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ORIGINAL ARTICLE
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Abstract

Rationale: The Southeast Asian tuberculosis burden is high, and it
remains unclear if urban indoor air pollution in this setting is
exacerbating the epidemic.

Objectives: To determine the associations of latent tuberculosis
with common urban indoor air pollution sources (secondhand
smoke, indoor motorcycle emissions, and cooking) in Southeast Asia.

Methods: We enrolled child household contacts of patients with
microbiologically confirmed active tuberculosis in Vietnam, from
July 2017 to December 2019. We tested children for latent
tuberculosis and evaluated air pollution exposures with
questionnaires and personal aerosol sampling. We tested
hypotheses using generalized estimating equations.

Measurements and Main Results: We enrolled 72 patients
with tuberculosis (27% with cavitary disease) and 109 of their
child household contacts. Latent tuberculosis was diagnosed in 58
(53%) household contacts at baseline visit. Children experienced
a 2.56-fold increased odds of latent tuberculosis for each
additional household member who smoked (95% confidence
interval, 1.27–5.16). Odds were highest among children exposed
to indoor smokers and children ,5 years old exposed to
household smokers. Each residential floor above street-level
pollution decreased the odds of latent tuberculosis by 36%
(adjusted odds ratio, 0.64; 95% confidence interval, 0.42–0.96).
Motorcycles parked inside children’s homes and cooking with

liquid petroleum gas compared with electricity increased the odds
of latent tuberculosis, whereas kitchen ventilation decreased the
effect, but these findings were not statistically significant.

Conclusions: Common urban indoor air pollution sources were
associated with increased odds of latent tuberculosis infection in
child household contacts of patients with active tuberculosis.

Keywords: tobacco smoke pollution; motorcycles; built
environment; cooking; smoking water pipes

At a Glance Commentary

Scientific Knowledge on the Subject: Only a fraction of
children exposed to a household member with active
tuberculosis (TB) develops TB infection from this close
contact, and it remains unclear if commonly inhaled
indoor air pollutants may increase risk for transmission.

What This Study Adds to the Field: In this cohort study
of healthy Vietnamese children exposed to household
members with active TB, secondhand smoke exposures
significantly increased the odds of latent TB infection,
whereas indoor motorcycle emissions and cooking with
liquid petroleum gas require further investigation. Our study
identifies mitigatable environmental factors in the Southeast
Asian setting that might increase TB transmission.
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Mycobacterium tuberculosis causes an
asymptomatic infection known as latent
tuberculosis infection (LTBI) in nearly a
quarter of the world’s population (1) and
active tuberculosis (TB) disease in 10 million
people annually (2). Nearly 50% of active TB
cases diagnosed in 2019 were from Asian
countries, and Vietnam is one of 30 high-TB-
burden countries worldwide (2). TB remains
a global public health threat despite the
widespread availability of effective treatment,
and approaches to identifying and
remediating environmental risk factors are
needed.

Tuberculosis transmission is greatest for
close contact with patients with highly
infectious TB: those with cavitary pulmonary
TB and those with a high sputum smear
Mycobacterium load (smear grade) (3).
Environmental variables could also be
important risk factors. For instance, indoor
air pollution has been linked to LTBI and
active TB in some observational studies (4–6),
whereas other studies have failed to find
statistically significant associations after
controlling for socioeconomic variables (7–9).
Furthermore, these studies have focused on
indoor solid fuel combustion and are
therefore not generalizable to low- and
middle-income country urban populations
that have transitioned to cleaner cooking and
heating fuels such as liquid petroleum gas
(LPG) and electricity.

In Southeast Asian urban settings,
motorcycle emissions constitute an
important source of indoor air pollution.
In Hanoi, Vietnam’s capital city of .7
million population and the setting for our
study, motorcycles make up .95% of the
Hanoi vehicle fleet (10) and are the
predominant source of ambient air
pollution (11, 12). Residents typically live
on motorcycle-congested roadways and
alleys, with exhaust emissions entering
homes through open windows and doors.
In addition, motorcycles are routinely
parked inside residential living areas after
turning them off, for lack of garage and
street parking, further exposing household
members to motorcycle evaporative

emissions (13). There is a lack of data
evaluating the associations of indoor
motorcycle emissions with TB outcomes.

Secondhand smoke (SHS) is another
major source of indoor air pollution in East
and Southeast Asia. In Vietnam, 47% of adult
men smoke (but only 1.4% of women) and
more than 70% of adults and teenagers report
weekly exposure to SHS (14, 15). Whereas
active cigarette smoking is a robust risk factor
for LTBI and active TB (16, 17), findings for
SHS as a TB risk factor are heterogeneous
(18); some studies support statistically
significant associations between SHS and
LTBI (19, 20), whereas others do not (21, 22).
Furthermore, most of these studies do not
differentiate types of smoking behaviors. In
Vietnam, for instance, 13% of men report
smoking tobacco from the traditional
bamboo waterpipe “d-i�̂eu c�ay” (23), popularly
believed to be safer than cigarette smoking.
Further investigations are needed to evaluate
the effects of culturally specific smoking
behaviors on TB outcomes (24).

Our study objective is to determine the
effects of indoor air pollution on LTBI in
children living in Southeast Asian urban
settings. Our hypothesis is that SHS,
motorcycle, and LPG emissions inside
children’s homes in Hanoi, Vietnam, are
associated with increased LTBI. To test this
hypothesis, we are conducting a prospective
cohort household contacts study of children
living with patients with active pulmonary
TB. Some of the results of these studies have
been previously reported in the form of
abstracts (25, 26).

Methods

Study Design and Ethics Approval
We performed a cross-sectional analysis of
baseline data collected from an ongoing
prospective cohort study of children
(household contacts) living with patients
with active TB (index cases). Medical doctors
identified, recruited, and enrolled
consecutive patients with active TB from the
five participating District Health Centers

(Figure 1). We then identified and enrolled
children living with the index cases,
providing written informed consent in
Vietnamese. The study was approved by
institutional review boards at the Vietnam
Ministry of Health; University of California,
San Francisco; and University of Iowa.

Participants
Index cases were patients with active
pulmonary TB diagnosed within 2 months of
enrollment and living with children,16
years old. World Health Organization
(WHO) criteria for microbiologically
confirmed TB cases were used as inclusion
criteria: clinical and/or radiographic evidence
of pulmonary TB plus at least one sputum
smear positive for acid-fast bacilli (AFB) or
GeneXpert PCR positive forM. tuberculosis.

Household contacts were children,16
years old living with an index case within the
2 months before enrollment. Children with a
prior history of positive tuberculin skin test
(TST) or a known adverse reaction to TST
before enrollment were excluded.

Measurements and Data Collection
We evaluated sources of indoor air pollution
exposures—SHS, motorcycle emissions, and
cooking emissions—through a questionnaire
administered at the time of enrollment. We
developed the questionnaire using an
iterative approach, translating the format
into Vietnamese and back-translating into
English to test for accuracy of translation and
then testing the questionnaire in multiple
rounds with native Vietnamese speakers to
ensure culturally appropriate and accurate
assessments before its deployment. Clinical
data were also obtained from the medical
record at the time of enrollment.

Secondhand smoke exposures were
assessed by determining the smoking status
of all members of the household, whether
each household member smoked inside the
house, type of smoking (manufactured or
home-rolled cigarettes, Vietnamese
waterpipe, cigar, e-cigarette, or marijuana),
and average number of smoking events per
day. Cooking exposure was determined by
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the primary cooking fuel and average daily
cooking hours by fuel type. Active ventilation
of the kitchen was defined as a functioning
ventilation hood over the stove or a fan in
the kitchen window venting to the outside.
Our surrogate for indoor exposure to street-
level motorcycle exhaust emissions was the
residential floor levels that participants lived
and slept on, with higher residential floors
correlating with lower motorcycle exhaust
exposures under typical meteorological
conditions as found in prior studies (27, 28).
We defined exposure to indoor motorcycle
evaporative emissions (from parked vehicles
after they are turned off) as the average
number of motorcycles parked inside the
residential living area.

Nutritional status was determined by
baseline height and weight measurements
compared with age, usingWHO
Multicentre Growth Reference Study data
(29) andWHO definitions (30, 31):

underweight, body mass index (BMI)
z-score,2 SD; overweight, BMI z-score
1–2 SD (children>5 years old) or weight
for height z-score 2–3 SD (children,5 yr);
obese, BMI z-score.2 SD (>5 years old) or
weight for height z-score.3 SD (,5 yr).

Wemeasured personal particulate
matter<2.5mm in aerodynamic diameter
(PM2.5) exposure with ultrasonic personal
aerosol samplers (UPAS; Access Sensor
Technologies) (32). At the time of
enrollment, children were instructed to carry
the UPAS with them in the outer mesh
pocket of a backpack during the day and at
the bedside during sleep over a 48- to
72-hour period. PM2.5 was collected on
polytetrafluoroethylene (Teflon) filters
(Measurement Technology Laboratories).
PM2.5 mass was determined by standard
gravimetric methods within a climate-
controlled facility and flow determined via
UPAS internal flowmeter, calibrated against

a gold-standard mass flowmeter (Alicat
Whisper) before each run.

Our primary outcome was LTBI
diagnosed in household contacts at baseline
visit. We diagnosed LTBI using TST as
recommended by theWHO. A certified
healthcare worker administered 5 units of
tuberculin extract (Sanofi Pasteur) by
intradermal injection at the time of
enrollment andmeasured the diameter of
skin induration after 48–72 hours. A positive
TST was defined as an induration>10 mm
diameter. Exposure data were collected
before the ascertainment of outcome, such
that respondents were unaware of TST status
at the time of the interview and deployment
of personal monitoring devices.

Statistical Analyses
Chi-square and t tests were used to describe
baseline characteristics by LTBI status. To
evaluate the extent of clustering of LTBI
outcomes by household, we used ANOVA to
calculate the intraclass correlation coefficient.
We compared within-household correlation
of outcome with between-household
correlation of outcome, finding a significant
intraclass correlation coefficient of 0.40 (95%
confidence interval [CI], 0.13–0.67). We
accounted for this hierarchical structure of
the data by using generalized estimating
equations (GEE) to test our hypotheses that
sources of indoor air pollution were
associated with increased LTBI. We fit a
separate GEEmodel for each indoor air
pollution exposure as a primary predictor
and LTBI as the outcome.We specified an
exchangeable correlation structure, a
binomial distribution of outcomes, a logistic
model for relating predictors to outcome,
and “household” as the grouping variable.
We selected a full set of potential
confounders a priori by using directed acyclic
graphing and by recognizing the biological
plausibility of potential associations (see
Figure E1 in the online supplement) (33).
This full set included the following
dichotomous or continuous covariates: age,
sex, BMI z-score, highest education achieved
by the most educated household member,
proportion of adult household members who
were employed, and occupant density
(number of household members per 50 m2

of residential floor area). We then used a
backward selection approach to eliminate
duplicative covariates and covariates that did
not substantively impact primary predictor
estimates (34). A final GEEmodel for each
primary predictor of interest was then

LTBI+

LTBI–

DHC

Figure 1. Study catchment area in Hanoi, Vietnam. Shown are participant residences by LTBI
diagnosis, together with DHC recruitment sites. Residences are jittered randomly up to 300 m
in any direction, to protect confidentiality. DHC=District Health Center; LTBI= latent
tuberculosis infection.
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adjusted for four covariates: age, sex,
household employment, and BMI z-score
(Figure E1).

To reduce the risk of overfitting GEE
models and introducing bias, we limited our
events-per-variable (EPV) ratio to no less
than 5–10 (35). Given a total of 47
households with at least one event, we thus
limited each GEEmodel to one primary
predictor and four covariates for an EPV of
9.4 for models with a dichotomous or
continuous primary predictor and an EPV of
6.7 for models with a 3-level categorical
primary predictor. Data regarding index case
infectivity were not known for all
households. We therefore conducted an
additional set of analyses including only the
subgroup in which these data were available
(Figure E2). In these subgroup analyses, in
addition to the aforementioned primary
predictors and covariates, we separately
adjusted for each of twomeasures of index
case infectivity: 1) cavitation on chest
radiograph and 2) sputumAFB smear grade
at the time of diagnosis, usingWHO
definitions as detailed in Table 1 but
dichotomizing the covariate with a cut-point
between “Scant” and “11.” The effect
modification of age, sex, and kitchen
ventilation was determined by fitting the
above GEEmodels with interaction terms
between the dichotomized effect modifier
and the indoor air pollution predictor of
interest. All indoor air pollution exposures
were considered separately as both
categorical and continuous variables where
possible. Categorical exposure variables
exhibiting nonlinear associations with LTBI
(parked motorcycles and PM2.5) were not
considered as continuous variables.
Categorical predictors were further
compared with the dichotomous LTBI
outcome using chi-square tests or,
alternatively, the Fisher exact test for
conditions involving a cell size,5. Software
for analyses included Stata SE 15.1 for
statistical analyses; ArcGIS 10.6 (ESRI) for
mapping; and Prism 9.0 (GraphPad) and
DAGitty (GNU public software) for figures.

Results

From July 2017 through December 2019, 73
index cases with microbiologically confirmed
active pulmonary TB were consecutively
enrolled from five District Health Center
enrollment sites in Hanoi, Vietnam, together
with 112 child household contacts. One

family moved fromHanoi soon after
enrollment, whereas the remaining 72 index
cases and 109 household contacts completed
baseline procedures and were included in the
cross-sectional analysis. One patient with
active TB lived in each household: there were
no households with multiple concurrent
active TB cases. Index cases were
predominately male (61%). Cavitary TB was
diagnosed in 18 (27%) of the 67 index cases
who had chest radiograph results at the time
of diagnosis. AFB smear grade was known
for 66 index cases: negative, n=4; scant,
n=9; 11, n=31; 21, n=13; and 31, n=9.
None of the women smoked, whereas 30
(68%) of male index cases were active
smokers. Twenty-seven smoked
manufactured cigarettes, seven smoked
waterpipe, four smoked both, and none
reported smoking of cigar, home-rolled
cigarettes, e-cigarettes, or marijuana. Index
case age ranged from 15 to 83 years (median
age, 41), and household contact age ranged
from 9months to 15 years (median, 6.2 years
old) (Table 1). Household contacts were all
of the predominant Kinh ethnicity, and none
smoked. Nearly half of households included
someone who had attended university or
polytechnical training, and two-thirds of
adult household members were employed.
Nearly all children had received the bacillus
Calmette-Gu�erin vaccination at birth (93%).
Household contacts reported nomedical
comorbidities; only one child was
underweight, 21 were overweight, and 15
were obese. Children with LTBI lived with
more household members (P=0.04) and
lived with index cases who had higher smear
grades (P=0.10) compared with children
with no LTBI (Table 1).

Of the three indoor air pollution sources
investigated—SHS, motorcycle emissions,
and LPG cooking emissions—SHS was the
most robustly associated with increased LTBI
among household contacts. We determined
associations with LTBI for both categorical
(Table 2) and continuous (Figure 2)
exposure variables. Sixty-seven (61%)
household contacts lived with smokers in the
household. Compared with households with
no smokers, each additional smoker living in
the household increased the odds of LTBI in
the household contacts by 2.56-fold (95% CI,
1.27–5.16) (Figure 2). The findings were
similar after additional adjustment for the
following measures of index case infectivity:
index case cavitary TB (adjusted odds ratio
[aOR], 2.71; 95% CI, 1.25–5.87) and index
case AFB smear grade (aOR, 2.67; 95% CI,

1.23–5.80) (Figure E2). In addition, a
dose–response was evident when total
smokers were considered as a categorical
variable: there was a 3.17-fold higher odds of
LTBI in children exposed to one household
smoker (aOR, 3.17; 95% CI, 1.22–8.26) and a
5.36-fold higher odds of LTBI in children
exposed to two household smokers (OR,
5.36; 95% CI, 1.23–23.5) (Table 2).
Furthermore, indoor SHS was more
deleterious than outdoor SHS.We stratified
household smokers by where they smoked,
finding that household members smoking
inside the home increased the odds of LTBI
in their household contacts, whereas smokers
who smoked exclusively outside the house
did not significantly increase LTBI odds
(Table 2 and Figures 2 and E2). The odds of
LTBI were highest in children,5 years old
who were exposed to household smokers:
aOR of 6.05 compared with an odds of 1.94
for children 5–15 exposed to household
smokers (Figure 2). Manufactured cigarette
SHS increased the odds of LTBI to a greater
extent than waterpipe SHS, but confidence
intervals overlapped widely and our power to
detect statistically significant waterpipe SHS
associations was limited by only 13 children
exposed to a waterpipe. Finally, index case
smoking was independently associated with
increased odds of LTBI among household
contacts (aOR, 2.68; 95% CI, 1.08–6.64), a
magnitude of association similar to one
household member smoking (Table 2).

Participants were exposed to indoor
motorcycle exhaust emissions entering the
home from the street. We assumed this
exposure to be greatest for children living
and sleeping on the ground floor and that
indoor exhaust emissions entering from the
street decreased as residential floor level
increased, as determined in prior urban
vertical gradient exposure assessments (27,
28). The primary daytime residential floor
was on street-level for 39% of household
contacts, and 28% slept on the ground floor
(Table 2). Whereas 84% of children lived on
the same floor as they slept, 16% slept on a
higher floor than they lived on during the
daytime. Children living and sleeping on the
ground floor experienced the highest odds of
LTBI, and this risk decreased in a
dose–response relationship as residential
floor level increased for both daytime floor
and bedroom floor in both unadjusted
analyses and after controlling for
socioeconomic, demographic, and clinical
factors (Table 2). The associations were also
statistically significant when considering
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floor level as a continuous variable (Figure 2)
and with the addition of index case
infectivity to the models (Figure E2).
Designating ground floor as referent, each
additional daytime residential floor above
street-level predicted a 36% decreased odds
of LTBI (aOR, 0.64; 95% CI, 0.42–0.96) and
each bedroom floor above street-level
predicted a 37% decreased odds of LTBI.

Motorcycles continue to emit harmful
pollutants (evaporative emissions) after the
vehicles are turned off and parked inside the
house (13), and 54% of children in our
cohort lived with motorcycles parked inside
the living areas of their homes. Living with
three or more motorcycles parked inside the
residential living area increased the odds of
LTBI by 3.53-fold (95% CI, 1.12–11.1),

although the association was nonlinear
(Table 2). All indoor motorcycles were
parked on the ground floor. When adjusting
for number of motorcycles parked on the
ground floor in the association between floor
level and LTBI, we found that inclusion of
motorcycle number in the model did not
significantly impact the magnitude of
association or level of significance of floor
level on LTBI (data not shown).

All households in our urban cohort
used either LPG or electricity as their
primary cooking fuel except for one
household that used primarily wood. LPG
fuel usage increased the odds of LTBI
when compared with electric (aOR, 2.49;
95% CI, 0.93–6.67), although the
association was not statistically significant

(Table 2). Kitchen ventilation modified
the effect of LPG on LTBI: children
exposed to LPG cooking with no active
kitchen ventilation experienced an 8.9-
fold increased odds of LTBI compared
with a 1.5-fold increase odds of LTBI
among children exposed to LPG cooking
with active kitchen ventilation (Table 2).
However, the P value for interaction was
not statistically significant (P = 0.19) and
the aOR confidence intervals were wide.
Similar trends were evident when
analyzing LPG usage as a continuous
variable (LPG cooking hours per day)
(Figure 2) and when adjusting for index
case infectivity (Figure E2). These findings
are supported by personal PM2.5

monitoring, which was significantly lower

Table 1. Baseline Characteristics of Household Contacts by Latent TB Infection Diagnosis (N=109)

Baseline Characteristic

Latent TB Infection

P Value
Negative
(n=51)

Positive
(n=58)

Demographic and socioeconomic
Age, yr, median (IQR) 6.5 (3.5–10.0) 6.2 (4.1–9.6) 0.91
Sex, F 18 (35) 23 (40) 0.64
Urban residence (vs. suburban) 27 (53) 27 (47) 0.51
Household education* 0.40

Secondary school or lower 24 (47) 32 (55)
University or polytechnical 27 (53) 26 (45)

Occupants, number/household, mean (SD) 5.1 (1.4) 5.8 (2.0) 0.04
Residential floor area, m2, median (IQR) 60 (44–100) 70 (47–120) 0.96
Occupant density, persons/50 m2, mean (SD) 4.5 (3.08) 4.8 (3.27) 0.59
Bedrooms, number/household, mean (SD) 2.8 (1.4) 2.8 (1.0) 0.99
Employed, proportion of adult household members, mean (SD) 0.67 (0.27) 0.65 (0.27) 0.73
Kitchen ventilation† 0.67

No ventilation 0 2 (3.5)
Passive ventilation 24 (47) 27 (47)
Active ventilation 27 (53) 29 (50)

Air conditioning installed 46 (90) 55 (95) 0.36
Clinical
BCG vaccination at birth, household contact 48 (94) 53 (91) 0.58
Exposed to index case with cavitary TB‡ 11 (24) 14 (25) 0.91
Smear grade of index case§ 0.10

Negative 5 (11) 1 (1.9)
Scant (1–9 AFB in 100 HPF) 9 (20) 4 (7.7)
11 (10–99 AFB in 100 HPF) 19 (41) 24 (46)
21 (1–10 AFB in each of 50 HPFs) 8 (17) 16 (31)
31 (.10 AFB in each of 20 HPFs) 5 (11) 7 (13)

Percentage contact with index case, mean (SD)jj 92 (19) 91 (19) 0.59
Overweight or obese§ 16 (31) 20 (34) 0.73

Definition of abbreviations: AFB=acid-fast bacilli; BCG=bacillus Calmette-Gu�erin vaccine; HPF=high-powered field (1,0003); index case=a
patient with active tuberculosis to whom household contacts have been exposed; IQR= interquartile range; TB= tuberculosis.
Data are presented as n (%) unless otherwise indicated.
*Highest education level attained by a household member.
†Kitchen ventilation categories: no ventilation during cooking; passive ventilation through an open window or door to the outside; or active
ventilation with a hood above the cooking stove or a fan in the kitchen window venting to the outside.
‡Missing data: chest radiograph not obtained or results not available for index cases of nine household contacts; AFB smear grade was not performed
or unavailable for index cases of 11 household contacts.
§As defined by the World Health Organization (30).
jjPercentage of days that household contact was living with index case in the 2 months before enrollment.
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in kitchens with active ventilation
(Table 3).

Personal PM2.5 measurements were
associated with questionnaire-determined

indoor air pollution sources (Table 3).
Household smokers, smoking inside the
home versus outside, motorcycles parked
inside the home, and LPG cooking fuel

usage were all associated with higher mean
PM2.5 exposures, whereas higher
residential floor levels, active kitchen
ventilation, and air conditioning were

Table 2. Odds of Latent TB Infection by Indoor Air Pollution Categorical Exposure Variables (N=109)

Exposure

Latent TB Infection [n (%)]

P Value*
Unadjusted OR

(95% CI)†
Adjusted OR
(95% CI)‡No (n=51) Yes (n=58)

Total household smokers 51 (100) 58 (100) 0.01
0 27 (53) 15 (26) 1.00 (ref) 1.00 (ref)
1 20 (39) 31 (53) 2.54 (1.03–6.28) 3.17 (1.22–8.26)
2 4 (7.8) 12 (21) 4.34 (1.07–17.7) 5.36 (1.23–23.5)

Householders smoking in home 51 (100) 58 (100) 0.007
0 42 (82) 34 (59) 1.00 (ref) 1.00 (ref)
1–2 9 (18) 24 (41) 3.24 (1.20–8.75) 3.80 (1.38–10.5)

Householders smoking only outside 51 (100) 58 (100) 0.71
0 36 (71) 39 (67) 1.00 (ref) 1.00 (ref)
1–2 15 (29) 19 (33) 0.97 (0.39–2.40) 0.91 (0.35–2.38)

Household cigarettes smoked per day 51 (100) 58 (100) 0.02
0 29 (57) 18 (31) 1.00 (ref) 1.00 (ref)
1–19 13 (25) 22 (38) 2.42 (0.91–6.43) 2.81 (1.01–7.78)
20–60 9 (18) 18 (31) 2.65 (0.90–7.82) 2.99 (0.96–9.33)

Index case is a smoker 51 (100) 58 (100) 0.03
No 36 (71) 29 (50) 1.00 (ref) 1.00 (ref)
Yes 15 (29) 29 (50) 2.25 (0.93–5.40) 2.68 (1.08–6.64)

Household waterpipes smoked per day 51 (100) 58 (100) 0.52
0 46 (90) 50 (86) 1.00 (ref) 1.00 (ref)
1–30 5 (10) 8 (14) 1.18 (0.32–4.35) 1.25 (0.32–4.83)

Daytime residential floor level§ 51 (100) 58 (100) 0.01
Street-level (first) 15 (29) 28 (48) 1.00 (ref) 1.00 (ref)
Second and third floor 28 (55) 29 (50) 0.49 (0.20–1.20) 0.35 (0.13–0.94)
Fourth to 11th floor 8 (16) 1 (1.7) 0.07 (0.008–0.64) 0.05 (0.005–0.46)

Bedroom floor level 51 (100) 58 (100) 0.04
Street-level (first) 10 (20) 20 (34) 1.00 (ref) 1.00 (ref)
Second and third floor 33 (65) 36 (62) 0.48 (0.18–1.28) 0.32 (0.11–0.93)
Fourth to 11th floor 8 (16) 2 (3.5) 0.13 (0.02–0.75) 0.08 (0.01–0.52)

Motorcycles parked inside housejj 51 (100) 58 (100) 0.01
0 26 (51) 24 (41) 1.00 (ref) 1.00 (ref)
1–2 18 (35) 12 (21) 0.83 (0.31–2.24) 0.82 (0.30–2.23)
3–7 7 (14) 22 (38) 3.44 (1.11–10.6) 3.53 (1.12–11.1)

Primary cooking fuel 50 (98)¶ 58 (100) 0.047
Electricity 19 (38) 12 (21) 1.00 (ref) 1.00 (ref)
LPG 31 (62) 46 (79) 2.29 (0.88–5.96) 2.49 (0.93–6.67)
LPG with ventilation** 14 (28) 18 (31) 1.49 (0.45–4.89) 1.53 (0.46–5.10)
LPG, no ventilation** 17 (34) 28 (48) 7.53 (0.78–73.2) 8.91 (0.85–92.9)

Personal PM2.5, mg/m
3†† 44 (85) 52 (90) 0.11

1.00–24.9 13 (30) 20 (38) 1.00 (ref) 1.00 (ref)
25.0–40.9 19 (43) 12 (23) 0.44 (0.16–1.18) 0.43 (0.15–1.22)
41.0–284 12 (27) 20 (38) 1.02 (0.36–2.94) 1.01 (0.34–2.99)

Definition of abbreviations: CI = confidence interval; GEE=generalized estimating equation; index case=a patient with active tuberculosis to
whom household contacts have been exposed; LPG= liquid petroleum gas; OR=odds ratio; PM2.5 =particulate matter <2.5 mm in aerodynamic
diameter; ref = referent; TB= tuberculosis.
*We determined P value for comparisons between each indoor exposure and latent TB infection using chi-square analyses, or Fisher exact test
for cell size ,5.
†We fit a separate unadjusted GEE regression model for each indoor exposure variable, with latent TB infection as the outcome.
‡We fit a separate multivariable GEE regression model for each indoor exposure variable, with latent TB infection as the outcome and adjusted
for age, sex, body mass index z-score, and household employment.
§Residential floor level where household contact spends most of her/his time during the day.
jjNumber of motorcycles typically parked (after turning them off) inside the participant’s residential living area.
¶Excluded one participant whose household used wood as primary fuel instead of electric or LPG.
**Interaction analysis, same GEE regression models used, unadjusted or adjusted, fitting an interaction term between active kitchen ventilation
and primary cooking fuel: unadjusted model P-interaction, 0.22; adjusted model P-interaction, 0.19. Active kitchen ventilation was defined as a
hood above the cooking stove or a fan in the kitchen window venting to the outside.
††Mean airborne concentration of PM2.5 using personal aerosol samplers over a period of 2–3 days at the time of enrollment. Thirteen
participants were unable to perform the procedure.
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Indoor Exposure

Household smokers (HS) 2.23 (1.16, 4.27)
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1.18 (0.48, 2.87)

1.37 (0.90, 2.09)
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0.69 (0.48, 0.98)
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1.36 (0.81, 2.29)

0.95 (0.49, 1.84)

2.47 (0.94, 6.53)

HS effect on children < 5 yrs old

HS effect on children 5–15 yrs old

Household smokers inside

Household smokers only outside

Household cigarettes smoked/day

Household waterpipes smoked/day

Daytime residential floor level

Bedroom floor level

LPG hrs/day

LPG hrs/day with ventilation

LPG hrs/day, no ventilation

Increased Odds of LTBIDecreased Odds of LTBI

0.25 0.5 1 2 4 8 16 32

Unadjusted Odds Ratio OR (95% CI)

Indoor Exposure

Household smokers (HS) 2.56 (1.27, 5.16)

6.05 (1.61, 22.7)

1.94 (0.88, 4.26)

2.53 (1.11, 5.76)

1.12 (0.54, 2.30)

1.46 (0.94, 2.29)

1.18 (0.48, 2.87)

0.64 (0.42, 0.96)

0.63 (0.42, 0.95)

1.36 (0.80, 2.31)

0.96 (0.49, 1.88)

2.50 (0.92, 6.78)

HS effect on children < 5 yrs old

HS effect on children 5–15 yrs old

Household smokers inside

Household smokers only outside

Household cigarettes smoked/day

Household waterpipes smoked/day

Daytime residential floor level

Bedroom floor level

LPG hrs/day

LPG hrs/day with ventilation

LPG hrs/day, no ventilation

0.25 0.5 1 2 4

Increased Odds of LTBIDecreased Odds of LTBI

8 16 32

Adjusted Odds Ratio aOR (95% CI)

Figure 2. Unadjusted odds (top) and adjusted odds (bottom) of LTBI by air pollution continuous exposure variables (n=109). We fit a separate
generalized estimating equation model for each indoor exposure, with LTBI as the outcome and each model adjusted for age, sex, body mass
index z-score, and household employment. Two interactions were also tested with this model: 1) the interaction between HS and age of
household contacts, P-interaction 0.12; and 2) the interaction between LPG cooking hours per day and active kitchen ventilation (hood above
the cooking stove or fan in the kitchen window), P-interaction also 0.12. Units were expressed in number of HS; number of cigarettes or
waterpipes smoked per day (in increments of 10); floor level lived and slept on; and hours of LPG use per day. Zero was the referent value for
all variables except floor level, where ground (first floor) was the referent. The aOR represented the adjusted odds of LTBI for each unit increase
of continuous exposure variable. For instance, for each additional household member who was a smoker, there was a 2.56-fold higher odds of
LTBI in the household contact; and for each higher floor the household contact’s bedroom was located on, there was a 37% lower odds of LTBI.
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associated with lower mean PM2.5

exposures, although many of these
associations were not statistically
significant. Furthermore, personal PM2.5

was not found to be independently
associated with LTBI (Table 2) in this
study.

Discussion

This study addresses indoor environmental
factors that could facilitate transmission of
M. tuberculosis from patients with active TB
to their household contacts. We found that
secondhand smoke was robustly associated
with LTBI. The effects of residential floor
level, indoor motorcycle emissions, cooking
with LPG, and active kitchen ventilation
were intriguing yet inconclusive.

Our study contributes to the evidence
that SHS increases risk for LTBI in children

living with a patient with active TB. Other
studies have suggested similar associations
(19, 20, 36, 37). Our study is distinct in that it
evaluates detailed SHS exposures and LTBI
in the context of other indoor exposures and
within the Southeast Asian cultural context
including Vietnamese traditional waterpipe
usage (23). Household smokers increased
LTBI odds among household contacts in a
dose–response relationship, and indoor
smoking increased LTBI odds to a greater
extent than outdoor, further strengthening
the argument for a causal association. Sixty-
eight percent of male index cases were
smokers in this cohort, consistent with
national surveys finding that 47% of
Vietnamese men smoke (14) and multiple
studies linking active smoking with TB (17).
Our study identifies a public health
opportunity: smoking cessation interventions
in patients with active TB not only could
improve TB treatment outcomes (38, 39) but

also might have the added benefit of
decreasing risk for LTBI among household
contacts. Children,5 years old were found
to be most susceptible to the effects of SHS,
perhaps because young children spend more
time around smoking household caregivers
or because young children might be
more susceptible to the immunotoxic effects
of SHS.

Manufactured cigarette SHS seemed to
be more immunotoxic than waterpipe SHS,
although the small number of waterpipe
smokers limited the interpretation of this
analysis. The Vietnamese waterpipe is
distinct from the more widely studied Arabic
waterpipe: no charcoal filtration is used, and
smoking sessions are brief. Furthermore, the
minimally processedNicotiana rustica
smoked in the Vietnamese waterpipe is
distinct from the manufactured cigarette’s
highly processedN. tabacum (40). Locals
believe that waterpipe smoking is safer than
cigarettes, but scant evidence supports (24)
or refutes (40, 41) this assertion. Vietnamese
waterpipe emissions and health studies are
greatly needed.

Motorcycle emissions are the prevailing
source of air pollution for city dwellers living
throughout Vietnam (12), and in Hanoi, 96%
of the vehicle fleet is composed of
motorcycles (10). In recent source
apportionment studies, the four-stroke
motorcycle engine without a catalytic
converter most prevalent on the streets of
Hanoi (42) produced a laboratory-based
emission spectra highly correlated with
Hanoi ambient samplings (11). Hanoi
motorcycles account for 70% of traffic-
related total suspending particles and.95%
of traffic-related volatile organic compounds
(VOCs) (10). Motorcycles congest the
residential streets outside people’s homes,
exposing residents to exhaust emissions that
enter homes through open windows and
doors. From air pollution vertical gradient
studies with street-level predominant air
pollution sources, indoor exposures to
vehicular exhaust are highest on the ground
floor and dissipate as residential floors
increase and distance frommotorcycle traffic
increases (27, 28). Although vertical
pollution gradients are altered by
atmospheric temperature inversion events,
these inversions are infrequent occurrences

Figure 2. (Continued). Continuous models should not be interpreted outside the range of observed exposure values (see Table 2 for observed
exposure value ranges). aOR=adjusted odds ratio; CI = confidence interval; HS=household smokers; LPG= liquid petroleum gas; LTBI= latent
tuberculosis infection; OR=odds ratio.

Table 3. Effect of Indoor Air Pollution Source on Personal PM2.5 Exposure (N=96)

Variable

PM2.5 Personal Exposure (mg/m3)*

n Mean (SD) P Value

Household smokers 96 0.35
No 37 37 (23)
Yes 59 44 (40)

Householders smoking in home 96 0.45
No 69 40 (37)
Yes 27 46 (28)

Daytime residential floor level 96 0.25
Street-level (first) 39 47 (45)
Second floor and up 57 38 (25)

Bedroom floor level 96 0.31
Street-level (first) 26 47 (52)
Second floor and up 70 39 (25)

Motorcycles parked inside house 96 0.11
No 45 36 (22)
Yes 51 47 (42)

Primary cooking fuel 95† 0.37
Electricity 27 36 (24)
LPG 68 44 (38)

Kitchen active ventilation 96 0.002
No 45 52 (45)
Yes 51 32 (18)

Air conditioning 96 ,0.001
No 7 91 (88)
Yes 89 38 (23)

Definition of abbreviations: LPG= liquid petroleum gas; PM2.5 =particulate matter <2.5 mm in
aerodynamic diameter.
*Mean airborne concentration of PM2.5 using personal aerosol samplers over a period of 2–3
days at the time of enrollment. Procedure not performed for 13 participants.
†Excluded one participant whose household used wood as primary fuel instead of electricity or LPG.
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in Hanoi (43, 44). Furthermore, vertical
gradient health outcomes studies have found
decreased risk for pneumonia and all-cause
mortality with higher residential floors,
although socioeconomic factors were
important covariates (45, 46). We found an
inverse dose–response relationship between
residential floor lived and slept on and odds
of LTBI. Children living on higher floors,
farther from street-level pollution,
experienced lower odds of LTBI, findings
that were robust across multiple models.
However, PM2.5 was not significantly lower
on higher floors, raising the possibility that
the “protective” effect of living on higher
floors was not primarily mediated through
PM2.5 but through unmeasured pollutants or
socioeconomic factors. In addition, the
majority of children in this cohort were
exposed to motorcycles parked inside their
homes, and this practice increased LTBI
odds, although the association was nonlinear.
Parked motorcycles expose residents to
evaporative emissions from the vehicles’ fuel
systems plus any residual exhaust emission
remaining in the tailpipe after the vehicle is
turned off (13, 47). Larger studies are needed
to confirm these findings, and interventions
should be designed to decrease motorcycle
exposures in household contact cohorts.

Although LPG burns cleaner than
solid fuels (48), the health benefits of LPG
cooking interventions remain unclear (49),
and LPG emissions can exceed WHO
standards for NO2 in poorly ventilated
kitchens (50). For this reason the WHO
has recommended that LPG cooking be
actively ventilated and that further
investigations into LPG health effects be
conducted (51). Although our LPG
findings were not statistically significant,
the direction of association was consistent
across models, with attenuation of risk for
actively ventilated kitchens. Indoor air
pollution and TB studies to date have not
compared LPG with electricity, but a
recent large Nepali case–control study
found LPG to increase odds of active TB
(52) but not LTBI (9) when compared with
solid fuel use. Further LPG ventilation
health studies are needed to contribute to
cost–benefit analyses as governments
consider requiring active kitchen
ventilation installations with new
constructions and upgrades and as
governments consider transitioning from
LPG and natural gas to zero emissions
renewable electricity sources. In addition
to being used for cooking, fuel can also be

burned indoors for heating and lighting. In
the Albers Nepali study, for instance,
lighting with candles and oil lamps was
associated with increased risk for LTBI (9).
In our urban cohort, none of our
participants relied on nonelectrical
lighting and only 17 had heating in their
homes (15 used electric space heaters and
2 used LPG space heaters).

Personal PM2.5 exposures were
associated with indoor air pollution sources,
providing a degree of validity to our
questionnaire, althoughmany of these PM2.5

associations were not statistically significant.
However, PM2.5 did not appear to be
independently associated with LTBI as we
had hypothesized. This suggests that the
effects of indoor sources were not principally
mediated through PM2.5 but rather perhaps
through a mixture of unmeasured toxicants
such as VOCs and nitrogen oxides (NOx) in
addition to PM2.5. Second, PM2.5 monitoring
represented a composite exposure to
multiple indoor and outdoor sources of
potentially variable toxicities, perhaps
diluting any effect on LTBI. Furthermore,
personal PM2.5 aerosol sampling was of
limited duration, not likely an adequate
reflection of overall particulate exposures,
and not all children were able to complete
this procedure, thereby introducing a degree
of nondifferential misclassification of
exposure and selection bias.

The findings from this observational
study are biologically plausible and
supported by mechanistic studies.
Secondhand smoke (53, 54), motorcycle
emissions (13, 42, 55), and LPG emissions
(48) are composed of chemical constituents
known to be potentially immunotoxic (18,
56, 57) including VOCs, polycyclic aromatic
hydrocarbons, carbonyls, respirable
particulate matter, NOx, and sulfur oxides.
Airborne toxicants have been shown to
interfere with early immune responses that
are likely important in preventing TB
infection in household contacts. For instance,
particulate matter has been shown in in vitro
studies to inhibit airway epithelial cell
antimicrobial peptide activity againstM.
tuberculosis (58) and alter macrophage
phagocytosis (59). Recent studies have
demonstrated that nonconventional T cells
(gd T cells, natural killer T cells, mucosal-
associated invariant T cells) (60–62) and
innate lymphoid cells (specifically natural
killer cells and innate lymphoid cells type 3)
(63, 64) have resident lung populations and
may play early roles against TB infection, yet

the effects of air pollution on these immune
responses againstM. tuberculosis remain
unclear, representing a needed area of
research. Air pollution could also increaseM.
tuberculosis transmission through
nonimmunemechanisms. Several airborne
toxicants are airway irritants causing
increased cough frequency and force (65).
Increased coughing of the patient with active
TB could then increase transmission ofM.
tuberculosis from index case to household
contacts (66). However, the direct role of
indoor air pollution increasing cough and
transmission has not been adequately
studied.

We limited this study to a small sample
size, such that we could expend resources on
a more detailed household exposure
assessment. Bacillus Calmette-Gu�erin
vaccination can result in false-positive
tuberculin skin tests, and because an equal
proportion of children with and without
LTBI received the vaccination (Table 1), this
would be expected to introduce
nondifferential misclassification of outcome,
which could decrease our power to detect
true associations. In our consecutive
sampling of eligible households, several
families did not ultimately agree to
participate, thereby introducing possible
selection bias. Although we did measure
PM2.5 intermittently, we were not able to
measure other important indoor pollutants
such as VOCs and NOx. The cross-sectional
study design limits our ability to draw
conclusions about causality. Specifically, we
do not know the precise timing of index case
progression to active TB and household
contact becoming infected with TB regarding
exposure time windows. To address this
study design limitation, we have selected
relatively time-invariant predictors, making
the assumptions that household smoking,
cooking practices, and motorcycle usage
remained relatively constant over time.

Conclusions
Secondhand smoke increased the odds of
LTBI in this urban cohort of Vietnamese
children, whereas linkages between other
indoor air pollution sources and LTBI
remained inconclusive. Larger observational
studies are needed to confirm associations
of indoor motorcycle emissions and LPG
with LTBI, coupling questionnaire data to
indoor monitoring of VOCs, NOx, and
PM2.5. These findings could inform
interventional studies designed to mitigate
TB risk through smoking cessation
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counseling, motorcycle emissions controls,
and active kitchen ventilation.�
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