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A B S T R A C T   

Background: Household solid fuel use (including indoor and outdoor) and second-hand smoke (SHS) are considered to be major contributors of under-5 mortality 
(U5M) in low- and lower-middle-income countries (LMICs). This study provides a comprehensive assessment of their odds ratios and attributable mortality in LMICs. 
Methods: We used the Demographic Health Surveys data for under-5 children in 46 LMICs (n = 778,532) from 2010 to 2020. Mixed effect multilevel logistic re-
gressions were conducted to estimate the pooled adjusted odds ratio (aOR) for U5M due to solid fuel use, SHS and their combination compared to no exposure to 
them in 46 LMICs. The attributable mortality of solid fuel use, SHS, and their combination were assessed for each LMIC. 
Findings: The pooled aOR of solid fuel use and SHS for U5M was estimated to be 1.27 (95% Confidence Interval (CI): 1.19–1.36) and 1.13 (95%CI: 1.06–1.25), 
respectively, whereas those of their combination was 1.40 (95%CI: 1.31–1.50). U5M attributable to indoor and outdoor solid fuel use was the highest in Myanmar 
(18.0%) and the Gambia (16.5%), respectively, while those attributable to SHS was the highest in Indonesia (9.8%). U5M attributable to the combination of solid fuel 
use and SHS was the highest in Timor-Leste (22.7%). 
Interpretation: The combined effect of exposure to solid fuel and SHS had a higher risk of U5M than the individual risk. The use of clean fuel and tobacco control 
measures should be integrated with other child health promotion policies. 
Funding: This research was partially supported by a research grant from the Ministry of Education, Culture, Sports, Science and Technology of Japan (21H03203)   

1. Introduction 

Household solid fuel use and second-hand smoke (SHS) exposure are 
the world’s major health and environmental problems – particularly for 
the poorest in the world due to a reliance on solid fuel for cooking and 
smoking inside the house (Our World in Data, 2019; Murray et al., 
2020). Around 3 billion people still use solid fuel and kerosene in open 
fires and inefficient stoves in 2019 (World Health Organization, 2018; 
Bickton et al., 2020). Most of them are poor and live in low- and 
lower-middle-income countries (LMICs) (World Health Organization, 
2018; Bickton et al., 2020; Fullerton et al., 2008). Over 80% of the 
world’s 1.3 billion tobacco users live in LMICs and 1.2 million people die 
every year because of SHS exposure (Murray et al., 2020; World Health 
Organization, 2017; Yousuf et al., 2020; Reitsma et al., 2017). 

Under-5 children are at risk of exposure to solid fuel and SHS because 
they spend most of the time inside the house (Bickton et al., 2020; Bruce 
et al., 2000; Bonjour et al., 2013). Smoke emitted from burning solid 
fuels contains complex mixtures of harmful pollutants (Our World in 
Data, 2019; World Health Organization, 2018; Samet et al., 1987). 
Exposure to these harmful household air pollutants adversely affects 
birth outcomes and under-5 children’s health (Longo, 1977). Exposure 
to solid fuel doubles the risk of pneumonia and acute lower respiratory 
infection (ALRI), contributing to over 450,000 under-5 deaths according 
to Global Burden of Disease (GBD) data in 2019 (Murray et al., 2020; 
Paulson et al., 2021). SHS is the inhalation of other people’s tobacco 
smoke from burning tobacco products, such as cigarettes, cigars or pipes 
(WHO Global Health Observatory (GHO), 2019). Tobacco smoke con-
tains more than 7000 chemicals, including hundreds that are toxic 
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(World Health Organization, 2017; WHO Global Health Observatory 
(GHO), 2019). Children are particularly vulnerable to the effects of SHS 
exposure, which has been linked to an increased risk of childhood ill-
nesses including lower respiratory tract infections, asthma, wheezing, 
middle ear infections, sudden infant death syndrome (SIDS) and inva-
sive meningococcal disease (Jones et al., 2011). Nearly half of all chil-
dren around the world breathe air polluted by tobacco smoke and 65, 
000 children die every year due to illnesses related to SHS (World Health 
Organization, 2019). 

One of the targets for SDG 3 is to reduce the under-5 mortality rate to 
25 deaths or below per 1000 live births by 2030 (Paulson et al., 2021). 
Substantial progress has been made toward achieving this target and the 
global under-5 mortality rate declined by 59% from 93 deaths per 1000 
live births in 1990 to 39 in 2019 (Paulson et al., 2021). However, the 
burden of under-5 deaths remains unevenly distributed among countries 
and regions (Paulson et al., 2021). About 80% of under-5 deaths in 2019 
occurred in LMICs where the solid fuel and SHS were the main sources of 
air pollution inside the house (Paulson et al., 2021). Thus, it is important 
to investigate the odds ratio and mortality attributable to solid fuel and 
SHS exposure among children in each LMICs to implement the 
country-specific policy and intervention to reduce under-5 mortality. 

Some previous studies have examined the association between either 
household solid fuel exposure or SHS exposure and under-5 mortality 
(Bickton et al., 2020; Kleimola et al., 2015; Owili et al., 2017; Naz et al., 
2017; Khan et al., 2017; Andriani et al., 2019). However, to our 
knowledge, none have examined yet how the interaction between solid 
fuel and SHS contributes to under-5 mortality. Therefore, we aimed to 
estimate the risks and attributable fractions from indoor solid fuel, 
outdoor solid fuel, SHS and combined solid fuel and SHS associated with 
under-5, infant and neonatal mortality in 46 LMICs. 

2. Methods 

2.1. Study population and data collection 

This study is a secondary analysis based on the data from the De-
mographic and Health Surveys (DHS) conducted in 46 LMICs between 
2010 and 2020. Briefly, DHS are cross-sectional nationally representa-
tive household surveys with the stratified two-stage sample design 
including a comprehensive list of questionnaires: (i) household ques-
tionnaire, (ii) women’s questionnaire, (iii) men’s questionnaire, (iv) 
biomarker questionnaire (United Sates Agency International Develop-
ment, 2021a). The information related household solid fuel use and SHS, 
household characteristics and housing condition was extracted from 
household modules of DHS whereas the information about under-5 
mortality was extracted from women modules of DHS (United Sates 
Agency International Development, 2021a).. This study is based on the 
most recent DHS data from 2010 to 2020 since the source of solid fuel 
and SHS is changing overtime along with the advancement in technol-
ogy. The country classification of each LMIC was based on a 2020 list of 
countries by income by the World Bank. Countries with Gross National 
Income (GNI) per capita of less than 1045 USD were categorized as 
low-income countries, countries with GNI per capita between 1046 USD 
and 4095 USD were categorized as lower-middle-income countries 
(World Bank, 2022). The detailed description about country selection 
steps is presented in Appendix Fig. 1. The characteristics of DHS used in 
this study are presented in Appendix Table 1. 

2.2. Exposure assessment 

The analysis was based on two main exposures of interest: solid fuel 
use and SHS. Regarding fuel use, the results of responses to the question 
“What type of cooking fuel do you use?” were used (United Sates Agency 
International Development, 2021a). The responses were in the form of 
choices (United Sates Agency International Development, 2021a). DHS 
defined electricity, liquefied petroleum gas, natural gas, and biogas as 

clean fuel and petroleum, kerosene, coal, lignite, charcoal, wood, 
straw/shrubs/grass, agricultural crop, animal dung and others as solid 
fuel (United Sates Agency International Development, 2021a, 2021b). 
This study followed the DHS definition to categorize the study popula-
tion by cooking fuel types (clean fuel or solid fuel) (Appendix Table 2). 
Clean fuel use was considered as a reference category for the analyses 
described below. Because of the significant impact of inhaling smoke 
from solid fuel when cooking indoors (Naz et al., 2017; Khan et al., 
2017), the solid fuel use was evaluated in two categories (indoor use and 
outdoor use) based on the results of responses to the following DHS 
question, “Is the cooking usually done in the house, in a separate 
building, or outdoors?“ (United Sates Agency International Develop-
ment, 2021a). In this study, cooking in the house was regarded as indoor 
use while cooking in a separate building or outdoors were regarded as 
outdoor use (Bickton et al., 2020; Naz et al., 2017; Khan et al., 2017). 

Table 1 
Weighted distribution of, socioeconomic, demographic, household and indi-
vidual variables in the study populations by the exposures of interests.   

Under-5 children (N = 778,532) 

Characteristic Clean fuel 
N =
177,505 
(22.8%) n 
(%) 

Outdoor 
solid fuel =
361,239 
(46.4%) n 
(%) 

Indoor solid 
fuel N =
239,788 
(30.8%) n 
(%) 

Second-hand 
Smoke N =
268,594 
(34.5%) n 
(%) 

Mother’s age at 
birth (mean 
(SD)) 

21.1 (0.02) 19.0 (0.05) 19.6 (0.1) 20.5 (0.05) 

Child’s sex     
Male 92,835 

(52.3) 
183,871 
(50.9) 

123,251 
(51.4) 

137,789 
(51.3) 

Female 84,670 
(47.7) 

177,368 
(49.1) 

116,537 
(48.6) 

130,805 
(48.7) 

Breastfeeding 
status     
Yes 84,492 

(47.6) 
160,751 
(44.5) 

107,185 
(44.7) 

109,586 
(40.8) 

No 93,013 
(52.4) 

200,488 
(55.5) 

132,603 
(55.3) 

159,008 
(59.2) 

Number of 
household 
member (mean 
(SD)) 

6.5 (0.04) 7.2 (0.06) 7.1 (0.04) 7.2 (0.03) 

Place of 
residence     
Urban 108,101 

(60.9) 
78,389 
(21.7) 

35,249 
(14.7) 

64,731 
(24.1) 

Rural 69,404 
(39.1) 

282,850 
(78.3) 

204,539 
(85.3) 

203,863 
(75.9) 

Household 
wealth index     
Richest 73,132 

(41.2) 
37,207 
(10.3) 

11,510 (4.8) 29,814 
(11.1) 

Richer 55,914 
(31.5) 

59,604 
(16.5) 

24,938 
(10.4) 

42,438 
(15.8) 

Middle 32,483 
(18.3) 

76,582 
(21.2) 

44,361 
(18.5) 

53,450 
(19.9) 

Poorer 11,893 
(6.7) 

91,393 
(25.3) 

67,380 
(28.1) 

66,074 
(24.6) 

Poorest 4083 (2.3) 96,450 
(26.7) 

91,599 
(38.2) 

76,818 
(28.6) 

Parent’s 
education 
status     
Higher 46,861 

(26.4) 
17,339 (4.8) 14,867 (6.2) 19,875 (7.4) 

Secondary 89,640 
(50.5) 

96,089 
(26.6) 

72,176 
(30.1) 

101,528 
(37.8) 

Primary 24,318 
(13.7) 

103,314 
(28.6) 

66,901 
(27.9) 

74,669 
(27.8) 

None 16,685 
(9.4) 

144,495 
(40.0) 

85,844 
(35.8) 

72,520 
(27.0) 

N, weighted number of under-5 children; SD, standard deviation; n, weighted 
number calculated out of total N per variable. 
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The DHS question used to obtain data for the SHS was based on the 
frequency of any household member smoking inside the house (i.e. 
“How often does anyone smoke inside your house?“) which had four 
responses: “never”, “daily”, “weekly”, “monthly, or less than once in a 
month”. (United Sates Agency International Development, 2021a). 
Sensitivity analysis was conducted to examine if there is a dose-response 
relationship. If the household members were smoking daily, weekly, 
monthly, and less than once in a month, the under-5 children in those 
households were regarded as having exposure to SHS (Andriani et al., 
2019). 

2.3. Outcome assessment 

During the DHS survey, each mother was asked whether all her 
children born 5 years prior to the survey were alive or dead (United 
Sates Agency International Development, 2021a). If a child was dead, a 
follow-up question was on the child’s age at death (United Sates Agency 
International Development, 2021a). Based on that, in this study, there 
were three outcome measures: the outcome variables were under-5 
mortality (the number of deaths before the fifth birthday, 0–59 
months), infant mortality (the number of deaths during the first year of 
life, 0–11 month) and neonatal mortality (the number of deaths during 
the first 28 days of life) (United Sates Agency International Develop-
ment, 2021b; Croft Trevor et al., 2018). 

2.4. Potential confounders 

Household wealth index (categorized by default as “richest”, 
“richer”, “middle”, “poorer” or “poorest”) and parent’s education 
(categorized by default as “higher”, “secondary”, “primary” or “no ed-
ucation”) were included as potential confounders since these variables 
have been identified previously as markers to reflect socio-economic 
status (Kleimola et al., 2015; Owili et al., 2017; Naz et al., 2017; Khan 
et al., 2017; Andriani et al., 2019). DHS calculated the wealth index by 
principal component analysis based on the data collected in household 
questionnaire about the household’s ownership of a number of con-
sumer items such as a television and car; dwelling characteristics such as 
flooring material; type of drinking water source; toilet facilities; and 
other characteristics that related to wealth status (Rustein and Staveteig, 
2014). The resultant wealth index scores were divided into quintiles of 
richest, richer, middle, poorer and poorest (Rustein and Staveteig, 
2014). 

Place of residence (categorized by default as “urban” or “rural” based 
on infrastructure and population size) was included as a marker of de-
mographic factors because rural children have a higher risk of death 
from use of polluting fuel than urban counterparts (Kleimola et al., 2015; 
Andriani et al., 2019). Household and individual factors such as sex of 
the child (male or female), number of household members at the time of 
survey and mother’s age at birth of deceased child were also considered 
as potential confounders. This is because it has been shown that more 
members in the household are associated with adverse child health and 
increased under-5 mortality (Nishimwe et al., 2021). Advanced or 
extremely young maternal age at birth is also associated with poor birth 
outcomes including under-5 mortality (Finlay et al., 2011; Fall et al., 
2015). The number of household members and mother’s age at birth 
were entered as continuous variables. 

Breastfeeding status (categorized by default as ever breastfed: “yes” 
or “no”) of children was also included as a potential confounder since 
breastfeeding is known to provide protection against infection and, 
therefore, may reduce the risk of under-5 mortality associated with HAP 
(Sankar et al., 2015). Since birth weight is likely on the causal pathway 
between exposure to HAP and under-5 mortality, it was not considered 
as a confounder in this study. Adjustment of that kind of intermediate 
variable would produce biased estimates that leads to underestimation 
of the strength of the effect of the exposure on the outcome under study 
(Whitcomb et al., 2009; Schisterman et al., 2009). 

2.5. Statistical analysis 

First, proportions of under-5 mortality, infant mortality and neonatal 
mortality during the five-year periods preceding the DHS surveys were 
calculated by using the data on the children’s birth date, their survival 
status, and the dates of death or ages at death of deceased children 
following the direct estimation method provided in the guideline of the 
DHS program (United Sates Agency International Development, 2021b; 
Croft Trevor et al., 2018). The denominators were the total number of 
live births during the five-year periods preceding the DHS survey 

Table 2 
Association between child mortality exposed to solid fuel, second-hand smoke, 
and interaction between them in 46 countries.  

Exposure Under-5 mortality 
aOR (95% CI) 

Infant mortality 
aOR (95% CI) 

Neonatal 
mortality aOR 
(95%CI) 

Clean fuel 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Solid fuel 1.27 (1.19–1.36) 

** 
1.28 (1.20–1.37) 
** 

1.31 (1.21–1.42) 
** 

SHS    
No 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Yes 1.13 (1.06–1.25) 

* 
1.15 (1.04–1.25) 
* 

1.07 (1.01–1.20)* 

Combined solid 
fuel and SHS 

1.40 (1.31–1.50) 
** 

1.43 (1.35–1.50) 
** 

1.45 (1.38–1.55) 
** 

Mother’s age at 
birth 

1.13 (1.06–1.21) 
* 

1.14 (1.07–1.21) 
* 

1.18 (1.05–1.24) 
* 

Child’s sex    
Male 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Female 0.80 (0.76–0.89) 

** 
0.81 (0.77–0.89) 
** 

0.79 (0.75–0.84) 
** 

Breastfeeding 
status    
Yes 1.00 (ref) 1.00 (ref) 1.00 (ref) 
No 1.08 (1.06–1.17) 

** 
1.15 (1.09–1.26) 
* 

1.18 (1.08–1.24) 
* 

Number of 
household 
members 

1.06 (1.03–1.15) 
** 

1.07 (1.07–1.08) 
* 

1.07 (1.06–1.08) 
** 

Place of residence    
Urban 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Rural 1.09 (1.06–1.16) 

** 
1.07 (1.03–1.12) 
** 

1.04 (1.02–1.09) 
* 

Household wealth 
index    
Richest 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Richer 1.20 (1.13–1.28) 

* 
1.13 (1.07–1.20) 
** 

1.08 (1.01–1.17) 
** 

Middle 1.32 (1.23–1.38) 
* 

1.22 (1.15–1.29) 
** 

1.12 (1.04–1.21) 
** 

Poorer 1.41 (1.33–1.52) 
* 

1.28 (1.20–1.36) 
** 

1.13 (1.04–1.22) 
** 

Poorest 1.52 (1.43–1.62) 
* 

1.35 (1.27–1.44) 
** 

1.18 (1.09–1.28) 
** 

Parent’s education 
status    
Higher 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Secondary 1.28 (1.17–1.36) 

* 
1.19 (1.12–1.27) 
* 

1.14 (1.05–1.23) 
* 

Primary 1.49 (1.39–1.60) 
* 

1.39 (1.29–1.48) 
* 

1.31 (1.20–1.42) 
* 

None 1.64 (1.52–1.76) 
* 

1.46 (1.36–1.56) 
* 

1.37 (1.26–1.49) 
* 

Random effects Variance (SE)   
Community 
(PSU) 

0.03 (0.01) 0.02 (0.01) 0.04 (0.02) 

Country 0.41 (0.01) 0.39 (0.02) 0.45 (0.02) 

aOR, adjusted Odds Ratio; CI, Confidence Interval; SHS, Second-hand Smoke; 
PSU,Primary Sampling Unit; SE, Standard Error **p-value<0.001,*p- 
value<0.05. 
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(United Sates Agency International Development, 2021b; Croft Trevor 
et al., 2018). Then, prevalence estimates of exposure variables (indoor 
solid fuel, outdoor solid fuel, SHS and combined solid fuel (regardless of 
indoor or outdoor) and SHS) for each countries, outcome variables 
(under-5 mortality, infant mortality and neonatal mortality) and 95% of 
confidence intervals (CI) were calculated while adjusting for the cluster 
sampling survey design by using the “svy” command in STATA. 

Second, pooled models for all 46-countries combined were con-
structed to estimate odds ratios for each exposure variable after being 
adjusted for confounders. Logistic regression models were estimated 
separately for each of the three outcome variables. Also, for each 
outcome, there were two types of model (Model 1 and 2). Model 1 
considered the solid fuel (regardless of indoor or outdoor use), SHS and 
the interaction between solid fuel and SHS. Model 2 considered the in-
door solid fuel, outdoor solid fuel, SHS, the interaction between indoor 
solid fuel and SHS; and the interaction between outdoor solid fuel and 
SHS. So, in total there were six models. For all analyses, the selection of 
variables was based on the backwards-stepwise method with a p-to- 
remove of >0.05 (Bursac et al., 2008). Backward-stepwise regression 
starts with all the candidate variables in the model and removes the least 
significant variables until all the remaining variables are statistically 
significant (Bursac et al., 2008). 

The following model equation was applied to develop the mixed- 
effects multilevel logistic regression models: 

yijk ∼ Bin
(
nijk, pijk

)

logit
(
pijk

)
= αijk + β1Xijk1 + β2Xijk2 + β3Xijk1Xijk2 + β4Xijk3 + β5Xijk4

+ β6Xijk5 + β7Xijk6 + β8Xijk7 + β9Xijk8 + β10Xijk9 + μ0jk + ρ0jk  

where yijk is the outcome (death or no death) of child i in j primary 
sampling unit (PSU) in k country, nijk is the total number of children in 
the family of child i in j PSU in k country, αijk is the probability of the 
outcome (death or no death) of a child i in j PSU from the country k. 

In Model:1, β1 is the coefficient for Xijk1 (solid fuel – no or yes), β2 is 
the coefficient for Xijk2 (SHS – no or yes), β3 is the interaction coefficient 
for solid fuel and SHS. 

In Model:2, β1 is the coefficient for Xijk1 (solid fuel – no, indoor solid 
fuel or outdoor solid fuel), β2 is the coefficient for Xijk2 (SHS – no or yes), 
β3 is the interaction coefficient for solid fuel and SHS (to be precise, 
separate slopes were estimated for indoor solid fuel and SHS; and out-
door solid fuel and SHS). 

In both Model 1 and 2, β4 is the coefficient for Xijk3 (mother’s age at 
birth), β5 is the coefficient for Xijk4 (child’s sex), β6 is the coefficient for 
Xijk5 (breastfeeding status), β7 is the coefficient for Xijk6 (the number of 
household members), β8 is the coefficient for Xijk7 (place of residence – 
urban or rural), β9 is the coefficient for Xijk8 (household’s wealth), β10 is 
the coefficient for Xijk9 (parents’ education status) , μ0jk is the random 
PSU effect assumed to have normal distribution with N (0, σμ (Murray 
et al., 2020)), ρ0jk is the random country effect assumed to have normal 
distribution with N (0, σρ (Murray et al., 2020)). 

Sensitivity analysis (mixed effect multilevel logistic regression 
model) was also conducted to examine if there is a dose-response rela-
tionship between SHS and under-5 mortality. SHS was categorized into 
never, daily, weekly or monthly including less than once in a month. 
“Never” had an exposure to SHS was regarded as reference. 

The following model equation was applied to develop the mixed 
effects multilevel logistic regression models for a dose-response rela-
tionship between SHS and under-5 mortality: 

yijk ∼ Bin
(
nijk, pijk

)

logit
(
pijk

)
= αijk + β1Xijk1 + β2Xijk2 + β3Xijk3 + β4Xijk4 + β5Xijk5 + β6Xijk6

+ β7Xijk7 + β8Xijk8 + β9Xijk9 + μ0jk + ρ0jk  

where yijk is the outcome (death or no death) of child i in j PSU in k 
country, nijk is the total number of under-5 children in the family of the 
child i in the j PSU in k country, αijk is the probability of the outcome 
(death or no death) of child i in the j PSU from the country k. β1 is the 
coefficient for Xijk1 (SHS – never, daily, weekly or monthly including less 
than once in a month), β2 is the coefficient for Xijk2 (solid fuel – no or 
yes), β3 is the coefficient for Xijk3 (mother’s age at birth), β4 is the co-
efficient for Xijk4 (child’s sex), β5 is the coefficient for Xijk5 (breastfeeding 
status), β6 is the coefficient for Xijk6 (the number of household mem-
bers), α7 is the coefficient for Xijk7 (place of residence – urban or rural), 
β8 is the coefficient for Xijk8 (household’s wealth), β9 is the coefficient for 
Xijk9 (parents’ education status), μ0jk is the random PSU effect assumed 
to have normal distribution with N (0, σμ2), ρ0jk is the random country 
effect assumed to have normal distribution with N (0, σρ2). 

Finally, the population attributable fraction (PAF) was calculated to 
measure the proportion of under-5, infant, and neonatal mortality in 
LMICs that could theoretically be prevented by eliminating solid fuel 
and SHS exposure in households, assuming the other risk factors remain 
unchanged. The PAF was calculated by using the following formula 
(Murray et al., 2003).  

PAF =
∑

p (RR− 1)/ (1+
∑

p (RR− 1))                                                     

where p is the prevalence of exposure from solid fuel use or SHS in each 
country and RR is the adjusted pooled relative risk of each exposure on 
outcomes estimated from the analyses above. The odds ratio is very 
similar to the risk ratio when the incidence of an outcome is low 
(<10%). (Zhang and Yu, 1998) In this study, the odds ratio was 
considered as risk ratio since the incidence of under-5, neonatal and 
infant mortality in those children without exposure to solid fuel and SHS 
is low (<10%). 

2.6. Ethical considerations 

As the de-identified data for the current study came from secondary 
sources whose data is publicly available, ethics approval for this study 
was not required. 

3. Results 

3.1. Descriptive characteristics of the study population 

A total of 778,532 under-5 children out of 687,500 households from 
46 LMICs were considered eligible for this study after excluding all 
observations with missing cooking fuel type (n = 809), or missing 
outcome data (n = 654) and twin births (n = 536). Out of these, there 
were 21,061 (2.7%) neonatal, 33,750 (4.0%) infant and 41,860 (5.2%) 
under-5 deaths (Appendix Table 3). 

Table 1 shows the study population characteristics by different types 
of fuel (clean fuel, outdoor solid fuel and indoor solid fuel) and SHS 
exposure. Among 778,532 under-5 children, 361,239 (46.4%), 239,788 
(30.8%) and 268,594 (34.5%) under-5 children had exposure to outdoor 
solid fuel, indoor solid fuel and SHS respectively (Table 1). 

3.2. Variations in the prevalence of exposure to solid fuel and SHS among 
46 low- and lower-middle-income countries 

Prevalence of under-5 children’s exposure to solid fuel (indoor and 
outdoor), SHS and combined solid fuel and SHS in 46 LMICs are pre-
sented in Appendix Figs. 2, 3, 4 and 5, respectively. The prevalence of 
under-5 children’s exposure to indoor solid fuel and SHS was higher in 
countries from Asia and Oceania than the countries from Africa. On the 
other hand, the prevalence of under-5 children’s exposure to outdoor 
solid fuel was higher in the countries from Africa. Then, the prevalence 
of under-5 children’s exposure to combined solid fuel and SHS was 
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higher in the countries from Asia and Oceania than in Africa. The 
prevalence estimates with CI for each country can be seen in Appendix 
Table 4. 

3.3. Association between household air pollution exposure and children 
mortality 

The pooled adjusted associations between solid fuel, SHS (by 
considering the interaction between solid fuel and SHS) and children 
mortality for all 46 countries combined (Model 1) are presented in 
Table 2. After adjusting for covariates, in reference to the household 
with clean fuel use and no exposure to SHS, the pooled adjusted odds 

ratio of solid fuel use for under-5, infant and neonatal mortality were 
1.27 (95%CI: 1.19–1.36), 1.28 (1.20–1.37) and 1.31 (1.21–1.42) 
respectively. In reference to no exposure to SHS and the household with 
clean fuel use, the pooled adjusted odds ratio of exposure to SHS for 
under-5, infant and neonatal mortality were 1.13 (95%CI: 1.06–1.25), 
1.15 (1.04–1.25) and 1.07 (1.01–1.20) respectively. Then the pooled 
adjusted odds ratio of combined solid fuel and SHS for under-5, infant 
and neonatal mortality were 1.40 (95%CI: 1.31–1.50), 1.43 (1.35–1.50) 
and 1.45 (1.38–1.55) respectively. 

Table 3 presents the results of Model 2, which are the pooled 
adjusted associations between indoor solid fuel, outdoor solid fuel and 
SHS (by considering the interaction between indoor or outdoor solid fuel 
and SHS) and child mortality for all 46 countries combined. 

After adjusting for the covariates, in reference to households with 
clean fuel use and no exposure to SHS, the pooled adjusted odds ratio of 
indoor solid fuel use for under-5, infant and neonatal mortality were 

Table 3 
Association between child mortality exposed to indoor solid fuel, outdoor solid 
fuel, secondhand smoke and interaction between them in 46 countries.  

Exposure Under-5 
mortality aOR 
(95% CI) 

Infant mortality 
aOR (95% CI) 

Neonatal 
mortality aOR 
(95%CI) 

Clean fuel 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Indoor solid fuel 1.42 (1.35–1.50) 

** 
1.35 (1.27–1.45) 
** 

1.35 (1.24–1.47) 
** 

Outdoor solid fuel 1.21 (1.12–1.28) 
** 

1.20 (1.12–1.31) 
** 

1.28 (1.18–1.40) 
** 

SHS    
No 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Yes 1.13 (1.06–1.21) 

** 
1.15 (1.05–1.25) 
** 

1.12 (1.07–1.21) 
* 

Combined indoor 
solid fuel and SHS 

1.51 (1.49–1.69) 
** 

1.50 (1.38–1.60) 
** 

1.51 (1.37–1.66) 
** 

Combined outdoor 
solid fuel and SHS 

1.35 (1.29–1.45) 
** 

1.35 (1.25–1.40) 
** 

1.38 (1.27–1.48) 
** 

Mother’s age at 
birth 

1.13 (1.05–1.21) 
* 

1.14 (1.07–1.21) 
* 

1.18 (1.05–1.24) 
* 

Child’s sex    
Male 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Female 0.80 (0.76–0.89) 

** 
0.81 (0.77–0.89) 
** 

0.79 (0.75–0.84) 
** 

Breastfeeding status    
Yes 1.00 (ref) 1.00 (ref) 1.00 (ref) 
No 1.08 (1.06–1.17) 

** 
1.15 (1.09–1.26) 
* 

1.18 (1.08–1.24) 
* 

Number of 
household 
members 

1.06 (1.03–1.15) 
** 

1.07 (1.07–1.08) 
* 

1.07 (1.06–1.08) 
** 

Place of residence    
Urban 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Rural 1.09 (1.06–1.16) 

** 
1.07 (1.03–1.12) 
** 

1.04 (1.02–1.09) 
* 

Household wealth 
index    
Richest 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Richer 1.20 (1.13–1.28) 

* 
1.13 (1.07–1.20) 
** 

1.08 (1.01–1.17) 
** 

Middle 1.32 (1.23–1.38) 
* 

1.22 (1.15–1.29) 
** 

1.12 (1.04–1.21) 
** 

Poorer 1.41 (1.33–1.52) 
* 

1.28 (1.20–1.36) 
** 

1.13 (1.04–1.22) 
** 

Poorest 1.52 (1.43–1.62) 
* 

1.35 (1.27–1.44) 
** 

1.18 (1.09–1.28) 
** 

Parent’s education 
status    
Higher 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Secondary 1.28 (1.17–1.36) 

* 
1.19 (1.12–1.27) 
* 

1.14 (1.05–1.23) 
* 

Primary 1.49 (1.39–1.60) 
* 

1.39 (1.29–1.48) 
* 

1.31 (1.20–1.42) 
* 

None 1.64 (1.52–1.76) 
* 

1.46 (1.36–1.56) 
* 

1.37 (1.26–1.49) 
* 

Random effects Variance (SE)   
Community (PSU) 0.03 (0.01) 0.02 (0.01) 0.04 (0.02) 
Country 0.41 (0.01) 0.39 (0.02) 0.42 (0.01) 

aOR, adjusted Odds Ratio; CI, Confidence Interval; SHS, Second-hand Smoke; 
PSU,Primary Sampling Unit; SE, Standard Error **p-value<0.001,*p- 
value<0.05. 

Table 4 
Dose-response relationship between exposure to second-hand smoke and child 
mortality in 46 countries.  

Exposure Under-5 
mortality aOR 
(95% CI) 

Infant mortality 
aOR (95% CI) 

Neonatal 
mortality aOR 
(95%CI) 

SHS    
Never 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Daily 1.13 (1.06–1.20) 

** 
1.15 (1.05–1.22) 
** 

1.12 (1.05–1.31) 
* 

Weekly 1.12 (1.02–1.20) 
** 

1.11 (1.04–1.17) 
** 

1.10 (1.03–1.29) 
* 

Monthly or less 
than once a month 

1.11 (1.07–1.14) 
** 

1.09 (1.05–1.14) 
** 

1.08 (1.05–1.13) 
** 

Mother’s age at 
birth 

1.13 (1.05–1.21) 
* 

1.14 (1.07–1.21) 
* 

1.18 (1.05–1.24) 
* 

Child’s sex    
Male 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Female 0.80 (0.76–0.89) 

** 
0.81 (0.77–0.89) 
** 

0.79 (0.75–0.84) 
** 

Breastfeeding status    
Yes 1.00 (ref) 1.00 (ref) 1.00 (ref) 
No 1.08 (1.06–1.17) 

** 
1.15 (1.09–1.26) 
* 

1.18 (1.08–1.24) 
* 

Number of 
household 
members 

1.06 (1.03–1.15) 
** 

1.07 (1.07–1.08) 
* 

1.07 (1.06–1.08) 
** 

Place of residence    
Urban 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Rural 1.09 (1.06–1.16) 

** 
1.07 (1.03–1.12) 
** 

1.04 (1.02–1.09) 
* 

Household wealth 
index    
Richest 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Richer 1.20 (1.13–1.28) 

* 
1.13 (1.07–1.20) 
** 

1.08 (1.01–1.17) 
** 

Middle 1.32 (1.23–1.38) 
* 

1.22 (1.15–1.29) 
** 

1.12 (1.04–1.21) 
** 

Poorer 1.41 (1.33–1.52) 
* 

1.28 (1.20–1.36) 
** 

1.13 (1.04–1.22) 
** 

Poorest 1.52 (1.43–1.62) 
* 

1.35 (1.27–1.44) 
** 

1.18 (1.09–1.28) 
** 

Parent’s education 
status    
Higher 1.00 (ref) 1.00 (ref) 1.00 (ref) 
Secondary 1.28 (1.17–1.36) 

* 
1.19 (1.12–1.27) 
* 

1.14 (1.05–1.23) 
* 

Primary 1.49 (1.39–1.60) 
* 

1.39 (1.29–1.48) 
* 

1.31 (1.20–1.42) 
* 

None 1.64 (1.52–1.76) 
* 

1.46 (1.36–1.56) 
* 

1.37 (1.26–1.49) 
* 

Random effects Variance (SE)   
Community (PSU) 0.03 (0.01) 0.02 (0.01) 0.04 (0.02) 
Country 0.41 (0.01) 0.39 (0.02) 0.42 (0.01) 

aOR, adjusted Odds Ratio; CI, Confidence Interval; SHS, Second-hand Smoke; 
PSU, Primary Sampling Unit; SE, Standard Error, **p-value<0.001, *p- 
value<0.05. 
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1.42 (1.35–1.50), 1.35 (1.27–1.45) and 1.35 (1.24–1.47), respectively 
whereas the pooled adjusted odds ratio of outdoor solid fuel use for 
under-5, infant and neonatal mortality were 1.21 (1.12–1.28), 1.20 
(1.12–1.31) and 1.28 (1.18–1.40), respectively. In reference to no 
exposure to SHS and the household with clean fuel, the pooled adjusted 
odds ratio of exposure to SHS for under-5, infant and neonatal mortality 
were 1.13 (1.06–1.21), 1.15 (1.05–1.25) and 1.12 (1.07–1.21), respec-
tively. Then in reference to no exposure to solid fuel and SHS, the pooled 
adjusted odds ratio of exposure to combined indoor solid fuel use and 
SHS for under-5, infant and neonatal mortality were 1.51 (1.49–1.69), 
1.50 (1.38–1.60) and 1.51 (1.37–1.66), respectively. On the other hand, 
the pooled adjusted odds ratio of exposure to combined outdoor solid 
fuel use and SHS for under-5, infant and neonatal mortality were 1.35 
(1.29–1.45), 1.35 (1.25–1.40) and 1.38 (1.27–1.48), respectively. 

3.4. Sensitivity analysis 

The dose-response relationships between SHS and under-5, infant, 
and neonatal mortality are presented in Table 4. SHS was categorized 
into “never”, “daily”, “weekly”, “monthly or less than once in a month”. 
“Never” had an exposure to SHS was regarded as reference and it is 
observed that the pooled adjusted odds ratio of daily exposure to SHS for 
under-5 mortality, infant mortality and neonatal mortality were 1.13 
(95%CI: 1.06–1.20), 1.15 (95%CI: 1.05–1.22) and 1.12 (95%CI: 
1.05–1.31). The pooled odds ratio of weekly exposure to SHS for under-5 
mortality, infant mortality and neonatal mortality were 1.12 (95%CI: 
1.02–1.20), 1.11 (95%CI: 1.04–1.17) and 1.10 (95% CI: 1.03–1.29). The 
pooled odds ratio of monthly or less than once in a month exposure to 
SHS for under-5 mortality, infant mortality and neonatal mortality were 
1.11 (95%CI: 1.07–1.14), 1.09 (95%CI: 1.05–1.14) and 1.08 (95%CI: 
1.05–1.13). 

3.5. Children mortality attributable to household air pollution 

Under-5 mortality attributable to indoor solid fuel, outdoor solid 
fuel, SHS and combined solid fuel and SHS exposure in 46 countries are 
presented in Figs. 1–4, respectively. It can be seen that under-5 mortality 
attributable to indoor solid fuel use was higher in countries from the 
Asian region whereas those resulting from outdoor solid fuel use were 
higher in countries from the African region. However, those resulting 
from SHS were higher in countries from the Asian region compared to 
countries from African region. On the other hand, the under-5 mortality 
attributable to combined solid fuel and SHS exposure was higher in the 

countries from Asian and Oceania region than African region. The es-
timates with CI for each country can be seen in Appendix Table 5,6,7. 

Under-5 mortality attributable to indoor solid fuel, outdoor solid 
fuel, SHS and combined solid fuel and SHS was the highest in Myanmar 
(18.0%), the Gambia (16.5%), Indonesia (9.8%), and Timor-Leste 
(22.7%), respectively. Similarly, infant and neonatal mortality attrib-
utable to indoor solid fuel, outdoor solid fuel, SHS and combined solid 
fuel and SHS were also the highest in Myanmar, the Gambia, Indonesia 
and Timor-Leste, respectively (Appendix Figs. 6–13). 

4. Discussion 

This comprehensive multi-country analysis of DHS data from 46 
LMICs between 2010 and 2020, showed that solid fuel use had a 
significantly higher risk of children mortality than the risk from clean 
fuel use. This study employed an augmented solid fuel exposure by 
cooking place: indoor or outdoor. It was shown that indoor solid fuel use 
had a higher risk of children mortality than outdoor solid fuel use. It was 
also observed that SHS had a significantly increased risk of children 
mortality. Moreover, this study also showed that the combined effect of 
exposure to solid fuel and SHS had a higher risk of children mortality 
than the individual risk. Furthermore, children who had exposure to the 
either combined indoor solid fuel and SHS; or outdoor solid fuel and SHS 
had a significantly increased risk of mortality than those who had 
neither exposure to solid fuel (indoor or outdoor) nor SHS. Additionally, 
this study observed that children mortality attributable to indoor solid 
fuel and SHS were high in the countries from Asia. In contrast, children 
mortality attributable to outdoor solid fuel was high in the countries 
from Africa. The proportion of children mortality attributable to com-
bined solid fuel and SHS were high in the countries from Asia. It could be 
due to the cooking and smoking habit or housing structure influenced by 
climate and economic conditions between countries from Asia and Af-
rica (Reitsma et al., 2017; Bruce et al., 2000). 

The significant positive associations between indoor solid fuel and 
children mortality observed in this study were consistent with several 
previous studies conducted in Sub-Saharan Africa (SSA), and some 
South Asian countries (Bickton et al., 2020; Kleimola et al., 2015; Naz 
et al., 2017; Khan et al., 2017). Previous studies suggest that not only the 
solid fuel use but also the place of solid fuel use can impact children 
mortality because cooking indoor with solid fuel drastically increases 
the airborne toxic pollutants’ concentration in the household and 
ambient air (Bickton et al., 2020; Kleimola et al., 2015; Naz et al., 2017; 
Khan et al., 2017). Some previous studies from LMICs considered the 

Fig. 1. Under-5 mortality attributable to indoor solid fuel exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%).  

K.S. Lwin et al.                                                                                                                                                                                                                                  



International Journal of Hygiene and Environmental Health 243 (2022) 113986

7

kitchen location when investigating the association between solid fuel 
and under-5 mortality (Naz et al., 2016, 2017, 2018; Khan et al., 2017; 
Bassani et al., 2010). One study conducted in India found out that 
children who lived in houses with kitchens inside had higher risk of 
mortality compared to children who lived in houses with kitchens 
outside (Bassani et al., 2010). Findings from our study showed not only a 
greater risk of child mortality from households using solid fuel but also 
increased risk of child mortality where solid fuel was used indoors. 
Households using indoor solid fuel have a higher level of particulate 
matter (PM) concentration, and children are exposed to those pollutants 
from soild fuel burning as they spend many hours inside the house (Naz 
et al., 2016, 2017, 2018; Khan et al., 2017; Bassani et al., 2010). 

Moreover, in this study, it was observed that SHS also had a signif-
icantly increased risk of children mortality compared with the risk from 
no exposure to SHS. These results were in line with previous studies from 

SSA and some South Asian countries (Owili et al., 2017; Andriani et al., 
2019). Furthermore, children who had exposure to either combined 
indoor solid fuel and SHS; or outdoor solid fuel and SHS had signifi-
cantly increased risk of mortality than those who had neither exposure 
to solid fuel (indoor or outdoor) nor SHS. Additionally, indoor solid fuel 
and SHS’s combined effect had a significantly increased risk of children 
mortality than the combined effect of outdoor solid fuel and SHS. 

This comprehensive study has several strengths. One of the main 
strengths of this study is the use of data driven systematic modelling to 
estimate the attributable risk of solid fuel use (indoor and outdoor) and 
the SHS on under-5 mortality in each 46 LMICs. This study was based on 
nationally representative DHS surveys that used standardized methods 
yielding an average response rate of 98% (United Sates Agency Inter-
national Development, 2021a). The large study population was suffi-
cient to separately analyze the effects of exposure to indoor solid fuel 

Fig. 2. Under-5 mortality attributable to outdoor solid fuel exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%).  

Fig. 3. Under-5 mortality attributable to secondhand smoke exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%).  
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use, outdoor solid fuel use and SHS. This is of particular importance as 
many previous studies only assessed solid fuel use or SHS. This study was 
able to assess the combined effect and individual effect of solid fuel use 
and SHS. The pooled method increased the study power and allowed us 
to safely generalize the findings to other populations with similar 
characteristics. Moreover, multilevel modelling was used, which took 
into account the hierarchical structure of the data and the variability 
within the country levels to better estimate the level of association of the 
study factors with the outcome. 

However, this study also has some limitations. These limitations 
have been well-acknowledged in similar studies that used DHS data. 
Firstly, the main limitation is that this study used the extracted data 
from the retrospective cross-sectional surveys. Under-5 mortality data 
were retrospectively collected at the time of survey interview while the 
household characteristics were inferred for the deceased child. How-
ever, there is an assumption that children’s exposure to solid fuel and 
SHS were not changing over time using extrapolated cross-sectional data 
(Kleimola et al., 2015; Owili et al., 2017). Still, this study could not 
ascertain the true measure of causal relationship. Therefore, the findings 
from this study should be interpreted with caution. Secondly, in order to 
evaluate the relationship between exposure to risks (solid fuel and SHS) 
and health outcomes in terms of odds ratios, this study used all-cause 
mortality reported by parents. There is always a methodological limi-
tation to this approach, since it does not allow us to examine the rela-
tionship between the exposure variable and more precisely measured 
causes of death that might be directly related to the exposure. Cause of 
death data based on death certificates would allow a more accurate 
estimation of the odds ratio of exposure to solid fuel and SHS risk, but 
this is difficult due to the lack of such data in DHS (Amoroso et al., 
2018). Thirdly, the nature of DHS questionnaire regarding household 
member smoking might be subjective to social desirability bias. For 
example, some household members might hesitate to admit about their 
smoking status which may lead to underestimate the prevalence of SHS 
(Owili et al., 2017; United Sates Agency International Development, 
2021a). Fourthly, DHS only recorded the predominant type of fuel used 
for cooking in the household which may result in the misclassification of 
the fuel exposure, particularly if the household use both clean and solid 
fuel together. For example, some households from LMIC use solid fuel 
together with clean fuel in order to reduce the electricity bill (United 
Sates Agency International Development, 2021a, 2021b; Croft Trevor 

et al., 2018). Moreover, type of fuel use for heating inside the house 
during the winter season is not included in DHS survey yet. In some 
countries like Afghanistan, Tajikistan and Nepal, solid fuel is also used 
for household heating in the winter (Fullerton et al., 2008; Kleimola 
et al., 2015). Therefore, there might be underestimation in the preva-
lence of indoor solid fuel exposure in those countries. Finally, some 
potential confounding factors like childhood illnesses, nutritional status, 
ambient air pollution, meteorological factors and health seeking be-
haviors could not be considered in this study due to the missing or lack 
of information in DHS (Murray et al., 2020; Reitsma et al., 2017; Paulson 
et al., 2021; Croft Trevor et al., 2018). 

5. Conclusion and policy implications 

The findings from this study indicated that the prevalence of chil-
dren’s exposure to indoor solid fuel, outdoor solid fuel, SHS and com-
bined solid fuel and SHS varied among LMICs. Children’s exposure to 
solid fuel and SHS were significantly associated with the increased risk 
of children mortality. Moreover, the combined effect of exposure to solid 
fuel and SHS had a higher risk of children mortality than the individual 
risk of solid fuel and SHS. Furthermore, related to the variation in the 
prevalence of exposure, children mortality attributable to indoor solid 
fuel, outdoor solid fuel, SHS and combined solid fuel and SHS varied 
among LMICs. Policymakers in LMICs, where solid fuel and SHS as child 
health issues is relatively neglected, should integrate the use of clean 
fuel, improvement in household ventilation systems, implementation of 
eco-friendly stove and tobacco control measures with other child health 
promotion policies. Understanding the variation in the exposure level 
and nature of solid fuel and SHS among LMICs may help to address the 
targeted interventions to reduce under-5 mortality because solid fuel 
and SHS exposures are potentially modifiable and reducing those ex-
posures could be a method for accelerating progress toward reducing 
under-5 mortality (Paulson et al., 2021). Reducing exposure to solid fuel 
and secondhand smoke offers LMICs cost-effective, popular and easily 
implemented strategies to significantly reduce infant and child mortal-
ity. If these countries can reduce exposure to the risk factors identified in 
this study, they can make significant progress towards SDG 3, and 
improve the health of all populations. 

Fig. 4. Under-5 mortality attributable to solid fuel and secondhand smoke exposure among 46 low- and lower-middle-income countries between 2010 and 2020 
(PAF-%). 
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Research in context 

Evidence before this study 

Although substantial progress has been made towards reducing the 
under-5 mortality rate to 25 deaths or below per 1000 live births by 
2030, low- and lower-middle-income countries (LMICs) are still strug-
gling to achieve this target. Existing evidence suggested that exposure to 
solid fuel or second-hand smoke (SHS) has been linked to an increased 
risk of childhood illnesses. We searched PubMed for published literature 
in English using the search terms “household air pollution”, “solid fuel 
use”, “second-hand smoke”, “under-5 mortality”, “population attribut-
able fraction”, “PAF”, “low- and lower-middle-income countries” and 
“LMICs” up to October 30, 2021. We found some previous studies that 
have investigated the association between either solid fuel use or SHS 
and under-5 mortality. However, there have been few comprehensive 
multi-country assessments or studies that have examined how the 
interaction between solid fuels use and SHS affects under-five mortality. 

Added value of this study 

This study provides a comprehensive analysis of variation in attrib-
utable risk of solid fuel use and SHS associated with under-5 mortality 
among 46 low- and lower-middle-income countries. The large study 

population was able to separately analyze the effects of exposure to 
indoor solid fuel use, outdoor solid fuel use and SHS. This is of particular 
importance as many previous studies only assessed solid fuel use or SHS. 
This study was able to assess the combined effect and individual effect of 
solid fuel use and SHS. The findings from this study indicated that the 
prevalence of children’s exposure to indoor solid fuel, outdoor solid fuel, 
SHS and combined solid fuel and SHS varied among LMICs. Children’s 
exposure to solid fuel and SHS were significantly associated with the 
increased risk of children mortality. Moreover, the combined effect of 
exposure to solid fuel and SHS had a higher risk of children mortality 
than the individual risk. Furthermore, related to the variation in the 
prevalence of exposure, children mortality attributable to indoor solid 
fuel, outdoor solid fuel, SHS and combined solid fuel and SHS varied 
among LMICs. 

Implications of all the available evidence 

The findings from this study would inform the policymakers in 
LMICs, where solid fuel and SHS as child health issue is relatively 
neglected, to integrate the use of clean fuel, improvement in household 
ventilation systems and tobacco control measures with other child 
health promotion policies. Reducing exposure to solid fuel and 
secondhand smoke offers cost-effective, popular and easily implemented 
strategies for LMICs to significantly reduce under-5 mortality. If these 
countries can reduce exposure to the risk factors identified in this study, 
they can make significant progress towards SDG 3, and improve the 
health of all populations. 
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Fig. 1. Selection of low- and lower-middle-income countries included in the study  

Fig. 2. Prevalence of exposure to indoor solid fuel among under-5 children between 2010 and 2020   
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Fig. 3. Prevalence of exposure to outdoor solid fuel among under-5 children between 2010 and 2020  

Fig. 4. Prevalence of exposure to secondhand smoke among under-5 children between 2010 and 2020   
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Fig. 5. Prevalence of exposure to solid fuel and secondhand smoke among under-5 children between 2010 and 2020  

Fig. 6. Infant mortality attributable to indoor solid fuel exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%)   
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Fig. 7. Infant mortality attributable to outdoor solid fuel exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%)  

Fig. 8. Infant mortality attributable to secondhand smoke exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%)   
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Fig. 9. Infant mortality attributable to solid fuel and secondhand smoke exposure among 46 low- and lower-middle-income countries between 2010 and 2020 
(PAF-%) 

Fig. 10. Neonatal mortality attributable to indoor solid fuel exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%)   
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Fig. 11. Neonatal mortality attributable to outdoor solid fuel exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%)  

Fig. 12. Neonatal mortality attributable to secondhand smoke exposure among 46 low- and lower-middle-income countries between 2010 and 2020 (PAF-%)   
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Fig. 13. Neonatal mortality attributable to solid fuel and secondhand smoke exposure among 46 low- and lower-middle-income countries between 2010 and 2020 
(PAF-%) 
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