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Abstract

Background

According to WHO Global Health Estimates, tuberculosis (TB) is among the top ten causes
of global mortality and ranks second after cardiovascular disease in most high-burden re-
gions. In this systematic review and meta-analysis, we investigated the role of second-hand
smoke (SHS) exposure as a risk factor for TB among children and adults.

Methods and Findings

We performed a systematic literature search of PubMed, Embase, Scopus, Web of Science,
and Google Scholar up to August 31, 2014. Our a priori inclusion criteria encompassed only
original studies where latent TB infection (LTBI) and active TB disease were diagnosed
microbiologically, clinically, histologically, or radiologically. Effect estimates were pooled using
fixed- and random-effects models. We identified 18 eligible studies, with 30,757 children and
44,432 adult non-smokers, containing SHS exposure and TB outcome data for inclusion in the
meta-analysis. Twelve studies assessed children and eight studies assessed adult non-smok-
ers; two studies assessed both populations. Summary relative risk (RR) of LTBI associated
with SHS exposure in children was similar to the overall effect size, with high heterogeneity
(pooled RR 1.64, 95% CI 1.00-2.83). Children showed a more than 3-fold increased risk of
SHS-associated active TB (pooled RR 3.41, 95% CI 1.81-6.45), which was higher than the
risk in adults exposed to SHS (summary RR 1.32, 95% CI 1.04—1.68). Positive and significant
exposure—response relationships were observed among children under 5y (RR 5.88, 95% CI
2.09-16.54), children exposed to SHS through any parent (RR 4.20, 95% CI 1.92-9.20), and
children living under the most crowded household conditions (RR 5.53, 95% CI 2.36—12.98).
Associations for LTBI and active TB disease remained significant after adjustment for age,
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biomass fuel (BMF) use, and presence of a TB patient in the household, although the meta-
analysis was limited to a subset of studies that adjusted for these variables. There was a loss
of association with increased risk of LTBI (but not active TB) after adjustment for socioeconom-
ic status (SES) and study quality. The major limitation of this analysis is the high heterogeneity
in outcomes among studies of pediatric cases of LTBIl and TB disease.

Conclusions

We found that SHS exposure is associated with an increase in the relative risk of LTBI and ac-
tive TB after controlling for age, BMF use, and contact with a TB patient, and there was no sig-
nificant association of SHS exposure with LTBI after adjustment for SES and study quality.
Given the high heterogeneity among the primary studies, our analysis may not show sufficient
evidence to confirm an association. In addition, considering that the TB burden is highest in
countries with increasing SHS exposure, it is important to confirm these results with higher
quality studies. Research in this area may have important implications for TB and tobacco
control programs, especially for children in settings with high SHS exposure and TB burden.

Introduction

According to recent global health estimates, tuberculosis (TB) is among the top ten causes of
global mortality and ranks second after cardiovascular disease (CVD) in most high-burden re-
gions [1,2]. In the latest WHO Global Tuberculosis Report [3], it was estimated that approxi-
mately one-third of the world’s population is infected with Mycobacterium tuberculosis (Mtb),
and that each year 8.6 million people develop TB disease and 1.3 million die of the disease.
Children contribute a substantial burden of new TB cases (6%) and deaths (8%) globally [3,4].
The international community of TB researchers has recognized the urgent need to address pe-
diatric TB, and is now working toward reducing child deaths from TB to zero [5].

Among the many risk factors for TB, smoking of tobacco products has recently been restudied
for its association with TB [6,7]. Biologically plausible mechanisms for the effect of smoking on
risk of TB infection include decrease in ciliary function, alterations in macrophage number and
response [8,9], and decrease in CD4 and CD8 cells that produce interferon gamma and TNF
alpha [9]. There is some evidence indicating damaging effects of second-hand smoke (SHS; also
referred to as involuntary smoking, passive smoking, or environmental tobacco smoke [ETS]) on
the innate immune system of the lungs as well as the adaptive immune response, leading to a
greater susceptibility to Mtb infection and progression to active TB [10,11]. However, the link be-
tween SHS exposure and TB is not fully understood. In an attempt to fill this gap, we conducted
a systematic review and meta-analysis to examine the association of SHS exposure with the risk
of latent TB infection (LTBI) and active TB disease in children and adult non-smokers.

Methods
Search Strategy

We did a systematic review (according to PRISMA guidelines) to identify studies related to
SHS exposure and TB. We searched Medline (via PubMed) and Embase for studies published
between January 1, 1946, and August 31, 2014 (for search terms see Box 1). Articles resulting
from these searches and relevant references cited in those articles were reviewed.
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Box 1. Search Strategy and Terms Used to Identify Studies on
Second-Hand Smoke Exposure and TB

Medline term search:
“tuberculosis”

“second-hand smoking”
“environmental exposure”
“passive smoking”

“tobacco pollution”

o ;o P

“cohort studies” OR “case-control studies” OR “cross-sectional studies” OR “epidemi-
ologic studies” OR “prospective studies” OR “ratio” OR “risk”

7. “(1) AND (2) AND (6)” OR “(1) AND (3) AND (6)” OR “(1) AND (4) AND (6)” OR
“(1) AND (5) AND (6)”

Embase term search:

“tuberculosis”

“second-hand smoking”

“environmental exposure”

“passive smoking”

“tobacco pollution”

O S

“cohort studies” OR “case-control studies” OR “cross-sectional studies” OR “epidemi-
ologic studies” OR “prospective studies” OR “ratio” OR “risk”

7. “(8) AND (9) AND (13)” OR “(8) AND (10) AND (13)” OR “(8) AND (11) AND
(13)” OR “(8) AND (12) AND (13)”

Google Scholar term search:

“tuberculosis”

“second-hand smoking”

“environmental exposure”

“passive smoking”

“tobacco pollution”

N S O

“cohort studies” OR “case-control studies” OR “cross-sectional studies” OR “epidemi-
ologic studies” OR “prospective studies” OR “ratio” OR “risk”

7. “(15) AND (16) AND (20)” OR “(15) AND (17) AND (20)” OR “(15) AND (18)
AND (20)” OR “(15) AND (19) AND (20)”

The searches and studies included were not limited by publication date, country, or lan-
guage. Database searches were conducted independently by two authors (J. P. and M. B.). To
ensure comprehensive acquisition of literature, independent supplemental manual searches
were performed on the reference lists of relevant articles and other databases, including Scopus,
Web of Science, and Google Scholar. The contents of the abstracts or full-text articles identified
during the literature search were reviewed independently by two reviewers (J. P. and M. B.) to
determine whether they met the criteria for inclusion.
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Inclusion and Exclusion

Articles were independently identified by two reviewers for inclusion and in-depth examina-
tion. Our inclusion criteria selected only (1) original studies where LTBI or active TB were di-
agnosed with clinical, radiological, histological, and/or microbiological diagnostic tools; (2)
cohort studies, case-control studies, or cross-sectional surveys (case reports, review articles,
and editorials were excluded); and (3) studies on human participants aged <15, (i.e., chil-
dren) or >15Yy (i.e., adults). For included articles reporting on the same study population, the
more detailed article was selected. Discrepancies in article inclusion between reviewers were re-
solved by consensus. We categorized exposures as SHS or ETS exposure, parental smoking,
household smoking or presence of household smoker(s), and regular contact with smokers.
Study selection is summarized in Fig 1. The exclusion criteria disallowed studies in which active
smoking was not distinguished from passive smoking, active smoking was the only exposure,
or prenatal exposure was included. We excluded studies that explored high-risk populations
with HIV or other immune-compromising conditions.

Data Extraction and Synthesis

Data extracted included study location, setting (e.g., community, hospital, etc.), participant
age, number of participants, exposure definition and levels, diagnosis of outcome, crude and
adjusted effect sizes, and 95% confidence intervals (CIs). The presence of appropriate controls
and the covariates used for adjustment in multivariate analysis were extracted as study design
quality indicators. Study authors were contacted as necessary to obtain pertinent data not pub-
lished in the articles. When necessary, we manually calculated the unadjusted odds ratio from
raw data in an article for inclusion in the meta-analysis, or excluded the article if this was not
possible. We assessed the quality of the included studies using the Newcastle-Ottawa scale (S1
Table) [12].

Statistical Analysis

We conducted meta-analyses of risk estimates for LTBI and active TB disease for exposure to
SHS compared with non-exposure to SHS in non-smoking children and adults, and we report
pooled estimates and 95% Cls. For data extraction, analysis, and reporting, we used the PRISMA
guidelines for meta-analysis of observational studies (S1 Text) [13]. We tested for and quantified
heterogeneity with the Cochran Q statistic (p < 0.05) and I statistic, respectively, to describe
the variation in effect size attributable to heterogeneity across studies [14,15]. We used the I sta-
tistic to select the pooling method: fixed-effects models for I < 50% and random-effects models
for I* > 50% [14,15]. CIs of I* were calculated by the method suggested by Higgins and Thomp-
son [15]. We summarized pooled odds ratios using the inverse-variance method for fixed-effects
models and the DerSimonian and Laird method for random-effects models [14]. We used Gal-
braith plots to visualize the impact of individual studies on the overall homogeneity test statistic
[16]. We used meta-regression to evaluate whether effect size estimates were significantly differ-
ent by specific study characteristics and quality factors, specifically, adjustment for covariates
and for laboratory-confirmed TB diagnosis (most rigorous method) versus a mix of clinical and
laboratory-confirmed diagnosis (less rigorous). We also re-estimated the effect size stratified on
the same study characteristics and quality factors to produce separate estimates. Subgroup anal-
ysis was conducted on all relevant study characteristics regardless of statistical significance. We
investigated the presence and the effect of publication bias using a combination of the Begg’s
test [15] and Egger’s test [17]. Statistical analyses were performed using Stata 12.1 (StataCorp).
The metan, heterogi, metareg, metabias, galbr, metatrim, and metafunnel macros were used for
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Records identified through Additional records identified
database searching through other sources
(n=295) (n=14)
A A 4

Duplicates removed
(h=14)

A 4

Records screened
(n=295)

Records excluded
(n=203)

A 4

Full-text articles assessed
for eligibility
(n=92)

74 excluded:
30 did not provide estimate for
exposure variable
34 were review articles or
» editorials
3 were RCT on smoking
intervention and treatment
4 were systematic review
3 used same data in multiple
publications

y

Studies included in
guantitative synthesis
(meta-analysis)
(n=18)

Fig 1. Flowchart of study identification and inclusion. RCT, randomized controlled trial.
doi:10.1371/journal.pmed.1001835.9001

meta-analytic procedures. p-Values < 0.05 were considered statistically significant. An overview
of the study protocol is provided in S1 Protocol.

Results

Our search strategy resulted in 309 studies, of which 92 were deemed relevant upon initial in-
spection of study titles. Eighteen studies, with 30,757 children and 44,432 adult non-smokers,
met all of the inclusion criteria and were included in the meta-analysis (Fig 1). There was only
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one non-English (Spanish) study included in the analysis [18]. Six studies [19-24] had LTBI as
an outcome of interest, and the remaining 12 studies [18,25-35] had active TB as an outcome
of interest. Twelve studies [18-22,24,26,29,31,33-35] assessed children and eight studies
[22,23,25,27,28,30-32] assessed adult non-smokers; two studies [22,31] assessed both popula-
tions. All studies with active TB as an outcome had information on dose-response by a variety
of variables, including age [18,25-35], amount of smoke exposure in the household [21,26,33],
contact with a TB patient [20,21,24,26,35], and household crowdedness [18,26,35], with at least
three exposure categories. Table 1 summarizes the study characteristics. Given the significant
heterogeneity among the effect estimates of these studies, we conducted sensitivity analyses
with important study characteristics for each outcome for both children and adults.

Second-Hand Smoke Exposure and Latent TB Infection

We identified six studies [19-24] reporting the relative risk (RR) of LTBI upon exposure to
SHS (Table 2). All six studies were cross-sectional, and half [20-22] were assessed to be of good
quality. These studies were conducted in diverse WHO regions including Europe [19], South-
East Asia [24], Africa [20,21], and the Americas [22,23]. Overall, LTBI was positively associated
with SHS exposure (pooled RR 1.67, 95% CI 1.12-2.48, p for heterogeneity = 0.001, I = 65.3%)
(see Fig 2A). Relative risk was higher in the South-East Asia Region (RR 2.93, 95% CI 1.97-
4.36) and African Region (RR 2.11, 95% CI 1.00-4.49) than in the other regions. Our analysis
was limited since only a few studies adjusted for potentially confounding variables. However,
among the studies that did show adjusted estimates, effects were significant after adjustment
for age (RR 1.78, 95% CI 1.19-2.68), biomass fuel (BMF) use (RR 2.66, 95% CI 1.31-5.39), and
contact with a TB patient in the household (RR 2.03, 95% CI 1.25-3.28) (Table 2). There was
no significant association between SHS exposure and LTBI after a combined adjustment for
age and socioeconomic status (SES) (RR 1.11, 95% CI 0.54-2.31) or after adjustment for just
SES (RR 1.50, 95% CI 0.93-2.43), although age- and SES-adjusted estimates were significant in
the subgroup analysis for adults (pooled RR 1.58, 95% CI 1.03-2.43, p for heterogeneity = 0.466,
I? = 0.0%) (S2 Table) [22,23]. Meta-regression analysis showed significant effect size modifica-
tion for studies adjusted for SES (p = 0.033) and marginal significance for studies adjusted for
presence of a TB patient in the household (p = 0.105).

The summary relative risk of LTBI associated with SHS exposure in children derived from
five studies [19-22,24] was similar to the overall effect size (pooled RR 1.64, 95% CI 1.00-2.83),
but substantial heterogeneity was observed (I = 74.0%). Both the Galbraith plot and funnel
plot showed that one study estimate from US [22] was a potential source of heterogeneity. The
distinct findings (very low effect size) in this study may have resulted from a difference in the
methodology: stratification of the sample in the pediatric population by their birth place (US-
born versus foreign-born). When this single study estimate (RR = 0.07) was excluded, the over-
all effect estimate increased and the heterogeneity score improved (pooled RR 1.87, 95% CI
1.50-2.32, p for heterogeneity = 0.047, I’ = 47.4%); therefore, in a subsequent LTBI analysis for
children we presented a sensitivity analysis without the outlier (see S2 Table for pooled and
subgroup analysis). With this outlier removed, summary relative risk of LTBI associated with
SHS exposure in children was higher than the overall effect size, with modest heterogeneity
(pooled RR 2.00, 95% CI 1.30-3.08, p for heterogeneity = 0.022, I* = 49.5%) (S2 Table). Three
[20,21,24] of the five studies in children reported a positive and significant association between
SHS exposure and LTBI (Fig 2A). Four of the five studies in children [20-22,24] had adjusted
for presence of a TB contact in the household, and the association was found to be stronger
(RR 2.79, 95% CI 2.02-3.84); meta-regression analysis indicated that the difference between
presence and absence of TB contact had statistical significance (p = 0.045) (S2 Table). Meta-
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Table 1. Study characteristics.

Category Study
Design
LTBIl in children—  Cross-
pulmonary sectional
Cross-
sectional
Cross-
sectional
Cross-
sectional
LTBI in children—  Cross-
pulmonary or sectional
extrapulmonary
TB disease in Cohort
children—
pulmonary
Case-
control
Case-
control
Case-
control
TB disease in Case-
children— control
pulmonary or
extrapulmonary
Case-
control

Author and Year,
Country [Reference]

Babayigit-Hocaoglu

et al. 2011, Turkey
[19]

den Boon et al. 2007,
South Africa [20]

Du Preez et al. 2011,
South Africa [21]

Lindsay et al. 2014,
US [22]

Singh et al. 2005,
India [24]

Lin et al. 2013,
Taiwan [31]

Altet 1996, Spain [26]

Garcia-Sancho et al.
2013, Mexico [18]

Jubulis et al. 2014,
India [29]

Patra et al. 2012,
India [33]

Ramachandran et al.
2011, India [34]

Setting, Population, and
Mean Age

Hospital-based sample of
81 patients, including 35
with exposure to SHS;
mean age =85y

Population-based sample
of 1,811 children (including
356 who previously lived
with a TB patient);
childhood TB prevalence
18%; meanage=7.5y

Community-based sample
of 324 children from three
geographically adjacent,
low-income urban
communities; mean
age=6.8y

Nationally representative
sample of 2,534 US-born
and 408 foreign-born
children, including 22 US-
born and 36 foreign-born
cases; meanage=11.6y

Hospital-based sample of
376 children; mean
age=3y

Population-based sample
of 23,827 children from the
NHIS; excluded those
under 12 y; mean age = 15
y

Sample of 188 children,
including 93 cases
(exposed to a TB patient in
the household) and 95
controls (close contacts
without evidenceof active
TB); meanage=7.5y

Hospital-based sample of
282 children, including 65
cases and 217 controls
(non-smoking and with
diseases of ear or mastoid
process attending the
same hospital); mean
age=6.2y

Hospital-based sample of
25 cases (definite and
probable) and 118 healthy
controls attending
immunization clinics;
primarily poor population;
mean age =3y

Hospital-based sample of
400 children, including 200
cases and 200 age/sex-
matched controls from the
outpatient department of a
public hospital from the
same region; mean
age=10.34y

RNTCP-based sample of
123 children, including 41
cases and 82 controls from
patient’s neighborhood;
mean age =5.94y

Exposure; Exposure
Measurement

Exposure to cigarette
smoke in the household;
patient records

Exposure to ever-smoker in
the household with smoking
history of at least 1 y (and
living with TB patient in the
household); household
members’ self-report on
comprehensive lung-health
survey

Exposure to current
smokers in the household;
interviews with parents or
primary caregivers

Exposure to smoker in the
household; interviews with
household members

Smoking status of adult
contacts with TB; structured
interviews with contacts

Exposure to SHS in the
household; household
members’ self-report on
NHIS

Exposure to tobacco
smoked by others in the
household at the time of
survey and 6 mo prior;
cotinine levels and parents/
caregivers’ self-report on
structured questionnaires

Exposure to SHS in the
household; parents/
caregivers’ self-report on
standardized questionnaire

Exposure to tobacco smoke
in the household; household
members’ self-report in
interviews

Regular exposure to
tobacco smoke in the
household at the time of
symptom appearance;
parents’ self-report in
structured interview

Exposure to SHS or
sidestream smoke from
cigarette, cigar, or pipe;
household members’
response to structured
questionnaire

Outcome
Measurement

TST+ (>15 mm)

TST+ (>10 mm)

TST+ (>10 mm)

TST+ (>10 mm)

TST+ (>10 mm)

Mtb culture positivity;
clinical evidence; CXR

AFB smear and culture
positivity; clinical and
radiological evidence;
TST+

Bacteriological evidence

Mtb culture positivity;
clinical evidence; CXR;
response to antibiotics

Diagnosis per standard
WHO criteria (sputum
smear and culture
positivity)

Diagnosis per standard
WHO criteria (sputum
smear and culture
positivity)

Adjustment in
Multivariate Analysis

Only unadjusted ORs
reported

Age, income of

household members,
presence of a patient
with TB in the house

Age, previous TB
treatment, ethnicity,
housing type/SES
ratio of adults to
children, presence of
a patient with TB in
the house, BMI, BMF

Age, gender, poverty
income ratio,
education, race,
household size,
having lived with
someone with TB

Age, BCG vaccination,
malnutrition, smear
status of contact

Age, survey year, sex,
education, marital
status, residing in a
crowded home,
alcohol use,
employment status,
household income

Age, sex, father's SES

Only unadjusted ORs
reported

Age, SES, BMI, BMF,
IAP, household TB
exposure (contact)

Mother's education,
passive smoking,
contact with a family
member with TB
diagnosed in the
previous 2 y

Age, gender, income

Findings

Exposure to cigarette
smoke showed a lower
risk of LTBI than no such
exposure

Exposure to ever smoker
(and contact with a TB
patient) in the household
was related to higher risk
of LTBI; risk was higher
than exposure to
household smoke alone

Exposure to two or more
smokers in the household
associated with LTBI

Exposure to household
smoke showed higher risk
of LTBI only for foreign-
born children

Exposure to smoking by
parents with TB
associated with LTBI

Exposure to secondhand
smoke in the household
strongly associated with
TB disease

Exposure to tobacco
smoke in the household
strongly associated with
TB disease in children

Exposure to passive
tobacco smoke in the
household associated with
TB disease

Exposure to tobacco
smoke in the household
associated with TB
disease

Pulmonary TB was
present in 47.5% of the
cases; exposure to
tobacco smoke in the
household associated with
TB disease

Most cases (78%) had
pulomonary TB; strong
association between
secondhand/side stream
smoke and TB disease,
both pulmonary and
extrapulmonary

(Continued)
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Table 1. (Continued)

Category Study

Design

Case-
control

LTBI in adults—
pulmonary

Cross-
sectional

Cross-
sectional

TB disease in
adults—
pulmonary

Cohort

Case-
control

Case-
control

Case-
control

Case-
control

TB disease in Cohort
adults—
pulmonary or

extrapulmonary

Author and Year,
Country [Reference]

Tipayamongkholgul
et al. 2005, Thailand
[35]

Lindsay et al. 2014,
us [22]

Shin et al. 2013,
Mexico [23]

Lin et al. 2013,
Taiwan [31]

Alcaide et al. 1996,
Spain [25]

Ariyothai et al. 2004,
Thailand [27]

Gupta et al. 2013,
India [28]

Oztiirk et al. 2014,
Turkey [32]

Leung et al. 2010,
Hong Kong [30]

Setting, Population, and
Mean Age

Hospital-based sample of
260 children, including 130
cases and 130 age/sex-
matched controls; mean
age=75y

Nationally representative
sample of 2,664 US-born
and 931 foreign-born
adults, including 114 US-
born and 167 foreign-born
cases; mean age =48.7 y

Community-based sample
of 262 injection drug users,
including 28 cases; mean
age =38y

Nationally representative
sample of 23,827 non-
smoking adults, including
85 cases; mean age = 38.5
y

Hospital-based sample of
92 adults, including 46
cases and 46 controls
recruited from close
contacts of cases; mean
age=20y

Hospital-based sample of
100 cases and 100 age/
sex-matched controls (non-
TB patients or healthy
individuals); mean

age =33.28y

Hospital-based sample of
100 cases and 100 healthy
controls; mean

age =39.50 y

Hospital-based sample of
362 cases and 408 age-
matched controls; mean
age =425y

Community-based sample
of 15,486 never-smoking
women including 117
cases, recruited from 18
elderly health centers;
mean age =69.5y

Exposure; Exposure
Measurement

Exposure to passive smoke
and contact with a TB
patient in the household;
self-report and medical
records

Passive smoke exposure in
the household; self-report
and serum cotinine levels
(>0.05 ng/ml)

Passive smoke exposure in
the household; serum
cotinine levels (10-30 ng/
ml)

Exposure to SHS in the
household; household
members’ self-report on
NHIS

Exposure to tobacco
smoked by others; self-
report and cotinine
concentration in 24-h urine
samples

Exposure to SHS at home,
work, or public places; both
currently and >6 mo prior to
the interview; self-report in
structured interview

Exposure to passive
smoking by household
members; self-report in
structured interview

Never-smoker exposed to
ETS at home; self-report in
structured interview

Exposure to one or more
smokers living in the same
household; database of
Elderly Health Service

Outcome
Measurement

Self-report by parents or
guardians; medical
records

TST+ (>10 mm for non-
vaccinated and >15
mm for BCG-vaccinated
adults)

QFT-GIT+ (>0.35 IU/ml)

Bacteriological
confirmation or clinical
evidence of signs/
symptoms; CXR;
response to antibiotics

AFB culture positivity on
sputum, bronchial, or
bronchoalveolar
specimen or clinical,
radiological, and skin
testing (TST > 5 mm)

Sputum AFB smear
positivity; CXR

Sputum AFB smear
and/or culture positivity

Sputum AFB smear
and/or culture positivity

Bacteriological
confirmation or clinical,
radiological, and/or
histological evidence

Adjustment in
Multivariate Analysis

Age, average number
of persons/room,
frequency of illness

Age, gender, poverty
income ratio,
education, race,
household size,
having lived with
someone with TB

Age, sex, education,
unstable housing,
average monthly
income, HIV infection

Age, survey year, sex,
education, marital
status, residing in a
crowded home,
alcohol use,
employment status,
household income

Age, gender, SES,
household TB
exposure

Age, sex, BMI

Age, sex, education,
SES, religion, cooking
fuel used

Only unadjusted ORs
reported

Age, Cantonese
speaking, education,
housing, alcohol use,
obstructive lung
disease, hypertension,
heart disease, CVD,
diabetes mellitus

Findings

Pulmonary TB comprised
50% of the cases; strong
association between
passive smoking and TB
disease even in the
absence of direct contact
with a TB patient in the
household

Passive smoke associated
with LTBI; risk higher in
non-US-born adults

Association between
passive smoke exposure
and LTBI

Association between
household secondhand
smoke exposure; risk
decreased with increasing
age, with a protective
effect in those above 60y

Exposure to tobacco
smoke by others
associated with TB
disease

Association between
second hand smoke
exposure and TB disease

Association between ETS
and TB disease

ETS exposure associated
with TB disease

Exposure to smokers in
the household associated
with TB disease

AFB, acid-fast bacilli; BCG, Bacillus Calmette—Guérin; BMF, biomass fuel; BMI, biomass index; CXR, chest, X-ray; IAP, indoor air pollution; 1U,
international units; NHIS, National Health Interview Survey; OR, odds ratio; QFT-GIT, QuantiFERON TB Gold In-Tube test; RNTCP, Revised National
Tuberculosis Control Programme; SES, socioeconomic status; TST, tuberculin skin test.

doi:10.1371/journal.pmed.1001835.t001

regression analysis did not show any other significant effect size modification by the specific
study characteristics considered, possibly because of a relatively small number of studies.

Second-Hand Smoke Exposure and Active TB Disease

Twelve of the 18 studies [18,25-35] discussed the risk of active TB with exposure to SHS
(Table 3). The pooled estimate for all 12 studies showed a nearly 2-fold increased risk of TB
disease from SHS exposure (pooled RR 1.96, 95% CI 1.37-2.80). The majority of the studies
were rated as good quality (10/12, with RR 2.18, 95% CI 1.43-3.32), were case-control studies

PLOS Medicine | DOI:10.1371/journal.pmed.1001835 June 2,2015
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Table 2. Quality assessment and subgroup analysis: second-hand smoke exposure and latent TB infection.

Measure or Outcome

Population*

Quality of study

WHO region

Multivariate adjusted
analysis

Adjusted for age

Adjusted for SES

Adjusted for age and SES

Adjusted for cooking/BMF

TB contact in the household

Adjusted for TB contact
in the household

Mode of diagnosis

Study Characteristic Summary 95% Cl P (95% ClI) Meta-Regression
(Number of Studies) Estimate
Coefficient (95% p-
Cl) Value
All studies (6) [19-24] 1.67 1.12-2.48 65.3% (34.1%-81.7%) (.. (-)
Children (5) [19-22,24] 1.64 1.00-2.83 74.0% (47.2%—-87.2%) 0.05 (-1.25, 1.35) 0.933
Adults (2) [22,23] 1.58 1.03-2.43  0.0% (0.0%—89.6%) Ref
Good (3) [20-22] 1.53 0.86-2.73 66.4% (24.9%-85.0%) -0.16 (-1.35, 1.03) 0.770
Poor to moderate (3) 1.83 1.02-3.29 68.9% (10.2%—89.3%) Ref
[19,23,24]
EUR (1) [19] 0.81 0.33-2.01 (..) 0.52 (-0.81, 1.85) 0.387
SEAR (1) [24] 2.93 1.97-4.36 0.0% 0.88 (-0.52, 2.28) 0.180
AFR (2) [20,21] 2.11 1.00-4.49 66.6% (0.0%-90.4%)  —0.40 (-2.49, 1.68) 0.662
AMR (2) [22,23] 1.11 0.54-2.31 65.7% (10.5%-86.9%) Ref
Yes (5) [20—24] 1.78 1.19-2.68 65.0% (31.3%—82.2%) 0.80 (-1.13, 2.73) 0.372
No (1) [19] 0.81 0.33-2.01 (..) Ref
Yes (5) [20—24] 1.78 1.19-2.68 65.0% (31.3%—82.2%) 0.80 (-1.13, 2.73) 0.372
No (1) [19] 0.81 0.33-2.01 (..) Ref
Yes (4) [20-23] 1.50 0.93-2.43 61.8% (17.4%-82.3%) -0.78 (-1.49,-0.08) 0.033
No (2) [19,24] 2.09 1.04-4.17 70.0% (0.0%-91.2%)  Ref
Yes (2) [22,23] 1.11 0.54-2.31 65.7% (10.5%-86.9%) -0.57 (-1.67, 0.52) 0.268
No (4) [19-21,24] 2.09 1.30-3.34 65.1% (16.1%—85.5%) Ref
Yes (1) [21] 2.66 1.31-5.39 (..) 0.52 (-1.35, 2.40) 0.544
No (5) [19,20,22—24] 1.57 1.02-2.42 67.2% (36.3%-83.1%) Ref
Yes (4) [20—22,24] 2.03 1.25-3.28 61.5% (16.6%—-82.2%) 0.66 (-0.17, 1.50) 0.105
No (3) [19,20,23] 1.21 0.82-1.78 0.0% Ref
Yes (4) [20—22,24] 2.03 1.25-3.28 61.5% (16.6%—82.2%) (.. (-)
TST/QFT (6) [19-24] 1.67 1.12-2.48 65.3% (34.1%-81.7%) (.) ()

*The overall pooled RR after removing an outlier (US-born children in [22]) was 1.87 (1.50-2.32), with a slightly decreased heterogeneity (/2 = 47.4%,
95% Cl 0.0%—74.7%, p = 0.047). “(..)” indicates that the nominated reference group was not available to compute meta-regression statistics.
AFR, African Region; AMR, Region of the Americas; EUR, European Region; QFT-GIT, QuantiFERON TB Gold In-Tube test; SEAR, South-East Asia

Region; TST, tuberculin skin test.

doi:10.1371/journal.pmed.1001835.t002

(10/12, RR 2.32, 95% CI 1.45-3.70), discussed pulmonary TB only (8/12, RR 1.66, 95% CI
1.07-2.57), and used microbiological diagnosis (8/12, RR 1.74, 95% CI 1.15-2.64). Half of the
studies [27-29,33-35] were from the South-East Asia Region (RR 2.61, 95% CI 1.26-5.40). Fur-
ther subgroup analysis revealed that case-control studies with community-based controls
showed a notably a stronger association of SHS exposure with active TB (RR 4.90, 95% CI
2.15-11.17, p for heterogeneity = 0.387, I’ = 0.0%) compared to studies with hospital-based

controls (RR 1.96, 95% CI 1.16-3.31, p for heterogeneity = 0.017, I = 66.8%) or other controls
(RR 2.01, 95% CI 0.56-7.20, p for heterogeneity = 0.004, I = 82.3%). The stratified analysis for
the presence of a TB patient in the household (7/12 studies [26,27,29,30,33-35]) showed a sig-
nificant association of SHS with active TB disease (RR 3.07, 95% CI 1.82-5.16). After adjusting
for TB contacts in the household (3/7 studies [27,29,33]), risk attenuated but remained statisti-
cally significant (RR 1.87, 95% CI 1.30-2.69, p for heterogeneity = 0.693, I* = 0.0%). The associ-
ation remained positive and statistically significant even after adjustments for both age and

PLOS Medicine | DOI:10.1371/journal.pmed.1001835 June 2,2015
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A Latent TB infection

Events/
Study Non-events RR (95% Cl) Weight (%)
1
Children '
Lindsay et al 2014 native-born (USA) 22/2,512 e : 0.07 (0.01, 0.42) 3.47
Babayigit-Hocaoglu et al 2011 (Turkey) 35/46 —_— 0.81(0.33, 2.03) 8.48
Den Boon et al 2007** (S. Africa) 218/564 —_—— 1.20 (0.75, 1.93) 12.57
Lindsay et al 2014 Foreign-born (USA) 36/372 —— 1.31(0.40, 4.23) 6.50
Du Preez et al 2011 (S. Africa) 128/196 —_—— 2.66 (1.28, 5.25) 10.30
Singh et al 2005 (India) 95/281 — 2.68(1.52,471) 1167
Singh et al 2005 (India) 45/100 | —— 320(1.84,560) 1176
Den Boon et al 2007 (S. Africa) 1771211 [ NE— 460 (1.29,16.45) 593
Subtotal (I-squared =74.0%, p = 0.000) 0 1.64 (1.00, 2.83) 70.69
'
Adult i
Shin et al 2013 (Mexico) 28/234 —_—l—— 123(0.64,238)  10.78
Lindsay et al 2014 native-born (USA) 114/2,550 —_— 1.46 (0.59, 3.63) 8.48
Lindsay et al 2014 Foreign-born (USA) 167/764 —l—+— 2.27 (1.09, 4.72) 10.05
Subtotal (l-squared = 0.0%, p = 0.466) 1.58 (1.03, 2.43) 29.31
1
Overall (I-squared = 65.3%, p = 0.001) O 1.67 (1.12, 2.48) 100.00
‘
I | I I
0.1 1 2 5 10
Decreased risk Increased risk
B Active TB disease
Events/
Study Non-events RR (95% CI) Weight (%)
Children '
Garcia-Sancho et al 2013 (Mexico) 65/217 —_— 1.20 (0.60, 2.20) 8.19
Patra et al 2012 (India) 200/200 —_— 1.73 (1.14,2.61) 9.77
Jubulis et al 2014 (India) 25/118 L 2.88 (0.67, 12.39) 3.92
Altet 1996 (Spain) 93/95 | ———— 5.39 (2.44, 11.91) 7.24
Ramachandran et al 2011 (India) 41/82 : ———— 6.28 (2.32, 17.05) 5.99
Lin et al 2013 (<18 years) (Taiwan) 85/23,742 " 8.48 (0.77,93.56) 1.86
Tipayamongkholgul et al 2005 (Thailand)  130/130 : _— 9.31 (3.14, 27.58) 5.52
Subtotal (I-squared = 72.1%, p = 0.001) -IO 3.41(1.81,6.45) 42.49
i
Adult !
Gupta et al 2013 (India) 100/100 B e E 0.52(0.13,1.20)  5.39
Lin et al 2013 (60+ years) (Taiwan) 85/2,208 —_—— 1 0.66 (0.35, 1.23) 8.34
Ozturk 2014 (Turkey) 362/409 —t— 1.25 (0.69,2.25) 8.58
Lin et al 2013 (40-59 years) (Taiwan) 85/4,414 — - 1.32(0.58,3.01) 7.04
Leung et al 2010 (Hong Kong) 117/15,369 —— 1.49 (1.01,2.19) 9.92
Lin et al 2013 (18-39 years) (Taiwan) 85/5,794 —_— 2.29(0.75,7.02) 5.36
Ariyothai 2004 (Thailand) 100/100 — 237 (0.94,6.01)  6.40
Alcaide 1996 (Spain) 46/46 ——— 2.50 (1.00, 6.20)  6.49
Subtotal (I-squared = 42.3%, p = 0.096) . > 1.32 (1.04,1.68) 57.51
i
i
Overall (I-squared = 68.1%, p = 0.000) <> 1.96 (1.37,2.80) 100.00
‘
T T T T
0.1 1 2 5 10
Decreased risk Increased risk

Fig 2. Risk of latent TB infection and active TB disease for second-hand smoke exposure compared to non-exposure in children and adults. (A)
LTBI; (B) active TB disease. Singh et al. [24] reported SHS risks for children with contacts with sputum-negative (95/281) and sputum-positive TB patients
(45/100). The effect estimate (diamond) for US-born children in the study by Lindsay et al. [22] is not displayed due to its smaller size and weight. Lin et al.
[31] did not report age-stratified TB cases. Weights are from random-effects analysis. *Patient with TB living in house. **No patient with TB living in house.

doi:10.1371/journal.pmed.1001835.g002

SES (RR 2.13, 95% CI 1.18-3.83, p for heterogeneity < 0.001, I* = 71.4%) and for BMF (RR
2.03,95% CI 1.13-3.63, p for heterogeneity = 0.004, I* = 73.9%), although significant heteroge-
neities were observed. Of study characteristics assessed in meta-regression, studies with a pedi-
atric population (p = 0.028) and presence of a TB patient in the household (p = 0.029) were
statistically significant (Table 3). Meta-regression also showed marginal significance (p =
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0.105) when a microbiological mode of diagnosis was used for TB outcome compared with
other modes of diagnosis.

In subgroup analysis, children showed a more than 3-fold increased risk of SHS-associated
active TB (RR 3.41, 95% CI 1.81-6.45), which was also higher than the risk in adults (RR 1.32,
95% CI 1.04-1.68) (S3 Table). In children exposed to SHS, risk of pulmonary TB was three
times as high (RR 2.96, 95% CI 1.11-7.85) as in those not exposed to SHS. Risk of pulmonary
or extra-pulmonary TB disease was even greater (RR 4.29, 95% CI 1.35-13.65) and was also
higher than in adults exposed to SHS (RR 1.49, 95% CI 1.01-2.19). We found strong associa-
tions between SHS exposure and active TB, particularly for children, in the stratified analysis
by outcome definition, study design, control population (for case-control studies), multivariate
adjustment, and mode of diagnosis (S3 Table). Stratification by most of these study-specific
variables did not fully explain the variability but partially accounted for the heterogeneity. The
association with SHS exposure was stronger for pulmonary or extra-pulmonary TB disease
than for pulmonary TB alone in both men and women. However, effect estimates for pulmo-
nary TB were not statistically different from those for any TB disease (p = 0.222) (see Table 3).
Among studies that reported pulmonary/extra-pulmonary TB, pulmonary TB represented 86%
of total active TB cases (72% among children and 97% among adults). The heterogeneity
among these studies was largely explained by the age of the populations. Four of seven studies
among children [26,33-35] showed strong associations between SHS exposure and active TB,
although there was significant heterogeneity among studies (I = 72.1%) (Fig 2B). Among
adults, five out of six studies [25,27,28,30,32] used microbiological testing as the mode of diag-
nosis (RR 1.47, 95% CI 1.11-1.94) and showed low heterogeneity (I’ = 33.1%). Meta-regression
for adult and child subgroup analyses showed no significant effect size modification by most
study-specific variables, except for adjusted estimates in children living with a TB contact in
the household (p = 0.033).

Factors Showing a Dose—Response Relation with Risk of Active TB
Disease

Among those exposed to SHS who developed active TB disease, several socio-demographic and
household factors showed a dose-response relation. For children, these factors included age,
frequency and closeness of contact with a TB patient in the household, household crowdedness,
and relationship with the smoker. For adults, these factors were age, contact with a TB patient
in the household, number of smokers in the household, and number of cigarettes smoked by
household members.

While each age group showed an increased risk of TB disease with exposure to SHS, chil-
dren aged 0-5 y showed the highest relative risk (RR 5.88, 95% CI 2.09-16.54) (Fig 3). Relative
risk decreased progressively with age (p trend < 0.001). Within the adult population, those
aged 19-40 y were at a higher risk than older adults (RR 1.76, 95% CI 1.06-2.90).

Those exposed to SHS and in contact with a TB patient in the household had a greater than
four times higher risk of developing active TB (RR 4.47, 95% CI 1.46-13.66) than those unex-
posed to SHS and without a TB patient in the household. When stratified by sub-populations,
SHS exposure was associated with an 8-fold increase in the risk of active TB disease in children
(RR 8.41,95% CI 0.73-97.15) and a 2.5-fold increase in adults (RR 2.45, 95% CI 0.97-6.19),
with marginal significance (Fig 3). For children exposed to SHS versus those not exposed, the
relative risk of active TB increased progressively, but not significantly, with closeness of contact
to a TB patient (RR 1.64, 95% CI 0.67-4.00) and daily exposure to a TB contact (RR 1.33, 95%
CI 0.67-2.64) compared to those with less closeness or less frequent exposure. A clear dose-re-
sponse was found when stratified by both crowdedness and exposure intensity to SHS. SHS
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Table 3. Quality assessment and subgroup analysis: second-hand smoke exposure and active TB disease.

Measure or Outcome

Population

Sex

Quality of study

WHO region

Outcome

Multivariate adjusted analysis

Adjustment for age

Adjustment for alcohol intake
(adults)

Adjustment for SES

Adjustment for age and SES

Adjustment for cooking/BMF

Adjustment for BCG vaccination

Type of study

Type of control among case-control
studies

TB contact in the household

Adjustment for TB contact in the
household

Mode of diagnosis

Study Characteristic
(Number of Studies)

All studies (12) [18, 25-35]
Children (7) [18,26,29,31,33-35]
Adults (6) [25,27,28,30-32]
Both (10) [18,25—29,31,33-35]
Male (1) [32]

Female (1) [30]

Good (10) [25-31,33-35]

Poor to moderate (2) [18,32]
EUR (3) [25,26,32]

SEAR (6) [27-29,33-35]

WPR (2) [30,31]

AMR (1) [18]

Pulmonary TB only (8) [18,25-29,31,32]

Pulmonary/extra-pulmonary TB (4) [30,33—
35]

Yes (10) [25-31,33-35]
No (2) [18,32]

Yes (10) [25-31,33-35]
No (2) [18,32]

Yes (2) [30,31]

No (4) [25,27,28,32]

Yes (8) [25,26,28—31,33,34]
No (4) [18,27,32,35]

Yes (7) [25-29,31,34]

No (5) [18,30,32,33]

Yes (7) [18,28,29,32-35]

No (5) [25-27,30,31]

Yes (2) [26,27]

No (10) [18,25,28-35]
Cohort (2) [30,31]
Case-control (10) [18,25-29,32—-35]
Community-based (2) [29,34]

Hospital-based (5) [18,27,32,33,35]
Close contacts of cases (3) [25,26,28]
Yes (7) [26,27,29,30,33-35]

No (5) [18,25,28,31,32]

Yes (3) [27,29,33]

No (4) [26,30,34,35]
Microbiological (8) [18,25-30,32]
Radiographic findings/TST (1) [31]
Other (3) [33-35]

Summary
Estimate

1.96
341
1.32
1.97
2.53
2.70
2.18
1.22
2.49
2.61
1.34
1.20
1.66
2,92

2.18
1.22
2.18
1.22
1.26

1.44
1.91
217
213
1.74
2.03
1.93
3.81
1.76
1.34
2.32
4.90

1.96
2.01
3.07
1.18
1.87

4.33
1.74
1.38
4.29

95% CI

1.37-2.80
1.81-6.45
1.04-1.68
1.25-3.09
0.60-10.62
0.77-9.48
1.43-3.32
0.79-1.90
1.01-6.14
1.26-5.40
0.80-2.24
0.63-2.30
1.07-2.57
1.46-5.86

1.43-3.32
0.79-1.90
1.43-3.32
0.79-1.90
0.94-1.70

0.96-2.17
1.24-2.93
0.99-4.74
1.18-3.83
1.13-2.68
1.13-3.63
1.17-3.17
2.09-6.96
1.22-2.53
0.80-2.24
1.45-3.70
2.15-11.17

1.16-3.31
0.56-7.20
1.82-5.16
0.89-1.57
1.30-2.69

1.64-11.46
1.15-2.64
0.63-3.04
1.35-13.65

P (95% Cl)

68.1 (45.4%81.3%)
72.1 (39.6%87.1%)
42.3 (0.0%—74.5%)
71.3% (49.6%—83.6%)
()

()

70.9% (48.9%—83.5%)
0.0%

76.5% (23.1%—92.9%)
73.7% (39.8%—88.5%)
51.7% (0.0%—82.3%)
()

62.2% (27.2%—80.3%)
80.6% (48.9%-92.6%)

70.9% (48.9%—83.5%)
0.0%

70.9% (48.9%—83.5%)
0.0%

49.1% (0.0%—83.2%)

49.7% (0.0%—83.4%)
68.6% (41.1%—83.2%)
75.1% (31.1%—91.0%)
71.4% (45.6%—85.0%)
66.1% (11.5%—87.0%)
73.9% (44.2%—87.8%)
66.3% (28.6%—84.1%)
42.6%

65.2% (37.3%—80.7%)
51.7% (0.0%—82.3%)
70.3% (43.2%—84.5%)
0.0%

66.8% (13.8%—87.2%)
82.3% (45.5%—94.2%)
71.9% (39.0%-87.0%)
41.8% (0.0%—74.3%)
0.0% (0.0%—89.6%)

84.5% (61.3%—93.8%)
58.1% (8.3%—80.9%)
58.1% (0.0%—86.1%)
83.3% (49.5%—94.5%)

Meta-Regression

Coefficient (95% p-
Cl) Value

(.) (.)

0.89 (0.11-1.67) 0.028
Ref

Ref

-0.38 (-2.09, 1.33) 0.636
—0.56 (-2.34, 1.22) 0.506
0.58 (-0.64, 1.81) 0.321
Ref

0.73 (-1.26, 2.72) 0.438
0.77 (-1.11, 2.65) 0.386
0.19 (-1.72, 2.09) 0.834
Ref

0.57 (-0.39, 1.53) 0.222
Ref

0.58 (-0.64, 1.81) 0.321
Ref

0.58 (-0.64, 1.81) 0.321
Ref

—0.49 (-1.44, 0.46) 0.286
Ref

-0.11 (-1.15, 0.93) 0.827
Ref

0.12 (-0.84, 1.08) 0.786
Ref

0.03 (-0.91, 0.97) 0.948
Ref

0.71 (-0.57, 2.00) 0.252
Ref

—0.49 (~1.44, 0.46) 0.286
Ref

0.78 (-1.29, 2.85) 0.404
-0.01 (-1.3,2.9) 0.997
Ref

0.86 (0.10, 1.62) 0.029
Ref

-0.64 (-2.11, 0.82) 0.31
Ref

—1.04 (-2.34, 0.25) 0.105
-0.80 (-1.90, 0.29) 0.136

Ref

AFR, African Region; AMR, Region of the Americas; BCG, Bacillus Calmette—Guérin EUR, European Region; SEAR, South-East Asia Region; TST,
tuberculin skin test. “(..)” indicates that the nominated reference group was not available to compute meta-regression statistics.

doi:10.1371/journal.pmed.1001835.t003
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Risk factors

Age [18;25-35]
<5 years
6-10 years
11-18 years
19-40 years
41-60 years
61 and over
(PTrena<0.0001)
TB contact, relationship*,
and frequency of exposure*
[24;26;27;29;33;35]
Any TB patients in family
Children
Adults

Not close
Close

very close
(PTrend=O.35)

<2 times/week
>2 times/week
Daily
(PTrend=0.33)
Crowdedness* [18;26;35]
Average persons per room
<3/ room
3-5/ room
>5/ room
(PTrend<0.0001)
Smoking variables [26;32;33]
No. of smokers in a house**
0
>=1

Smoking individual*
Any parent
Both parents smoking
Others smoking
(PHeterogeneity<0.001)

No. of cigarettes/ day**
up to 10/ day
11-30/ day
31+ /day
(Prend=0.0086)
11+/ day

Cases/

participants

118/331
329/853
378/24,415
331/24,319
447/24,598
202/39,313

325/743
225/643
100/100

39/57
47/81
72/108

13/31
11/23
69/134

151/262
44/107
83/249

213/472
149/299

42/79
38/57
3/5

48/91
59/111
61/84

120/195

Pooled RR
(95% Cl)

5.88 (2.09-16.54)
4.59 (1.38-15.28)
1.89 (1.28-2.79)
1.76 (1.06-2.90)
1.27 (0.79-2.06)
1.03 (0.47-2.28)

4.47 (1.46-13.66)
8.41(0.73-97.15)
2.45 (0.97-6.19)

0.81 (0.51-1.30)
1.24 (0.71-2.16)
1.64 (0.67-4.00)

0.70 (0.29-1.62)
0.93 (0.35-2.44)
1.33 (0.67-2.64)

2.31(1.08-4.95)
1.87 (0.64-5.50)
5.53 (2.36-12.98)

0.61 (0.41-0.92)
2.37 (1.37-4.01)

4.20 (1.92-9.20)
7.40 (2.77-19.79)
5.55 (0.48-64.65)

2.06(1.30-3.26)
2.19 (0.79-6.08)
3.29 (0.62-17.54)

2 Pooled RR
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Fig 3. Dose-response relationship between second-hand smoke exposure and active TB disease in children and adults. Weights are from random-
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doi:10.1371/journal.pmed.1001835.9003
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Fig 4. Funnel plot with pseudo 95% confidence limits. OR, odds ratio.

doi:10.1371/journal.pmed.1001835.9004

exposure in children living in households with more than five people per room showed a signif-
icantly higher association with active TB (RR 5.53, 95% CI 2.36-12.98, p trend < 0.001) than
SHS exposure in those living in households with fewer people per room. Similar risk was ob-
served for children with one parent (RR 4.20, 95% CI 1.92-9.20) or both parents (RR 7.40, 95%
CI 2.77-19.79) smoking (p for heterogeneity < 0.001).

Among non-smoking adults, a linear, increasing dose-response was observed for the fre-
quency of smokers in their household and the smoking quantity of those smokers (p
trend = 0.0086). Any number of smokers in the household was strongly associated with an in-
creased risk of TB (RR 2.37, 95% CI 1.37-4.01), while having no smokers in the household was
not (RR 0.61, 95% CI 0.41-0.92). SHS exposure to those smoking ten cigarettes or more per
day was significantly associated with a higher risk of TB (RR 2.69; 95% CI 1.17-6.16) (Fig 3).

Publication Bias

When we plotted the natural logarithms of the effect estimates against their standard errors
(Fig 4), we detected very little asymmetry of effect estimates among small studies on TB disease
[26,28,34,35]. We also noted that one data point for a large study on LTBI [22] fell outside the
boundary of the funnel plot and Galbraith plot. Exclusion from the analysis decreased hetero-
geneity scores overall and among children. No evidence for substantial publication bias was
found by the Begg’s test (p = 0.37) or Egger’s test (p = 0.79).
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Discussion

In this meta-analysis, SHS exposure appeared to be associated with LTBI and active TB after
adjustment for a limited number of factors, although one caveat is that the possibility of con-
founding could not be completely ruled out, especially in the stratified analyses for SES and the
study quality. Among the studies with adjusted measures, we found that SHS exposure was as-
sociated with an increased relative risk of TB and LTBI infection after controlling for age, BMF
use, contact with a TB patient, SES, and study quality; the association of SHS exposure with
LTBI was significant after adjustments for the above factors, except for SES and study quality.
Much of the evidence on the biological mechanism linking SHS exposure to TB development
concerns the effects of mainstream cigarette smoke, i.e., residual smoke exhaled upon cigarette
smoking [10]. However, sidestream smoke that is released from a burning cigarette can also ad-
versely affect the pulmonary mechanical barriers and immune system to influence TB disease
development [10,11]. Prolonged exposure to cigarette smoke damages the first line of defense
against Mtb by inducing growth of abnormal cilia on the pulmonary lining. These cilia may im-
pair the mucociliary clearance process that is responsible for trapping contaminants such as
Mtb in the respiratory tract [10]. The pulmonary immune system in smokers is also weakened
because of reduced T cell proliferation and suboptimal functioning of alveolar macrophages
[10], which can also lead to increased susceptibility to Mtb infection and, subsequently, pro-
gression to TB disease.

Regional variations were found in the risk of LTBI and active TB. The highest risk was ob-
served in South-East Asia and sub-Saharan Africa. This is not surprising considering that cer-
tain countries comprising these regions and represented in this analysis, specifically India,
South Africa, and Thailand, are among those with the highest burden of TB disease [3,4]. It is
interesting to note that a high risk of active TB due to SHS exposure was also found in the stud-
ies conducted in Spain. Spain also has a high prevalence of SHS exposure in both children and
adults compared to the US, indicating that even in the setting of a developed economy, expo-
sure to SHS may be related to the risk of developing active TB [36].

The high risk for children under 5 y, and the increase in risk for both children and adults,
with number of smokers in the household and household crowdedness shows that when ex-
posed to SHS, household/environmental factors may increase the risk of TB. Mainstream and
sidestream smoke in households is the major source of SHS exposure for children, and living in
a crowded house with adult smokers, especially parents, prolongs children’s exposure. The in-
creased risk of TB disease presented in this meta-analysis supports the association between
SHS exposure and active TB disease [37].

Strengths and Limitations

To our knowledge, this is the first systematic review and meta-analysis of the epidemiological
evidence on the association between SHS exposure and latent/active TB in children and adults.
We assessed sensitivity to study design, methods, and quality indicators using meta-regression
and subgroup analysis, and we searched multiple databases without language limitation for our
systematic review. The major limitation of this analysis is the high heterogeneity in outcomes
among the studies investigating pediatric cases of TB disease. Sputum is difficult to obtain in
children, and TB disease is largely paucibacillary, which makes microbiological diagnosis in
children a challenge. The studies in this meta-analysis are highly variable in terms of the diag-
nostic tests (microbiological, clinical, and/or radiological) used to diagnose TB in children.
There is a possibility of confounding in our meta-analysis since all the studies we included
were observational. The major potential confounding factors included age, SES, BMF use, and
contact with a TB patient in the household. Newborns, young adults, and socioeconomically
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disadvantaged individuals, including those frequently using BMF, share a larger burden of TB
disease [38,39] and a higher exposure to SHS [36,40]. To control for the effect of these potential
confounders, we conducted sensitivity analyses of studies that adjusted for these variables. The
association between SHS exposure and TB disease remained after adjustment for a limited
number of factors (age, BMF use, and TB contact in the household). However, the effect size at-
tenuated after adjustment for SES; this highlights the confounding role of SES, and is also con-
sistent with the existing evidence showing a higher burden of TB in low- and middle-income
countries [35]. In addition, these studies do not capture the variability in household air pollu-
tion, which is affected by the type of BMF used, kitchen ventilation, and indoor versus outdoor
tobacco smoking—factors that affect exposure to SHS and are linked to TB disease [38]. It is
challenging to decipher the exact nature of the association between SHS exposure and TB

given the relatively few studies that have been published on this topic; however, this only indi-
cates a greater need to further explore the impact of SHS exposure, whether as an independent
risk factor or as a factor that works in conjunction with other risk factors, such as BMF expo-
sure and contact with a TB patient, to exacerbate their impact on the risk of TB disease.

Implications

Despite low comparability between studies, this meta-analysis lends to future hypotheses ex-
ploring the role of SHS exposure in TB disease, particularly in children and in low- and mid-
dle-income countries that have a greater prevalence of SHS exposure. Future studies should
aim to use nationally representative datasets to rigorously explore the effect of BMF use on
SHS exposure, diverse (and perhaps more reliable) measures of SHS exposure such as hair co-
tinine levels [41], and pediatric populations with standardized TB diagnostic measures. Expo-
sure to SHS and its impact on TB should be explored further, given that TB deaths are
projected to increase from 2010 to 2050 by as much as 167%, as found in a mathematical
modelling analysis [42]. Further examination of this association and the potential for subse-
quent efforts to reduce SHS exposure along with TB control efforts will have important impli-
cations for reducing TB incidence and deaths. Probing potential links between SHS exposure
and TB may have important implications for TB and tobacco control programs, especially for
children in settings with high SHS exposure and TB burden [42,43].
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Editors' Summary

Background

Tuberculosis (TB)—a bacterial disease that usually affects the lungs—is a global public
health problem. Every year, 8.6 million people develop active TB and at least 1.3 million
people die from the disease, mainly in resource-limited countries. Mycobacterium tubercu-
losis, the organism that causes tuberculosis, is spread in airborne droplets when people
with active TB cough or sneeze. If another person inhales these droplets, he or she may be-
come infected. However, only about 10% of people who become infected develop active
TB, the symptoms of which include cough, weight loss, and fever. Most infected individu-
als contain and control the infection. Indeed, it is thought that about one-third of the
world’s population has latent TB infection (LTBI). Individuals with LTBI have no symp-
toms and are not infectious, but they may develop active disease later in life. Both LTBI
and active TB can be cured by taking antibiotics daily for several months. LTBI needs to be
treated to prevent the infection progressing to active disease; active TB needs to be treated
to prevent death and the spread of tuberculosis.

Why Was This Study Done?

Very young and very old people, and people who are immunocompromised because of,
for example, infection with HIV, are at high risk of developing active TB. Other risk factors
for contracting TB include living in crowded, unsanitary conditions and poor nutrition.
Another possible risk factor for TB is smoking tobacco products. Tobacco smoke is
thought to damage both the fine hairs lining the lungs that normally provide a defense
against bacterial infections and the lungs’ immune system. But is exposure to second-hand
smoke (SHS; passive smoking) also a risk factor for TB? It is particularly important to
know whether there is an association between exposure to SHS and TB among children
because in some countries with a high TB burden a large proportion of children are ex-
posed to SHS. In this systematic review (a study that uses predefined criteria to identify all
the research on a given topic) and meta-analysis (a statistical approach for combining the
results of several studies), the researchers investigate whether SHS exposure is a risk factor
for TB among children and adults.

What Did the Researchers Do and Find?

The researchers identified 18 observational studies that recorded diagnoses of LTBI or ac-
tive TB, exposure to SHS, and exposure to some other risk factors for TB among 30,757
children and 44,432 adult non-smokers. Compared to children not exposed to SHS, ex-
posed children had a pooled relative risk (RR) of LTBI of 1.64. That is, exposure to SHS
among children was associated with a 1.64-fold increased risk of LTBI. SHS exposure was
also associated with a 3.41-fold increased risk of active TB among children and with a
1.32-fold increased risk of active TB among adults. Other analyses indicated that although
there was an association between exposure to SHS and active TB in every age group, the
highest relative risk was among children aged 0-5 years, and that children exposed to SHS
living in crowded households had a higher relative risk of developing active TB than SHS-
exposed children living in less crowded households. Importantly, the associations between
SHS exposure and LTBI and active TB remained significant (unlikely to have occurred by
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chance) after adjustment for exposure to other known TB risk factors such as the presence
of an individual with TB in the household.

What Do These Findings Mean?

These findings suggest that exposure to SHS is associated with LTBI and active TB among
children and adults after adjustment for a limited number of other risk factors for TB. Be-
cause the studies included in this meta-analysis were observational studies, individuals ex-
posed to SHS might have also been exposed to other unknown factors (confounding
factors) that were actually responsible for their increased risk of TB. Thus, these findings
do not prove a causal link between exposure to SHS and TB. Moreover, because of high
heterogeneity (variability) among the studies included in this meta-analysis (particularly
those that included children), these findings need to be confirmed in additional studies.
Such studies are essential because a causal link between SHS exposure and TB, if proved,
will have important implications for the health of children living in countries with high
SHS exposure and a high TB burden, and for the design of future TB and tobacco

control programs.

Additional Information

Please access these websites via the online version of this summary at http://dx.doi.org/10.
1371/journal.pmed.1001835.

« The World Health Organization (WHO) provides information (in several languages) on
tuberculosis; the Global Tuberculosis Report 2014 provides information about tuberculo-
sis around the world; WHO also provides information about the health risks associated
with tobacco use (in several languages)

o The Stop TB Partnership is working towards tuberculosis elimination and provides
personal stories about tuberculosis (in English and Spanish); the Tuberculosis Vaccine
Initiative (a not-for-profit organization) also provides personal stories about
tuberculosis

 The US Centers for Disease Control and Prevention provides information about
tuberculosis (in English and Spanish), about smoking and tobacco use, and about the
health effects of second-hand smoke

o The US National Institute of Allergy and Infectious Diseases also has detailed informa-
tion on all aspects of tuberculosis

« The US Environmental Protection Agency provides information about the health effects
of exposure to second-hand smoke in children

o MedlinePlus has links to further information about tuberculosis, about smoking, and
about the effects of second-hand smoke (in English and Spanish)
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