and African Americans
45-80 years of age with at least 10 pack-years of lifetime
smoking. During the study visit, participants underwent
spirometry, before and after inhaled bronchodilator, and
completed detailed questionnaires on respiratory disease,
medical history, and medications. Foreman and colleagues
(2011) analyzed data from the first 2,500 individuals in the
COPDGene study. Severe, early-onset COPD participants
were predominantly women (66%), with proportionally

higher rates in African American smokers; in addition to
race and gender, maternal smoking and maternal COPD
were also associated with severe, early-onset COPD.

Gender-Specific Morbidity
and Mortality

Hospitalization rates for COPD have been approxi-
mately equal for men and women since 1995 (Akinbami
and Liu 2011). However, during the period 1980-2000,
annual death rates from COPD increased in men until
about 1995 and then stabilized (Figure 7.4). Among
women, death rates during this timeframe tripled and
continued to increase. In 2000, 59,936 women died from
COPD compared to 59,118 men (Mannino et al. 2002). In
a more recent assessment of changes in mortality rates
due to COPD (Ford et al. 2012), 5,185 individuals from
NHANES 1 were evaluated at follow-up through 1993
(baseline exam 1971-1975, follow-up 1992-1993), and
10,954 participants from the NHANES III Linked Mortal-
ity Study (baseline 1988-1994) were followed up through
2006. Age-adjusted mortality rates among participants
with moderate to severe COPD, compared to persons with
normal spirometry, were higher in both NHANES I and
NHANES III, although there was an overall decrease in
mortality rates due to COPD in NHANES III compared to
NHANES 1. Specifically, in NHANES I and NHANES III,
respectively, the age-adjusted mortality rates for COPD
were 29.9 and 20.2 per 100,000, compared to the age-
adjusted mortality rates of 10.4 and 6.2 in participants
with normal spirometry. However, further highlighting
previous epidemiologic trends, there was a decrease in the
mortality rate among men with moderate or severe COPD
(decreased by 17.8%) in contrast to the 3% increase in the
mortality rate in women (Figure 7.5) (Ford et al. 2012).

The most recent and comprehensive assessment
of smoking-related mortality in the United States (Thun
et al. 2013) evaluated temporal trends in gender-specific
smoking-related mortality across three time periods
(1959-1965, 1982-1988, 2000-2010) in seven large
cohorts (see Chapter 12, “Smoking-Attributable Morbid-
ity, Mortality, and Economic Costs”). In the “contem-
porary” cohort that encompassed the years 2000-2010,
male and female current smokers had similar RRs for
mortality from COPD (26.61 for men, 22.35 for women),
with this RR for women representing almost a doubling
of risk when compared to the 1982-1988 time period
(Figure 7.6).

1pack-years = the number of years of smoking multiplied by the number of packs of cigarettes smoked per day.
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Figure 7.4
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Health Statistics, Compressed Mortality File on CDC WONDER Online Database, July 16, 2013.

Genetics and Genomics of COPD

The first significant understanding of the role of
genetics in the pathogenesis of COPD began with the 1963
discovery of the increased risk of obstructive lung disease
associated with AAT (Laurell and Eriksson 1963). The role
of genetic factors in COPD and susceptibility to cigarette
smoke was reviewed in the 2010 Surgeon General’s report
(USDHHS 2010). This section focuses on recent advances
in genetics and genomics made possible by the rapid
advances in technology since the 2010 report.

Rare Genetic Syndromes with COPD

A small percentage of COPD patients (estimated at
1-2%) have severe AAT deficiency, a Mendelian syndrome
often presenting as severe, early-onset COPD (Silverman

and Sandhaus 2009). The genetic basis for severe AAT
deficiency is well-understood; a relatively rare alteration
in a single DNA nucleotide base in the SERPINAI gene
sequence causes a single amino acid change in the protein
sequence of AAT at amino acid 342. This genetic variant
is referred to as the PI*Z allele. Other even less common
severe AAT deficiency variants lead to very low expression
of the normal M protein (e.g., Mheerlen) or the absence of
any AAT protein (e.g., Null alleles). Individuals that inherit
two severe deficiency variants—most commonly geno-
type PI ZZ—are at substantially increased risk for early-
onset COPD. Persons with the PI ZZ variant have been
described as having lower lobe predominant panlobular
emphysema, but a substantial fraction of those affected
do not develop an emphysema distribution in this classic
pattern (Parr et al. 2004). Severe AAT deficiency is found
in approximately 1 in 3,000 Americans, with an increased
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Figure 7.5 Age-adjusted all-cause mortality rates per 1,000 person-years (95% confidence interval [CI]) for

men and women 25-74 years of age in the United States by survey and Global Initiative for Chronic

Obstructive Lung Disease classification
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prevalence in Whites (Silverman et al. 1989). Thus, the
genetic variants explain little of the variation in risk for
COPD among smokers in the population, but studies in
affected individuals have provided important insights into
how smoking causes COPD. The discovery of AAT defi-
ciency was a major factor in the formulation of the prote-
ase-antiprotease hypothesis for the pathogenesis of COPD
(Janoff 1985; USDHHS 2010). This hypothesis relates
the development of COPD to an imbalance between the
increased proteolytic activity in the lungs of smokers and
the diminished activity of the opposing antiproteases, pri-
marily AAT. The primary mechanism for increased COPD
risk is likely the reduced plasma levels of circulating AAT
in severely deficient persons, which relates to polymer-
ization of the Z protein in the endoplasmic reticulum of
hepatocytes (Lomas et al. 1992). However, the Z polymers,
which are also detectable within the plasma and in lung
tissue samples, appear to have pro-inflammatory activity,
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which could also contribute to the pathogenesis of COPD
in persons with PI ZZ (Mahadeva et al. 2005).

Another SERPINAI variant, the PI*S allele, leads to
a moderate reduction in AAT protein levels; persons that
inherit one PI*S allele and one PI*Z allele (PI SZ) are
likely at increased risk for COPD (Turino et al. 1996)—
although not to the same magnitude of risk as persons
with PI ZZ. Whether persons with one normal and one
severe deficiency SERPINAI variant (e.g., PI MZ) are at
increased risk for COPD has been a controversial issue
for decades. In a meta-analysis published in 2004, Hersh
and colleagues found that studies, which compared risk
in COPD cases to controls, often showed an increased risk
for the PI MZ genotype, while population-based studies
did not demonstrate reduced spirometric values in per-
sons with the PI MZ variant. Only a minority of the studies
included in this meta-analysis provided results adjusted
for cigarette smoking intensity. More recently, Sorheim
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and colleagues (2010) assessed COPD risk associated with
PI MZ risk in the Genetics of Chronic Obstructive Lung
Disease (GenKOLS) case-control study in Norway and in
the International COPD Genetics Network, a family-based
study. Although PI MZ was not associated with signifi-
cantly increased risk for COPD, persons with the PI MZ
variant had a significantly lower FEV;/FVC ratio in both
populations, and an increased risk for CT-defined emphy-
sema was observed in the GenKOLS Study.

Although AAT deficiency is the most widely rec-
ognized Mendelian syndrome, which increases risk for
COPD, other rare Mendelian syndromes have been studied
as well. People with cutis laxa, a very rare syndrome with
marked dermatologic manifestations related to skin laxity,
can also develop early-onset emphysema due to mutations
in several genes, including £LN (Corbett et al. 1994) and
FBLN5 (Loeys et al. 2002). Although mutations in these
cutis laxa genes do not commonly cause COPD, a rare
functional variant in the £LN gene has been reported in

several severe early-onset pedigrees (Kelleher et al. 2005;
Cho et al. 2009).

Common Genetic Determinants of COPD

Several types of studies have suggested that genetic
factors other than AAT deficiency and cutis laxa influence
COPD susceptibility. Aggregation of pulmonary function
and airflow obstruction was demonstrated beginning in
the 1970s in studies in the general population and with
twins (Lewitter et al. 1984; Redline et al. 1989). Based on
data from familial aggregation analyses, linkage analy-
sis studies were performed using panels of short tandem
repeat markers in families from the Boston Early-Onset
COPD study for both categorical and quantitative COPD-
related phenotypes. These linkage analysis approaches,
which have been highly successful in Mendelian syn-
dromes, implicated several genomic regions that may
contain susceptibility genes for COPD (Silverman et al.
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2002a,b; Palmer et al. 2003). Within these linkage regions,
SERPINE?2 (DeMeo et al. 2006) and XRCC5 (Hersh et al.
2010) on chromosome 2q and SOX5 (Hersh et al. 2011) on
chromosome 12p were suggested as possible COPD sus-
ceptibility genes. However, as with many other complex
diseases, convincing replication of these linkage-based
findings in multiple studies by different investigative
groups has thus far been lacking. Therefore, the role of
these linkage analysis regions and positional candidate
genes remains to be determined.

Similarly, the results of many candidate gene asso-
ciation studies, which compared COPD cases and controls
for the distribution of genetic variants within genes, typi-
cally selected based on their hypothesized roles in COPD
pathogenesis, have been largely inconsistent (Castaldi et
al. 2010). By contrast, the application of genome-wide
association studies (GWAS) has unequivocally associated
common variants in several genetic loci with COPD sus-
ceptibility (Table 7.1). Pillai and colleagues (2009) found
genome-wide significant associations between COPD and
single nucleotide polymorphisms (SNPs that are used as
markers across the genome) in the CHRNA3/CHRNA5/
IREB2 region on chromosome 15¢25. Of interest, DeMeo
and colleagues (2009) performed gene expression studies
comparing normal and COPD lung tissues and identified
SNPs to be tested for association with COPD in several
studies. The association analyses identified JREB2 as a
COPD susceptibility gene. In a GWAS based in the Fram-
ingham Heart Study (Wilk et al. 2009), the HHIP region
was associated with FEV;/FVC ratio, and this same region
nearly reached genome-wide significance with COPD sus-
ceptibility in the study by Pillai and colleagues (2009). The
FAMI13A locus has been strongly associated with COPD
susceptibility in multiple populations (Cho et al. 2010).
In a collaborative GWAS, including four study populations
(GenKOLS, Evaluation of COPD Longitudinally to Iden-
tify Predictive Surrogate Endpoints [ECLIPSE], National
Emphysema Treatment Trial/Normative Aging study, and
COPDGene), a fourth statistically significant link was
found for a region on chromosome 19q (Cho et al. 2012).

Several of these associations for COPD risk have
been replicated in other studies. For example, partici-
pants with airflow obstruction were identified in the
Cohorts for Heart and Aging Research in Genomic Epi-
demiology (CHARGE) and SpiroMeta consortium stud-
ies, and compared to controls with normal spirometry; a
genome-wide significant association to the chromosome
15¢25 region was found (Wilk et al. 2012). The HHIP and
FAM13A associations with COPD have also been replicated
in multiple studies (Van Durme et al. 2010; Young et al.
2010a,b; Soler Artigas et al. 2011). Thus, the frustration
of inconsistent genetic association results in COPD over
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the past decade has been replaced by optimism regard-
ing the likely importance of these GWAS-identified loci in
COPD susceptibility.

A complicating issue in COPD genetic studies is the
overwhelming influence of cigarette smoking on COPD
susceptibility. In light of this large effect, most COPD
genetics studies have only involved current or former
cigarette smokers; however, this approach may have lim-
ited detection of gene-by-smoking interactions and hence
the identification of those genes determining susceptibil-
ity in smokers. In a collaborative study in CHARGE and
SpiroMeta of more than 50,000 individuals, genome-wide
association analyses of FEV; and FEV,/FVC ratio were
performed with joint assessment of main SNP effects and
SNP-by-smoking effects. Three novel genome-wide signif-
icant regions, on chromosomes 2, 6, and 17, were identi-
fied (Hancock et al. 2012).

It is possible that genetic determinants of COPD
risk may act through genetic effects which may increase
nicotine addiction or smoking intensity. In fact, both the
chromosome 15q25 region (which includes genes of sev-
eral components of the nicotinic acetylcholine receptor,
i.e., CHRNA3 and CHRNA5) and the chromosome 19q
region (which includes CYP246) have been associated
with smoking pattern (Thorgeirsson et al. 2010; Tobacco
and Genetics Consortium 2010). Additional research
will be required to determine whether nicotine addic-
tion is the mechanism that links these genetic loci to
COPD susceptibility.

Genetic Determinants of COPD-Related
Phenotypes

Studies of quantitative disease-related phenotypes
may provide increased power to detect significant asso-
ciations for genetic determinants for a complex disease.
Several large-scale collaborative GWAS (CHARGE and Spi-
roMeta) have been highly successful at identifying multi-
ple genomic regions that influence lung function levels in
population-based samples (Hancock et al. 2010; Repapi et
al. 2010). A combined analysis of CHARGE and SpiroMeta
has identified 26 genome-wide significant regions associ-
ated with spirometric measures (Soler Artigas et al. 2011).
Of interest, both the HHIP and FAMI13A loci have been
associated with lung function values in these general pop-
ulation samples; it is not yet clear how many of the other
genomic regions, associated with lung function levels in
the general population, also influence COPD susceptibility
in smokers (Silverman 2012).

Kong and colleagues (2011) performed GWAS of
CT-defined emphysema in three sets of COPD cases (Gen-
KOLS, ECLIPSE, and NETT), using both radiologists’
assessments of emphysema severity and quantitative
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densitometric measures of emphysema. Although the
quantitative densitometric measurements of emphysema
did not demonstrate any genome-wide significant asso-
ciations, borderline genome-wide significant associations
near the BICD1 gene were observed for the endpoint of
the radiologists’ visual assessment of emphysema severity.

Several GWAS of the rate of FEV; decline have
been reported. Imboden and colleagues (2012) performed
GWAS of FEV; decline in a collaborative study of gen-
eral population participants, including separate analyses
in 1,441 persons with asthma and 2,667 in persons who
were not asthmatics. However, no significant associations
with FEV; decline were found across the genome. When
Hansel and colleagues (2012) studied FEV; decline within
4,048 persons with mild-to-moderate COPD in the Lung
Health Study, two genome-wide significant regions were
identified, but they were not replicated in other popula-
tions. Genetic association analyses in the ECLIPSE and
International COPD Genetics Network studies suggested
that the CHRNA3/CHRNA5/IREB2, HHIP, and FAMI13A
COPD GWAS loci influence different aspects of the COPD
syndrome (Pillai et al. 2010). For example, the CHRNAS/5
locus was most strongly associated with emphysema,
while the HHIP locus was associated with COPD exacerba-
tion frequency.

Gene Expression Studies in COPD

In order to provide insight into the biological path-
ways involved in COPD pathogenesis, multiple studies
have assessed genome-wide gene expression using RNA
extracted from lung tissue samples in persons with COPD
and controls. Four key lung tissue gene expression stud-
ies were compared by Zeskind and colleagues (2008). Ning
and colleagues (2004) used both serial analysis of gene
expression and microarray analysis in 14 smokers with
moderate COPD and 12 smokers with normal spirom-
etry. Golpon and colleagues (2004) studied gene expres-
sion using microarrays in 11 COPD cases (6 with AAT
deficiency) and 5 controls. Spira and colleagues (2004a)
compared lung tissue samples from 18 severe emphy-
sema cases undergoing lung volume reduction surgery to
samples from 12 persons with normal spirometry or mild
airflow obstruction undergoing resection of a pulmonary
nodule. Wang and colleagues (2008) obtained 48 lung
tissue samples from persons with a range of spirometric
abnormalities, who were undergoing surgical resection
of a pulmonary nodule. All four of these studies identi-
fied multiple genes that showed significant differential
expression between lung tissue samples from persons
with COPD and controls, but only minimal overlap in the
specific differentially expressed genes was observed across
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the four studies. This limited degree of replication could be
related to several factors, including the small sample sizes
of the studies, differences in the analytical approaches,
and variation in inclusion and exclusion criteria for par-
ticipant selection. Nonetheless, Zeskind and colleagues
(2008) used pathway analysis to demonstrate that many
of the differentially expressed genes observed in these four
studies represented similar biological processes. Further
evidence for concordance between different lung tissue
gene expression studies was provided by Bhattacharya and
colleagues (2009). They assessed lung tissue gene expres-
sion using both the presence and absence of COPD (15
COPD cases and 18 smoking controls) and quantitative
spirometric measures (56 total persons), and found 254
differentially expressed gene biomarkers. A subset of 84 of
these gene biomarkers was also assessed in the Spira and
colleagues study (2004a), and this subset of biomarkers
generated by Bhattacharya and colleagues was able to dif-
ferentiate COPD cases versus controls in the Spira data set
with 97% predictive accuracy.

Wang and colleagues (2008) showed that some of
the variability in lung tissue gene expression resulted
from variation in the cellular profiles included within
the lung tissue sample. One approach to overcome this
source of variability is to focus on a particular cell type,
and several studies have focused on airway epithelial cells
obtained at bronchoscopy. Spira and colleagues (2004b)
pioneered this approach, and they identified genes that
were differentially expressed within airway epithelial cells
in response to smoking. Ammous and colleagues (2008)
found substantial variability in gene expression within
the small airways of smokers, suggesting that this distal
sampling site could provide especially useful information
about COPD pathogenesis.

Protein Biomarkers of COPD

The identification of biomarkers of lung destruction
and inflammation in COPD has been a major research
focus during the past 50 years (Yoon and Sin 2011; Rosen-
berg and Kalhan 2012). Yoon and Sin (2011) discussed
the optimal characteristics of a COPD biomarker, which
include having a close relationship to relevant health out-
comes, playing an important biological role in disease,
and demonstrating modifiability with effective treatment
interventions. Since cigarette smoking induces lung
inflammation, ideal COPD biomarkers would differentiate
smokers with and without COPD.

This section briefly summarizes some of the key evi-
dence related to the potential of several proteins and pro-
tein breakdown products as COPD biomarkers. Because
COPD often involves destruction of lung parenchyma,
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development of biomarkers based on breakdown prod-
ucts of lung extracellular matrix components has been
pursued. Desmosine and isodesmosine, specific degrada-
tion products of elastin, can be measured in the plasma
and urine. Small studies have suggested that urinary des-
mosine levels are increased in response both to current
smoking and to COPD (Stone et al. 1995). Clinical trials
of AAT augmentation therapy in AAT-deficient persons did
not demonstrate consistent effects on urinary desmosine
levels (Luisetti et al. 2008). Part of the inconsistency in
the results of these interventional trials could be related
to technical difficulties in desmosine assays, and more
recently developed mass spectrometry approaches may be
more reliable (Ma et al. 2003). Mass spectrometry analysis
was performed in a total of 390 individuals, including those
with stable COPD, individuals with COPD during an exac-
erbation, and controls with normal spirometry (smokers
and nonsmokers) (Huang et al. 2012). Significantly higher
desmosine levels were found in blood samples from per-
sons with stable COPD, compared to control smokers or
nonsmokers, but urinary desmosine levels were not differ-
ent when stable COPD cases and controls were compared.
During COPD exacerbations, elevated urinary desmosine
levels were observed. A more recently characterized degra-
dation product of collagen, proline-glycine-proline, is che-
motactic for neutrophils and has been suggested to have
higher levels in both serum and induced sputum of per-
sons with COPD than in nonsmoking controls (O'Reilly
et al. 2009).

A variety of systemic markers of inflammation have
been studied as potential COPD biomarkers. For example,
with adjustment for ever smoking status and pack-years
of smoking, elevated C-reactive protein (CRP) levels were
associated with a significantly increased risk of incident
COPD in the Rotterdam Study (van Durme et al. 2009).
Of interest, the greatest effect of elevated CRP on COPD
risk was observed among former smokers; nonsmokers
were not at increased risk if CRP was elevated. Among 34
bloodstream biomarkers assessed in 201 COPD cases and
37 smoking controls from the ECLIPSE study, fibrinogen
demonstrated a significantly higher mean level in COPD
cases, compared with controls, and was the most repro-
ducible biomarker in blood samples collected 3 months
apart (Dickens et al. 2011). However, the relevance of
these nonspecific inflammatory markers for COPD patho-
genesis, and their response to treatment interventions,
remains to be demonstrated.

Proteins synthesized within the lungs may have
greater potential to serve as specific COPD biomarkers.
Significantly increased serum levels of surfactant protein
D (Lomas et al. 2009), decreased serum levels of Clara
cell secretory protein 16 (CC16) (Lomas et al. 2008), and
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increased serum pulmonary and activation-regulated che-
mokine/chemokine liand-18 (PARC/CCL-18) (Sin et al.
2011) have been found in persons with COPD compared
to smokers with normal spirometry. Of interest, treatment
of persons with COPD with oral corticosteroids reduced
serum surfactant protein D (Lomas et al. 2009) and PARC
levels (Sin et al. 2011). In the longitudinal evaluation of
lung function in the ECLIPSE study, CC16 levels were
associated with both baseline FEV, level and change in
FEV, over 3 years of observation (Vestbo et al. 2011).

Pathogenesis of COPD

Changes in Views of COPD Pathogenesis During
the Past 50 Years

Small airway disease and emphysema form the basis
for the largely irreversible airway obstruction that char-
acterizes COPD. Emphysema is defined pathologically as
the destruction of alveolar tissue with coalescence and
enlargement of airspaces. As mentioned above, although
these terms were not used then, two observations made
around the time of the 1964 Surgeon General’s report
established the elastase:antielastase hypothesis as the
basis for the lung injury that results in emphysema.
These seminal findings were: (1) elastases instilled into
the lungs of experimental animals resulted in airspace
destruction and enlargement (Gross et al. 1965); and (2)
persons with deficient AAT are at increased risk for the
development of emphysema (Laurell 1963). With many
additional concepts added to this basic premise over time,
the elastase:antielastase hypothesis, which was extensively
discussed in the 2010 Surgeon General’s report, remains
a central component of our understanding of emphysema
50 years later.

Because AAT is the main inhibitor of neutrophil
elastase (NE), this led to the understanding of the inflam-
matory nature of COPD with neutrophils and NE receiving
most attention initially. NE is not only a potent elastase
capable of causing experimental emphysema (Janoff et al.
1977; Senior et al. 1977; Snider et al. 1984) but it is also a
secretagogue (Nadel 2000; Kohri et al. 2002). In addition,
neutrophils produce other serine proteinases with elasto-
Iytic activity, as well as matrix metalloproteinase (MMPs),
including the elastolytic MMP-9.

Macrophages are the main inflammatory cell patrol-
ling the normal lung parenchyma and their numbers are
greatly expanded with long-term smoking (Niewoehner
et al. 1974; Merchant et al. 1992). They also produce
elastases, including MMP-9 and MMP-12. Results from
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gene-targeted knockout mice, combined with cigarette
smoking models, demonstrated an interaction between
MMP-12 (Hautamaki et al. 1997) and NE (Shapiro et al.
2003) contributing to emphysema in mice. MMPs and ser-
ine proteinases work together to degrade the inhibitor of
the other and, thus, lead to lung destruction. Proteolytic
cleavage products of elastin also serve as a macrophage
chemokine (Senior et al. 1984; Houghton et al. 2006)
and collagen fragments are chemotactic for neutrophils
(Weathington et al. 2006). In addition to matrix destruc-
tion, which fuels the positive inflammatory feedback loop,
a variety of traditional CC and CXC chemokines have also
been implicated in generating the complex inflammatory—
immune network in COPD (see the “Immune Function
and Autoimmune Disease” section in Chapter 10, “Other
Specific Outcomes”).

Macrophages also regulate the inflammatory
response in COPD. For example, cigarette smoke alters
the macrophage phenotype via oxidant-induced inactiva-
tion of histone deacetylase-2, shifting the balance toward
acetylated or loose chromatin, exposing NF-xB sites, and
resulting in transcription of MMPs, pro-inflammatory
cytokines such as IL-8, and TNF-a; this leads to neutro-
phil recruitment (Ito et al. 2006).

Recently, the role of adaptive immunity in COPD
has been appreciated (see Chapter 10). CD8+ T cells are
also recruited in response to cigarette smoke and release
interferon inducible protein-10 that, in turn, leads to
macrophage production of MMPs (Grumelli et al. 2004;
Maeno et al. 2007). In further support of T cell involve-
ment, inducible transgenic mice overexpressing inter-
feron gamma (IFN-y) developed emphysema (Wang et al.
2000). Of note, interferon IFN-y transgenic mice develop
proteinase-mediated emphysema, but not airway dis-
ease (“British mice” per the British hypothesis) (Wang
et al. 2000), while overexpression of IL-13 produces both
emphysema and airway remodeling (“Dutch mice” per the
Dutch hypothesis) (Zheng et al. 2000).

The role of B cells and auto-immunity to promote
progression of COPD is an emerging concept. B cells accu-
mulate in bronchus-associated lymphoid tissue (BALT)
in persons with COPD, particularly those with advanced
disease (Hogg et al. 2004). Antibodies have been found
against elastin fragments (Lee et al. 2007), as well as
immunoglobulin G autoantibodies with avidity for pulmo-
nary epithelium and the potential to mediate cytotoxicity
(Feghali-Bostwick et al. 2008).

In summary, cigarette smoke initiates an inflam-
matory process that later becomes more complex and
independent of smoking over time. For example, matrix
fragments themselves can continue to drive the inflam-
mation. In the airway, colonization by microorganisms
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may sustain inflammation. Hence, smoking cessation,
although critical, may not totally reverse progression of
advanced COPD.

Over the past decade, the role of structural cell
apoptosis, particularly in the vascular endothelial cell, has
become recognized as a driver of emphysema (Kasahara
et al. 2000). Ceramide released from one apoptotic struc-
tural cell can also cause the death of neighboring cells
(Petrache et al. 2005). Clearly, the loss of an alveolar unit
includes both the cells and matrix. Emphysema could be
established either by inflammatory cell-mediated matrix
destruction followed by cell detachment and death, or
alternatively, cigarette smoke oxidant-mediated structural
cell death via a variety of mechanisms, including Rtp801
inhibition of mTOR that leads to inflammation and pro-
teolysis (Yoshida et al. 2010). Likely, both mechanisms
are operable.

COPD is characterized by its irreversible nature,
raising the important issue of lung repair capacity in
COPD. Cigarette smoke has a variety of effects that inhibit
repair, ranging from impairing elastin and collagen syn-
thesis and cross-linking (Laurent et al. 1983; Osman et
al. 1985) to enhancing epithelial cell death and inhibiting
epithelial cell migration and repair (Cantral et al. 1995;
Nakamura et al. 1995; Carnevali et al. 1998; Wang et al.
2001; Kotton et al. 2005). There have been hints that
repair may be possible. For example, retinoic acid clearly
reversed elastase-induced emphysema in rats (Massaro
and Massaro 1997), but unfortunately retinoic acid had no
effect in human trials (Roth et al. 2006; Stolk et al. 2012).
The complex process of elastic fiber production appears
to be inefficient, if even possible, following growth and
development (Mecham et al. 1995; Shifren and Mecham
2006). Collagen turnover is equally complicated with loss
of collagen in the airspace and excess collagen accumula-
tion around the airways (Wright 1995; Wright and Churg
1995). In addition to the complexity of restoring the lung’s
intricate network of interwoven fibers composed of extra-
cellular matrix components, the role of cell death and
regeneration remains uncertain. It is unlikely that lung
repair recapitulates lung development, where large air-
spaces septate to form alveoli. Identification of stem cells
residing in the distal small airways or alveoli, and their
role in COPD, is an area of active investigation and thera-
peutic interest.

Current Models of COPD Pathogenesis from
Murine and Human Studies

The evolution of the current understanding of COPD
presented above is largely derived from observations made
in human lung tissue and cells. These observations led to



hypotheses on causal relationships that have been tested
in animal models. Animal models have played a major
role in our current understanding of the pathogenesis of
emphysema, beginning with the classic study by Gross
and colleagues demonstrating that pulmonary instillation
of an elastase resulted in emphysema (Gross et al. 1965;
Snider et al. 1992a,b). Although no animal model repli-
cates all aspects of human disease, COPD has an advan-
tage over many other disease models because the primary
causal agent is known—cigarette smoke—and chronic
cigarette smoke exposure in experimental animals results
in inflammation very similar to that in humans followed
by several pathologic changes characteristic of COPD.
Such models have been far less useful for drug discovery.

The mouse has been most extensively used in the
past two decades because the ability to genetically engi-
neer mice allows for the performance of controlled experi-
ments in mammals. While the airspace of the mouse
replicates humans fairly well, airway structure differs
greatly. Mice still develop aspects of airway remodeling
including inflammation, fibrosis, and mucus hyperse-
cretion, but the findings are much more subtle; because
mice lack extensive airway branching, they really do not
have small airways, a major site of obstruction in humans.
Hence, the understanding of emphysema is much more
advanced than that of small airway disease.

The current dominant paradigm of the pathogen-
esis of emphysema comprises four interrelated events:
(1) chronic exposure to cigarette smoke leads to inflam-
matory and immune cell recruitment within the termi-
nal airspaces of the lung; (2) these inflammatory cells
release proteinases that damage the extracellular matrix
of the lung; (3) endothelial cells and other structural
cells undergo apoptosis due to oxidant stress and loss of
matrix-cell attachment; and (4) ineffective repair of elas-
tin and other extracellular matrix components result in
airspace enlargement.

Unfortunately, despite strong evidence supporting
these basic concepts, a drug therapy has yet to be devel-
oped that halts the underlying process that leads to COPD.
In part, developing such therapeutic interventions is hin-
dered by insufficient understanding of airway disease and
a lack of validated endpoints for short-term trials that are
predictive of major clinical endpoints for the long-term.
The understanding of the pathogenesis of emphysema is
much greater than for airway disease, but emphysema is
a less attractive therapeutic target due to its protracted
and irreversible nature. Further, human confirmation of
disease mechanisms is starting to emerge from genetic
studies. For example, although candidate gene associa-
tion studies are fraught with hazards, a large, well-con-
trolled candidate gene study using multiple replication
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populations supported a role for MMP-12 in promoting
both emphysema and asthma (Hunninghake et al. 2009).
The main utility of powerful new genetic approaches has
been to define new candidate genes in an unbiased man-
ner, allowing both the confirmation and broadening of
understanding of the mechanisms that lead to specific
COPD phenotypes.

Lessons from Imaging Studies

The evolution of chest CT imaging, over the past
several decades, has created a robust technology for deriv-
ing image-based biomarkers that can be used to both
visualize and quantify major COPD subtypes. Quantita-
tive volumetric CT is now well-established as a method
to assess three critical components of COPD: emphysema
(Bankier et al. 2002; Madani et al. 2006, 2008), airway
wall thickening (Orlandi et al. 2005; Coxson 2008; Kim
et al. 2009b; Washko et al. 2009), and expiratory air trap-
ping (Eda et al. 1997; Matsuoka et al. 2007, 2008). These
measures correlate quite well with pathologic measures of
emphysema (Bankier et al. 2002; Madani et al. 2006, 2008)
and small airway disease (Nakano et al. 2005; McDonough
et al. 2011). The particular advantages of CT in pheno-
typic characterization of COPD include the ability to pro-
vide anatomic lobar and sublobar information regarding
the distribution and severity of parenchymal abnormali-
ties (Hasegawa et al. 2006; Revel et al. 2008) and the abil-
ity to follow abnormalities over time with sequential CT
imaging (Shaker et al. 2004; Matsuoka et al. 2006; Dirksen
2008; Stoel et al. 2008). Current cigarette smoking does
increase the lung density measurements assessed by CT.
This increase is, presumably, related to the accumulation
of smoking-related toxins and the associated inflamma-
tory response (Ashraf et al. 2011), which can impact the
assessment of emphysema using quantitative densitomet-
ric approaches.

Chest CT can be used to subclassify COPD into either
emphysema or airway-predominant disease, and to assess
the severity and unique patterns of these different expres-
sions of disease (Gevenois et al. 1995, 1996). The degree
of emphysema and the degree of gas trapping can be esti-
mated as continuous variables from CT imaging (Kubo et
al. 1999; Matsuoka et al. 2008; Gorbunova et al. 2010). In
addition, chest CT can be used to define the extent and
severity of pulmonary vascular disease, which may be a
primary or secondary component of the development of
disabling COPD (Barr et al. 2010; Matsuoka et al. 2010).
Wells and colleagues (2012) have shown that pulmonary
artery enlargement, as detected on chest CT, is associated
with enhanced risk for severe exacerbations of COPD.

Researchers have found that the magnitude of
emphysema, the severity of image-defined airway inflam-
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mation, and gas trapping do not directly correlate with
GOLD grade for COPD severity, showing that CT-defined
characteristics related to COPD are independent vari-
ables from physiologic obstruction (FEV;). The extent
and severity of CT-defined emphysema has been shown
to correlate well with clinical parameters such as Modi-
fied Medical Research Council dyspnea score, 6-min-
ute walk distance, and number of annual exacerbations;
and several groups have documented that emphysema is
associated with a greater decrease in FEV; over time and
increased mortality (McDonough et al. 2011; Nishimura
et al. 2012). Increased lung emphysema and airway wall
thickness have been positively associated with enhanced
risk for COPD exacerbations, independent of the severity
of airflow obstruction (Han et al. 2011).

CT imaging can define significant structural and
functional lung abnormalities in persons having a sub-
stantial smoking history, but who have normal spirom-
etry (FEV)). These abnormalities include emphysema,
evidence of airway wall thickening, and excessive gas
trapping on expiratory CT. It is also common for persons
with a history of smoking (with or without obstruction)
to show substantial gas trapping on expiratory CT scans,
although they have no CT evidence of emphysema. Both
abnormal gas trapping and physiologic obstruction can be
used to define these persons as having COPD; however,
their pathophysiology and disease expression are substan-
tially different than that of persons who have an emphy-
sema-predominant form of COPD.

Visual analysis of the pattern and extent of emphy-
sema can identify small amounts of centrilobular emphy-
sema, usually in the upper lobes, in persons who have
minimal quantitative emphysema. This appears to be
one of the earliest manifestations of lung structural
change associated with COPD. Both visual analysis and a
quantitative texture-based analysis can be used to iden-
tify specific patterns, distributions, and the severity of
emphysema including centrilobular, panlobular, and
paraseptal patterns.

Evidence Synthesis

This section has reviewed a wide range of evidence
related to COPD and smoking. Since the causal conclusion
in the 1964 report related to “chronic bronchitis,” a term
that can be considered equivalent to COPD, there have
been great gains in the understanding of the pathogen-
esis of COPD and the clinical phenotype of COPD, and an
understanding of genetic basis of susceptibility to COPD is
emerging. Prior reports have advanced the conclusions of
the 1964 report and affirmed that cigarette smoking is by
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far the leading cause of COPD in the United States.

This report addresses additional aspects of the COPD
epidemic caused by tobacco smoking: trends in disease
prevalence and mortality; gender differences in risk of
COPD associated with smoking; advancing understand-
ing of pathogenesis; emerging findings on the genetics
of COPD; and phenotypic characterization of COPD using
new approaches. Compared with 1964, COPD is a far more
prominent cause of death. Age-adjusted mortality rates
have risen sharply since 1964 and are only now beginning
to drop in men. In contrast, prevalence data do not show
a trend of increase, although methods have not been uni-
form over time and approaches for diagnosis and classifi-
cation have changed as well.

The epidemiologic and clinical information sug-
gests differences in COPD when comparing men and
women. Studies involving the examination of pathology
specimens and use of lung imaging suggest that men have
more emphysema than women (Thurlbeck et al. 1974;
Martinez et al. 2007) and women may be at greater risk
than men for early onset COPD (Silverman et al. 1998;
Martinez et al. 2007). Additionally, the COPD mortality
rate for women has risen more steeply than that for men.
A potential biological basis for such gender differences is
uncertain at present. New approaches for characterizing
COPD using imaging and molecular signatures may pro-
vide further insights.

The pathogenesis of COPD has been covered exten-
sively in previous reports, most comprehensively in the
1984 and 2010 reports. Understanding continues to
deepen through use of the ever-more powerful tools of
molecular biology and animal models. Advances in under-
standing of the genetic basis of susceptibility to tobacco
smoke will provide further insights and perhaps a basis for
preventive strategies.

Conclusions

1. The evidence is sufficient to infer that smoking is the
dominant cause of chronic obstructive pulmonary
disease (COPD) in men and women in the United
States. Smoking causes all elements of the COPD
phenotype, including emphysema and damage to the
airways of the lung.

2. Chronic obstructive pulmonary disease (COPD) mor-
tality has increased dramatically in men and women
since the 1964 Surgeon General’s report. The number
of women dying from COPD now surpasses the num-
ber of men.



3. The evidence is suggestive but not sufficient to infer
that women are more susceptible to develop severe
chronic obstructive pulmonary disease at younger
ages.

4. The evidence is sufficient to infer that severe ol-

antitrypsin deficiency and cutis laxa are genetic
causes of chronic obstructive pulmonary disease.

Implications
Despite substantial progress in the epidemiology,

genetics, imaging, and pathogenesis of COPD during the
past 50 years, additional research in all of these areas will
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be required to provide a comprehensive understanding of
COPD. A major focus will be to understand the heteroge-
neity of COPD, which is likely a syndrome of multiple dis-
eases that share the common physiological manifestation
of chronic airflow obstruction. Identification of specific
subtypes of COPD, which will almost certainly have unique
epidemiologic, genetic, and pathobiologic characteristics,
has the potential to dramatically alter the approaches to
the diagnosis and treatment of COPD. Smoking avoid-
ance will remain the key primary prevention approach for
COPD, but for the millions of already affected individuals,
translation of the advances in pathogenesis, genetics, and
imaging to improved clinical care will provide important
challenges for decades to come.

Asthma is one of the most common chronic respira-
tory diseases, affecting approximately 5-10% of the U.S.
population (Moorman et al. 2007). The disease usually
begins during childhood, but can start at any age. Child-
hood asthma may go into remission and then recur later
in life. Asthma is characterized by variable airflow obstruc-
tion, which results in the symptoms of wheezing and
dyspnea with exertion (National Asthma Education and
Prevention Program 2007). In the modern conceptualiza-
tion of asthma, chronic airway inflammation is the main
underlying pathophysiologic abnormality that causes
increased constriction of smooth muscles and decreased
airway caliber and there can be an overlap between asthma
and COPD (Figure 7.1). Chronic changes in the airway,
referred to as airway remodeling, can lead to irreversible
loss of lung function.

Exposures to allergens and environmental pollut-
ants have long been recognized as factors that can cause
or exacerbate asthma, particularly in vulnerable popula-
tions (Matsui et al. 2008). Allergic reactions to the anti-
gens of dust mites, cockroaches, and cats have been widely
cited as adverse factors in asthma, and both outdoor and
indoor exposures to the byproducts of combustion have
been linked to poor asthma control (National Heart, Lung,
and Blood Institute 2007). This section reviews the accu-
mulating evidence that active cigarette smoking contrib-
utes to both the incidence of asthma and its exacerbation.

Conducting epidemiologic studies of the effects of
smoking and other environmental factors on asthma is a
challenging undertaking. One of these challenges is the
nature of asthma itself, which often remits and relapses

over time. Indeed, many asthma patients have long peri-
ods of symptom-free intervals, only to have the disease
return later in life. Consequently, establishing the clear
temporal sequence between smoking and the initiation or
exacerbation of asthma can be difficult. Moreover, a bias
termed the healthy smoker effect may complicate epide-
miologic studies of asthma and active smoking (Becklake
and Lalloo 1990). This bias occurs when persons who have
increased susceptibility to the health effects of smoking
quit with relatively greater frequency than less susceptible
persons, causing an overrepresentation in the remaining
cohort of current smokers of those who are less likely to
be affected. The topic of active smoking and asthma in
children and adults was reviewed in the 2004 report of
the Surgeon General (USDHHS 2004) and is updated in
this section.

Biologic Mechanisms

The mechanisms by which active smoking could
contribute to the causation of asthma include chronic
airways inflammation, impaired mucociliary clearance,
impaired growth of the lungs during childhood, and
increased bronchial hyperresponsiveness (USDHHS 2004,
2006, 2010). Immunologic mechanisms include effects
on T cell function (increased development of T helper cell
2 [Th2] pathways relative to Thl pathways and a higher
ratio of Th2/Th1), increased production of IgE, and greater
allergic sensitization (see Chapter 10).
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Since the publication of the 2004 and 2006 Surgeon
General’s reports, increasing evidence supports the role of
Th2 cells and the related cytokines IL-4, IL-5, and IL-13
in the pathogenesis of asthma, especially severe asthma
(Levine and Wenzel 2010). In addition, more studies have
been published that support the impact of active smok-
ing on increased Th2 pathway activation and allergic sen-
sitization (Nouri-Shirazi and Guinet 2006; Broide 2008;
Nakamura et al. 2008; Van Hove et al. 2008; Baena-Cag-
nani et al. 2009; Robays et al. 2009). Consequently, greater
activation of the Th2 pathway may be one mechanism by
which active smoking increases the incidence of asthma
and the frequency and severity of exacerbations.

Emerging data suggest that cigarette smoke may
increase neurogenic inflammation in the bronchial airway
(Bessac et al. 2008; Simon and Liedtke 2008). The human
airways are innervated by peripheral sensory neurons with
specific receptors that are activated by inhaled noxious
agents; neuronal activation may cause neurogenic inflam-
mation of the airway. In particular, cigarette smoke can
activate TRPA1s (transient receptor potential cation chan-
nel, subfamily A, member 1) in airway sensory neurons
and result in inflammation and hyperresponsiveness of
the airway (Andre et al. 2008; Bessac et al. 2008; Simon
and Liedtke 2008; Lin et al. 2010). The TRPA1 is likely
activated by oxidants contained within cigarette smoke.

In experiments with knockout mice, TRPA1-deficient
mice, after a challenge with ovalbumin, experienced (1)
markedly reduced airway inflammation and eosinophilia,
(2) much lower levels of Th2 cytokines (IL-5 and IL-13)
and pro-inflammatory cytokines (TNF-o. and eotaxin),
(3) greatly decreased production of mucous, and (4) a far
lower incidence of airway hyperresponsiveness (Caceres et
al. 2009). Pharmacologic inhibition of the receptor pro-
duced similar results. Although more research is needed,
activation of the TRPA1 pathway is a plausible mechanism
for the impact of cigarette smoke on inflammation and
hyperresponsiveness of the airway.

Description of the Literature
Review

For the present review, PubMed was searched for
studies that focused on active smoking and asthma and
were published from January 1, 2002, to December 31,
2009. The literature review obtained and reviewed stud-
ies that evaluated active smoking and the incidence of
asthma, asthma status, or exacerbation of asthma in chil-
dren, adolescents, or adults. The review did not include
studies that focused on only respiratory symptoms and did
not use a specific definition of asthma. For this review, the
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evidence cited in the 2004 Surgeon General’s report on
smoking was synthesized with newly available evidence to
formulate revised conclusions.

Epidemiologic Evidence

Smoking and the Incidence of Asthma in Children
and Adolescents

Because most asthma begins during childhood and
adolescence, exposure to environmental risk factors dur-
ing this period is of particular interest to researchers who
are studying this disease. The 2004 Surgeon General’s
report on smoking and health reviewed 6 relevant stud-
ies; the current literature review identified 12 additional
studies. Of these 12, 6 were cross-sectional studies that
indicated an association between active smoking and the
incidence of asthma during adolescence (Annesi-Maesano
et al. 2004; Sturm et al. 2004; Avila et al. 2005; Fernandez-
Benitez et al. 2007; Mallol et al. 2007; Gomez et al. 2009);
no studies were found that explicitly evaluated smok-
ing in childhood. Cross-sectional studies, however, can-
not clearly separate the temporal sequence of initiating
smoking and incidence of asthma, a concern because the
presence of undiagnosed asthma or airway hyperrespon-
siveness might make adolescents less likely to smoke.

Three of the 12 new studies used population-based
cohorts to evaluate the effect of active smoking on the risk
of incident asthma during adolescence (Genuneit et al.
2006; Gilliland et al. 2006; Van de Ven et al. 2007), and
a fourth used such a cohort to evaluate incident wheeze
(Table 7.2S) (Vogelberg et al. 2007). Each of the first 3
studies associated active smoking with a higher risk of
developing new-onset asthma during adolescence. How-
ever, none of these 3 studies began at birth; thus, some of
the apparent incident asthma in adolescence could rep-
resent recurrence. Three of the 4 studies controlled for
multiple potential confounders including socioeconomic
status (SES) (Gilliland et al. 2006; Van de Ven et al. 2007;
Vogelberg et al. 2007). Two studies (Genuneit et al. 2006;
Gilliland et al. 2006) found strong evidence of an expo-
sure-response relationship that involved either duration
or intensity of smoking. In the analysis of the Children’s
Health Study in Southern California by Gilliland and col-
leagues (2006), the selection of different lags between
smoking and asthma did not change the association of
smoking with the onset of that disease.

Evidence Synthesis

The 2004 Surgeon General’s report concluded that
the evidence was inadequate to infer the presence or



absence of a causal relationship between active smoking
and asthma during childhood or adolescence; the avail-
able studies were judged to be inconsistent and to be with-
out adequate control for potential confounders. The new
evidence reviewed in the present report links active smok-
ing to an increased risk of developing adolescent asthma;
the finding of greater risk is consistent across geographic
locations, study designs, and study years. Furthermore,
the cohort studies reviewed convincingly demonstrate a
temporal association between active smoking and onset of
asthma during adolescence, although no study followed a
cohort of subjects from birth. The findings are coherent
even with a variety of definitions for asthma. The evidence
for an exposure-response relationship is convincing, and
several studies controlled for key potential confounders.
However, the number of studies is limited. As detailed in
the previous section, a biologically plausible relationship
exists between active smoking and new-onset asthma. The
evidence is consistent with the literature on active smok-
ing and the incidence of asthma in adults.

Conclusion

1. The evidence is suggestive but not sufficient to infer a
causal relationship between active smoking and inci-
dence of asthma in adolescents.

Smoking and the Exacerbation
of Asthma Among Children and
Adolescents

Although extensive evidence implicates exposure to
secondhand smoke as a cause of exacerbation of asthma
among children and adults, there is less information
about active smoking. Smoking is normally initiated
during adolescence, and as asthma is usually first seen
during childhood, active smoking during the teen years
could adversely influence the clinical course of asthma
soon after its onset. The 2004 Surgeon General’s report on
smoking and health concluded there was suggestive evi-
dence of a causal relationship between active smoking and
exacerbation of asthma among children and adolescents.

The results of three cross-sectional studies provide
evidence that active smoking adversely affects control of
asthma and leads to more exacerbations, as defined by
asthma symptoms or use of health care for asthma (Yarnell
et al. 2003; Austin et al. 2005; Navon et al. 2005). Because
asthma is frequently characterized by relapse and remis-
sion, cross-sectional studies cannot definitively deter-
mine the temporal relationship between active smoking
and exacerbation of the disease. Prospective cohort stud-
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ies demonstrate that active smoking is associated with a
higher risk of persistence of asthma in adolescence and
early adulthood, but they have not explicitly examined
exacerbations as an outcome (Sears et al. 2003; Bacopou-
lou et al. 2009).

Evidence Synthesis

Since the 2006 Surgeon General’s report, only
modest additional evidence has emerged for evaluating
the impact of active smoking on the risk of exacerbat-
ing asthma during childhood and adolescence. Most of
the data are cross-sectional and thus, temporality is in
question. The evidence from adults is substantially more
abundant. The additional evidence related to children and
adolescents does not warrant a change in the conclusion
reached in the 2004 Surgeon General’s report, which is
updated below.

Conclusion

1. The evidence is suggestive but not sufficient to infer a
causal relationship between active smoking and exac-
erbation of asthma among children and adolescents.

Smoking and the Incidence of
Asthma in Adults

The 2004 Surgeon General’s report on smoking and
health reviewed 15 cross-sectional and 6 cohort studies
that evaluated the relationship between active smoking and
adult asthma (USDHHS 2004). Since that report, 10 cross-
sectional studies, 2 case-control studies, and 6 cohort
studies have been added to the evidence base.

In considering asthma in adults who smoke tobacco,
the overlap between asthma and COPD needs to be taken
into account (Figure 7.1) (GOLD 2011). Smoking is the
dominant cause of COPD (USDHHS 2004), and the clini-
cal features of COPD and asthma can overlap.

Cross-sectional studies can provide information
about the association between smoking and asthma, but
their findings are subject to potential limitations, includ-
ing both information bias, presumably from recall bias,
and the inability to clearly establish a temporal relation-
ship between smoking and asthma. With regard to recall
bias, because the presence of asthma and smoking are
assessed at the same time in these cross-sectional studies,
persons living with asthma may be more likely than other
study participants to remember and report past smoking
behavior. In addition, because asthma is often character-
ized by relapses and remissions, cross-sectional studies
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cannot conclusively establish a causal connection between
active smoking and the onset of asthma. In fact, the pre-
cise point when incident asthma develops may be difficult
to identify.

Although cross-sectional studies have these limita-
tions, they can still provide relevant evidence. Of the 10
cross-sectional studies, 9 provided evidence of an asso-
ciation between active smoking and prevalent asthma
among adults (Chan-Yeung et al. 2002; Zhang et al. 2002;
Gwynn 2004; Tutor and Campbell 2004; Aggarwal et al.
2006; Carter et al. 2006; Frank et al. 2006; Rose et al. 2006;
Rahimi-Rad et al. 2008), and 1 revealed no clear associa-
tion (Raherison et al. 2003). These studies represented
a broad range of geographic locations, including China,
Europe, India, the Middle East, the United Kingdom, and
the United States.

Two case-control studies (one each from Sweden
and Finland) of incident asthma found evidence of a rela-
tionship between active smoking and asthma (Table 7.3S).
The Swedish study, a population-based examination of
adult-onset asthma, found that current smoking was asso-
ciated with a higher risk of adult-onset asthma (Toren et
al. 2002). The study was limited, however, by its defini-
tion of adult-onset asthma, which relied on a self-reported
physician diagnosis of asthma and no reported history of
wheeze before 16 years of age. Also, past smoking was not
evaluated as a risk factor for asthma, and SES, which was
not statistically controlled, could have confounded the
relationship between active smoking and asthma. Indeed,
low SES has many correlates (e.g., poor diet, exposure to
allergens, occupational exposure to dust or irritants, and
exposure to ambient pollutants) that could act as con-
founders in the relationship between smoking and asthma
in adults. The case-control study from Finland used a more
rigorous clinical definition of adult-onset asthma that was
based on physician diagnosis (using standardized clini-
cal criteria). The study linked active smoking to a greater
incidence of adult-onset asthma (Piipari et al. 2004). The
study’s conclusions were strengthened by controlling for
a broad range of potential confounders, including SES and
occupational exposures.

In addition to the two case-control studies, six
cohort studies (Table 7.3S) have supported an association
between active smoking and incident adult asthma. In
Norway, a population-based cohort study of a population
15-70 years of age found that smoking was not associ-
ated with a greater incidence of asthma during an 11-year
follow-up interval (Eagan et al. 2002). In a study of 1,139
New Zealand children born in 1972 and 1973 (Sears et
al. 2003), smoking at 21 years of age was associated with
self-reported persistent wheezing at age 21, but SES was
not controlled and asthma was not specifically assessed.
Butland and Strachan (2007) followed a cohort of English
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children born during 1 week in 1958 by interview at 17,
33, and 42 years of age. Incident asthma was higher in
former smokers and never smokers than in current smok-
ers as would be expected from reverse causation; but odds
ratios (ORs) adjusted for gender, atopy, and IgE levels were
increased among smokers when wheezing or asthma were
examined together as an outcome. This was largely due to
the association found in the group with wheezing with-
out asthma. In two other cohort studies, both current and
past active smoking were associated with a greater risk of
incident adult asthma at 10-year follow-up (Hedlund et al.
2006; Polosa et al. 2008). Hedlund and colleagues (2006),
in a Swedish cohort study, controlled extensively for con-
founders, including SES, and demonstrated a non-signif-
icant OR for persistent smoking with significant ORs for
former smokers, again demonstrating the effect of reverse
causation in the population. A clinical study (Polosa et al.
2008) with careful diagnosis of incident asthma in a pop-
ulation with allergic rhinitis, but no asthma at the start
of follow-up, demonstrated a significant increase in new
diagnosis of asthma after 10 years of follow-up with an
increasing odds ratio with longer duration of smoking. In
a 10-year follow-up of a Japanese cohort (Nakamura et al.
2009), a statistically significant increase in self-reported,
physician-diagnosed asthma was reported, which was
higher than the nonsignificant association demonstrated
for former smokers.

Evidence Synthesis

The 2004 Surgeon General’s report concluded
that evidence linking active smoking to the incidence of
asthma in adults was inadequate to infer a causal relation-
ship. Since that time, the evidence base on the impact that
active smoking has on the incidence of adult asthma has
expanded with two of six cohort studies showing a statisti-
cally significant effect with current smoking for incident
asthma and several studies having higher rates among for-
mer smokers, raising the question of reverse causation.

Conclusion

1. The evidence is suggestive but not sufficient to infer
a causal relationship between active smoking and the
incidence of asthma in adults.

Smoking and the Exacerbation of
Asthma in Adults

The 2004 Surgeon General’s report concluded that
the evidence was sufficient to infer a causal relationship
between active smoking and poor asthma control among



adults, a conclusion that was based on studies demonstrat-
ing that active smoking increased the severity of asthma,
the frequency of attacks, and the use of emergency health
care (i.e., emergency department visits or hospitaliza-
tions) for exacerbations. Since the 2004 report, the evi-
dence base has grown substantially, and new reports
support this conclusion.

Numerous cross-sectional studies have examined
the association between active smoking and exacerbation
of asthma among adults, and only one of these studies did
not find such an association (Gaga et al. 2005). Multiple
cross-sectional studies have found an association of active
smoking (compared with not smoking) with undesirable
outcomes, including more respiratory symptoms, poorer
asthma control, more severe asthma, worse quality of life,
greater restriction of activity, more work disability, and
higher risk of acute exacerbation requiring emergency
health care (Suzuki et al. 2003; Ford et al. 2004; de Vries
et al. 2005; Boulet et al. 2006, 2008; Ikaheimo et al. 2006;
Laforest et al. 2006; Shavit et al. 2007; Stallberg et al. 2007;
Strine et al. 2007; Chaudhuri et al. 2008; Meng et al. 2008;
Peters et al. 2008; Seabra et al. 2008; Jang et al. 2009; Kim
et al. 2009a). In addition, the baseline comparison in a
clinical trial found that persons living with asthma who
smoked had more respiratory symptoms, poorer quality of
life, and lower daily peak expiratory flow rates (Lazarus et
al. 2007) than their counterparts who were nonsmokers.

In 1998, the Copenhagen City Heart Study found
that active smokers with asthma had a greater longitudi-
nal decline in lung function, as measured by FEV;, than
nonsmokers with asthma (Lange et al. 1998). Two other
prospective cohort studies have confirmed that adult asth-
matics who actively smoke have a more rapid decline of
FEV; than nonsmoking adults with asthma (Table 7.4S)
(Apostol et al. 2002; James et al. 2005). In addition, a
short-term follow-up study observed greater improve-
ment in lung function among adults with asthma who
quit smoking than among those who continued to smoke
(Chaudhuri et al. 2006). Long-term decline in lung func-
tion does not necessarily reflect acute exacerbations, but
these studies do establish that active smoking adversely
affects the long-term natural history of adult asthma.

Other cohort studies provide evidence that active
smoking confers a higher risk of exacerbation (Table
7.4S). Two studies found that active smoking was related
to a higher risk of acute exacerbation that required emer-
gency health care (Diette et al. 2002; Eisner and Iribarren
2007), and one of these studies (Eisner and Iribarren 2007)
found that current smoking was related to greater severity
of asthma. In another report from the same cohort used
in the study by Eisner and Iribarren (2007), active smok-
ing was associated with a higher risk of complete work
disability (Eisner et al. 2006). Elsewhere, a small study
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found that active smoking was associated with a lower
likelihood of asthma remission (Ronmark et al. 2007).
One other cohort study (de Marco et al. 2006), however,
found no association between change in smoking habits
and severity of asthma at follow-up, as evidenced by the
Global Initiative for Asthma (GINA) classification; but that
study was underpowered, and the GINA classification is
not a validated measure of disease severity for epidemio-
logic studies.

Cohort studies of adults with asthma have linked
active smoking to death from respiratory causes (Oma-
chi et al. 2008) and all-cause mortality (Bellia et al. 2007;
Omachi et al. 2008). Although death was not clearly from
asthma in these studies, these data indicate that smoking
adversely affects life span in adult asthma.

Several randomized controlled trials have evalu-
ated the differential efficacy of asthma therapy in smok-
ers and nonsmokers. Of three trials that evaluated the
impact of inhaled corticosteroids in smokers and non-
smokers, two were placebo-controlled (Chalmers et al.
2002; Lazarus et al. 2007), and one compared high- and
low-dose therapy (Tomlinson et al. 2005). In the placebo-
controlled trials, inhaled corticosteroids had no clinical
benefit among smokers, as measured by the primary study
endpoint (postbronchodilator FEV; and morning peak
expiratory flow rate, respectively) (Chalmers et al. 2002;
Lazarus et al. 2007). In addition, these trials did not find
any benefits for secondary outcomes among nonsmokers,
including bronchial hyperresponsiveness (Chalmers et al.
2002; Lazarus et al. 2007) and quality of life (Lazarus et
al. 2007). Another trial, which compared high-dose and
low-dose beclomethasone (2,000 micrograms [mcg] vs.
400 mcg per day), also found that smoking attenuated
the efficacy of inhaled corticosteroids (Tomlinson et al.
2005). Low-dose therapy improved the primary outcome
(morning peak expiratory flow rate) among nonsmokers
only. Furthermore, the efficacy of high-dose beclometh-
asone was greatly attenuated in smokers. Elsewhere, a
randomized controlled trial of oral corticosteroids (pred-
nisolone 40 milligrams daily) versus placebo found that
active smokers had no improvement in FEV;, daily peak
expiratory flow rate, and asthma control, but nonsmokers
experienced improvements in all three of these outcomes
(Chaudhuri et al. 2003).

Evidence Synthesis

The 2004 Surgeon General’s report concluded that
the evidence was sufficient to infer a causal relationship
between active smoking and both poor asthma control
and exacerbation of disease among adults. Subsequently,
the evidence base has grown and continues to support this
conclusion. Currently, there is substantive evidence of
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coherence across a broad range of study outcomes, includ-
ing such diverse endpoints as lung function, severity of
disease, use of emergency health care, and quality of life.
Randomized controlled trials provide strong evidence that
smoking attenuates the therapeutic response to inhaled
and systemic treatment with corticosteroids. Together,
evidence from observational and clinical trials shows that
active smoking adversely affects the natural history of
adult asthma.

Conclusion

1. The evidence is sufficient to infer a causal relation-
ship between active smoking and exacerbation of
asthma in adults.

Implications

Asthma is one of the most common chronic diseases
of childhood. Asthma is also common among adults. Inci-

Tuberculosis

dence of asthma is generally highest during childhood,
but new cases occur among adults, too. The evidence
reviewed in this chapter identifies active smoking as a pos-
sible cause of new-onset asthma among adolescents. The
chapter also concludes that smoking is a cause of exacer-
bation of asthma among adults.

The evidence reviewed in this chapter shows that
smoking should be considered an avoidable cause of
asthma and that people who smoke should be counseled
on the potential risk for developing asthma, should they
continue to smoke.

Asthma is a chronic disease with a course marked
by exacerbations—that is, deterioration—of the disease.
Such exacerbations may lead to substantial morbidity
and to economic costs from absenteeism, and can result
in death. The evidence reviewed in this chapter is suffi-
cient to conclude that active smoking exacerbates asthma
in adults. The clinical implications are clear: people with
asthma should not smoke.

Tuberculosis (TB) was a leading cause of death in the
United States at the start of the twentieth century, a time
when cigarette smoking was just beginning to become
popular among men. Although rates of TB and smoking
are both continuing to decline in the United States, the two
epidemics continue globally. More than 1.3 billion people
worldwide smoke (World Health Organization [WHO]
2010), and estimates indicate that each year sees almost
9 million cases of incident TB and 1.3 million deaths from
the disorder (Mathers and Loncar 2006). Moreover, an
estimated one-third of the world’s population is infected
with Mycobacterium tuberculosis (M. tuberculosis) and,
therefore, is at risk of active TB disease. Annually, more
than 30% of TB cases worldwide are diagnosed in China
and India. These two countries account for more than
40% of the world’s smokers (WHO 2008).

Smoking has long been considered a potential risk
factor for TB mortality (Doll and Hill 1956), but only
recently have large case-control and cohort studies shown
that strikingly high rates of TB mortality are attributable
to smoking (Jha et al. 2008). Several systematic reviews
have assembled evidence of the association between smok-
ing and TB (Davies et al. 2006; Bates et al. 2007; Chiang
et al. 2007; Lin et al. 2007; Pai et al. 2007; Slama et al.
2007; WHO and International Union Against Tuberculo-
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sis and Lung Disease 2007). Each review found that ciga-
rette smoking is associated with an approximate doubling
of risk for TB infection, for having clinical evidence of
TB disease, and for TB mortality. An analysis from WHO
(2010) of the role of risk factors and social determinants
in driving the global TB epidemic concluded that in the 22
countries experiencing 80% of the global TB burden, 23%
of the cases can be attributed to smoking. The smoking-
attributable burden of TB varies with the epidemiologic
characteristics of the population, with the high attribut-
able risks for smoking found in China and India, while HIV
is the primary driver for the TB burden in sub-Saharan
Africa (Lonnroth et al. 2010). To date, the series of Sur-
geon General’s reports has not systematically assessed the
association between smoking and TB.

Biologic Mechanisms

Given its effects on host defenses and the struc-
ture and function of the lungs, smoking is a biologically
plausible cause of morbidity and mortality from TB (Pai
et al. 2007; Stampfli and Anderson 2009; USDHHS 2010).
The section on “Immune Function and Autoimmune Dis-
ease” in Chapter 10 of this report more fully describes the



effects of smoking on the immune system, indicating mul-
tiple underlying mechanisms that may increase the risk
for TB in smokers. However, the specific mechanisms by
which cigarette smoking may influence risk of infection
by M. tuberculosis and reactivation of latent TB infection
are not completely understood.

Natural History of Tuberculosis

Figure 7.7 shows the natural history of TB from
exposure to the organism and the initial infection through
death from the disease. Figure 7.8 offers a closer look
at the progression to active TB disease among persons
exposed to M. tuberculosis. In brief, TB follows a two-stage
process: infection of the host with M. tuberculosis and
then the development of active disease (Golub et al. 2013).
Infection occurs in an estimated 20-30% of close contacts
of people with active disease, and within 2 years, active
primary TB develops in 5-10% of those infected (Figure
7.8A) (Comstock et al. 1974; Comstock 1975). However,
TB is a unique pathogen in that the first stage of this pro-
cess can last a lifetime. In what is commonly referred to as
latent TB infection, an intact immune system contains the
primary infection in a dormant state. Over the course of
an infected person’s life, the risk that the dormant bacilli
will progress to reactivation TB is 5-10% (Comstock et
al. 1974; Comstock 1975). People who are immunocom-
promised have an altered prognosis after infection, with
more than 40% experiencing early progression (Figure
7.8B) and the majority reactivating to TB disease later in
life if untreated.

Upon developing active TB disease, a small propor-
tion of persons will spontaneously heal without treat-
ment, but without treatment, the majority will ultimately
die. Among persons who are treated for TB, treatment fail-
ure and/or recurrent disease are serious risks. Recurrence
can result from endogenous reactivation of persistent TB
bacilli (relapse) or from exogenous reinfection with a new
TB strain.

Description of the Literature
Review

An initial search of English publications in PubMed
was conducted using the key terms “smoking” OR
“tobacco” AND “tuberculosis.” These broad terms were
searched in titles and abstracts. For purposes of review-
ing the evidence of smoking as a risk factor for TB infec-
tion, TB disease, recurrence, and/or mortality, articles
were excluded if they addressed other aspects of the effects
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of tobacco use on TB severity, treatment, or outcomes
without providing evidence of risk. Such articles are dis-
cussed in this chapter as appropriate but are not included
in the evidence tables (Tables 7.55-7.8S). In addition to
the PubMed search, references that were included in the
systematic reviews and meta-analyses were reviewed, and
any publications not previously identified were included.
The literature search extended through December 2009.

Epidemiologic Evidence

Risk Factors: Potential Confounders and Modifiers

Three of the major risk factors for TB exposure and
infection are predominantly related to SES: immunocom-
promising diseases, malnutrition, and alcohol consump-
tion. SES itself is another important risk factor, serving
as a proxy for many correlates. Attention to these four risk
factors is critical in investigating smoking and risk of TB
and in ensuring that confounding is considered and inter-
actions with smoking are addressed.

TB and Alcohol Consumption and
Tobacco Use

Alcohol consumption and tobacco use have been
consistently linked over time, and an association between
alcohol use and TB has long been observed. Lonnroth
and colleagues (2008) and Rehm and colleagues (2009)
reported a strong association between heavy alcohol use
and incident TB, citing the pathogenic impact of alcohol
on the immune system, which increases risk of reacti-
vation TB. Based on patterns of increased risk ratios for
TB, early studies (Brown and Campbell 1961; Lewis and
Chamberlain 1963) suggested that alcohol use was the
most important risk factor and that tobacco use was only
important because most alcoholics in the studies also
smoked. The majority of subsequent studies have shown
an association between tobacco use and TB disease even
when alcohol is considered in the analysis, but the asso-
ciation may be diminished by controlling for alcohol (Lin
et al. 2007). Among the prospective cohort studies, one in
Korea found alcohol use to be a strong independent risk
factor for TB (Jee et al. 2009), and in a study in Taiwan,
alcohol use was a stronger risk factor than smoking (Lin
et al. 2009a). In both studies, however, smoking was a
strong independent risk factor after adjusting for alcohol
consumption.

The extent to which alcohol use has been considered
as a potential confounding factor for the risk of TB has
varied greatly among studies. Despite a lack of uniformity
in how alcohol use is addressed, most studies have found
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Figure 7.7  Natural history of tuberculosis from exposure to mortality
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Figure 7.8  Progression to active tuberculosis disease among persons exposed to M. tuberculosis
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a consistent positive association between smoking and
TB after adjusting for alcohol consumption. For example,
Gajalakshmi and Peto (2009) conducted a comprehensive
investigation of smoking and alcohol use and the risk of
TB in India and found that the risk of incident TB was
3.5 times greater for people who were both drinkers and
smokers than for those who were not smokers or drinkers.
Nondrinking smokers had an RR of 2.6, and nonsmoking
drinkers had an RR of 2.1. In a retrospective multilevel
analysis of data from the South African Demographic and
Health Survey, Harling and colleagues (2008) reported
high rates of TB among smokers and alcohol users after
adjusting for many factors, including a multilevel adjust-
ment for SES.

TB and Socioeconomic Status

Although poverty is often cited as a risk factor for TB
infection and disease, it is best seen as a proxy for multiple
other relevant factors, including population density, race/
ethnicity, nutritional status, and access to health care. In
many countries, those who are poor are more likely to
both smoke and to have higher rates of TB infection and
disease than those of a higher SES (Chapman and Dyerly
1964; Kuemmerer and Comstock 1967). Harling and
colleagues (2008) conducted a multilevel analysis of the
impact of demographic, behavioral, and socioeconomic
individual risk factors and of group-level measures of SES
on risk for TB. This study combined data from the 1998
South African Demographic and Health Survey with data
from the 1996 South African national census. Although
the study relied on the potentially biased outcome of
self-reported TB and linked two cross-sectional studies,
it provided a comprehensive analysis of the SES-TB rela-
tionship. After adjusting for SES, both alcohol abuse and
cigarette smoking were associated with risk for TB. In a
meta-analysis, Lin and colleagues (2007) found that the
association between smoking and TB mortality was stron-
ger in studies that adjusted for SES than in those that did
not, suggesting that not considering SES may lead to an
underestimation of measures of association. After adjust-
ing for SES, this same review did not find a difference in
risk for pulmonary TB disease associated with smoking.
However, the authors did not assess the quality of the SES
measurements in each study, thus potentially limiting the
interpretation of this summary adjustment.

TB and Gender

Some studies suggest that smoking may account
for differences observed between men and women in TB
incidence and mortality, primarily because, compared
with women, smoking is substantially more common
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among men, and on average men smoke a greater num-
ber of cigarettes. In one of the first studies to investigate
the relationship between smoking and TB disease, Lowe
(1956) reported a greater proportion of heavy smokers
among men than women, but TB cases were more likely
to be observed in heavy smokers of either gender com-
pared with controls. Lowe did not observe a significant
difference between the smoking habits of cases and con-
trols among persons younger than 30 years of age; this
evidence suggests that smoking is a strong contributor to
the reactivation of TB in older ages but a weaker contribu-
tor to the reactivation at younger ages. Yu and colleagues
(1988) also identified differences in risk for TB by age and
gender that were attributed to tobacco use, and Nisar and
colleagues (1993) suggested that smoking may be a key
factor in higher TB disease rates among men because (a)
men smoke more than women, and (b) smoking likely
increases risk of TB infection, which is a necessary pre-
cursor to actual TB disease. More recently, Crampin and
colleagues (2004) assessed differences among risk factors
for men and women in Malawi. Finally, Lin and colleagues
(2009b), in their systematic review and meta-analysis,
suggested that smoking may be the cause of gender differ-
ences in TB disease because the odds ratio (OR) for men
(vs. women) decreased from 1.62 to 1.06 after adjusting
for current smoking.

Tobacco and TB

Evidence on tobacco and the natural history of TB
suggests that tobacco may affect disease risk at each stage
of the disease process, as reviewed below. Consequently,
the evidence is considered separately for each stage of
TB disease.

Tobacco and TB Infection

To date, evidence on the association between tobacco
use and TB infection is limited (Table 7.5S). Establish-
ing a temporal relationship between exposure to tobacco
smoke and the onset of M. fuberculosis is difficult because
determining when a person becomes infected is almost
impossible—unless this is determined as part of a contact
investigation of a person with active TB disease. Only one
study, a case-control study of prison inmates in South
Carolina carried out by Anderson and colleagues (1997),
used smoking data that were collected before assessing
the acquisition of M. tuberculosis. This study compared
two groups. The case group was composed of those who
were tuberculin skin test (TST) negative upon incarcera-
tion but were found to be TST positive at a follow-up read-
ing. The control group was composed of those with a TST
reading that remained negative. Those who developed a
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positive TST were assumed to have become infected with
TB while incarcerated. After adjusting for age and living
conditions, current smokers were more likely to have
converted their TST (OR = 1.78; 95% confidence inter-
val [CI], 0.98-3.21) than the reference group (never and
past smokers). In addition, inmates who had smoked for
more than 15 years had twice the odds of converting their
skin tests (OR = 2.12; 95% CI, 1.03-4.36) as the refer-
ence group (nonsmokers), suggesting that the cumulative
effects of long-term smoking have a greater impact on risk
than the number of cigarettes smoked per day. One major
limitation of this study was that cases were more likely
than controls to have been previously exposed to people
with TB, a risk factor for infection that was not controlled
for in the analysis.

Only three studies had the primary objective of
investigating the association between smoking and latent
TB infection (Anderson et al. 1997; Plant et al. 2002;
den Boon et al. 2005). The study in South Africa by den
Boon and colleagues (2005) reported an almost twofold
increased risk for latent TB infection among adults who
were ever smokers. However, because of the cross-sec-
tional design of the study, researchers could not deter-
mine whether the association was temporally correct (i.e.,
that smoking came before infection). Additionally, smok-
ing may affect the size of the TST and thus the chance for
a positive finding, and cross-sectional data are subject to
differential survival from higher losses of heavier smokers
or of persons with more severe primary infection. Hussain
and colleagues (2003) performed a cross-sectional study
of prisoners in Pakistan, a region with a moderately high
burden of TB that is not influenced substantially by HIV
infection. They found an increased risk for latent TB infec-
tion among current smokers, with the OR rising from 2.6
for those who smoked 1-5 cigarettes per day to 3.2 for
those who smoked more than 10 cigarettes per day.

In a study of Vietnamese immigrants, Plant and col-
leagues (2002) detected an increased risk of latent TB infec-
tion among those who were ever smokers. The strongest
ORs were reported among people with a TST induration
cutoff of 5 millimeters (mm) (OR = 2.31; 95% CI, 1.58—
3.38). The ORs were lower for those with cutoffs of 10 mm
(OR = 1.53; 95% CI, 1.13-2.09) or 15 mm (OR = 1.37;
95% CI, 0.95-1.97), which are categories less likely to
be contaminated with infections from non-TB mycobac-
teria. The researchers concluded that smoking increases
the risk of mycobacterial infections, of which TB is likely
to be the primary contributor. Although smaller tubercu-
lin reactions may be associated with non-TB mycobacte-
ria, smokers may have smaller reactions because of the
effects of smoking on cell-mediated immunity. The study
reported a 3-5% increase in risk of TB infection per year of
smoking exposure.
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The majority of studies that have addressed smok-
ing and latent TB infection have not had smoking as the
primary exposure of interest but do provide relevant evi-
dence. For example, Kuemmerer and Comstock (1967)
noted that children who were living in households where
both parents smoked were twice as likely to be infected
latently with TB as those who were living in a house-
hold with one or no parent smoking. Although the study
found that crowding and prior household exposure to TB
increased the risk of infection, it did not adjust for these
potential confounding factors. In India, Singh and col-
leagues (2005) investigated the prevalence of TB infec-
tion among children of adults with pulmonary TB. For
such children, it is well-accepted that a positive TST is
the result of recent exposure to TB, and thus exposure to
cigarette smoke was likely at the time of acquisition of
TB infection. Children exposed to a household TB patient
who smoked were almost three times as likely as their
counterparts to be infected with TB. Children of adults
who smoked and were sputum positive for TB were more
likely to be infected than children of adults who did not
smoke but were sputum positive for TB, suggesting that
smoking raises the risk of TB infection beyond the strong
risk of exposure to a highly infectious TB case. A study
in South Africa by den Boon and colleagues (2007) sug-
gests that smoking adds to the infectiousness of persons
with TB. This study found more than a fourfold increased
risk (OR = 4.60; 95% CI, 1.29-16.45) of latent TB infection
among children living with an active TB case who were
exposed to secondhand smoke (vs. no such exposure). In
households without a current TB case, passive smokers
were at a moderately increased risk of latent TB infection,
but the risk decreased and was not statistically significant
after adjusting for other factors.

Nisar and colleagues (1993), who investigated the
potential increased risk of latent TB infection among
nursing home residents in the United Kingdom, found
evidence that smoking increases the prevalence of TB
infection in elderly persons and may explain higher rates
of positive TB cases in men compared with women. Cur-
rent smokers had greater TB infection rates than former
smokers, who had greater rates than never smokers. The
study also found an association between increasing pack-
years and increased prevalence of latent TB infection.
Length of stay, however, was not associated with increased
prevalence of latent TB infection.

Several studies have investigated risk factors for
latent TB infection among people in prisons and home-
less shelters. In their study of prisoners in Pakistan, Hus-
sain and colleagues (2003) reported weak evidence of a
dose-response relationship—with ORs of 2.6, 2.8, and 3.2
for latent infection among current smokers of 1-5, 6-10,



and more than 10 cigarettes smoked per day, respectively.
Among prisoners in Lebanon, a study by Adib and col-
leagues (1999) found a modestly increased risk of latent
TB infection (OR = 1.2; 95% CI, 1.1-1.3) among current
smokers but no indication of a dose-response relation-
ship with amount smoked. In their study of South Caro-
lina inmates, Anderson and colleagues (1997) reported
an almost twofold increased risk of latent TB infection
(OR = 1.78; 95% CI, 0.98-3.21) among current smokers
(vs. never and former smokers). Similarly, in a homeless
population with a 75% rate of latent TB infection in Bar-
celona, Spain, Solsona and colleagues (2001) found an
increased risk (OR = 1.72; 95% CI, 1.02-2.86) of infection
among current smokers. In a study of migrant workers in
California, McCurdy and colleagues (1997) found a three-
fold increased risk of latent TB infection among former
smokers (OR = 3.11; 95% CI, 1.20-8.09) but less than a
twofold increase (OR = 1.87; 95% CI, 0.73-4.80) among
current smokers.

Tobacco and TB Disease

This section reviews studies of evidence on the asso-
ciation between smoking and clinical TB, with a focus on
prospective cohort studies (Table 7.6S).

In studies in Hong Kong, Leung and colleagues
(2003, 2004, 2007) investigated the association between
smoking and TB disease in younger (<64 years of age) and
older (>64 years of age) TB patients and among people
with silicosis (a population at high risk for TB). In most
of the populations, smokers had an approximately two-
fold increased risk for TB, and although alcohol use was a
strong contributor to TB risk in each study, smoking had
a strong, independent effect after controlling for alcohol
consumption. Although former smokers had a lower risk
for TB than current smokers, time elapsed since quitting
did not affect risk for TB (Leung et al. 2007).

A few studies have specifically addressed the change
in risk for TB upon quitting smoking. Based on a follow-
up of the British Doctors’ Study, Doll and colleagues
(1994) reported a 2.8 mortality ratio among current
smokers compared with nonsmokers, and a 2.0 mortality
ratio among former smokers compared with nonsmokers
(Table 7.8S). Prospective cohort studies with large popu-
lations and many years of follow-up offer the strongest
evidence of a link between smoking and TB. In a cohort
based in Taiwan’s NHIS, Lin and colleagues (2009a) found
a twofold increased risk for TB among current smokers
compared with never smokers after controlling for several
risk factors. Risk was only slightly diminished for ever
smokers. Alcohol use was controlled for in the analysis
and reported to be a much stronger risk factor for TB than
smoking, although smoking remained associated with TB
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after controlling for alcohol consumption. In Taiwan, the
OR for TB among elderly smokers was 0.78, versus 2.87 for
the comparable group in Hong Kong (Leung et al. 2004).
This risk difference cannot be attributed to smoking
intensity, because the elderly in Taiwan smoked 15 ciga-
rettes per day compared with 11 by those in Hong Kong.

Jee and colleagues (2009)—who conducted a cohort
study in Korea using the Korean Cancer Prevention Study
of more than 1.3 million middle-class, primarily middle-
aged men and women—found increased risk for incident
TB disease among male current smokers but not among
their female counterparts. The analysis considered alcohol
use as a potential confounder and found a dose-response
relationship between use of alcohol and amount smoked.
Although SES was not included in the Korean analysis, lit-
tle variability was expected within this relatively homog-
enous and middle-class population.

Several studies, mostly case-control in design, con-
ducted in India found a strong risk for TB among smokers.
When evaluating studies in India and some other coun-
tries, the types of products smoked need specific consid-
eration because individuals may smoke cigarettes or bidis,
the latter the most common type of smoked tobacco in
India, or both. With TB mortality as the outcome of inter-
est, Gupta and colleagues (2005) found that smoking bidis
was not less hazardous than smoking cigarettes and that
the duration of bidi smoking conveyed greater risk for TB
mortality than did the number of bidis smoked per day
(Table 7.8S). After adjusting for several sociodemographic
factors in a population of primarily low and middle socio-
economic classes, Prasad and colleagues (2009) reported a
fourfold increased risk for TB among current smokers in
a case-control study. The study also found a strong dose-
response relationship between increasing pack-years and
duration of smoking on risk for TB. However, the analysis
found that the number of cigarettes or bidis smoked per
day did not affect risk for TB. The authors concluded that
the effects of smoking for a prolonged period of time are
more important to the development of TB disease than a
large number of cigarettes smoked per day.

The effect of passive smoking on risk for TB disease
has been reported in several settings. Studies among chil-
dren are informative because both TB infection and TB
disease in children are considered to have been recently
acquired. Altet and colleagues (1996), who conducted
a case-control study that investigated the effect of pas-
sive smoking on the development of TB disease among
recently infected children of active smokers, found that
exposure to passive smoke increased risk for TB disease
fivefold, with the greatest risk among children younger
than 10 years of age. Similarly, Kuemmerer and Comstock
(1967) reported an increased risk for TB disease among
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children exposed to two parents who smoked, compared
with one or no parent who did so (Table 7.5S). A strong
dose-response relationship was found between risk for TB
and an increasing number of cigarettes smoked to which
children were exposed per day. This study was one of a few
to use a biological marker for measuring tobacco expo-
sure, finding that mean levels of cotinine in the urine were
significantly greater among contacts that developed TB
disease. Use of a biomarker removes potential bias associ-
ated with self-reported exposure to tobacco.

In a study by Alcaide and colleagues (1996) that
addressed the combined risk of TB among young adults
who were exposed to both active and passive smoking
(Table 7.6S), active smokers who were contacts of pulmo-
nary TB cases had a 3.6-fold increased risk of developing
TB, but those exposed to both active and passive smok-
ing had an OR of 5.1. In a study in Thailand among chil-
dren younger than 15 years of age, Tipayamongkholgul
and colleagues (2005) found a ninefold increased risk for
TB disease with close passive exposure to smoke and no
known direct contact with a person with TB. In another
study from Thailand, in a comparison with nonsmokers
and after adjusting for body mass index, Ariyothai and col-
leagues (2004) found that passively exposed adult smokers
were at increased risk for TB (OR = 2.37; 95% CI, 0.94—
6.01). The adjusted risks among current (OR = 2.70; 95%
CI, 1.04-6.97) and former smokers (OR = 2.88; 95% ClI,
0.85-9.78) did not differ materially. Exposure to second-
hand smoke in the outdoors or in an office was a more
significant factor than such exposure in the home, but
very few study participants reported this kind of exposure
in the home. By contrast, in a study in Estonia, Tekkel
and colleagues (2002) found that exposure to secondhand
smoke in the office was not associated with risk of pulmo-
nary TB, but exposure to smoke in the home was associ-
ated with a twofold increased risk.

Several studies have included smoking as a poten-
tial risk factor for TB in investigations in which smoking
was not the primary exposure of interest. For example, in
three West African countries, Lienhardt and colleagues
(2005) conducted a case-control study on host-related and
environment-related factors for TB. After adjusting for
various host and environmental factors, current and for-
mer smokers had increased risks for TB, about a doubling
and a 50% increase, respectively. The study observed a sig-
nificant dose-response relationship between incidence of
TB and three factors: duration of smoking, alcohol use,
and drug use. In a study of a population in King County,
Washington, Buskin and colleagues (1994) did not find
excess risk for TB among smokers after adjusting for age
and alcohol consumption. However, among current smok-
ers, the authors observed a dose-response relationship
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with number of cigarettes smoked per day and number of
years of smoking. In China, as part of a mass routine chest
radiograph campaign in Shanghai, Yu and colleagues
(1988) found heavy smokers to have a twofold increased
risk for pulmonary TB (RR = 2.17; 95% CI, 1.29-3.63), but
light and moderate smokers did not have an excess risk.
Much earlier, Adelstein and Rimington (1967) conducted
a mass chest radiograph survey in East Cheshire, United
Kingdom, and found that male smokers had a fivefold
increased risk for TB compared with nonsmokers, but a
very small number of TB cases limited the analyses.

Tobacco and Recurrent TB Disease

The literature investigating smoking as a risk factor
for recurrent TB disease is limited and not all studies dif-
ferentiate between relapse and disease resulting from reac-
tivation of an exogenous reinfection (Table 7.7S). Thomas
and colleagues (2005), who investigated predictors of
relapse among pulmonary TB patients who had completed
therapy in a Directly Observed Treatment, Short course
program in South India, found that smoking was associ-
ated with increased risk for relapse (OR = 3.1; 95% ClI,
1.6-6.0). The authors found three risk factors to be associ-
ated with increased risk of TB recurrence: smoking, drug
sensitivity profile, and adherence level to TB therapy. Age,
gender, education, alcohol use, and initial weight were not
associated with increased risk. In a similar study in Bra-
zil, d’Arc Lyra and colleagues (2008) reported an increased
risk for relapse among ever smokers (current smokers and
former smokers who had given up smoking less than a
year from time of interview) compared with never or for-
mer smokers (those who had given up smoking 1 year
or more) (OR = 2.34; 95% CI, 1.17-4.68). These studies
(Thomas et al. 2005; d’Arc Lyra et al. 2008) adjusted for
several socioeconomic factors, but none were associated
with increased risk for TB relapse.

In their Hong Kong study of tobacco and TB in
the elderly, Leung and colleagues (2004) reported an
increased risk (OR = 2.48; 95% CI, 1.04-5.89) of being re-
treated for TB—in this study assumed to be a relapse—
among current smokers compared with never smokers
after adjusting for many factors, but not SES. Elsewhere,
two studies (Chang et al. 2004; Millet et al. 2009) that did
not clearly define smoking and appeared to rely on an
“ever” versus “never” classification did not find smoking
to increase risk of relapse. In Korea, the cohort study by
Jee and colleagues (2009), the largest to date to investi-
gate the risk for recurrence in smokers and nonsmokers,
used long-term follow-up of cohort members with past TB
to investigate recurrent TB, including both relapse and
potentially exogenous reinfection. In the study, men who



were current smokers had moderately increased risk for
recurrence (hazard ratio [HR] = 1.3; 95% CI, 1.2-1.4), but
risk was not significantly increased among women who
were current smokers, although the HR was of a similar
magnitude as that for men (HR = 1.2; 95% CI, 0.8-1.6).
Heavy alcohol consumption was associated with recurrent
TB in men in this study (HR = 1.2; 95% CI, 1.0-1.3).

Tobacco and TB Mortality

The literature assessing risk of mortality among
smokers with TB is somewhat limited, and most studies
have not accounted for potential confounding factors,
such as delays in diagnosis, HIV infection, or site of disease
(Table 7.8S). When Doll (1999), Doll and Hill (1954, 1956,
1964), and Doll and colleagues (1994) began their study of
a cohort of British physicians in 1951, treatment for TB
was just beginning, and physicians were at high risk from
occupational exposure (from their patients). Pulmonary
TB was one of more than 25 diseases found in this long-
term study to be linked to cigarette smoking. Mortality
rates for TB observed after 5 years of follow-up showed
trends similar to those observed more than 40 years later
(Doll and Hill 1956; Doll et al. 1994). In both the 1956
and 1994 reports, TB mortality rates were elevated in
older men who were smokers, and a dose-response rela-
tionship was observed with daily amount smoked, with TB
mortality as high as 29/100,000 in 1956 and 20/100,000 in
1994 in the group reporting the highest levels of smoking
in 1951.

In China, in a retrospective cohort study that
assessed the impact of tobacco on the deaths of 1 million
people, male smokers had a moderately increased risk for
TB mortality compared with their nonsmoking counter-
parts (RR = 1.20; SE = 0.04) (Liu et al. 1998). The study
found a similar, albeit not significant, risk among female
smokers (RR = 1.29; SE = 0.08). Urban dwellers of both
genders had a higher risk for TB mortality (RR = 1.42; SE
= 0.05 for males and RR = 1.56; SE = 0.09 for females)
than did those in rural areas. In Hong Kong, a case-control
study found, after adjusting for age and education, a 2.5-
fold increased risk for TB mortality among middle-aged
men and a nonsignificantly increased risk among simi-
larly aged women (Lam et al. 2001). In this study, a strong
dose-response relationship with numbers of cigarettes
smoked per day was observed among both middle-aged
and elderly men. The study identified very few deaths from
TB among women, limiting analyses of smoking and TB.
In Korea, the cohort study by Jee and colleagues (2009)
found that mortality increased 58% in men (HR = 1.58;
95% CI, 1.27-1.97) and 55% in women (HR = 1.55; 95%
CI, 1.00-2.41) who were current smokers. Among for-
mer smokers, risk of mortality doubled among women
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(HR = 2.16; 95% CI, 1.35-3.46).

In India, Gajalakshmi and colleagues (2003) and
Gupta and colleagues (2005) used different sources of
data to attribute between 140,000 and 149,000 TB deaths
per annum to smoking, a number that represents half
of annual deaths from TB in India. Later, in a nationally
representative study in India, Jha and colleagues (2008)
attributed 38% of TB deaths among men to smoking.
Compared with never smokers, TB mortality increased
between twofold and fourfold among male smokers (Gajal-
akshmi et al. 2003; Jha et al. 2008) and threefold among
female smokers (Jha et al. 2008).

Finally, a study in Africa by Sitas and colleagues
(2004) compared deaths from diseases known to be asso-
ciated with tobacco use with deaths from medical con-
ditions unrelated to tobacco use and found that, among
deaths from TB, 28% of those for men and 7% of those for
women were attributable to smoking. The authors found
that smoking was associated with an increased risk of
mortality (OR = 1.61; 95% CI, 1.23-2.11).

Tobacco and Type/Severity of TB Disease

Although the association between tobacco use and
TB disease has been widely investigated, available studies
have not clarified whether smoking affects risk only for
pulmonary or also for extrapulmonary TB. In Hong Kong,
Leung and colleagues (2004) reported that male current
smokers were three times as likely as male never smokers
to develop pulmonary TB but were significantly less likely
to develop extrapulmonary TB. Later, Lin and associates
(2009b) confirmed these results in a study in Taiwan,
finding that nonsmokers had increased risk for extrapul-
monary TB. In a study in Nepal, Sreeramareddy and col-
leagues (2008) found that current smokers were 66% less
likely to develop extrapulmonary TB than they were pul-
monary TB, and this pattern extended to those who had
quit smoking 6 months before TB diagnosis (OR = 0.45;
95% CI, 0.21-1.09 for extrapulmonary vs. pulmonary TB).
Researchers in a study from Turkey reported similar find-
ings (OR = 0.54; p = 0.025 for an extrapulmonary site vs. a
pulmonary site) (Musellim et al. 2005). The meta-analysis
by Lin and colleagues (2007) found a higher risk of TB,
both pulmonary and extrapulmonary, in smokers than in
nonsmokers. When studies were restricted to those that
included only pulmonary TB cases, the association was
stronger than was found when studies that included both
pulmonary and extrapulmonary TB cases were considered
(2.01 vs. 1.49). This difference did not reach statistical sig-
nificance.

One study addressed smoking and the severity of
TB. Among a cohort of more than 13,000 TB patients in
Spain, Altet-Gomez and colleagues (2005) reported that
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smokers were 50% more likely than nonsmokers to develop
pulmonary disease and almost twice as likely to have cavi-
tary disease.

Evidence Synthesis

Evidence on the relationship between smoking and
TB needs to be assessed within the framework offered by
the natural history of the infection. Smoking may have an
effect at multiple stages of this natural history (Figure 7.7),
and thus the evidence should be considered separately for
the risks of TB infection, TB disease, recurrent TB disease,
and TB mortality (see Table 7.9 for a summary of evidence
from three systematic reviews on the association between
smoking and three TB outcomes: infection, active disease,
and mortality due to TB [van Zyl Smit et al. 2010]). This
framework focuses on two questions: (1) Is the risk of inci-
dent TB infection higher in smokers than in nonsmokers,
and (2) in persons with TB infection, does the course of
TB infection differ between smokers and nonsmokers with
regard to risk for TB disease, recurrence, and mortality?

TB Infection

The available studies consistently show that smokers
are at a greater risk for TB than nonsmokers (RR = 1.2—
2.7), but all but one of the studies are cross-sectional in
design, leaving the temporality of causation ambiguous.
Only the nested case-control study among TST converters
found that smoking occurred prior to incident infection
(Anderson et al. 1997). The literature has not consistently
demonstrated dose-response relationships between TB
infection and the number of cigarettes smoked per day
or pack-years. Adjusting for alcohol consumption as a
potential confounder reduced the strength of the associa-
tion between tobacco and latent TB infection in a meta-

analysis, but the association remained significant (Lin et
al. 2007).

Biologic evidence supports the plausibility of
increased risk for TB infection among smokers because
tobacco smoke has been shown to cause mechanical dis-
ruption of ciliary function, alter mucociliary clearance in
the airways (Arcavi and Benowitz 2004), and inhibit mac-
rophage responses, thus increasing the likelihood that M.
tuberculosis organisms reach the alveoli where TB infec-
tion begins (Altet et al. 1996). Although such factors as age,
gender, and SES have also been associated with risk of TB
infection, smoking has been shown to be an independent
risk factor. Exposure to an infectious TB case is necessary
for TB infection to occur, but collective evidence suggests
that persons exposed to tobacco smoke, either actively or
passively, are at greater risk of becoming infected with TB
than those who are not exposed to tobacco smoke.

TB Disease

The evidence reviewed in this section implicates
smoking as a cause of TB disease. The infectious organism
that causes tuberculosis, M. tuberculosis, is, of course, the
necessary cause of TB. However, other agents can increase
risk for TB by acting to increase the risk for infection or by
increasing the risk for disease in those who are infected.
Within the framework for causal inference used in the Sur-
geon General’s reports, such additional risk factors that
are neither necessary nor sufficient have been interpreted
as causal. For example, the 2004 report identified smoking
as a causal risk factor for cervical cancer, while acknowl-
edging the necessary role of human papilloma virus (USD-
HHS 2004). Cohort studies showed that human papilloma
virus-infected women who smoked developed cervical
intraepithelial neoplasia at a higher rate than nonsmok-
ers. The evidence on smoking and TB is thus interpreted

Table 7.9 Meta-analysis of the association between smoking and latent tuberculosis (TB) infection, progression to
active disease, and mortality from active TB
Pooled RR (95% CI)
Outcome Slama et al. 2007 Lin et al. 2007 Bates et al. 2007
TB infection ~1.8(1.5-2.1) 1.7-2.2 (1.5-2.8) ~ 1.7 (1.5-2.0)
TB disease ~2.3(1.8-3.0) ~ 2.0 (1.6-2.6) ~ 2.3 (2.0-2.8)
TB mortality ~2.2(1.3-3.7) ~ 2.0 (1.1-3.5) ~2.1(1.4-3.4)

Source: Adapted from van Zyl Smit et al. 2010 with permission from European Respiratory Society, © 2010.

Note: CI = confidence interval; RR = relative risk.
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with recognition of the necessary role of M. tuberculosis.

The association between smoking and TB disease is
consistent across studies, and findings from several pro-
spective cohort studies confirm previous findings that
were largely based on case-control studies. The associa-
tion is found consistently across different populations and
geographic regions, although the most informative stud-
ies have been conducted in Asian countries where smoking
is common among men and TB disease remains frequent.
Most studies have observed dose-response relationships
with indicators of the extent of smoking, strongly sug-
gesting that an increased number of cigarettes smoked
per day, increased years of smoking, and earlier age at the
start of smoking are all associated with increased risk for
TB disease.

In interpreting the results of these studies, the main
limitation is the incomplete consideration of some poten-
tial confounding factors, leaving the possibility of residual
confounding. However, prospective cohort studies carried
out by Jee and colleagues (2009) and Lin and associates
(2009b) have controlled for age, gender, and alcohol use.
Aside from smoking, SES has many correlates that are
relevant to risk for TB disease, including nutrition, hous-
ing, and other exposures. Although various studies have
measured SES in different ways, the association between
smoking and risk for TB disease persists after adjusting
for SES. The body of evidence is greater for pulmonary
TB disease than for extrapulmonary TB (Lin et al. 2007).
Finally, although research demonstrates a strong associa-
tion between smoking and TB disease, it is still not clear
whether the association reflects an increased risk of infec-
tion or of reactivation to active TB disease.

TB Recurrence

Only a few studies present evidence of an associa-
tion between smoking and risk for recurrent TB disease
(Table 7.7S). Unfortunately, when studying recurrent TB,
differentiating between relapse due to treatment failure
and reactivation of a subsequent infection with M. fuber-
culosis can be difficult. Studies with short follow-up of
patients who have completed treatment—for example, the
one by Thomas and colleagues (2005) in South India—
suggest that relapse is more likely to occur among smok-
ers than nonsmokers. Studies with longer follow-up are
more likely than those with a short follow-up to include
both TB cases from relapse and TB cases developing from
exogenous reinfection; the former studies report a con-
sistent twofold to threefold increased risk for recurrent
TB associated with smoking. Temporality is inherent
when investigating recurrent disease, but a dose-response
relationship has not been reported. In the Korean cohort
study by Jee and colleagues (2009), smoking increased the
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risk of recurrence by 30% in men but not significantly so
in women, and a dose-response relationship with amount
smoked was not observed. Overall, the evidence suggests a
heightened risk for recurrent TB among smokers.

TB Mortality

The body of evidence for increased risk of mortality
among TB patients who smoke has increased considerably
over time. Smokers have a greater risk for TB mortality
than nonsmokers because of a worsening of the natural
history of TB in smokers. Additionally, the impairment
of lung function caused by smoking, including the devel-
opment of COPD, could increase the risk of death from
respiratory failure. The several large case-control studies
in India and China that have investigated deaths associ-
ated with smoking have consistently identified a strong
association between smoking and TB mortality, with
high attributable risks for smoking. Although most of
the mortality evidence comes from studies in India and
China, studies from Korea and South Africa provide simi-
lar results, suggesting that smoking increases risk for TB
mortality across a range of settings in both low- and high-
income countries. Two studies found a strong, positive
dose-response relationship between number of cigarettes
smoked per day and TB mortality (Liu et al. 1998; Lam et
al. 2001), but the Korean study did not (Jee et al. 2009).
The potential confounders included most commonly in
these mortality analyses were age, gender, and education;
three of the analyses controlled for alcohol use. Overall,
the studies considered in this review consistently show an
association between smoking and TB mortality, but the
potential limitation among these studies of possible mis-
classification (in either direction) of TB deaths must be
considered.

Conclusions

1. The evidence is sufficient to infer a causal relation-
ship between smoking and an increased risk of Myco-
bacterium tuberculosis disease.

2. The evidence is sufficient to infer a causal relationship
between smoking and mortality due to tuberculosis.

3. The evidence is suggestive of a causal relationship
between smoking and the risk of recurrent tubercu-
losis disease.

4. The evidence is inadequate to infer the presence or

absence of a causal relationship between active smok-
ing and the risk of tuberculosis infection.

Respiratory Diseases 385



Surgeon General’s Report

5. The evidence is inadequate to infer the presence or
absence of a causal relationship between exposure
to secondhand smoke and the risk of tuberculo-
sis infection.

6. The evidence is inadequate to infer the presence or
absence of a causal relationship between exposure
to secondhand smoke and the risk of tuberculo-
sis disease.

Implications

Tobacco smoking contributes to the burden of TB
worldwide, potentially increasing risk for TB infection,
disease, recurrence, and mortality. In 2008, TB killed
1.3 million people worldwide, and tobacco use may have

Idiopathic Pulmonary Fibrosis

accounted for more than one-half of those deaths in some
regions (WHO 2010). Reduction of the consumption of
tobacco at the population level will reduce TB infection,
disease, and mortality. In short, tobacco control can con-
tribute to TB control. There is currently a strong inter-
est in determining the impact of smoking cessation for
newly diagnosed TB patients, with the hypothesis that TB
patients who smoke are at increased risk of failing treat-
ment, sustaining a relapse, and/or dying. Cessation efforts
among TB patients offer an opportunity to target a vulner-
able population that, as a result of having the disease, may
be motivated to quit. The effect of smoking on TB disease
represents an important motivation for cessation that can
be added to the numerous other risks of smoking. The
most effective and efficient cessation strategies need to be
determined, but they are likely to differ by the epidemiol-
ogy and smoking behaviors of the targeted population.

The diffuse parenchymal lung diseases are a het-
erogeneous group of disorders of known and unknown
causes with distinct clinicopathologic characteristics.
Among these diseases, the evidence on risk associated
with cigarette smoking has been variable. For example,
cigarette smoking is associated with an increased risk
for IPF, desquamative interstitial pneumonia, and inter-
stitial lung disease but with a decreased risk for sarcoid-
osis and hypersensitivity pneumonitis (Travis et al. 2002;
USDHHS 2004). The focus of the present review is on IPF,
the most common and also the most severe of the idio-
pathic interstitial pneumonias (Raghu et al. 2011). This
topic was reviewed in the 2004 Surgeon General’s report,
The Health Consequences of Smoking; at that time, the
evidence was determined to be “inadequate to infer the
presence or absence of a causal relationship between
active smoking and IPF” (USDHHS 2004).

The prevalence of IPF is much lower than that of
COPD (USDHHS 2004). The prevalence of IPF is estimated
at only 2 to 43 cases per 100,000 persons (Coultas et al.
1994; Raghu et al. 2006, 2011), but IPF is likely under-
diagnosed as well. These prevalence estimates reflect not
only the low incidence of the disease but also the high
case-fatality rate.
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Description of the Literature
Review

A MEDLINE search was conducted to identify new
studies on the biological mechanisms of IPF and obser-
vational studies published during 2005-2012 in order to
update a review on this topic published in 2006 (Taskar
and Coultas 2006). The search strategy included using the
terms “smoking,” “IPF,” and “pulmonary fibrosis”; in addi-
tion, after the MEDLINE search was completed, the bib-
liographies of relevant articles were reviewed to identify
literature not found by the search.

Biological Evidence

Although the biological mechanisms leading to pul-
monary fibrosis continue to be an active area of investiga-
tion, available evidence suggests that both environmental
and genetic factors contribute to the disorder (Garantziotis
and Schwartz 2006; King et al. 2011; Chilosi et al. 2012;
Faner et al. 2012; Macneal and Schwartz 2012). Addition-
ally, smoking has numerous effects on the immune sys-
tem that may be relevant (see Chapter 10). The process



leading to pulmonary fibrosis is posited to start with alve-
olar epithelial injury from a number of possible inhaled
toxicants, such as cigarette smoke or asbestos fibers. This
epithelial micro-injury is followed by a complex process
that involves multiple pathways of injury and repair (King
et al. 2011). The process appears to be lengthy and leads to
gradual fibrosis of the lung with stiffening and impaired
gas exchange. Some of these same general mechanisms
figure in the pathogenesis of COPD (Chilosi et al. 2012;
Faner et al. 2012). Emerging evidence points to genetic
factors that may be involved in the pathogenesis of IPF;
these genes are relevant to host defenses, cell-cell adhe-
sion, and DNA repair (King et al. 2011).

Epidemiologic Evidence

Epidemiologic evidence on the association between
cigarette smoking and IPF has been reviewed previously
(USDHHS 2004; Taskar and Coultas 2006) and is updated
in this section. The sources of epidemiologic evidence have
included the results from both descriptive and analytical
studies. The descriptive studies have been comprised of
a small case series of patients with IPF, disease registries
(Coultas et al. 1994; Gribbin et al. 2006), and large health
care administrative databases (Raghu et al. 2006). Of the
analytical studies, 10 have been case-controls, 1 of famil-
ial idiopathic interstitial pneumonia, and 1 autopsy series
(Table 7.10S).

Descriptive Studies

The prevalence, incidence, and mortality rates
associated with IPF are consistently higher among men
than women and increase markedly with advancing age
(Coultas et al. 1994; Gribbin et al. 2006; Raghu et al.
2006). These two patterns are consistent with the higher
frequency of smoking among men and with the mecha-
nism of repeated micro-injury to the alveolar epithelium
occurring with aging.

Subclinical interstitial lung abnormalities are also
found among smokers (Lederer et al. 2009; Katzenstein
et al. 2010; Washko et al. 2011; Doyle et al. 2012). Using
high-resolution CT scanning, Washko and colleagues
(2011) examined the lungs of 2,416 smokers 45 years of
age or older who had accumulated at least 10 pack-years of
smoking. Of these smokers, 8% had interstitial lung abnor-
malities associated with subpleural abnormalities. These
abnormalities were associated with restrictive physiologi-
cal impairment and impaired 6-minute walking distance
(Doyle et al. 2012). Moreover, interstitial lung abnor-
malities were associated with older age, current smoking
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(OR = 1.67; 95% CI, 1.14-1.43), and greater exposure to
tobacco smoke (OR =1.08; 95% CI, 1.01-1.15) for each 10
pack-years of smoking (Washko et al. 2011). In addition,
two studies of lung specimens obtained from lobectomies
performed for lung cancer showed that interstitial fibrosis
is common in smokers (Kawabata et al. 2008; Katzenstein
et al. 2010). Airspace enlargement with fibrosis was pres-
ent in 18% of moderate smokers in one of these studies
(Kawabata et al. 2008), and in the other, Katzenstein and
colleagues (2010) found interstitial fibrosis in more than
25% of the slides taken from the lobectomy specimens in
60% of smokers.

Analytical Studies

Of the 12 studies reported in Table 7.10S, 5 of them,
all published 1990-2005, have been reviewed previously
(Taskar and Coultas 2006). Of the 10 case-control stud-
ies presented in the table, 6 reported significant associa-
tions between ever or former smoking and IPF, with the
OR (95% CI) ranging from 1.57 (1.01-2.33) to 5.4 (2.30-
12.66). These 6 studies were conducted in five different
countries: Japan, Mexico, Sweden, the United Kingdom,
and the United States. The risk of current smoking was
examined in only 1 study and was found to be nonsignifi-
cant (Miyake et al. 2005). The largest studies of environ-
mental and occupational risk factors for IPF conducted in
the United States (Baumgartner et al. 1997, 2000) and the
United Kingdom (Hubbard et al. 1996) had nearly iden-
tical results, with an OR (95% CI) for smoking of 1.59
(1.1-2.4) and 1.57 (1.01-2.43), respectively. In 3 studies,
there was evidence for a dose-response effect using pack-
years of smoking, but the analyses were limited by small
numbers in some categories of dose (Hubbard et al. 1996;
Baumgartner et al. 1997; Miyake et al. 2005).

These epidemiologic studies had a number of limi-
tations, including inconsistent adjustment for potential
confounders, small samples, and missing data. Adjust-
ment for potential confounders was reported in only 4
of these 10 studies. Moreover, when adjustment for con-
founders was performed, there was variation in the vari-
ables used, which included age, gender, region, family
history of IPF, occupational and environmental exposures,
and comorbid conditions. Small samples with limited sta-
tistical power may explain the lack of significant associa-
tions in 2 studies (Scott et al. 1990; Miyake et al. 2005). In
the study conducted by Hubbard and colleagues (2008) of
the association between IPF and cardiovascular disease,
misclassification of missing data on the smoking status
from 14% of cases and 16% of controls may have resulted
in an underestimation of the risk of smoking.
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In addition to the case-control design, the asso-
ciation between cigarette smoking and lung fibrosis has
been examined using other study designs, including one
on familial interstitial pneumonia (Steele et al. 2005)
and in an autopsy sample (Schenker et al. 2009). Steele
and colleagues (2005) identified 111 families with famil-
ial interstitial pneumonia, defined as two or more cases
of probable or definite idiopathic interstitial pneumonia
in individuals related within three degrees. Among these
families, 309 individuals had definite or probable disease,
with 80% classified as IPF, and 360 were unaffected. Over-
all, ever smoking was associated with an increased risk of
familial interstitial pneumonia (OR = 3.6; 95% CI, 1.3-9.8
after adjustment for age and gender). Moreover, the aver-
age number of pack-years of smoking was significantly
higher among affected family members than among those
unaffected (16.6 vs. 6.9).

In their autopsy study, Schenker and colleagues
(2009) examined 112 consecutive specimens from His-
panic males and described a range of pathologic abnor-
malities, including smoking-related small airways disease
(54.5%) and interstitial fibrosis (19.1%). After adjustment
for age and exposure to mineral dust, pathologic evidence
of smoking-related small airways disease was strongly
associated with interstitial fibrosis (OR = 5.03; 95% ClI,
1.12-22.68).

Evidence Synthesis

Since the publication of the 2004 Surgeon Gener-
al’s report on the health consequences of smoking, there
have been advances in our understanding of the biological
mechanisms involved in the development of IPF and an
increase in the number of epidemiologic investigations on
this topic. Major issues considered in the interpretation of
epidemiologic evidence include the potential for bias and
confounding and a lack of statistical power. Although the
case-control design, used for most of the studies reported
in Table 7.10S, is subject to potential biases, the consis-
tency of the findings, combined with the use of different
control groups, including healthy controls, community
controls, and clinic/hospital controls, suggests that bias
alone is not a likely explanation for the findings. Con-
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trol for potential confounding factors was not consistent
among the epidemiologic investigations reviewed here,
but in most studies when there was adjustment for pos-
sible confounders, significant associations between smok-
ing and IPF remained. Additionally, given the paucity
of confirmed risk factors for IPF, confounding seems an
unlikely explanation for this association.

Plausibility is strong, and a causal association is
coherent with the current understanding of the toxic
biological effects of cigarette smoke, which causes cel-
lular injury. This injury starts a cascade of genetically
determined repair responses that may result in fibrosis
among persons with genetically abnormal host defenses
or repair mechanisms. Moreover, this sequence of biologi-
cal events, starting with cellular injury and ending with
fibrosis, provides support for the criterion of temporality.
Looking across the epidemiologic studies, an association
of IPF with smoking was found in different populations
of patients and controls from different countries and over
different periods of time. Although the overall strength of
association between smoking and IPF is relatively small
(OR = 1.6) (Taskar and Coultas 2006), misclassification
of both diagnosis and exposure may have reduced the
magnitude of the association. The limited evidence on an
increasing strength of association with a greater number
of pack-years of smoking supports the biologic-gradient
criterion (i.e., dose-response).

Conclusion

1. The evidence is suggestive but not sufficient to infer
a causal relationship between cigarette smoking and
idiopathic pulmonary fibrosis.

Implications

Further research is needed to address gaps in the
current evidence, and to establish sufficient evidence for a
causal relationship between cigarette smoking and IPF to
be adequately assessed.
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Impact of Smokefree Policies on Respiratory Outcomes

The evidence of the impact of smokefree policies
within indoor environments on multiple health outcomes
is reviewed in this and previous reports. In Chapter 8,
“Cardiovascular Diseases” it was concluded that “The evi-
dence is sufficient to infer a causal relationship between
the implementation of a smokefree law or policy and a
reduction in coronary events among populations under
65 years of age.” Previous Surgeon General’s reports have
concluded that exposure to secondhand smoke causes
cough, phlegm, wheeze, and breathlessness among chil-
dren; lower respiratory illnesses in infants and children;
and the onset of wheeze illnesses and exacerbation of
asthma among children and adults.

Despite the limited evidence for causal relationships
between exposure to secondhand smoke and the risk for
other acute and chronic respiratory diseases in adults,
researchers have examined the consequences of the imple-
mentation of a smokefree law or policy for the number of
hospital admissions for respiratory diseases. Eisner and
colleagues (2005, 2009a,b) reported findings suggesting
that chronic exposure to secondhand smoke increases the
risk of COPD and is associated with exacerbation of respi-
ratory symptoms. Evidence reviewed in the 2010 Surgeon
General’s report documented the mechanisms by which
exposure to the complex chemical mixture of combustion
compounds in tobacco smoke causes inflammation and
oxidative stress. Flouris and Koutedakis (2011) reported
results suggesting that exposure to secondhand smoke
can produce adverse inflammatory and respiratory effects
within 60 minutes of exposure and that these effects per-
sist for at least 3 hours after the exposure. Earlier work
by Flouris and colleagues (2009, 2010) provide additional
evidence of the acute and short-term effects of exposure
to secondhand smoke on lung functions and immune
responses. Additionally, as previous Surgeon General’s
reports have reviewed (USDHHS 2006), the implementa-
tion of smokefree laws improves the respiratory health of
bar and restaurant workers (Eisner et al. 1998; Menzies
et al. 2006; Ayres et al. 2009; Wilson et al. 2012). Hence,
there are biological and observational data suggesting that
the implementation of smokefree legislation or policies
could result in reduced respiratory symptoms and adverse
respiratory events.

A recent review (Tan and Glantz 2012) and other
recent papers (Vander Weg et al. 2012; Millett et al. 2013;
Sims et al. 2013) found significant declines in hospitaliza-
tions for respiratory diseases, following the implementa-
tion of a smokefree law or policy. In a meta-analysis of
11 studies of smokefree laws covering workplaces, restau-
rants, and bars, Tan and Glantz (2012) reported a pooled
RR of 0.76 (95% CI, 0.68-0.85) for hospital admissions
for respiratory disease following the implementation of a
smokefree law or policy, with the strongest effects found
for asthma and lung infections (Figure 7.9). The 11 stud-
ies evaluate comprehensive smokefree laws covering
workplaces, restaurants, and bars in countries (Ireland
and Scotland), states (Arizona and Delaware), and the city
of Toronto, Canada.

Millett and colleagues (2013) found a significant
decline in admissions for childhood asthma after the
implementation of English smokefree legislation in July
2007 (adjusted risk ratio = 0.91; 95% CI, 0.89-0.93). The
effect persisted over the first 3 years after implementa-
tion and was observed among children from different
age, gender, and SES groups and among those residing
in urban and rural locations in England. Sims and col-
leagues (2013) similarly evaluated the July 2007 English
smokefree legislation and found that it was associated
with a 4.9% (95% CI, 0.6%-9.0%) decline in emergency
admissions for asthma in the adult population. Vander
Weg and colleagues (2012) analyzed the patterns of hos-
pital admissions for COPD, among Medicare beneficiaries
65 years of age and older, following the implementation
of 938 smokefree laws passed by municipalities, counties,
and states between 1991-2008. Adjusting for the trend of
an increase in COPD admission rates, this analysis found a
significant decline in COPD admission following smoking
bans. However, in a smaller study in Rhode Island, Roberts
and colleagues (2012) did not observe a decline in asthma
admissions following the implementation of their state-
wide smokefree ordinance.

These results suggest that the relationship between
acute and chronic exposure to secondhand smoke and
respiratory disease outcomes merits further review and
investigation. The lack of assessments of pre- and postex-
posure in almost all studies has been a limitation.
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Figure 7.9

Forest plot for hospital admissions for respiratory disease following the implementation of a smokefree

law or policy

Location Author and year ES (95% CI)
Workplaces Only |
Toronto, Canada (phase 1) Naiman et al. 2010 —— 1.09 (0.96-1.24)
Toronto, Canada (phase 1) Naiman et al. 2010 —— 0.84 (0.62-1.15)
United States Dove et al. 2011 - : 0.55 (0.27-1.13)
Toronto, Canada (phase 1) Naiman et al. 2010 — 1.02 (0.90-1.15)
Subtotal (I-squared = 44%, p = 0.148) T 1.00 (0.87-1.14)
Workplaces and Restaurants
Toronto, Canada (phase 2) Naiman et al. 2010 — 0.94 (0.83-1.05)
Lexington-Fayette Co., KY Rayens et al. 2008 - 0.78 (0.71-0.86)
Toronto, Canada (phase 2) Naiman et al. 2010 —— 0.65 (0.49-0.85)
Toronto, Canada (phase 2) Naiman et al. 2010 —— 0.81 (0.73-0.91)
Subtotal (I-squared = 66.5%, p = 0.030) <> 0.81 (0.73-0.91)
Workplaces, Restaurants, and Bars
Ireland Kent et al. 2012 ——— 1.18 (0.86-1.60)
Toronto, Canada (phase 3) Naiman et al. 2010 — 0.73 (0.65-0.82)
Arizona Herman and Walsh 2010 — 0.77 (0.68-0.86)
Delaware Moraros et al. 2010 - 0.95 (0.90-0.99)
Ireland Kent et al. 2012 — 0.60 (0.39-0.91)
Scotland Mackay et al. 2008 * 0.81 (0.78-0.83)
Toronto, Canada (phase 3) Naiman et al. 2010 — 0.48 (0.36-0.63)
Ireland (LRTI) Kent et al. 2012 — 0.83 (0.61-1.13)
Ireland (pneumonia) Kent et al. 2012 — 0.71 (0.52-0.98)
Toronto, Canada (phase 3) Naiman et al. 2010 —-— 0.64 (0.58-0.72)
Ireland Kent et al. 2012 * 0.62 (0.22-1.75)
Subtotal (I-squared = 88.0%, p = 0.000) <> 0.76 (0.68-0.85)
[ [ | |
0.1 0.2 0.5 1 2

Relative risk of hospitalization

Source: Adapted from Tan and Glantz 2012 with permission from Wolters Kluwer Health, © 2012.
Note: CI = confidence interval; ES = effect size (relative risk); LRTI = lower respiratory tract infection. 95% CI for each study. The
size of the shaded area around each point is proportional to the weight in the random effects meta-analysis. Error bars indicate 95%

CI for each study. See Tan and Glantz 2012, Tables S1-S4 for further details about each risk estimate or study.
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Evidence Summary

The Health Consequences of Smoking—50 Years of Progress

This chapter has reviewed updated evidence on
COPD, a disease causally linked to smoking in the 1964
report. Mortality from COPD continues to rise, and smok-
ing remains responsible for the majority of cases. For
asthma, another obstructive lung disease, the evidence
was found to be sufficient to infer that smoking is a cause
of incident asthma in adolescents. The benefits of smoke-
free policies have been shown previously for workers with
asthma; evidence considered in this report points to a

Implications

reduction in the admissions for respiratory diseases fol-
lowing implementation of a smokefree policy.

TB was once a leading cause of death in the United
States. Now far less frequent in the United States, it
remains prominent elsewhere and caused 1.4 mil-
lion deaths worldwide in 2011 (WHO 2013). Evidence
reported over the last decade is sufficient to lead to a con-
clusion that smoking increases the risk for TB and for
dying from TB. For IPF, the evidence was suggestive of a
causal association.

The evidence reviewed in this chapter reaffirms the
potential for avoiding a substantial burden of respiratory
disease through tobacco control. It reaffirms the possibil-
ity of avoiding much of the burden of COPD in the United
States and reducing the occurrence of asthma in youth
and young adults. Most significantly, the evidence consid-
ered here points to an opportunity to reduce the burden of
disease and mortality from TB. Smoking has received little

Chapter Conclusions

attention in relation to TB until recently. Smoking cessa-
tion should be integral to the management of the millions
of people receiving treatment for this disease worldwide.
Few etiological risk factors have been found for IPF; con-
tinued research on smoking and IPF is needed, given the
potential to prevent another respiratory disease with a
high fatality rate.

Chronic Obstructive Pulmonary
Disease

1. The evidence is sufficient to infer that smoking is the
dominant cause of chronic obstructive pulmonary
disease (COPD) in men and women in the United
States. Smoking causes all elements of the COPD
phenotype, including emphysema and damage to the
airways of the lung.

2. Chronic obstructive pulmonary disease (COPD) mor-
tality has increased dramatically in men and women
since the 1964 Surgeon General’s report. The number
of women dying from COPD now surpasses the num-
ber of men.

3. The evidence is suggestive but not sufficient to infer
that women are more susceptible to develop severe
chronic obstructive pulmonary disease at younger
ages.

4. The evidence is sufficient to infer that severe ol-

antitrypsin deficiency and cutis laxa are genetic
causes of chronic obstructive pulmonary disease.

Asthma

1. The evidence is suggestive but not sufficient to infer a
causal relationship between active smoking and inci-
dence of asthma in adolescents.
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The evidence is suggestive but not sufficient to infer a
causal relationship between active smoking and exac-
erbation of asthma among children and adolescents.

The evidence is suggestive but not sufficient to infer
a causal relationship between active smoking and the
incidence of asthma in adults.

The evidence is sufficient to infer a causal relation-
ship between active smoking and exacerbation of
asthma in adults.

Tuberculosis

1.

The evidence is sufficient to infer a causal relation-
ship between smoking and an increased risk of Myco-
bacterium tuberculosis disease.

The evidence is sufficient to infer a causal relationship
between smoking and mortality due to tuberculosis.

The evidence is suggestive of a causal relationship
between smoking and the risk of recurrent tubercu-
losis disease.

392 Chapter 7

The evidence is inadequate to infer the presence or
absence of a causal relationship between active smok-
ing and the risk of tuberculosis infection.

The evidence is inadequate to infer the presence or
absence of a causal relationship between exposure to
secondhand smoke and the risk of tuberculosis infec-
tion.

The evidence is inadequate to infer the presence or
absence of a causal relationship between exposure to
secondhand smoke and the risk of tuberculosis dis-
ease.

Idiopathic Pulmonary Fibrosis

The evidence is suggestive but not sufficient to infer
a causal relationship between cigarette smoking and
idiopathic pulmonary fibrosis.
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Appended Data Table for Figure 7.23P

State® Percent COPD
Alabama 9.06
Alaska 5.88
Arizona 5.08
Arkansas 7.22
California 4.45
Colorado 4.58
Connecticut 5.67
Delaware 4.80
District of Columbia 4.65
Florida 7.13
Georgia 6.91
Hawaii 4.15
Idaho 5.02
Illinois 5.89
Indiana 7.86
lowa 4.65
Kansas 6.23
Kentucky 9.29
Louisiana 6.55
Maine 6.86
Maryland 5.81
Massachusetts 5.38
Michigan 7.40
Minnesota 3.92
Mississippi 7.92
Missouri 7.55
Montana 5.39
Nebraska 4.61
Nevada 6.93
New Hampshire 5.92
New Jersey 4.84
New Mexico 5.77
New York 5.56
North Carolina 6.50
North Dakota 4.39
Ohio 7.07
Oklahoma 8.02
Oregon 5.43
Pennsylvania 6.09
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State® Percent COPD
Rhode Island 5.88
South Carolina 7.07
South Dakota 4.90
Tennessee 8.71
Texas 5.54
Utah 4.21
Vermont 4.42
Virginia 5.78
Washington 3.90
West Virginia 8.03
Wisconsin 5.04
Wyoming 5.64
Puerto Rico 3.10

Source: CDC 2012a.

Note: COPD = chronic obstructive pulmonary disease.
aAge-adjusted to the 2000 U.S. standard population, using five

age groups: 18—44 years, 45-54 years, 55—64 years, 65-74
years, and 75 years of age and older.
bBased on an affirmative response to the question, “Has a

doctor, nurse, or other health professional ever told you that
you have COPD, emphysema, or chronic bronchitis?”
cIncludes the 50 states, District of Columbia, and Puerto Rico.
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Appended Data Table for Figure 7.9

Effect size, relative

Study Place Location risk (95% CI)
Naiman 2010 Workplaces only Toronto, Canada (phase 1) 1.09 (0.96-1.24)
Naiman 2010 Workplaces only Toronto, Canada (phase 1) 0.84 (0.62-1.15)
Dove 2011 Workplaces only United States 0.55 (0.27-1.13)
Naiman 2010 Workplaces only Toronto, Canada (phase 1) 1.02 (0.90-1.15)
( )

Subtotal: Workplaces only
(I-squared = 44%, p = 0.148)

Naiman 2010
Rayens 2008

Naiman 2010
Naiman 2010

Subtotal: Workplaces and
restaurants (I-squared = 66.5%,
p = 0.030)

Kent 2012
Naiman 2010
Herman 2010
Moraros 2010
Kent 2012
Mackay 2008
Naiman 2010
Kent 2012
Kent 2012
Naiman 2010
Kent 2012

Subtotal: Workplaces, restaurants,

and bars (I-squared = 88.0%,
p = 0.000)

Workplaces and restaurants

Workplaces and restaurants

Workplaces and restaurants

Workplaces and restaurants

Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars
Workplaces, restaurants, and bars

Workplaces, restaurants, and bars

Toronto, Canada (phase 2)

Lexington-Lafayette County,
Kentucky

Toronto, Canada (phase 2)
Toronto, Canada (phase 2)

Ireland

Toronto, Canada (phase 3)
Arizona

Delaware

Ireland

Scotland

Toronto, Canada (phase 3)
Ireland (LRTT)

Ireland (pneumonia)
Toronto, Canada (phase 3)

Ireland

1.00 (0.87-1.14

0.94 (0.83-1.05)
0.78 (0.71-0.86)

0.65 (0.49-0.85)
0.81 (0.73-0.91)
0.81 (0.73-0.91)

1.18 (0.86-1.60)
0.73 (0.65-0.82)
0.77 (0.68-0.86)
0.95 (0.90-0.99)
0.60 (0.39-0.91)
0.81 (0.78-0.83)
0.48 (0.36-0.63)
0.83 (0.61-1.13)
0.71 (0.52-0.98)
0.64 (0.58-0.72)
0.62 (0.22-1.75)
0.76 (0.68-0.85)

Source: Adapted from Tan and Glantz 2012 with permission from Wolters Kluwer Health, © 2012.

Note: CI = confidence interval. The size of the shaded area around each point is proportional to the weight in the random effects meta-
analysis. Error bars indicate 95% CI for each study. See Tan and Glantz 2012, Tables S1-S4 for further details about each risk estimate

or study.
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