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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Objective: Although there is evidence for the association between air pollution and decreased lung function in
children, evidence for adolescents and young adults is scarce. For a peri-urban area in India, we evaluated the

Keywords: association of ambient PM3 5 and household air pollution with lung function for young adults who had recently

Air pollution attained their expected maximum lung function.

Lung function

Indi Methods: We measured, using a standardized protocol, forced expiratory volume in the first second (FEV;) and
ndia

forced vital capacity (FVC) in participants aged 20-26 years from the third follow-up of the population-based
APCAPCS cohort (2010-2012) in 28 Indian villages. We estimated annual average PMj 5 outdoors at residence
using land-use regression. Biomass cooking fuel (a proxy for levels of household air pollution) was self-reported.
We fitted a within-between linear-mixed model with random intercepts by village, adjusting for potential
confounders.

Results: We evaluated 1,044 participants with mean age of 22.8 (SD = 1) years (range 20-26 years); 327 par-
ticipants (31%) were female. Only males reported use of tobacco smoking (9% of all participants, 13% of males).
The mean ambient PMy 5 exposure was 32.9 (SD = 2.8) ug/m?; 76% reported use of biomass as cooking fuel. The
adjusted association between 1 pg/m3 increase in PMy 5 was —27 ml (95% CI, —89 to 34) for FEV; and —5 ml
(95% CI, —93 to 76) for FVC. The adjusted association between use of biomass was —112 ml (95% CI, —211 to
—13) for FEV; and —142 ml (95% CI, —285 to 0) for FVC. The adjusted association was of greater magnitude for
those with unvented stove (—158 ml, 95% CI, —279 to —36 for FEV; and —211 ml, 95% CI, —386 to —36 for
FVO).

Conclusions: We observed negative associations between ambient PM 5 and household air pollution and lung
function in young adults who had recently attained their maximum lung function.

Particulate matter
Household air pollution

1. Introduction worldwide (Murray et al., 2020). The lungs are directly exposed to the
inhaled air, thus subject to the harmful effects of particulate matter
Air pollution is a major risk factor for non-communicable diseases (PM), toxic gases and other constituents of polluted air (Adam et al.,
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2015; Gotschi et al., 2008; Paulin and Hansel, 2016; Schraufnagel et al.,
2019). There has been consistent evidence between high levels of air
pollution and increased incidence and exacerbations of chronic respi-
ratory diseases (Gotschi et al., 2008; Guo et al., 2018; Murray et al.,
2020; Paulin and Hansel, 2016). Additionally, there is evidence for high
levels of air pollution and worse lung function, particularly for short-
term effects and also for long-term exposure (Adam et al., 2015; Edg-
inton et al., 2019; Gotschi et al., 2008; Guo et al., 2018; Int Panis et al.,
2017; Rice et al., 2015).

There are several gaps to be addressed in the association between
long-term exposure to air pollution and lung function (Gotschi et al.,
2008; Guo et al., 2018; Paulin and Hansel, 2016). There is limited data
from low-and-middle income countries and the majority of studies for
long-term exposure come from areas with relatively low ambient air
pollution (Adam et al., 2015; Guo et al., 2018). Additionally, there is
consistent evidence for worse lung development in children exposed to
high levels of air pollution, but there are few studies for adolescents;
those show inconsistent results (Cai et al., 2020; Fuertes et al., 2015;
Gauderman et al., 2004; Milanzi et al., 2018; Schultz et al., 2016). It is
largely unknown whether the harmful effect observed during childhood
could be compensated during the expansion of lung capacity during
puberty and adolescence (Cai et al., 2020; Fuertes et al., 2015; Gotschi
et al., 2008).

While more than 3 billion individuals still rely on biomass fuel for
cooking and heating, the evidence regarding household air pollution
(HAP) and lung function is limited (Balmes, 2019; Raju et al., 2020;
Sood et al., 2018). There is consistent evidence for increased risk of
respiratory infections in children, particularly pneumonia, and some
evidence for tuberculosis and chronic respiratory diseases in adults
(Balmes, 2019; Jindal et al., 2020; Raju et al., 2020). However, few
studies evaluated the association between HAP and lung function in
children and adolescents (Aithal et al., 2021; Sood et al., 2018), and
adults (Amaral et al., 2018; Siddharthan et al., 2018; Sood et al., 2018).
Overall, these studies are limited by a small sample size (Patel et al.,
2018), occupational exposure or specific populations (Dutta et al., 2021;
Singh et al., 2017), and lack of adjustment for ambient air pollution
(Simkovich et al., 2019).

Lung function growth and the maximum attained lung function,
achieved at around 18 years in females and 20 years in males (Kohansal
et al., 2009; Rennard and Drummond, 2015), are among the main de-
terminants of lung function levels and the occurrence of chronic respi-
ratory diseases in adulthood (Agusti et al., 2017; Rennard and
Drummond, 2015). For a peri-urban area in India, we evaluated the
association between ambient PM, s and HAP with lung function for
young adults who had recently attained their expected maximum lung
function. We hypothesized that both ambient PM, 5 and HAP are asso-
ciated with worse lung function.

2. Methods
2.1. Study design

We conducted a cross-sectional, population-based analysis in the
third follow-up of the Andhra Pradesh Children and Parent Study
(APCAPS) cohort (2010-2012) (Kinra et al., 2014). APCAPS is a large
prospective, intergenerational cohort that began with the long-term
follow-up of the Hyderabad Nutrition Trial (1987-1990). We used
data from the third follow-up, which surveyed 6,944 participants sit-
uated in 28 villages in a peri-urban area south of Hyderabad, India
(eFigure 1). We selected the index children (n = 1,360 participants),
traced from the Hyderabad Nutrition Trial, who were young adults
(20-26 years) at the third follow-up, in order to estimate the effect of air
pollution right after the peak of lung function development.

APCAPS was approved by the London School of Hygiene & Tropical
Medicine (London, UK) and the National Institute of Nutrition (NIN)
(Hyderabad, India). Signed consent forms were obtained from all
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participants.
2.2. Data collection

Data were collected at clinics in the 28 APCAPS villages. Following
standard operating procedures, data were collected via standardized
questionnaires by trained interviewers, assessing demographic, socio-
economic status [education, occupation, Standard of Living Index
(SLD] (Kinra et al., 2014), health behaviours (smoking, environmental
tobacco smoke, and physical activity) and anthropometric measure-
ments (Kinra et al., 2014). SLI is a household level asset-based scale
(covering quality of housing, including type of fuel use, and ownership
of land and durable goods), ranging from 0 to 67, developed for use in
Indian survey (International Institute for Population Sciences (IIPS) and
ORC Macro, 2000; Kinra et al., 2014). Weight (measured to the nearest
0.1 kg by digital SECA machine) and standing height (nearest 1 mm by
Leicester plastic stadiometer, Chasmors, UK) were measured twice; we
used the average of the two values. Body mass index (BMI) was calcu-
lated as weight (kg)/height (m?). We defined BMI categories using cut-
off values adapted to the Indian population (Underweight as <18.0 kg/
m?, normal weight as 18.0-22.9 kg/m?, overweight as 23.0-24.9 kg/m>
and obese as >25 kg/mz)(l\/lisra et al., 2009).

2.3. Outcome

The primary outcome was forced expiratory volume in the first
second (FEV)), followed by the forced vital capacity (FVC). In general,
FEV] is an indicator of airway resistance and FVC is an indicator of lung
capacity. Lung function was measured following the ATS/ERS guide-
lines (Miller et al., 2005) with a standard operating procedure protocol
with the Card-Guard Spiro-Pro (Card Guard) device. All measures were
taken without bronchodilator administration and aimed to obtain three
acceptable blows from a maximum of eight blows. We developed a shiny
app to revise and classify all measured blows (Mila and Ranzani, 2022).
First, we applied the acceptability criteria to every blow evaluating both
volume-time and flow-volume curves (Miller et al., 2005). Second, we
selected the best three curves that fulfilled the acceptability criteria.
Following guidelines (Miller et al., 2005), we used both FEV; and FVC
when acceptability criteria were present for both measures, and FEV;
when the acceptability criteria was only present for FEV;. The final
value of FEV; and FVC was selected from the maximum value obtained
among the three best ranked blows of those which fulfilled acceptability
criteria. We considered the repeatability criteria as difference <150 ml
for the two largest FEV; and FVC values. The lung function assessment is
shown in Fig. 1. We did not evaluate z-scores using the Global Lung
Function Initiative (GLI) equations as secondary outcomes because they
are not suitable for the Indian subcontinent (Quanjer et al., 2012).

2.4. Exposure assessment

We estimated annual ambient concentration of PM, 5 at residence
using a land-use regression (LUR) model developed for the study area
(Sanchez et al., 2018). The measurements and modelling approach have
been detailed elsewhere (Sanchez et al., 2018; Tonne et al., 2017). The
PM5 5 LUR model included tree coverage, night-time light intensity,
longitude and normalized difference vegetation index predictors, and
explained a 58% (mean adjusted R?) of the variation in measured PM, 5
(Sanchez et al., 2018).

HAP was defined with self-reported data on cooking fuel. We derived
a binary variable accounting for biomass fuel use (crop residues/dung/
wood/kerosene/oil), compared with participants using clean fuel (gas/
electricity). Additionally, we derived a three category variable,
expanding the group using biomass fuel use in two groups: those with an
unvented and those with a vented to the outside biomass-fuelled stove
(Aung et al., 2016; Grieshop et al., 2017; Islam et al., 2021; Ranzani
et al., 2020).
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1,360 index adults

178 index adults did not perform spirometry

4,353

N= 1,182 index adults

curves

Acceptability for each
individual curve

1,069 curves did not meet acceptability criteria
N=138 index adult

3,284 curves met acceptability criteria
(3,284 for FEV1/ 1,916 for FEV1-FVC)
N= 1,044 index adults

Ranking of 3 best curves
with acceptability criteria

2,595 curves selected
(1,077 for FEV1/ 1,518 FEV1-FVC)
N=1044 index adults
(1,044 for FEV1 / 726 for FVC)

Index adults

with valid
lung function

Repeatability criteria

FEV,

* 141 index adults with single curve

* 129 index adults with 15t minus 2" highest values <150 ml
e 774 index adults with 15t minus 24 highest values >150 ml

FvC

e 223 index adults with single curve

* 163 index adults with 15t minus 2" highest values <150 ml
* 340 index adults with 15t minus 29 highest values >150 ml

FEV, = forced expiratory volume in the first second; FVC: forced vital capacity

Fig. 1. Study flow chart. FEV; = forced expiratory volume in the first second; FVC: forced vital capacity.

2.5. Data analysis

The statistical analysis plan was defined a priori and any deviation is
labelled post-hoc. We evaluated the associations between ambient PM5 5
and HAP with FEV; and FVC fitting linear mixed models, with random
intercepts by village. Ambient PM, 5 and HAP were co-adjusted simul-
taneously in all models. We used a “within-between” approach in the
mixed models because of the modest within-village variability in
ambient PM; 5 and to account for confounding at the village level (Adar
et al., 2010; Bafumi and Gelman, 2006; Ranzani et al., 2020). For this,
we included the village-mean ambient PM; s as a covariate of the model.

Each set of potential confounding factors were chosen accordingly to
the literature, previous knowledge, and reported associations in the
APCAPS population. We sequentially adjusted for confounders as fol-
lows: Model 1 was adjusted by age (linear term), height (restricted cubic
spline with 3 knots) and sex. Model 2 was further adjusted by smoking
status, environmental tobacco smoke and BMI. Model 3 included Model
2 terms plus occupation and education level. Model 4 included Model 3
terms plus Standard of Living Index, which incorporates an indicator of

biomass fuel use included in the score and therefore is at risk of over-
adjustment. Finally, to increase precision, Model 5 added to Model 4 two
dummy indicators: whether the participant had upper respiratory
infection symptom in the past three weeks and a three-category variable
regarding spirometry quality (one curve available, >2 curves without
repeatability criteria, and >2 curves with repeatability criteria). Inclu-
sion of the dummy variable for spirometry quality was defined post-hoc.
We tested continuous variables for non-linearity with restricted cubic
splines and allowed for non-linearity using AIC criteria. Given the sex-
based differences in mobility and cooking time observed in the
APCAPS population (Mila et al., 2018), we tested an effect modification
between each exposure and sex by adding an interaction term between
the exposure and sex.

We used inverse probability weighting (IPW) to adjust for potential
selection bias among those with a valid spirometry compared with the
1,360 potentially eligible participants (Ranzani et al., 2020; Seaman and
White, 2013). IPW was constructed using a logistic regression model,
including the exposures, all potential confounding factors and a village
indicator. We derived IPWs for having a valid FEV; and for FVC
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separately. The primary analysis used stabilized IPWs truncated at 1st
and 99th percentile of weights distribution to deal with extreme weight
values (Austin and Stuart, 2015).

We conducted four sensitivity analyses: 1) truncating at 5th and 95th
percentile of weights distribution (Austin and Stuart, 2015); 2) ana-
lysing without IPW; 3) analysing including only non-smokers; 4) ana-
lysing the FEV; from those curves with both FEV; and FVC valid.
Sensitivity analysis restricted to participants with repeatability criteria
were not stable due to the sample size. We anticipated few missing
values and pre-planned to conduct a complete case-analysis. All analyses
were conducted with R-4.0.3, with the packages tidyverse (Wickham
et al., 2019), Ime4 (Bates et al., 2015), and sjstats (Liidecke, 2018).

3. Results
3.1. Study population

There were 1,044 participants with a valid lung function measure-
ment (1,044 (77%) for FEV; and 726 (53%) for FVC) (Fig. 1). The
characteristics of participants with and without a valid lung function
measurement are shown in eTable-1 and eTable-2. Overall, participants
without a valid lung function measurement were more likely to be fe-
male, underweight, and unemployed compared to those with a valid
measurement.

The mean age was 22.8 (SD = 1.2) years (p25-p75: 22-24, range
20-26 years). 327 participants were female (31.3%). Overall, one third
of participants were classified as underweight and 40.3% were currently
exposed to environmental tobacco smoke. Only males reported smoking
tobacco, representing 9% of all participants and 13.1% of males. The
mean age starting tobacco smoking was 19.4 (SD = 3.2) years. Among
all participants, 43% were unemployed, and females (65.1%) were more
likely to be unemployed compared to males (32.9%). Additional char-
acteristics are described in Table 1.

The mean PM,5 exposure was 32.9 (SD = 2.8) pg/m3 (range
24.4-38.1 pg/m>), and comparable between females and males. Most
participants reported use of biomass as cooking fuel (75.9%) and 21.8%
of participants reported use of biomass as cooking fuel in an unvented
stove (Table 1).

3.2. Association between ambient PM, 5 and lung function

The final population included in regression analyses was 987/1,044
(95%) for FEV; and 682/726 (94%) for FVC, after excluding missing
values in covariates. The association between 1 pg/m3 increase in PMy 5
and FEV; was —44 ml (95% CI, —106 to 18) in the minimally adjusted
model and —27 ml (95% CI, —89 to 34) in the fully adjusted model,
while the association between 1 plg/m3 increase in PMy 5 and FVC was
—5ml (95% CI, —91 to 80) in the minimally adjusted model and —8 ml
(95% CI, —93 to 76) in the fully adjusted model (Table 2). Results were
similar when HAP was modelled as three categories rather than two
(eTable-3).

3.3. Association between household air pollution and lung function

HAP was associated with decreased FEV; in the minimally adjusted
model (—93 ml, 95% CI, —188 to 3) and in the fully adjusted model
(=112 ml, 95% CI, —211 to —13); this association was of greater
magnitude for those with unvented stove (fully adjusted model: —93 ml,
95% CI, —196 to 10 for those with vented stove, and —158 ml, 95% CI,
—279 to —36 for those with unvented stove) (Fig. 2, eTable-4 and
eTable-5). The same pattern was observed in the association between
HAP and FVC: in the fully adjusted model, HAP was associated with
—142 ml (95% CI, —285 to 0); when considering the ventilation, it was
—114 ml (95% CI, —263 to 35) for those with a vented stove and —211
ml (95% CI, —386 to —36) for those with an unvented stove (Fig. 2,
eTable-4 and eTable-5).
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Table 1
General characteristics, outcomes and exposure of the population stratified by
sex.

Category Overall Female Male
n 1044 327 717
Age, years Mean (SD) 22.8 22.7 22.9
1.2) (1.3) 1.2)
Sex, n (%) Female 327 327 -
(31.3) (100.0)
Height, m Mean (SD) 1.63 1.53 1.67
(0.09) (0.06) (0.06)
Body-mass index, kg/ Mean (SD) 20.5 20.1 20.7
m? (3.2) (3.3) (3.2)
Body-mass index Underweight 312 116 196
categories (kg/mz), (<18.0) (29.9) (35.5) (27.3)
n (%)
Normal weight 516 158 358
(18.0-22.9) (49.4) (48.3) (49.9)
Overweight 122 26 (8.0) 96
(23.0-24.9) 11.7) (13.49)
Obese (25.0 -) 94 (9.0) 27 (8.3) 67
9.3)
Environmental Yes 421 98 323
tobacco smoke, n (40.3) (30.0) (45.0)
(%)
Tobacco smoking, n Yes 94 (9.0) 0 (0.0) 94
(%) (13.1)
Starting age of Mean (SD) 19.4 - 19.4
tobacco smoking, (3.2) (3.2)
years
Physical activity Sedentary or light 897 270 627
(METs), n (%) active (<1.70) (87.4) (84.6) (88.7)
Active or 106 39 67
moderately active (10.3) (12.2) (9.5)
(1.70-1.99)
Vigorously active 23 (2.2) 10 (3.1) 13
>2) (1.8)
Education, n (%) No formal 75 (7.2) 35 40
education (10.7) (5.6)
Primary (1-4 years) 129 54 75
(12.4) (16.5) (10.5)
Secondary (5-12 616 179 437
years) (59.0) (54.7) (60.9)
Beyond secondary 224 59 165
(>12 years) (21.5) (18.0) (23.0)
Occupation, n (%) Unemployed 449 213 236
(43.0) (65.1) (32.9)
Unskilled manual 177 56 121
(17.0) 17.1) (16.9)
Skilled manual 312 34 278
(29.9) (10.4) (38.8)
Non-manual 106 24 (7.3) 82
(10.2) 11.4)
Standard of Living Low (0-14) 15(1.4) 5(1.5) 10
Index (points), n (%) (1.4)
Medium (15-24) 240 80 160
(23.1) (24.7) (22.9)
High (25-67) 783 239 544
(75.4) (73.8) (76.2)
Outcomes
FEVy, L Mean (SD) 3.27 2.48 3.63
(0.92) (0.55) (0.82)
FVC, L Mean (SD) 4.17 3.19 4.54
(1.07) (0.62) (0.97)
Exposures
PM, 5 (ug/m>)* Mean (SD) 329 32.9 32.8
2.8) (2.8) 2.7)
Fuel use for cooking, n No biomass 251 82 169
(%) (24.0) (25.1) (23.6)
Biomass, ventilated 565 195 370
stove (54.1) (59.6) (51.6)
Biomass, no 228 50 178
ventilated stove (21.8) (15.3) (24.8)

* Missing values were 35 (3.4%) for PM2.5, 18 (1.7%) for physical activity and
6 (0.6%) for Standard of Living Index FEV; = forced expiratory volume in the
first second; FVC: forced vital capacity; PM 2.5 = particulate matter with an
aerodynamic diameter of 2.5 pm or less.
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Table 2
Association of within-village variation in PM, s with lung function in young
adults in a peri-urban community in India.

Model Exposure Overall
Outcome: FEV; (ml) N = 987
Mean difference in FEV;
(95% CI), ml
Ambient PM, 5
Model 1 (basic adjustment)” PMys (1 pg/ —44 (-106 to 19)
m%)
Model 2 (Model 1 + health PM,s (1 pg/ —43 (-105 to 19)
behaviours and BMI)” m?)
Model 3 (Model 2 + occupation and PMys (1 pg/ —27 (-89 to 35)
education)* m®)
Model 4 (Model 3 + socioeconomic PMy s (1 pg/ —27 (-89 to 35)
index)” m?)
Model 5 (Full adjustment)® PM,s (1 pg/ —27 (-89 to 35)
m3)
Outcome: FVC (ml) N =682
Mean difference in FVC
(95% CI), ml
Ambient PM, 5
Model 1 (basic adjustment)” PMys (1 pg/ —5 (-91 to 80)
m®)
Model 2 (Model 1 + health PM, s (1 pg/ —14 (-99 to 70)
behaviours and BMI)" m%)
Model 3 (Model 2 + occupation and PM,s (1 pg/ -9 (-93 to 76)
education)” m?%)
Model 4 (Model 3 + socioeconomic PMy s (1 pg/ -7 (-92 to 77)
index)? m%)
Model 5 (Full adjustment)® PM,s (1 pg/ —8 (-93 to 76)
m3)

Analysis conducted using a linear mixed model accounting for within-between
effects for PMy 5, with correction for selection bias through inverse probability
weighting. CI = confidence interval; FEV; = forced expiratory volume in the first
second; FVC: forced vital capacity; PM 2.5 = particulate matter with an aero-
dynamic diameter of 2.5 ym or less.

# Model 1 was adjusted by age (modelled with linear term), height (modelled
with restricted cubic spline with 3 knots), sex and PM, 5 and biomass use (yes/
no).

b Model 2: Model 1 + smoking status, environmental tobacco smoke and body-
mass index.

¢ Model 3: Model 2 + occupation and education.

4 Model 4: Model 3 + Standard of Living Index.

¢ Model 5: Model 4 + symptom of upper respiratory infection in the last three
weeks and FEV;/FVC quality indicator.

3.4. Effect modification by sex

We did not observe effect modification by sex for ambient PM s,
while the association for HAP was of greater magnitude in male than
female (eTable-6).

3.5. Sensitivity analyses

The four sensitivity analyses yielded comparable estimates to the
main analysis (Fig. 3 and eTable-7), in general with wider confidence
intervals for those analyses with lower sample size.

4. Discussion
4.1. Main findings

We observed an association between air pollution and decreased no-
bronchodilator lung function in young adults residing in a peri-urban
area of South India. Long-term ambient air pollution measured by
annual average PM, s was associated with decreased FEV;, but with
imprecision, while household air pollution measured by biomass fuel
use was consistently associated with decreased FEV; and FVC, particu-
larly in those cooking with biomass in unventilated stoves.

Our estimates for ambient PMy 5 and FEV; are broadly consistent
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with those from previous studies. A systematic review and meta-analysis
published in 2019 found that, for healthy adults, the pooled estimate
from four studies (n = 56,125) for the decrease on FEV; was —71.4 ml
(95% CI, —134.5 to —8.2) per 10 },lg/m3 increase of PM;( (Edginton
etal., 2019). Another cross-sectional analysis comprising several cohorts
of Europe (n = 7,615) observed a decrease of —44.56 ml (95% CI,
—85.36 to —3.76) per 10 pg/m?’ increase of PM;o, however observed
non-statistically significant associations for PMy 5 (-21.14 ml, 95% CI,
—56.37 to 14.08 for FEV; and —36.39, 95% CI, —83.29 to 10.50 for FVC,
per 5 pg/m° increase) and other PM diameters (Adam et al., 2015). A
recent large study (n = 285,046) from Taiwan observed consistent de-
creases in FEV; and FVC for PMy 5 in a relatively high exposure range
(average PMy 5 of 26.74 + 7.76 pg/ms) (Guo et al., 2018). Similarly,
another large study in UK (UK-Biobank, n = 278,228), observed
consistent negative associations between PM; 5 and FEV; or FVC, with a
greater effect in males (Doiron et al., 2019). Among adolescents, pre-
vious studies have reported no association between PM, 5 and FEV; or
FVC in the general population (Cai et al., 2020; Fuertes et al., 2015), but
negative associations have been reported in some subgroups such as
males for PM5 5, or asthmatics for other pollutants (Fuertes et al., 2015).
We observed null associations for ambient PMsys and FVC. The
discrepancy of the negative association only with FEV; and not FVC has
also been observed in another study of adolescents (~16 years) in a
cohort in Netherlands (Milanzi et al., 2018), which observed stronger
effects in boys.

There is some evidence for the association of HAP and chronic res-
piratory diseases from both LMIC and high-income countries (Orozco-
Levi et al., 2006; van Gemert et al., 2015). However, few studies have
investigated the effect of HAP on lung function measures in the general
population (Amaral et al., 2018; Arku et al., 2020; Dave et al., 2017;
Kashyap et al., 2020; Sood et al., 2018). The BOLD study analysed data
on adults (mean age 50-60 years) in several countries, and reported no
associations between solid biomass fuel and FEV; or FVC overall or in
subgroups by sex, smoking and country income status (Amaral et al.,
2018). Results from another multinational study (PURE) based on adults
(35-70 years) indicated that the use of kerosene for cooking was nega-
tively associated with FEV; (—46.27 ml, 95% CI, —80.47 to —12.06) and
FVC (—54.67 ml, 95% CI, —93.59 to —15.75) compared with clean fuel
(Arku et al., 2020). Associations were greater in magnitude for males
and among participants from India (—127.27 ml, 95% CI, —171.33 to
—83.2 for FEV;). Finally, a cross-sectional study in India including
adults (mean age 49.4 years) observed that those using biomass fuel for
cooking had —70 ml (95% CI, —111 to —30) smaller FEV; compared
with those with clean fuel. This difference was mainly observed in males
(=145 ml, 95% CI, —210 to —79), while results were inconclusive for
females (—13 ml, 95% CI, —63 to 37) (Dave et al., 2017). The associa-
tions were imprecise for FVC (—10 ml, 95% CI, —70 to 50 overall, —56
ml, 95% CI, —138 to 26 for males) and there was no effect modification
by cooking in a living space or enclosed kitchen. Although we did not
find any study evaluating HAP and lung function in young adults, our
estimates are broadly comparable with estimates observed among older
adults. Our observed associations were mainly driven by participants
using unvented stoves, providing additional support that exposure
measured by questionnaire data on primary cooking fuel is reflecting
exposure to combustion by products and that the observed association
cannot be fully explained by residual confounding by socio-economic
factors correlated with cooking fuel (Mortimer et al., 2022).

Several pathways may be involved in the biological mechanism
linking ambient PMj 5 and HAP with lung function, including chronic
inflammation, increased airway resistance, and changes in the lung
microbiome (Pinkerton et al., 2019; Raju et al., 2020; Sood et al., 2018;
Stapleton et al., 2020). There is also published evidence for delayed or
decreased lung function growth in children exposed to air pollution
(Aithal et al., 2021; Cai et al., 2020; Gotschi et al., 2008; Schultz et al.,
2016), and potential for improved lung function in children following
reductions in ambient air pollution (Gauderman et al., 2004). However,
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Fig. 2. Association between household air pollution and lung function in young adults in a peri-urban community in India. Analysis conducted using a
linear mixed model accounting for within-between effects for PM2.5, with correction for selection bias through inverse probability weighting. CI = confidence
interval; FEV1 = forced expiratory volume in the first second; FVC: forced vital capacity; PM 2.5 = particulate matter with an aerodynamic diameter of 2.5 um or less.
Model 1 was adjusted by age (modelled with linear term), height (modelled with restricted cubic spline with 3 knots), sex and PM2.5 and biomass use (yes/no and
three categories). Model 2: Model 1 + smoking status, environmental tobacco smoke and body-mass index. Model 3: Model 2 + occupation and education. Model 4:
Model 3 + Standard of Living Index. Model 5: Model 4 + symptom of upper respiratory infection in the last three weeks and FEV1/FVC quality indicator.
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the literature is more limited for adolescents, and available findings are
not as consistent as they are for younger children. Additionally, it is not
clear whether there is a sex-specific impact of air pollution (Cai et al.,
2020; Fuertes et al., 2015; Gotschi et al., 2008; Milanzi et al., 2018), or
whether ambient PM is more relevant for FEV; (increased airway
resistance/obstructive) compared with FVC (lung capacity) (Milanzi
et al., 2018).

Our study is one of the first evaluating air pollution and lung function
of young adults directly following their lung peak growth. The attained
maximum lung function is one of the main determinants of lung function
decline trajectory and incidence of respiratory diseases and premature
death (Agusti et al., 2017; Rennard and Drummond, 2015). Another
strength of our study is that we evaluated co-exposure to ambient PMs 5
and HAP in a population-based study in a low-and-middle income
country, where exposure to high levels of ambient PM5 5 and household
air pollution are prevalent. Additionally, we adjusted for occupation and
other socioeconomic indicators, which are important confounders for
HAP (Arku et al., 2020; Mortimer et al., 2022), and results were
consistent across multiple different sensitivity analyses.

Limitations of our study include the following. First, this is a cross-
sectional analysis thus we cannot evaluate the impact of air pollution
exposure on lung growth and the influence of different exposure win-
dows. Second, HAP was evaluated using a categorical exposure, conse-
quently, we were not able to estimate exposure-response relationships
and accurately evaluate the personal exposure generated from HAP.
Although we co-adjusted for ambient PMys and a HAP indicator,
isolating the effect of each on lung function is not straightforward since
some ambient PM; 5 results from local biomass burning for household
energy. Previous studies from our group showed that about 8-12% of
ambient PMy 5 in the study area resulted from local sources (Kumar
et al., 2018). Third, there was a considerable proportion of invalid
spirometry curves, more commonly for females and for participants with
low socioeconomic status, which is a common challenge for evaluating
lung function in population-based studies in LMICs (Masekela et al.,
2018; Meghji et al., 2021). Additionally, we have a higher proportion of
males compared to females (38.6%) in the eligible population of index
adults of third APCAPS follow-up and females were much less likely to
have a valid FEV; measure or to meet acceptability/repeatability criteria
compared with males. Therefore, we could have selection bias and lack
of representative of females on our analysis, which we tried to minimize
using IPW. The use of a categorical variable as a proxy of HAP, likely
with differential measurement error between sex associated with po-
tential selection bias, might explain the inconclusive magnitude of the
association between HAP and lung function in females. Additional
studies should plan actions to mitigate the likely lack of representa-
tiveness of females in lung function studies in LMICs (Masekela et al.,
2018; Meghji et al., 2021). Fourth, we did not have post-bronchodilator
lung function measurements, which are needed to evaluate obstructive
respiratory diseases prevalence. Post-bronchodilator lung function
measurements could also reduce the influence of short-term environ-
mental exposures on FEV; measurements (lerodiakonou et al., 2016;
Molter et al., 2013), potentially improving the precision of our estimates
of interest (i.e. associations between long-term ambient PM; 5 and HAP
exposures and lung function).

5. Conclusions

We observed negative associations between ambient PM, 5 and HAP
and lung function in young adults who had recently attained their
maximum lung function. Because maximum attained lung function is a
main determinant of lung function in later life, aiming to reduce the
levels of exposure to ambient PM; 5 and HAP might be an effective way
to improve lung function in adulthood.

Environment International 165 (2022) 107290
Ethics approval.

APCAPS was. approved by the London School of Hygiene & Tropical
Medicine (London, UK) and the National Institute of Nutrition (NIN)
(Hyderabad, India). CHAI was approved by the Ethics Committees of
Parc de Salut MAR (Barcelona, Spain), the Indian Institute of Public
Health (Hyderabad, India), and the NIN. Signed consent forms were
obtained from all participants.

Role of the funding sources

The funders had no role in the design and conduct of the study; in the
collection, analysis, and interpretation of the data; in the preparation,
review, or approval of the manuscript; or in the decision to submit the
manuscript for publication. All authors were responsible for the decision
to submit for publication.

Data sharing

Data related to the APCAPS cohort is available to researchers
through a brief application to the cohort’s Steering Group (form avail-
able from APCAPS website, https://apcaps.Ishtm.ac.uk, and submitted
to email: apcaps@iiphh.org).

CRediT authorship contribution statement

Otavio T. Ranzani: Conceptualization, Data curation, Formal
analysis, Methodology, Software, Validation, Visualization, Writing —
original draft. Santhi Bhogadi: Data curation, Project administration,
Writing — review & editing. Carles Mila: Methodology, Software,
Visualization, Writing — review & editing. Bharati Kulkarni: Data
curation, Writing — review & editing. Kalpana Balakrishnan: Data
curation, Writing — review & editing. Sankar Sambandam: Data cura-
tion, Writing — review & editing. Judith Garcia-Aymerich: Methodol-
ogy, Supervision, Writing — review & editing. Julian D. Marshall: Data
curation, Writing — review & editing. Sanjay Kinra: Data curation,
Methodology, Funding acquisition, Project administration, Writing —
review & editing. Cathryn Tonne: Conceptualization, Data curation,
Funding acquisition, Methodology, Project administration, Resources,
Supervision, Validation, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Funding acknowledgement: The research leading to these results
received funding from the European Research Council under ERC Grant
Agreement number 336167 for the CHAI Project. The third wave of data
collection and village socio-demographic surveys for the APCAPS study
were funded by the Wellcome Trust (Grant: 084674/Z). OTR is funded
by a Sara Borrell fellowship (CD19/00110) from the Instituto de Salud
Carlos III. CT was funded through a Ramén y Cajal fellowship (RYC-
2015-17402) awarded by the Spanish Ministry of Economy and
Competitiveness. We acknowledge support from the Spanish Ministry of
Science and Innovation and State Research Agency through the “Centro
de Excelencia Severo Ochoa 2019-2023” Program (CEX2018-000806-
S), and support from the Generalitat de Catalunya through
the CERCA Program.

General acknowledgement: We thank all participants of the
APCAPS and CHALI studies as well as the study teams who made the
research possible.


https://apcaps.lshtm.ac.uk

O.T. Ranzani et al.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envint.2022.107290.

References

Adam, M., Schikowski, T., Carsin, A.E., Cai, Y., Jacquemin, B., Sanchez, M.,

Vierkotter, A., Marcon, A., Keidel, D., Sugiri, D., Al Kanani, Z., Nadif, R., Siroux, V.,
Hardy, R., Kuh, D., Rochat, T., Bridevaux, P.-O., Eeftens, M., Tsai, M.-Y., Villani, S.,
Phuleria, H.C,, Birk, M., Cyrys, J., Cirach, M., de Nazelle, A., Nieuwenhuijsen, M.J.,
Forsberg, B., de Hoogh, K., Declerq, C., Bono, R., Piccioni, P., Quass, U., Heinrich, J.,
Jarvis, D., Pin, L, Beelen, R., Hoek, G., Brunekreef, B., Schindler, C., Sunyer, J.,
Kramer, U., Kauffmann, F., Hansell, A.L., Kiinzli, N., Probst-Hensch, N., 2015. Adult
lung function and long-term air pollution exposure. ESCAPE: a multicentre cohort
study and meta-analysis. Eur Respir J 45, 38-50. https://doi.org/10.1183/
09031936.00130014.

Adar, S.D., Klein, R, Klein, B.E.K., Szpiro, A.A., Cotch, M.F., Wong, T.Y., O’Neill, M.S.,
Shrager, S., Barr, R.G., Siscovick, D.S., Daviglus, M.L., Sampson, P.D., Kaufman, J.D.,
2010. Air Pollution and the microvasculature: a cross-sectional assessment of in vivo
retinal images in the population-based multi-ethnic study of atherosclerosis (MESA).
PLoS Med 7, €1000372. https://doi.org/10.1371/journal.pmed.1000372.

Agusti, A., Noell, G., Brugada, J., Faner, R., 2017. Lung function in early adulthood and
health in later life: a transgenerational cohort analysis. Lancet Respir. Med. 5,
935-945. https://doi.org/10.1016/52213-2600(17)30434-4.

Aithal, S.S., Gill, S., Satia, I., Tyagi, S.K., Bolton, C.E., Kurmi, O.P., 2021. The Effects of
Household Air Pollution (HAP) on Lung Function in Children: A Systematic Review.
IJERPH 18, 11973. https://doi.org/10.3390/ijerph182211973.

Amaral, A.F.S., Patel, J., Kato, B.S., Obaseki, D.O., Lawin, H., Tan, W.C., Juvekar, S.K.,
Harrabi, 1., Studnicka, M., Wouters, E.F.M., Loh, L.-C., Bateman, E.D., Mortimer, K.,
Buist, A.S., Burney, P.G.J., BOLD Collaborative Research Group, 2018. Airflow
Obstruction and Use of Solid Fuels for Cooking or Heating: BOLD Results. Am J
Respir Crit Care Med 197, 595-610. https://doi.org/10.1164/rccm.201701-
02050C.

Arku, R.E., Brauer, M., Duong, M., Wei, L., Hu, B., Ah Tse, L., Mony, P.K., Lakshmi, P.V.
M., Pillai, R.K., Mohan, V., Yeates, K., Kruger, L., Rangarajan, S., Koon, T., Yusuf, S.,
Hystad, P., PURE (Prospective Urban and Rural Epidemiological) Study
investigators, 2020. Adverse health impacts of cooking with kerosene: A multi-
country analysis within the Prospective Urban and Rural Epidemiology Study.
Environ Res 188, 109851. https://doi.org/10.1016/j.envres.2020.109851.

Aung, T.W., Jain, G., Sethuraman, K., Baumgartner, J., Reynolds, C., Grieshop, A.P.,
Marshall, J.D., Brauer, M., 2016. Health and Climate-Relevant Pollutant
Concentrations from a Carbon-Finance Approved Cookstove Intervention in Rural
India. Environ. Sci. Technol. 50, 7228-7238. https://doi.org/10.1021/acs.
est.5b06208.

Austin, P.C., Stuart, E.A., 2015. Moving towards best practice when using inverse
probability of treatment weighting (IPTW) using the propensity score to estimate
causal treatment effects in observational studies. Statist. Med. 34, 3661-3679.
https://doi.org/10.1002/sim.6607.

Bafumi, J., Gelman, A.E., 2006. Fitting Multilevel Models When Predictors and Group
Effects Correlate. https://doi.org/10.7916/D87P953X.

Balmes, J.R., 2019. Household air pollution from domestic combustion of solid fuels and
health. Journal of Allergy and Clinical Immunology 143, 1979-1987. https://doi.
org/10.1016/j.jaci.2019.04.016.

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models
Using lme4. J. Stat. Soft. 67 https://doi.org/10.18637/jss.v067.i01.

Cai, Y., Hansell, A.L., Granell, R., Blangiardo, M., Zottoli, M., Fecht, D., Gulliver, J.,
Henderson, A.J., Elliott, P., 2020. Prenatal, Early-Life, and Childhood Exposure to
Air Pollution and Lung Function: The ALSPAC Cohort. Am. J. Respir. Crit. Care Med.
202, 112-123. https://doi.org/10.1164/rccm.201902-02860C.

Dave, M., Ahankari, A.S., Myles, P.R., Arokiasamy, P., Khobragade, P., Mortimer, K.,
Fogarty, A.W., 2017. Household air pollution and lung function in Indian adults: a
cross-sectional study. Int. J. Tuberc Lung Dis. 21, 702-704. https://doi.org/
10.5588/ijtld.16.0615.

Doiron, D., de Hoogh, K., Probst-Hensch, N., Fortier, ., Cai, Y., De Matteis, S., Hansell, A.
L., 2019. Air pollution, lung function and COPD: results from the population-based
UK Biobank study. Eur. Respir. J. 54, 1802140. https://doi.org/10.1183/
13993003.02140-2018.

Dutta, A., Alaka, M., Ibigbami, T., Adepoju, D., Adekunle, S., Olamijulo, J., Adedokun, B.,
Deji-Abiodun, O., Chartier, R., Ojengbede, O., Olopade, C.O., 2021. Impact of
prenatal and postnatal household air pollution exposure on lung function of 2-year
old Nigerian children by oscillometry. Sci. Total Environ. 755, 143419 https://doi.
org/10.1016/j.scitotenv.2020.143419.

Edginton, S., O’Sullivan, D.E., King, W., Lougheed, M.D., 2019. Effect of outdoor
particulate air pollution on FEV ; in healthy adults: a systematic review and meta-
analysis. Occup. Environ. Med. 76, 583-591. https://doi.org/10.1136/0emed-2018-
105420.

Fuertes, E., Bracher, J., Flexeder, C., Markevych, L., Kliimper, C., Hoffmann, B.,
Krémer, U., von Berg, A., Bauer, C.-P., Koletzko, S., Berdel, D., Heinrich, J.,
Schulz, H., 2015. Long-term air pollution exposure and lung function in 15 year-old
adolescents living in an urban and rural area in Germany: The GINIplus and LISAplus
cohorts. Int. J. Hyg. Environ. Health 218, 656-665. https://doi.org/10.1016/j.
ijheh.2015.07.003.

Environment International 165 (2022) 107290

Gauderman, W.J., Avol, E., Gilliland, F., Vora, H., Thomas, D., Berhane, K.,

McConnell, R., Kuenzli, N., Lurmann, F., Rappaport, E., Margolis, H., Bates, D.,
Peters, J., 2004. The effect of air pollution on lung development from 10 to 18 years
of age. N Engl. J. Med. 351, 1057-1067. https://doi.org/10.1056/NEJMo0a040610.

Gotschi, T., Heinrich, J., Sunyer, J., Kiinzli, N., 2008. Long-term effects of ambient air
pollution on lung function: a review. Epidemiology 19, 690-701. https://doi.org/
10.1097/EDE.0b013e318181650f.

Grieshop, A.P., Jain, G., Sethuraman, K., Marshall, J.D., 2017. Emission factors of health-
and climate-relevant pollutants measured in home during a carbon-finance-approved
cookstove intervention in rural India: In-Home Cookstove Emission Factors.
GeoHealth 1, 222-236. https://doi.org/10.1002/2017GH000066.

Guo, C., Zhang, Z., Lau, A.K.H., Lin, C.Q., Chuang, Y.C., Chan, J., Jiang, W.K., Tam, T.,
Yeoh, E.-K., Chan, T.-C., Chang, L.-Y., Lao, X.Q., 2018. Effect of long-term exposure
to fine particulate matter on lung function decline and risk of chronic obstructive
pulmonary disease in Taiwan: a longitudinal, cohort study. The Lancet Planetary
Health 2, e114-e125. https://doi.org/10.1016/52542-5196(18)30028-7.

Ierodiakonou, D., Zanobetti, A., Coull, B.A., Melly, S., Postma, D.S., Boezen, H.M.,
Vonk, J.M., Williams, P.V., Shapiro, G.G., McKone, E.F., Hallstrand, T.S., Koenig, J.
Q., Schildcrout, J.S., Lumley, T., Fuhlbrigge, A.N., Koutrakis, P., Schwartz, J.,
Weiss, S.T., Gold, D.R., 2016. Ambient air pollution, lung function, and airway
responsiveness in asthmatic children. J. Allergy Clin. Immunol. 137, 390-399.
https://doi.org/10.1016/j.jaci.2015.05.028.

Int Panis, L., Provost, E.B., Cox, B., Louwies, T., Laeremans, M., Standaert, A., Dons, E.,
Holmstock, L., Nawrot, T., De Boever, P., 2017. Short-term air pollution exposure
decreases lung function: a repeated measures study in healthy adults. Environ.
Health 16, 60. https://doi.org/10.1186/512940-017-0271-z.

International Institute for Population Sciences (IIPS), ORC Macro, 2000. National Family
Health Survey (NFHS-2), 1998-99: India. Mumbai, IIPS.

Islam, M.M., Wathore, R., Zerriffi, H., Marshall, J.D., Bailis, R., Grieshop, A.P., 2021. In-
use emissions from biomass and LPG stoves measured during a large, multi-year
cookstove intervention study in rural India. Sci. Total Environ. 758, 143698 https://
doi.org/10.1016/j.scitotenv.2020.143698.

Jindal, S.K., Aggarwal, A.N., Jindal, A., 2020. Household air pollution in India and
respiratory diseases: current status and future directions. Curr. Opin. Pulmonary
Med. 26, 128-134. https://doi.org/10.1097/MCP.0000000000000642.

Kashyap, R., Viramgami, A.P., Sadhu, H.G., Raghavan, S., Mishra, S.D., Thasale, R.R.,
2020. Effect of kerosene and biomass fuel as cooking medium on pulmonary function
of adult nontobacco addict homemaker women residing in slums of Ahmedabad
City, Gujarat. Indian J. Public Health 64, 362-367. https://doi.org/10.4103/ijph.
1JPH_614_19.

Kinra, S., Radha Krishna, K.V., Kuper, H., Rameshwar Sarma, K.V., Prabhakaran, P.,
Gupta, V., Walia, G.K., Bhogadi, S., Kulkarni, B., Kumar, A., Aggarwal, A., Gupta, R.,
Prabhakaran, D., Reddy, K.S., Smith, G.D., Ben-Shlomo, Y., Ebrahim, S., 2014.
Cohort profile: Andhra Pradesh Children and Parents Study (APCAPS). Int. J.
Epidemiol. 43, 1417-1424. https://doi.org/10.1093/ije/dyt128.

Kohansal, R., Martinez-Camblor, P., Agusti, A., Buist, A.S., Mannino, D.M., Soriano, J.B.,
2009. The Natural History of Chronic Airflow Obstruction Revisited: An Analysis of
the Framingham Offspring Cohort. Am. J. Respir. Crit. Care Med. 180, 3-10. https://
doi.org/10.1164/rccm.200901-00470C.

Kumar, M.K., Sreekanth, V., Salmon, M., Tonne, C., Marshall, J.D., 2018. Use of
spatiotemporal characteristics of ambient PM2.5 in rural South India to infer local
versus regional contributions. Environ. Pollut. 239, 803-811. https://doi.org/
10.1016/j.envpol.2018.04.057.

Liidecke, D., 2018. Sjstats: Statistical Functions For Regression Models. Zenodo. https://
doi.org/10.5281/ZENODO.1284472.

Masekela, R., Zurba, L., Gray, D., 2018. Dealing with Access to Spirometry in Africa: A
Commentary on Challenges and Solutions. Int. J. Environ. Res. Public Health 16,
E62. https://doi.org/10.3390/ijerph16010062.

Meghiji, J., Mortimer, K., Agusti, A., Allwood, B.W., Asher, 1., Bateman, E.D., Bissell, K.,
Bolton, C.E., Bush, A., Celli, B., Chiang, C.-Y., Cruz, A.A., Dinh-Xuan, A.-T., El
Sony, A., Fong, K.M., Fujiwara, P.I., Gaga, M., Garcia-Marcos, L., Halpin, D.M.G.,
Hurst, J.R., Jayasooriya, S., Kumar, A., Lopez-Varela, M.V., Masekela, R., Mbatchou
Ngahane, B.H., Montes de Oca, M., Pearce, N., Reddel, H.K., Salvi, S., Singh, S.J.,
Varghese, C., Vogelmeier, C.F., Walker, P., Zar, H.J., Marks, G.B., 2021. Improving
lung health in low-income and middle-income countries: from challenges to
solutions. The Lancet 397, 928-940. https://doi.org/10.1016/50140-6736(21)
00458-X.

Mila, C., Ranzani, O., 2022. Spirometry data cleaning in the CHAI project. https://
github.com/carlesmila/CHAI Spirometry.

Mila, C., Salmon, M., Sanchez, M., Ambrés, A., Bhogadi, S., Sreekanth, V.,
Nieuwenhuijsen, M., Kinra, S., Marshall, J.D., Tonne, C., 2018. When, Where, and
What? Characterizing Personal PM2.5 Exposure in Periurban India by Integrating
GPS, Wearable Camera, and Ambient and Personal Monitoring Data. Environ. Sci.
Technol. 52, 13481-13490. https://doi.org/10.1021/acs.est.8b03075.

Milanzi, E.B., Koppelman, G.H., Smit, H.A., Wijga, A.H., Oldenwening, M., Vonk, J.M.,
Brunekreef, B., Gehring, U., 2018. Air pollution exposure and lung function until age
16 years: the PIAMA birth cohort study. Eur. Respir. J. 52, 1800218. https://doi.org/
10.1183/13993003.00218-2018.

Miller, M.R., Hankinson, J., Brusasco, V., Burgos, F., Casaburi, R., Coates, A., Crapo, R.,
Enright, P., van der Grinten, C.P.M., Gustafsson, P., Jensen, R., Johnson, D.C.,
Maclntyre, N., McKay, R., Navajas, D., Pedersen, O.F., Pellegrino, R., Viegi, G.,
Wanger, J., ATS/ERS Task Force, 2005. Standardisation of spirometry. Eur Respir J
26, 319-338. https://doi.org/10.1183/09031936.05.00034805.

Misra, A., Chowbey, P., Makkar, B.M., Vikram, N.K., Wasir, J.S., Chadha, D., Joshi, S.R.,
Sadikot, S., Gupta, R., Gulati, S., Munjal, Y.P., Concensus Group, 2009. Consensus
statement for diagnosis of obesity, abdominal obesity and the metabolic syndrome


https://doi.org/10.1016/j.envint.2022.107290
https://doi.org/10.1016/j.envint.2022.107290
https://doi.org/10.1183/09031936.00130014
https://doi.org/10.1183/09031936.00130014
https://doi.org/10.1371/journal.pmed.1000372
https://doi.org/10.1016/S2213-2600(17)30434-4
https://doi.org/10.3390/ijerph182211973
https://doi.org/10.1021/acs.est.5b06208
https://doi.org/10.1021/acs.est.5b06208
https://doi.org/10.1002/sim.6607
https://doi.org/10.1016/j.jaci.2019.04.016
https://doi.org/10.1016/j.jaci.2019.04.016
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1164/rccm.201902-0286OC
https://doi.org/10.5588/ijtld.16.0615
https://doi.org/10.5588/ijtld.16.0615
https://doi.org/10.1183/13993003.02140-2018
https://doi.org/10.1183/13993003.02140-2018
https://doi.org/10.1016/j.scitotenv.2020.143419
https://doi.org/10.1016/j.scitotenv.2020.143419
https://doi.org/10.1136/oemed-2018-105420
https://doi.org/10.1136/oemed-2018-105420
https://doi.org/10.1016/j.ijheh.2015.07.003
https://doi.org/10.1016/j.ijheh.2015.07.003
https://doi.org/10.1056/NEJMoa040610
https://doi.org/10.1097/EDE.0b013e318181650f
https://doi.org/10.1097/EDE.0b013e318181650f
https://doi.org/10.1002/2017GH000066
https://doi.org/10.1016/S2542-5196(18)30028-7
https://doi.org/10.1016/j.jaci.2015.05.028
https://doi.org/10.1186/s12940-017-0271-z
https://doi.org/10.1016/j.scitotenv.2020.143698
https://doi.org/10.1016/j.scitotenv.2020.143698
https://doi.org/10.1097/MCP.0000000000000642
https://doi.org/10.4103/ijph.IJPH_614_19
https://doi.org/10.4103/ijph.IJPH_614_19
https://doi.org/10.1093/ije/dyt128
https://doi.org/10.1164/rccm.200901-0047OC
https://doi.org/10.1164/rccm.200901-0047OC
https://doi.org/10.1016/j.envpol.2018.04.057
https://doi.org/10.1016/j.envpol.2018.04.057
https://doi.org/10.5281/ZENODO.1284472
https://doi.org/10.5281/ZENODO.1284472
https://doi.org/10.3390/ijerph16010062
https://doi.org/10.1016/S0140-6736(21)00458-X
https://doi.org/10.1016/S0140-6736(21)00458-X
https://doi.org/10.1021/acs.est.8b03075
https://doi.org/10.1183/13993003.00218-2018
https://doi.org/10.1183/13993003.00218-2018

O.T. Ranzani et al.

for Asian Indians and recommendations for physical activity, medical and surgical
management. J Assoc Physicians India 57, 163-170.

Molter, A., Agius, R.M., de Vocht, F., Lindley, S., Gerrard, W., Lowe, L., Belgrave, D.,
Custovic, A., Simpson, A., 2013. Long-term Exposure to PM 19 and NO 5 in
Association with Lung Volume and Airway Resistance in the MAAS Birth Cohort.
Environ. Health Perspect. 121, 1232-1238. https://doi.org/10.1289/ehp.1205961.

Mortimer, K., Montes de Oca, M., Salvi, S., Balakrishnan, K., Hadfield, R.M., Ramirez-
Venegas, A., Halpin, D.M.G., Ozoh Obianuju, B., Han MeilLan, K., Perez Padilla, R.,
Kirenga, B., Balmes, J.R., 2022. Household air pollution and COPD: cause and effect
or confounding by other aspects of poverty? Int. J. Tuberc. Lung Dis. 26, 206-216.
https://doi.org/10.5588/ijtld.21.0570.

Murray, C.J.L., Aravkin, A.Y., Zheng, P., Abbafati, C., Abbas, K.M., Abbasi-Kangevari, M.,
Abd-Allah, F., Abdelalim, A., Abdollahi, M., Abdollahpour, I., Abegaz, K.H.,
Abolhassani, H., Aboyans, V., Abreu, L.G., Abrigo, M.R.M., Abualhasan, A., Abu-
Raddad, L.J., Abushouk, A.I., Adabi, M., Adekanmbi, V., Adeoye, A.M.,
Adetokunboh, 0.0., Adham, D., Advani, S.M., Agarwal, G., Aghamir, S.M.K.,
Agrawal, A., Ahmad, T., Ahmadi, K., Ahmadi, M., Ahmadieh, H., Ahmed, M.B.,
Akalu, T.Y., Akinyemi, R.O., Akinyemiju, T., Akombi, B., Akunna, C.J., Alahdab, F.,
Al-Aly, Z., Alam, K., Alam, S., Alam, T., Alanezi, F.M., Alanzi, T.M., Alemu, B.
wassihun, Alhabib, K.F., Ali, M., Ali, S., Alicandro, G., Alinia, C., Alipour, V.,
Alizade, H., Aljunid, S.M., Alla, F., Allebeck, P., Almasi-Hashiani, A., Al-Mekhlafi, H.
M., Alonso, J., Altirkawi, K.A., Amini-Rarani, M., Amiri, F., Amugsi, D.A.,
Ancuceanu, R., Anderlini, D., Anderson, J.A., Andrei, C.L., Andrei, T., Angus, C.,
Anjomshoa, M., Ansari, F., Ansari-Moghaddam, A., Antonazzo, I.C., Antonio, C.A.T.,
Antony, C.M., Antriyandarti, E., Anvari, D., Anwer, R., Appiah, S.C.Y., Arabloo, J.,
Arab-Zozani, M., Ariani, F., Armoon, B., Arnlov, J., Arzani, A., Asadi-Aliabadi, M.,
Asadi-Pooya, A.A., Ashbaugh, C., Assmus, M., Atafar, Z., Atnafu, D.D., Atout, M.M.
W., Ausloos, F., Ausloos, M., Ayala Quintanilla, B.P., Ayano, G., Ayanore, M.A.,
Azari, S., Azarian, G., Azene, Z.N., Badawi, A., Badiye, A.D., Bahrami, M.A,,
Bakhshaei, M.H., Bakhtiari, A., Bakkannavar, S.M., Baldasseroni, A., Ball, K., Ballew,
S.H., Balzi, D., Banach, M., Banerjee, S.K., Bante, A.B., Baraki, A.G., Barker-Collo, S.
L., Barnighausen, T.W., Barrero, L.H., Barthelemy, C.M., Barua, L., Basu, S., Baune,
B.T., Bayati, M., Becker, J.S., Bedi, N., Beghi, E., Béjot, Y., Bell, M.L., Bennitt, F.B.,
Bensenor, .M., Berhe, K., Berman, A.E., Bhagavathula, A.S., Bhageerathy, R., Bhala,
N., Bhandari, D., Bhattacharyya, K., Bhutta, Z.A., Bijani, A., Bikbov, B., Bin Sayeed,
M.S., Biondi, A., Birihane, B.M., Bisignano, C., Biswas, R.K., Bitew, H., Bohlouli, S.,
Bohluli, M., Boon-Dooley, A.S., Borges, G., Borzi, A.M., Borzouei, S., Bosetti, C.,
Boufous, S., Braithwaite, D., Breitborde, N.J.K., Breitner, S., Brenner, H., Briant, P.S.,
Briko, A.N., Briko, N.L, Britton, G.B., Bryazka, D., Bumgarner, B.R., Burkart, K.,
Burnett, R.T., Burugina Nagaraja, S., Butt, Z.A., Caetano dos Santos, F.L., Cahill, L.E.,
Céamera, L.L.A., Campos-Nonato, L.R., Cardenas, R., Carreras, G., Carrero, J.J.,
Carvalho, F., Castaldelli-Maia, J.M., Castaneda-Orjuela, C.A., Castelpietra, G.,
Castro, F., Causey, K., Cederroth, C.R., Cercy, K.M., Cerin, E., Chandan, J.S., Chang,
K.-L., Charlson, F.J., Chattu, V.K., Chaturvedi, S., Cherbuin, N., Chimed-Ochir, O.,
Cho, D.Y., Choi, J.-Y.J., Christensen, H., Chu, D.-T., Chung, M.T., Chung, S.-C.,
Cicuttini, F.M., Ciobanu, L.G., Cirillo, M., Classen, T.K.D., Cohen, A.J., Compton, K.,
Cooper, O.R., Costa, V.M., Cousin, E., Cowden, R.G., Cross, D.H., Cruz, J.A.,
Dahlawi, S.M.A., Damasceno, A.A.M., Damiani, G., Dandona, L., Dandona, R.,
Dangel, W.J., Danielsson, A.-K., Dargan, P.I., Darwesh, A.M., Daryani, A., Das, J.K.,
Das Gupta, R., das Neves, J., Davila-Cervantes, C.A., Davitoiu, D.V., De Leo, D.,
Degenhardt, L., DeLang, M., Dellavalle, R.P., Demeke, F.M., Demoz, G.T., Demsie, D.
G., Denova-Gutiérrez, E., Dervenis, N., Dhungana, G.P., Dianatinasab, M., Dias da
Silva, D., Diaz, D., Dibaji Forooshani, Z.S., Djalalinia, S., Do, H.T., Dokova, K.,
Dorostkar, F., Doshmangir, L., Driscoll, T.R., Duncan, B.B., Duraes, A.R., Eagan, A.
W., Edvardsson, D., El Nahas, N., El Sayed, 1., El Tantawi, M., Elbarazi, L., Elgendy, I.
Y., El-Jaafary, S.I, Elyazar, L.R., Emmons-Bell, S., Erskine, H.E., Eskandarieh, S.,
Esmaeilnejad, S., Esteghamati, A., Estep, K., Etemadi, A., Etisso, A.E., Fanzo, J.,
Farahmand, M., Fareed, M., Faridnia, R., Farioli, A., Faro, A., Faruque, M., Farzadfar,
F., Fattahi, N., Fazlzadeh, M., Feigin, V.L., Feldman, R., Fereshtehnejad, S.-M.,
Fernandes, E., Ferrara, G., Ferrari, A.J., Ferreira, M.L., Filip, L, Fischer, F., Fisher, J.
L., Flor, L.S., Foigt, N.A., Folayan, M.O., Fomenkov, A.A.,, Force, L.M., Foroutan, M.,
Franklin, R.C., Freitas, M., Fu, W., Fukumoto, T., Furtado, J.M., Gad, M.M., Gakidou,
E., Gallus, S., Garcia-Basteiro, A.L., Gardner, W.M., Geberemariyam, B.S.,
Gebreslassie, A.A.A.A., Geremew, A., Gershberg Hayoon, A., Gething, P.W.,
Ghadimi, M., Ghadiri, K., Ghaffarifar, F., Ghafourifard, M., Ghamari, F., Ghashghaee,
A., Ghiasvand, H., Ghith, N., Gholamian, A., Ghosh, R., Gill, P.S., Ginindza, T.G.G.,
Giussani, G., Gnedovskaya, E.V., Goharinezhad, S., Gopalani, S.V., Gorini, G.,
Goudarzi, H., Goulart, A.C., Greaves, F., Grivna, M., Grosso, G., Gubari, M..M.,
Gugnani, H.C., Guimaraes, R.A., Guled, R.A., Guo, G., Guo, Y., Gupta, R., Gupta, T.,
Haddock, B., Hafezi-Nejad, N., Hafiz, A., Haj-Mirzaian, Arvin, Haj-Mirzaian, Arya,
Hall, B.J., Halvaei, I., Hamadeh, R.R., Hamidi, S., Hammer, M.S., Hankey, G.J.,
Haririan, H., Haro, J.M., Hasaballah, A.I., Hasan, M.M., Hasanpoor, E., Hashi, A.,
Hassanipour, S., Hassankhani, H., Havmoeller, R.J., Hay, S.1., Hayat, K., Heidari, G.,
Heidari-Soureshjani, R., Henrikson, H.J., Herbert, M.E., Herteliu, C., Heydarpour, F.,
Hird, T.R., Hoek, H.W., Holla, R., Hoogar, P., Hosgood, H.D., Hossain, N., Hosseini,
M., Hosseinzadeh, M., Hostiuc, M., Hostiuc, S., Househ, M., Hsairi, M., Hsieh, V.C.,
Hu, G., Hu, K., Huda, T.M., Humayun, A., Huynh, C.K., Hwang, B.-F., Iannucci, V.C.,
Ibitoye, S.E., Ikeda, N., Ikuta, K.S., Ilesanmi, O.S., Ilic, .M., Ilic, M.D., Inbaraj, L.R.,
Ippolito, H., Igbal, U., Irvani, S.S.N., Irvine, C.M.S., Islam, M.M., Islam, S.M.S., Iso,
H., Ivers, R.Q., Iwu, C.C.D., Iwu, C.J., Iyamu, 1.0., Jaafari, J., Jacobsen, K.H., Jafari,
H., Jafarinia, M., Jahani, M.A., Jakovljevic, M., Jalilian, F., James, S.L., Janjani, H.,
Javaheri, T., Javidnia, J., Jeemon, P., Jenabi, E., Jha, R.P., Jha, V., Ji, J.S.,
Johansson, L., John, O., John-Akinola, Y.O., Johnson, C.O., Jonas, J.B., JoukKar, F.,
Jozwiak, J.J., Jiirisson, M., Kabir, A., Kabir, Z., Kalani, H., Kalani, R., Kalankesh, L.
R., Kalhor, R., Kanchan, T., Kapoor, N., Karami Matin, B., Karch, A., Karim, M.A.,
Kassa, G.M., Katikireddi, S.V., Kayode, G.A., Kazemi Karyani, A., Keiyoro, P.N.,

Environment International 165 (2022) 107290

Keller, C., Kemmer, L., Kendrick, P.J., Khalid, N., Khammarnia, M., Khan, E.A., Khan,
M., Khatab, K., Khater, M.M., Khatib, M.N., Khayamzadeh, M., Khazaei, S., Kieling,
C., Kim, Y.J., Kimokoti, R.W., Kisa, A., Kisa, S., Kivimaki, M., Knibbs, L.D., Knudsen,
A.K.S., Kocarnik, J.M., Kochhar, S., Kopec, J.A., Korshunov, V.A., Koul, P.A.,
Koyanagi, A., Kraemer, M.U.G., Krishan, K., Krohn, K.J., Kromhout, H., Kuate Defo,
B., Kumar, G.A., Kumar, V., Kurmi, O.P., Kusuma, D., La Vecchia, C., Lacey, B., Lal,
D.K,, Lalloo, R., Lallukka, T., Lami, F.H., Landires, 1., Lang, J.J., Langan, S.M.,
Larsson, A.O., Lasrado, S., Lauriola, P., Lazarus, J.V., Lee, P.H., Lee, S.W.H.,
LeGrand, K.E., Leigh, J., Leonardi, M., Lescinsky, H., Leung, J., Levi, M., Li, S., Lim,
L.-L., Linn, S., Liu, Shiwei, Liu, Simin, Liu, Y., Lo, J., Lopez, A.D., Lopez, J.C.F.,
Lopukhov, P.D., Lorkowski, S., Lotufo, P.A., Lu, A., Lugo, A., Maddison, E.R.,
Mahasha, P.W., Mahdavi, M.M., Mahmoudi, M., Majeed, A., Maleki, A., Maleki, S.,
Malekzadeh, R., Malta, D.C., Mamun, A.A., Manda, A.L., Manguerra, H., Mansour-
Ghanaei, F., Mansouri, B., Mansournia, M.A., Mantilla Herrera, A.M., Maravilla, J.C.,
Marks, A., Martin, R.V., Martini, S., Martins-Melo, F.R., Masaka, A., Masoumi, S.Z.,
Mathur, M.R., Matsushita, K., Maulik, P.K., McAlinden, C., McGrath, J.J., McKee, M.,
Mehndiratta, M.M., Mehri, F., Mehta, K.M., Memish, Z.A., Mendoza, W., Menezes, R.
G., Mengesha, E.W., Mereke, A., Mereta, S.T., Meretoja, A., Meretoja, T.J.,
Mestrovic, T., Miazgowski, B., Miazgowski, T., Michalek, I.M., Miller, T.R., Mills, E.
J., Mini, G., Miri, M., Mirica, A., Mirrakhimov, E.M., Mirzaei, H., Mirzaei, M.,
Mirzaei, R., Mirzaei-Alavijeh, M., Misganaw, A.T., Mithra, P., Moazen, B.,
Mohammad, D.K., Mohammad, Y., Mohammad Gholi Mezerji, N., Mohammadian-
Hafshejani, A., Mohammadifard, N., Mohammadpourhodki, R., Mohammed, A.S.,
Mohammed, H., Mohammed, J.A., Mohammed, S., Mokdad, A.H., Molokhia, M.,
Monasta, L., Mooney, M.D., Moradi, G., Moradi, M., Moradi-Lakeh, M., Moradzadeh,
R., Moraga, P., Morawska, L., Morgado-da-Costa, J., Morrison, S.D., Mosapour, A.,
Mosser, J.F., Mouodi, S., Mousavi, S.M., Mousavi Khaneghah, A., Mueller, U.O.,
Mukhopadhyay, S., Mullany, E.C., Musa, K.I., Muthupandian, S., Nabhan, A.F.,
Naderi, M., Nagarajan, A.J., Nagel, G., Naghavi, M., Naghshtabrizi, B., Naimzada, M.
D., Najafi, F., Nangia, V., Nansseu, J.R., Naserbakht, M., Nayak, V.C., Negoi, L.,
Ngunjiri, J.W., Nguyen, C.T., Nguyen, H.L.T., Nguyen, M., Nigatu, Y.T., Nikbakhsh,
R., Nixon, M.R., Nnaji, C.A., Nomura, S., Norrving, B., Noubiap, J.J., Nowak, C.,
Nunez-Samudio, V., Otoiu, A., Oancea, B., Odell, C.M., Ogbo, F.A., Oh, I.-H.,
Okunga, E.W., Oladnabi, M., Olagunju, A.T., Olusanya, B.O., Olusanya, J.O., Omer,
M.O., Ong, K.L., Onwujekwe, O.E., Orpana, H.M., Ortiz, A., Osarenotor, O., Osei, F.
B., Ostroff, S.M., Otstavnov, N., Otstavnov, S.S., @verland, S., Owolabi, M.O., P A,
M., Padubidri, J.R., Palladino, R., Panda-Jonas, S., Pandey, A., Parry, C.D.H.,
Pasovic, M., Pasupula, D.K., Patel, S.K., Pathak, M., Patten, S.B., Patton, G.C., Pazoki
Toroudi, H., Peden, A.E., Pennini, A., Pepito, V.C.F., Peprah, E.K., Pereira, D.M.,
Pesudovs, K., Pham, H.Q., Phillips, M.R., Piccinelli, C., Pilz, T.M., Piradov, M.A.,
Pirsaheb, M., Plass, D., Polinder, S., Polkinghorne, K.R., Pond, C.D., Postma, M.J.,
Pourjafar, H., Pourmalek, F., Poznanska, A., Prada, S.I., Prakash, V., Pribadi, D.R.A.,
Pupillo, E., Quazi Syed, Z., Rabiee, M., Rabiee, N., Radfar, A., Rafiee, A., Raggi, A.,
Rahman, M.A., Rajabpour-Sanati, A., Rajati, F., Rakovac, 1., Ram, P., Ramezanzadeh,
K., Ranabhat, C.L., Rao, P.C., Rao, S.J., Rashedi, V., Rathi, P., Rawaf, D.L., Rawaf, S.,
Rawal, L., Rawassizadeh, R., Rawat, R., Razo, C., Redford, S.B., Reiner, R.C.,
Reitsma, M.B., Remuzzi, G., Renjith, V., Renzaho, A.M.N., Resnikoff, S., Rezaei,
Negar, Rezaei, Nima, Rezapour, A., Rhinehart, P.-A., Riahi, S.M., Ribeiro, D.C.,
Ribeiro, D., Rickard, J., Rivera, J.A., Roberts, N.L.S., Rodriguez-Ramirez, S., Roever,
L., Ronfani, L., Room, R., Roshandel, G., Roth, G.A., Rothenbacher, D., Rubagotti, E.,
Rwegerera, G.M., Sabour, S., Sachdev, P.S., Saddik, B., Sadeghi, E., Sadeghi, M.,
Saeedi, R., Saeedi Moghaddam, S., Safari, Y., Safi, S., Safiri, S., Sagar, R., Sahebkar,
A., Sajadi, S.M., Salam, N., Salamati, P., Salem, H., Salem, M.R.R., Salimzadeh, H.,
Salman, O.M., Salomon, J.A., Samad, Z., Samadi Kafil, H., Sambala, E.Z., Samy, A.
M., Sanabria, J., Sdnchez-Pimienta, T.G., Santomauro, D.F., Santos, 1.S., Santos, J.V.,
Santric-Milicevic, M.M., Saraswathy, S.Y.1., Sarmiento-Sudrez, R., Sarrafzadegan, N.,
Sartorius, B., Sarveazad, A., Sathian, B., Sathish, T., Sattin, D., Saxena, S., Schaeffer,
L.E., Schiavolin, S., Schlaich, M.P., Schmidt, M.I., Schutte, A.E., Schwebel, D.C.,
Schwendicke, F., Senbeta, A.M., Senthilkumaran, S., Sepanlou, S.G., Serdar, B.,
Serre, M.L., Shadid, J., Shafaat, O., Shahabi, S., Shaheen, A.A., Shaikh, M.A.,
Shalash, A.S., Shams-Beyranvand, M., Shamsizadeh, M., Sharafi, K., Sheikh, A.,
Sheikhtaheri, A., Shibuya, K., Shield, K.D., Shigematsu, M., Shin, J.I., Shin, M.-J.,
Shiri, R., Shirkoohi, R., Shuval, K., Siabani, S., Sierpinski, R., Sigfusdottir, L.D.,
Sigurvinsdottir, R., Silva, J.P., Simpson, K.E., Singh, J.A., Singh, P., Skiadaresi, E.,
Skou, S.T.S., Skryabin, V.Y., Smith, E.U.R., Soheili, A., Soltani, S., Soofi, M.,
Sorensen, R.J.D., Soriano, J.B., Sorrie, M.B., Soshnikov, S., Soyiri, L.N., Spencer, C.N.,
Spotin, A., Sreeramareddy, C.T., Srinivasan, V., Stanaway, J.D., Stein, C., Stein, D.J.,
Steiner, C., Stockfelt, L., Stokes, M.A., Straif, K., Stubbs, J.L., Sufiyan, M.B., Suleria,
H.A.R., Suliankatchi Abdulkader, R., Sulo, G., Sultan, I., Szumowski, t.., Tabarés-
Seisdedos, R., Tabb, K.M., Tabuchi, T., Taherkhani, A., Tajdini, M., Takahashi, K.,
Takala, J.S., Tamiru, A.T., Taveira, N., Tehrani-Banihashemi, A., Temsah, M.-H.,
Tesema, G.A., Tessema, Z.T., Thurston, G.D., Titova, M.V., Tohidinik, H.R., Tonelli,
M., Topor-Madry, R., Topouzis, F., Torre, A.E., Touvier, M., Tovani-Palone, M.R.R.,
Tran, B.X., Travillian, R., Tsatsakis, A., Tudor Car, L., Tyrovolas, S., Uddin, R.,
Umeokonkwo, C.D., Unnikrishnan, B., Upadhyay, E., Vacante, M., Valdez, P.R., van
Donkelaar, A., Vasankari, T.J., Vasseghian, Y., Veisani, Y., Venketasubramanian, N.,
Violante, F.S., Vlassov, V., Vollset, S.E., Vos, T., Vukovic, R., Waheed, Y., Wallin, M.
T., Wang, Y., Wang, Y.-P., Watson, A., Wei, J., Wei, M.Y.W., Weintraub, R.G., Weiss,
J., Werdecker, A., West, J.J., Westerman, R., Whisnant, J.L., Whiteford, H.A., Wiens,
K.E., Wolfe, C.D.A., Wozniak, S.S., Wu, A.-M., Wu, J., Wulf Hanson, S., Xu, G., Xu, R.,
Yadgir, S., Yahyazadeh Jabbari, S.H., Yamagishi, K., Yaminfirooz, M., Yano, Y.,
Yaya, S., Yazdi-Feyzabadi, V., Yeheyis, T.Y., Yilgwan, C.S., Yilma, M.T., Yip, P.,
Yonemoto, N., Younis, M.Z., Younker, T.P., Yousefi, B., Yousefi, Z., Yousefinezhadi,
T., Yousuf, A.Y., Yu, C., Yusefzadeh, H., Zahirian Moghadam, T., Zamani, M.,
Zamanian, M., Zandian, H., Zastrozhin, M.S., Zhang, Y., Zhang, Z.-J., Zhao, J.T.,
Zhao, X.-J.G., Zhao, Y., Zhou, M., Ziapour, A., Zimsen, S.R.M., Brauer, M., Afshin, A.,


https://doi.org/10.1289/ehp.1205961
https://doi.org/10.5588/ijtld.21.0570

O.T. Ranzani et al.

Lim, S.S., 2020. Global burden of 87 risk factors in 204 countries and territories,
1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. The
Lancet 396, 1223-1249. https://doi.org/10.1016/50140-6736(20)30752-2.

Orozco-Levi, M., Garcia-Aymerich, J., Ramirez-Sarmiento, A., Anto, J., Gea, J., 2006.
Wood smoke exposure and risk of chronic obstructive pulmonary disease. Eur.
Respir. J. 27, 542-546. https://doi.org/10.1183/09031936.06.00052705.

Patel, S., Leavey, A., Sheshadri, A., Kumar, P., Kandikuppa, S., Tarsi, J.,
Mukhopadhyay, K., Johnson, P., Balakrishnan, K., Schechtman, K.B., Castro, M.,
Yadama, G., Biswas, P., 2018. Associations between household air pollution and
reduced lung function in women and children in rural southern India. J Appl Toxicol
38, 1405-1415. https://doi.org/10.1002/jat.3659.

Paulin, L., Hansel, N., 2016. Particulate air pollution and impaired lung function.
F1000Res 5, 201. https://doi.org/10.12688/f1000research.7108.1.

Pinkerton, K.E., Chen, C.-Y., Mack, S.M., Upadhyay, P., Wu, C.-W., Yuan, W., 2019.
Cardiopulmonary Health Effects of Airborne Particulate Matter: Correlating Animal
Toxicology to Human Epidemiology. Toxicol Pathol 47, 954-961. https://doi.org/
10.1177/0192623319879091.

Quanjer, P.H., Stanojevic, S., Cole, T.J., Baur, X., Hall, G.L., Culver, B.H., Enright, P.L.,
Hankinson, J.L., Ip, M.S.M., Zheng, J., Stocks, J., the ERS Global Lung Function
Initiative, 2012. Multi-ethnic reference values for spirometry for the 3-95-yr age
range: the global lung function 2012 equations. Eur Respir J 40, 1324-1343. https://
doi.org/10.1183/09031936.00080312.

Raju, S., Siddharthan, T., McCormack, M.C., 2020. Indoor Air Pollution and Respiratory
Health. Clin. Chest Med. 41, 825-843. https://doi.org/10.1016/j.ccm.2020.08.014.

Ranzani, O.T., Mila, C., Sanchez, M., Bhogadi, S., Kulkarni, B., Balakrishnan, K.,
Sambandam, S., Sunyer, J., Marshall, J.D., Kinra, S., Tonne, C., 2020. Association
between ambient and household air pollution with carotid intima-media thickness in
peri-urban South India: CHAI-Project. Int J Epidemiol 49, 69-79. https://doi.org/
10.1093/ije/dyz208.

Rennard, S.I., Drummond, M.B., 2015. Early chronic obstructive pulmonary disease:
definition, assessment, and prevention. The Lancet 385, 1778-1788. https://doi.
0rg/10.1016/50140-6736(15)60647-X.

Rice, M.B., Ljungman, P.L., Wilker, E.H., Dorans, K.S., Gold, D.R., Schwartz, J.,
Koutrakis, P., Washko, G.R., O’Connor, G.T., Mittleman, M.A., 2015. Long-term
exposure to traffic emissions and fine particulate matter and lung function decline in
the Framingham heart study. Am J Respir Crit Care Med 191, 656-664. https://doi.
org/10.1164/rccm.201410-18750C.

Sanchez, M., Ambros, A., Mila, C., Salmon, M., Balakrishnan, K., Sambandam, S.,
Sreekanth, V., Marshall, J.D., Tonne, C., 2018. Development of land-use regression
models for fine particles and black carbon in peri-urban South India. Sci Total
Environ 634, 77-86. https://doi.org/10.1016/j.scitotenv.2018.03.308.

Schraufnagel, D.E., Balmes, J.R., Cowl, C.T., De Matteis, S., Jung, S.-H., Mortimer, K.,
Perez-Padilla, R., Rice, M.B., Riojas-Rodriguez, H., Sood, A., Thurston, G.D., To, T.,
Vanker, A., Wuebbles, D.J., 2019. Air Pollution and Noncommunicable Diseases: A
Review by the Forum of International Respiratory Societies’ Environmental
Committee, Part 2: Air Pollution and Organ Systems. Chest 155, 417-426. https://
doi.org/10.1016/j.chest.2018.10.041.

Schultz, E.S., Hallberg, J., Bellander, T., Bergstrom, A., Bottai, M., Chiesa, F.,
Gustafsson, P.M., Gruzieva, O., Thunqvist, P., Pershagen, G., Melén, E., 2016. Early-

10

Environment International 165 (2022) 107290

Life Exposure to Traffic-related Air Pollution and Lung Function in Adolescence. Am.
J. Respir Crit. Care Med. 193, 171-177. https://doi.org/10.1164/rccm.201505-
09280C.

Seaman, S.R., White, I.R., 2013. Review of inverse probability weighting for dealing with
missing data. Stat. Methods Med. Res. 22, 278-295. https://doi.org/10.1177/
0962280210395740.

Siddharthan, T., Grigsby, M.R., Goodman, D., Chowdhury, M., Rubinstein, A., Irazola, V.,
Gutierrez, L., Miranda, J.J., Bernabe-Ortiz, A., Alam, D., Kirenga, B., Jones, R., van
Gemert, F., Wise, R.A., Checkley, W., 2018. Association between Household Air
Pollution Exposure and Chronic Obstructive Pulmonary Disease Outcomes in 13
Low- and Middle-Income Country Settings. Am. J. Respir Crit. Care Med. 197,
611-620. https://doi.org/10.1164/rccm.201709-18610C.

Simkovich, S.M., Goodman, D., Roa, C., Crocker, M.E., Gianella, G.E., Kirenga, B.J.,
Wise, R.A., Checkley, W., 2019. The health and social implications of household air
pollution and respiratory diseases. npj Prim. Care Respir. Med. 29, 12. https://doi.
org/10.1038/541533-019-0126-x.

Singh, A., Kesavachandran, C.N., Kamal, R., Bihari, V., Ansari, A., Azeez, P.A., Saxena, P.
N., Ks, A.K., Khan, A.H., 2017. Indoor air pollution and its association with poor lung
function, microalbuminuria and variations in blood pressure among kitchen workers
in India: a cross-sectional study. Environ. Health 16, 33. https://doi.org/10.1186/
512940-017-0243-3.

Sood, A., Assad, N.A., Barnes, P.J., Churg, A., Gordon, S.B., Harrod, K.S., Irshad, H.,
Kurmi, O.P., Martin, W.J., Meek, P., Mortimer, K., Noonan, C.W., Perez-Padilla, R.,
Smith, K.R., Tesfaigzi, Y., Ward, T., Balmes, J., 2018. ERS/ATS workshop report on
respiratory health effects of household air pollution. Eur. Respir. J. 51, 1700698.
https://doi.org/10.1183/13993003.00698-2017.

Stapleton, E.M., Kizhakke Puliyakote, A., Metwali, N., Jeronimo, M., Thornell, I.M.,
Manges, R.B., Bilas, M., Kamal Batcha, M.A., Kumaravel, M.S., Durairaj, K.,
Karuppusamy, K., Kathiresan, G., Rahim, S.A., Shanmugam, K., Thorne, P.S.,
Peters, T.M., Hoffman, E.A., Comellas, A.P., 2020. Lung function of primary cooks
using LPG or biomass and the effect of particulate matter on airway epithelial barrier
integrity. Environ. Res. 189, 109888 https://doi.org/10.1016/j.
envres.2020.109888.

Tonne, C., Salmon, M., Sanchez, M., Sreekanth, V., Bhogadi, S., Sambandam, S.,
Balakrishnan, K., Kinra, S., Marshall, J.D., 2017. Integrated assessment of exposure
to PM2.5 in South India and its relation with cardiovascular risk: Design of the CHAI
observational cohort study. Int. J. Hyg. Environ. Health 220, 1081-1088. https://
doi.org/10.1016/j.ijheh.2017.05.005.

van Gemert, F., Kirenga, B., Chavannes, N., Kamya, M., Luzige, S., Musinguzi, P.,
Turyagaruka, J., Jones, R., Tsiligianni, I., Williams, S., de Jong, C., van der
Molen, T., 2015. Prevalence of chronic obstructive pulmonary disease and associated
risk factors in Uganda (FRESH AIR Uganda): a prospective cross-sectional
observational study. The Lancet Global Health 3, e44-e51. https://doi.org/10.1016/
$2214-109X(14)70337-7.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D., Francois, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T.L., Miller, E.,
Bache, S.M., Miiller, K., Ooms, J., Robinson, D., Seidel, D.P., Spinu, V., Takahashi, K.,
Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J. Open
Source Software 4, 1686. https://doi.org/10.21105/joss.01686.


https://doi.org/10.1183/09031936.06.00052705
https://doi.org/10.1002/jat.3659
https://doi.org/10.12688/f1000research.7108.1
https://doi.org/10.1177/0192623319879091
https://doi.org/10.1177/0192623319879091
https://doi.org/10.1016/j.ccm.2020.08.014
https://doi.org/10.1093/ije/dyz208
https://doi.org/10.1093/ije/dyz208
https://doi.org/10.1016/S0140-6736(15)60647-X
https://doi.org/10.1016/S0140-6736(15)60647-X
https://doi.org/10.1164/rccm.201410-1875OC
https://doi.org/10.1164/rccm.201410-1875OC
https://doi.org/10.1016/j.scitotenv.2018.03.308
https://doi.org/10.1016/j.chest.2018.10.041
https://doi.org/10.1016/j.chest.2018.10.041
https://doi.org/10.1164/rccm.201505-0928OC
https://doi.org/10.1164/rccm.201505-0928OC
https://doi.org/10.1177/0962280210395740
https://doi.org/10.1177/0962280210395740
https://doi.org/10.1164/rccm.201709-1861OC
https://doi.org/10.1038/s41533-019-0126-x
https://doi.org/10.1038/s41533-019-0126-x
https://doi.org/10.1186/s12940-017-0243-3
https://doi.org/10.1186/s12940-017-0243-3
https://doi.org/10.1183/13993003.00698-2017
https://doi.org/10.1016/j.envres.2020.109888
https://doi.org/10.1016/j.envres.2020.109888
https://doi.org/10.1016/j.ijheh.2017.05.005
https://doi.org/10.1016/j.ijheh.2017.05.005
https://doi.org/10.1016/S2214-109X(14)70337-7
https://doi.org/10.1016/S2214-109X(14)70337-7
https://doi.org/10.21105/joss.01686

	Association of ambient and household air pollution with lung function in young adults in an peri-urban area of South-India: ...
	1 Introduction
	2 Methods
	2.1 Study design
	2.2 Data collection
	2.3 Outcome
	2.4 Exposure assessment
	2.5 Data analysis

	3 Results
	3.1 Study population
	3.2 Association between ambient PM2.5 and lung function
	3.3 Association between household air pollution and lung function
	3.4 Effect modification by sex
	3.5 Sensitivity analyses

	4 Discussion
	4.1 Main findings

	5 Conclusions
	Ethics approval.
	Role of the funding sources
	Data sharing
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


