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Abstract
Background: Globally, over four million deaths are attributed to exposure to household air pollution (HAP) annually.
Evidence of the association between exposure to HAP and under-five mortality in sub-Saharan Africa (SSA) is
insufficient. We assessed the association between exposure to HAP and under-five mortality risk in 14 SSA countries.
Methods: We pooled Demographic and Health Survey (DHS) data from 14 SSA countries (N = 164376) collected
between 2015 and 2018. We defined exposure to HAP as the use of biomass fuel for cooking in the household. Underfive mortality was defined as deaths before age five. Data were analyzed using mixed effects logistic regression models.
Results: Of the study population, 73% were exposed to HAP and under-five mortality was observed in 5%. HAP
exposure was associated with under-five mortality, adjusted odds ratio (OR) 1.33 (95% confidence interval (CI) [1.03–
1.71]). Children from households who cooked inside the home had higher risk of under-five mortality compared to
households that cooked in separate buildings [0.85 (0.73–0.98)] or outside [0.75 (0.64–0.87)]. Lower risk of under-five
mortality was also observed in breastfed children [0.09 (0.05-0.18)] compared to non-breastfed children.
Conclusions: HAP exposure may be associated with an increased risk of under-five mortality in sub-Saharan Africa.
More carefully designed longitudinal studies are required to contribute to these findings. In addition, awareness
campaigns on the effects of HAP exposure and interventions to reduce the use of biomass fuels are required in SSA.
Keywords: Household air pollution, Under-five mortality, Sub-Saharan Africa, Demographic Health Survey

Background
Exposure to household air pollution (HAP) is a major
public health hazard worldwide and among the top leading risk factors for global disability and mortality [1–3].
Close to four million deaths are attributed to HAP exposure annually [4]. Household use of biomass fuels is
one of the largest sources of HAP globally [5]. Biomass
fuels refer to fuel that comes from plant-based or
animal-based material, including charcoal, wood, dung,
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and crop residues. The inefficient and incomplete combustion of these energy sources produces harmful
smoke, including pollutants such as carbon monoxide
and particulate matter–a mixture of organic and inorganic particles [6]. The use of biomass fuels for cooking
substantially contributes to ambient air pollution which
was attributed to five percent of all-cause mortality in
2017 [2].
The main burden of HAP is found in low-resource
settings, where many people are still at the bottom of
the energy ladder [5]. Women and children are disproportionately exposed in and around the home due to
gender-based domestic roles associated with time spent
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indoors [7]. Studies indicate that under-five children are
the most vulnerable group to pollutant cooking fuels
with negative health consequences [8]. Exposure to HAP
has been shown to be associated with intrauterine
growth restriction, preterm birth, and low birth weight
[9–11]. Under-five children who are exposed to HAP
may also be at an increased risk for lower and acute
respiratory infections (ARIs) and pneumonia [12].
The association between HAP and under-five mortality has previously been investigated by several studies.
Exposure to HAP was associated with an increased risk
for neonatal, child and under-five mortality in 47 countries using Demographic and Health Surveys (DHS) and
among the five regions studied (America, Asia, Europe,
Northern Africa, and sub-Saharan Africa), sub-Saharan
Africa had the highest association between HAP exposure and childhood mortality [13]. A cross-sectional study
of 23 countries in SSA by Owili et al. [8], that also used
DHS data, similarly found an association between the
use of biomass cooking fuels and increased risk of
under-five mortality. These findings are in line with
studies that have been conducted outside SSA, including
India and Pakistan [14, 15].
Since these studies were conducted, more recent data
have been collected from the DHS since 2015 which
were not included in the previous multi-country analyses, including data from South Africa whose current
dataset is the first in 22 years. There is compelling evidence of an association between air pollution and infant
mortality but most studies to date have focused on acute
exposure and ambient air pollution mainly in developed
countries [2]. This makes the research on the association
between HAP exposure and under-five mortality particularly in Africa an urgent public health concern and
vital to inform localized and contextual policy decisions
on reducing the burden of HAP.
Therefore, we set out to assess the association between
exposure to HAP (i.e., biomass fuel for cooking) and
under-five mortality using the most recent DHS datasets
from 14 countries in SSA.

Methods
Study population and data collection

This study is a secondary analysis of data from DHS
conducted in SSA. The details of these surveys are explained elsewhere (https://dhsprogram.com/) but, briefly,
DHS are cross-sectional nationally representative household surveys that provide data for a wide range of monitoring and impact evaluation indicators in the areas of
population, health, and nutrition. The samples are based
on a two-stage cluster design where, firstly, Enumeration
Areas (EA) are drawn from census files and, in the second stage, in each EA selected, a sample of households
is drawn from an updated list of households [https://
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dhsprogram.com/What-We-Do/Methodology.cfm]. We
used data from 14 surveys conducted between 2015 and
2018 in sub-Saharan Africa. The following countries
were included in the analysis; Angola (2015), Benin
(2016), Burundi (2015), Ethiopia (2016), Guinea (2018),
Mali (2018), Malawi (2015), Nigeria (2018), South Africa
(2016), Tanzania (2015), Uganda (2015), Rwanda (2015),
Zambia (2018), and Zimbabwe (2015). Data was collected from all eligible women aged 15–49 years and
analyses were limited to children born in the last 5 years
prior to the survey to minimize exposure misclassification and influence of recall bias. In addition, we excluded all observations with missing cooking fuel type,
or missing outcome data and twin births. The final sample size of children included in the analysis was 164376
out of 73772 households.
Ethical considerations

Ethical clearance for the DHS in all countries was
obtained from the Inner City Fund (ICF) International
Institutional Review Board (IRB). Additionally, countryspecific DHS protocols had been reviewed by the ICF
IRB and by an IRB in the host country. As the deidentified data for the current study came from secondary sources whose data is publicly available, ethics
approval for this study was not required.
Exposure assessment

We defined the exposure of interest ‘HAP’ as the use of
biomass fuels for cooking. During the DHS interviews,
mothers were asked the question “What type of cooking
fuel do you use?” We used responses to this question to
assess their exposure to HAP. We categorized responses
of wood, charcoal, dung, kerosene, crop residues, shrubs,
and coal as exposed categories and natural gas, biogas,
liquefied petroleum gas (LPG) and electricity as clean
fuels. We used clean fuels as reference categories. We
created two separate variables for HAP exposure; a binary variable where use of biomass fuels i.e. wood, charcoal, dung, crop residues, shrubs, coal, and kerosene was
coded as ‘1’ and use of natural gas, biogas, LPG and electricity was coded as ‘0’ and a multinomial variable where
charcoal was categorized as a separate category from
other biomass fuels (coded as ‘2’) because it has been
suggested as a cleaner fuel than wood [16].
Health outcome assessment

During the interviews, mothers were also asked if their
child had died before her or his fifth birthday, 5 years
prior to the survey. Therefore, the outcome of this study
was under-five mortality which we defined as the death
between birth and the fifth birthday of the child (i.e., 0–
59 months).
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Potential confounders

We adjusted for the following potential confounders: sex
of the child (male or female), birth order, number of
under-five children in the household, and mother’s age
at birth. This is because it has been shown that children
who are born within 15 months of a preceding birth are
more likely than other children to die in the first 2 years
of life [17] and that firstborns and advanced maternal
age at birth are all associated with poor birth outcomes
including under-five mortality [18, 19]. Birth order,
number of under-five children, and mother’s age at birth
were entered as continuous variables. Mother’s education level (none, primary, secondary, higher), occupation,
residence (urban/rural) and wealth index were adjusted
for as indicators of socio-economic status. The wealth
index was calculated by DHS using household items
(ownership of bicycles, etc.), where scores were calculated using principal component analysis and the resultant scores divided into quintiles of poorest, poorer,
middle, rich, richer, and richest. Mother’s smoking status
(yes/no), frequency of any household smoking (never,
less than once a month, daily) was also adjusted for
because maternal active and household second hand
smoke exposure have also been associated with underfive mortality [8, 18, 20]. We also adjusted for kitchen
location and breastfeeding status; kitchen location has
been shown to influence indoor HAP exposure levels,
while breastfeeding status is associated with the protective
effect against infections and, therefore, may attenuate the
risk of under-five mortality associated with HAP [15, 21].
We adjusted for the country (Angola arbitrarily chosen as
a reference category) and year of the survey to consider
the differences across the countries and time the surveys
were conducted. Birth weight was not included as a confounder because it is likely on the causal pathway between
exposure to HAP and mortality, and therefore adjustment
of such an intermediate variable would produce biased
estimates. Controlling for a factor that is on the causal
pathway leads to underestimation of the strength of the effect of the exposure on the outcome under study [22, 23].
Statistical analysis

We used mixed fixed effects logistic regression models
to analyze the data with random intercepts specified for
each country. We first fitted a crude model without adjustment (country was included in the crude model to
obtain crude estimates per country). In adjusted models,
we fitted two separate models. In model I, we modeled
HAP exposure as a binary variable and, in model II, we
used the multinomial exposure variable. We adjusted
both models I and II for the previously mentioned confounders. Up to 93, 465 observations did not have information on either kitchen location, or frequency of
smoking in the household. Therefore, we used the
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missing indicator method by creating an indicator variable for those with missing data on kitchen location and
smoking frequency in the household.
Sensitivity analyses

We stratified the analyses by breastfeeding status and
kitchen location because of the strong evidence of protective effects of breastfeeding on child mortality and influence of kitchen location on associations of HAP
exposure and health effects [21, 24]. We also explored
the robustness of the estimates using the leave-one-out
method to assess which countries heavily influenced the
overall estimates by recalculating the results N-1 times,
each time leaving out one country. We also analyzed
data without replacing missing observations with indicator variables.
We performed all statistical analyses using STATA
version 15 (TX, USA), and we took into account the
complex survey design of the data in the survey framework. An alpha of 0.05 was considered as the level of
significance.

Results
Study population characteristics

Table 1 shows the study population characteristics and
by cooking fuel type. Other forms of biomass were the
most used form of cooking fuel (72.1%) compared to
charcoal (16%) and clean fuel (11.9%). At least 70.3% of
the population were from rural areas and only 3.5% of
the mothers had attained education higher than secondary school education level. High prevalence of HAP exposure due to biomass was observed in Ethiopia (92.1%)
followed by Burundi (87.4%) and Rwanda (84.4%), but
low in Angola (35.0%) and Zambia (55.5%) and 22.8% in
South Africa. Prevalence of charcoal use is also listed in
Table 1, and there was no reported charcoal use in
South Africa. There were significant differences in
mother’s education level, residence, and mother’s occupation (p < 0.001) among the different categories of
cooking fuel. Under-five mortality proportions per country are presented in Fig. 1. The overall under-five mortality was 5.2% and 3.5%, 5.6% and 4.5% for clean fuel,
other biomass, and charcoal use, respectively. Higher
proportions of under-five mortality were observed in
Nigeria (10.4%) and Guinea (9.4%) and the lowest in
Rwanda (3.5%), Zambia (4.1%), and Malawi (4.3%).
Association between HAP exposure and under-five
mortality

Fig. 2 presents the associations of HAP exposure with
under-five mortality. In model I, we observed associations between HAP exposure and the risk of under-five
mortality, OR 95% CI [1.33 (1.03–1.71)]. The estimates
were similar when we separated charcoal from other
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Table 1 Study population characteristics by cooking fuel type (N = 164376)
Total (N (%))
N = 164376
Fuel use (total)

Clean fuel (%)
N = 13794

Biomass (%)
N = 124020

Charcoal (%)
N = 26562

p value

11.9

72.1

16.0

< 0.001

5391 (48.9)

5226 (35.0)

3089 (16.0)

α

Country (year)
Angola

13706 (8.3)

Benin

12632 (7.6)

396 (2.82)

9337 (74.4)

2899 (22.7)

Burundi

12728 (7.7)

20 (0.1)

10784 (87.4)

1924 (12.3)

Ethiopia

10119 (6.1)

508 (3.2)

8705 (92.1)

906 (4.7)

Guinea

7495 (4.5)

96 (1.4)

5334 (70.2)

2065 (28.4)

Mali

9496 (5.7)

134 (0.7)

7468 (82.4 )

1894 (16.8)

Malawi

16486 (10.0)

186 (1.5)

13809 (83.8)

2491 (14.6)

Nigeria

32133 (19.5)

2384 (9.1)

28026 (84.7)

1723 (6.0)

Tanzania

9269 (5.6)

30 (0.4)

7228 (75.5)

2011 (24.1)

Uganda

14498 (8.8)

40 (0.3)

11368 (76.3)

3090 (23.3)

Rwanda

7469 (4.5)

14 (0.1)

6184 (84.4 )

1271(15.5)

South Africa

3289 (2.0)

2392 (77.1)

897 (22.8)

-

Zambia

9399 (5.7)

518 (6.5)

5690 (55.5)

3191 (37.9)

Zimbabwe

5657 (3.4)

1685 (24.7)

3964 (75.1)

8 (0.2)

9478 (5.2)

529 (8.3)

7746 (77.4)

1203 (13.7)

Male

83228 (50.7)

7023 (12.7)

62716 (71.3)

13489 (15.9)

Female

81148 (49.3)

6771 (12.5)

61304 (71.5)

13073 (15.9)

β

Child dead

0.799

Sex of child

< 0.001

Residence
Urban

47799 (29.6)

11467 (35.4)

18283 (27.7)

18049 (36.8)

Rural

116577 (70.3)

2327 (3.0)

105737 (89.8)

8513 (7.1)

None

61018 (34.2)

1092 (1.9)

53364 (86.9)

6562 (11.1)

Primary

60357 (37.3)

2718 (5.3)

48286 (79.3)

9353 (15.3)

Secondary

37112 (24.9)

7549 (32.8)

20602 (45.5)

8961 (21.6)

Higher

< 0.001

Mother education

5889 (3.5)

2435 (52.9)

1768 (19.3)

1686 (27.7)

Age at first birth
(mean (SD))

19.4 (0.1)

20.6 (0.1)

19.0 (0.02)

19.8 (0.05)

Under-five children in household (mean(SD))

1.9 (0.08)

1.7 (0.01)

2.0 (0.01)

1.7 (0.01)

0.706
< 0.001
< 0.001

Mother occupation
None

40055 (30.8)

4809 (44.9)

26784 (28.0)

8462 (32.6)

Professional

6295 (3.5)

1631 (10.5)

2504 (1.4)

2160 (7.2)

Clerical/sales

30817 16.0)

3854 (21.7)

20125 (13.2)

6838 (24.4)

Agriculture

54207 (35.4)

584 (2.3)

50082 (46.3)

3541 (12.0)

Services

9710 (6.6)

1627 (13.9)

5361 (4.4)

2722 (11.1)

Manual

12487 (7.5)

762 (6.6)

8586 (6.5)

3139 (12.4)

41293 (23.2)

212 (1.5)

40520 (97.4)

561 (1.1)

< 0.001

Wealth index
Poorest

< 0.001

Poorer

36916 (21.9)

927 (6.2)

32924 (87.4)

3065 (6.3)

Middle

33695 (20.0)

2900 (12.4)

26832 (77.7)

3963 (9.7)

Richer

30381 (18.8)

3565 (17.3)

19784 (58.2)

7032 (24.4)

Richest

27034 (15.9)

6320 (27.7)

7682 (22.9)

13032 (49.3)
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Table 1 Study population characteristics by cooking fuel type (N = 164376) (Continued)
Total (N (%))
N = 164376

Clean fuel (%)
N = 13794

Biomass (%)
N = 124020

Charcoal (%)
N = 26562

p value
< 0.001

Mother smokes
Yes

1265 (0.8)

160 (22.0)

922 (63.9)

182 (14.1)

No

161465 (99.2)

12414 (10.1)

122673 (73.3)

26378 (16.5)

Never

64687 (37.4)

6654 (14.6)

44432 (65.1)

13601 (20.2)

Daily

7247 (4.5)

495 (14.7)

5507 (69.7)

1245 (15.5)

<1/month

3920 (2.5)

278 (9.1)

2972 (74.1)

715 (16.7)

Missing

93465 (55.4)

6497 (9.9)

74876 (76.9)

12092 (13.1)

< 0.001

Smoker in household

< 0.001

Kitchen location
In the house

22547 (15.7)

6550 (37.7)

11225 (44.7)

4772 (17.5)

Separate building

32340 (18.5)

712 (2.2)

27629 (86.4)

3999 (11.1)

Outdoors

23370 (13.4)

242 (0.9)

15775 (66.1)

7353 (33.0)

Missing

91062 (53.7)

6420 (10.5)

73113 (76.7)

11520 (12.8)

Yes

157027 (94.7)

11461 (8.5)

119857 (74.7)

25709 (16.8)

No

7028 (5.2)

863 (24.8)

4966 (61.2)

1199 (13.9)

< 0.001

Breastfeeding status

α weighted percentages for fuel use per country calculated out of total N for each country. All other weighted percentages calculated out of total per variable

biomass fuels, i.e., [1.35 (1.07–1.71)] for other biomass
use and [1.32 (1.00–1.74)] for charcoal use only. In all
adjusted models, using Angola as a reference country,
associations with under-five mortality were stronger in
west African countries than southern or eastern African
countries, e.g., Benin [1.56 (1.04–2.37)], Mali [1.67
(1.05–2.65)], and Nigeria [2.85 (1.74–4.62)] .

Fig. 1 Percentage of under-five mortality by country

Female children were at a lower risk for under-five
mortality compared to male children [0.82(0.78–
0.86)] (Table 2). Children born to mothers with at least
secondary school [0.69 (0.57–0.84)] or higher education
[0.55 (0.43–0.70)] were less likely to die before the age
of five compared to children born from mothers who
never had any education. Likewise, children from the
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Fig. 2 Association between HAP exposure and under-five mortality. Angola used as reference country

upper quintiles of the wealth index (middle, richer and
richest) were less likely to die than children from the
poorest households. Maternal smoking and any smoking
in the household by other members of the household
was not associated with under-five mortality. Children
from mothers who were employed had a higher risk of
under-five mortality compared to unemployed mothers
(Table 2).
Sensitivity analysis

Figure. 3 presents the association between HAP and
under-five mortality stratified by kitchen location and
breastfeeding status. We conducted all sensitivity analyses using the binary response variable. Children who
lived in a house with an in-house kitchen and used
biomass for cooking had increased risk of under-five
mortality, [1.95 (1.33–2.95)]. There was also a suggested higher risk for those with a kitchen in a separate building [1.31 (0.55–3.14] or outdoor kitchen
[1.09 (0.37–3.17)] compared to households with kitchen inside, but this was not significant (interaction p
value = 0.684). While we observed an increased risk
for both breastfed and non-breastfed children, associations of HAP exposure with under-five mortality
were stronger in non-breastfed children [2.11 (1.34–
3.31)] (interaction p value = 0.004). Leave-one-out
analyses also showed consistent results as in the main
analyses (Fig. 4) and analyses without using the missing indicator variable methods also showed similar results (Additional file 1: Table S1).

Discussion
In this pooled multi-country analysis of DHS from SSA
between 2015 and 2018, HAP exposure was associated
with risk of under-five mortality, and this was consistent
regardless of kitchen location and breastfeeding status.
Our findings concur with previous SSA multi-country
analyses on the associations of HAP exposure and
under-five mortality [8, 13, 25], thereby contributing to
and strengthening the limited evidence on the association between HAP exposure and under-five mortality
in Africa. It is not surprising that these associations have
not been observed in high-income countries as the
prevalence of biomass use is very low in those settings as
compared to SSA, a largely low-income setting [13, 26]. It,
therefore, follows that the evidence on the effects of air
pollution in developed countries is largely in the context
of outdoor air pollution. In SSA, higher mortality is attributed to HAP than outdoor air pollution, although this
could be due to the dearth of literature on the effects of
outdoor air pollution in the region. It is reported that
deaths in Africa from outdoor air pollution have increased
from 164000 in 1990 to 258000 in 2017—a growth of
nearly 60%, highlighting the urgent need to tackle this
problem too in Africa [1].
We found lower risk of mortality for female children
than male children, in line with previous studies [8, 15].
Biologically, boys are considered to be at higher risk of
respiratory related adverse health effects than girls because of their lower respiratory volumes and narrower
peripheral airways in infancy [27] which may contribute
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Table 2 Association of HAP exposure and other risk factors with under-five mortality
Model I
Odds ratios

Model II
95% CI

Odds ratios

95% CI

Fuel
Clean

Ref

Biomass fuel

1.33

1.03–1.71

Ref
1.35
1.32

1.00–1.74

0.90

0.80–1.03

0.90

0.80–1.03

Charcoal
Year

1.07–1.71

Sex
Male

Ref

Female

0.82

Ref
0.78–0.86

0.82

0.78–0.86

Wealth quintile
Poorest

Ref

Poorer

0.95

0.87–1.04

Ref
0.95

0.87–1.05

Middle

0.81

0.73–0.89

0.81

0.73–0.91

Richer

0.74

0.64–0.86

0.74

0.64–0.87

Richest

0.58

0.51–0.67

0.59

0.50–0.69

0.88–1.21

1.03

0.88–1.20

Residence
Urban

Ref

Rural

1.03

Birth order

1.05

1.03–1.07

1.05

1.03–1.07

Under five children in HH

0.38

0.30–0.49

0.38

0.30–0.49

Maternal age at birth

0.99

0.98–1.00

0.99

0.98–1.00

Mother’s education
None

Ref

Primary

0.91

0.78–1.07

0.91

Ref
0.78–1.07

Secondary

0.69

0.57–0.84

0.69

0.57–0.84

Higher

0.55

0.43–0.70

0.55

0.43–0.70

Mother’s occupation
Unemployed

Ref

Ref

Professional

0.97

0.80–1.18

0.97

0.80–1.18

Clerical/sales

1.16

1.04–1.29

1.16

1.04–1.30

Agriculture

1.12

1.03–1.20

1.11

1.03–1.20

Services

1.31

1.07–1.59

1.31

1.07–1.59

Manual

1.04

0.92–1.18

1.04

0.92–1.18

Maternal smoking

1.15

0.82–1.62

1.15

0.82–1.62

Breastfed

0.09

0.05–0.18

0.09

0.05–0.18

Kitchen location
Inside

Ref

Separate building

0.85

0.73–0.98

0.84

Ref
0.74–0.97

Outside

0.75

0.64–0.87

0.75

0.64–0.87

Smoking in the household
Never

Ref

Daily

1.10

0.90–1.35

1.10

0.90–1.35

< 1/month

1.14

0.91–1.43

1.14

0.91–1.43
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Fig. 3 Stratified analyses by kitchen location and
breastfeeding status

to their increased vulnerability to under-five mortality.
There was also reduced risk of mortality in children
from richer households. This was also reflected in the
association observed with the mother’s education,
reflecting the influence of socio-economic status on the
relationship between HAP and under-five mortality.
Mothers with higher socio-economic status are more
likely to live in more conducive conditions that provide
favorable environment for greater health indicators such
as better nutrition and access to healthcare which are
very crucial in the first 5 years of life. In contrast, lowincome households, with poor quality housing and poverty, are more likely to rely on polluting energy sources
for their cooking which compounds the health risks associated with their use [28]. Although not significant,
there was a suggested high risk of mortality in children
whose mothers or household members smoked inside
the household. The prevalence of second-hand smoke
exposure in our study was small (4.5%), but these

Fig. 4 Association between HAP exposure and under-5 mortality:
leave-one-out analysis for model I
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findings might suggest that exposure to second-hand
smoke can possibly aggravate associations of HAP with
mortality. Owili et al. [29] investigated the association
between second-hand smoke exposure and under-five
mortality and found stronger positive associations with
under-five mortality.
In sensitivity analyses, we consistently observed an increased risk of under-five mortality in both children that
were breastfed and those that were not breastfed in contrast with other studies [8] and despite evidence of the
protective effect of breastfeeding on other adverse health
outcomes in children in relation to air pollution exposure [30]. However, associations were stronger in children
whose mothers did not breastfeed and associations for
the children that were breastfed were only borderline
significant, therefore partly aligning with previous reports [15].
There was higher risk of under-five mortality in children
from employed mothers. This was an unexpected finding
and in contrast with studies that have shown lower risk of
under-five mortality in children with employed mothers
[31]. However, our finding is in line with other studies
where higher risk of under-five mortality was observed in
employed mothers [32]. The risk of under-five mortality
in our study was higher among children of mothers
employed in clerical/sales, agriculture, and manual work—
all of which are mostly informal—compared to those in
professional (formal) employment. In Nigeria, clerical/
sales, agriculture, and manual work were all found to have
the poorest coverage of childhood vaccination [33]. The
increased risk of under-five mortality among working
mothers could be a result of inadequate attention to childcare; lack of personal and timely care, including infrequent
breast feeding [32].
The mechanisms by which the by-products released
from HAP operate are multidimensional and complex.
The large quantities of particulate matter and other pollutants emitted from use of biomass fuels for cooking
such as suspended particulate matter, nitrogen dioxide,
polycyclic aromatic hydrocarbons are all known to be
toxic and carcinogenic [34]. Children are especially vulnerable during foetal development and in their earliest
years, while their lungs, organs, and brains are still maturing. They breathe faster than adults, taking in more
air and, with it, more pollutants [28]. In addition, particulate matter is suggested to cause inflammation of
pathways in the lungs resulting in respiratory complications such acute respiratory infections in children [35]
which is one of the leading causes of deaths of infants
and under-five children in SSA [36–38]. Furthermore,
HAP exposure in utero exposes infants to risk of constricted fetus growth, resulting in low birthweight, all
of which can lead to death in infants and very young
children [10].
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We analyzed all-cause mortality in our study because
DHS does not collect cause-specific mortality data. In
the African region, acute respiratory infection is the leading cause of death of under-five children and premature
birth is the only factor that kills more under-five children
globally than acute respiratory infections [28]. The association between HAP from cooking fuel and ARI in Africa
has been strongly suggested [12] as such, deaths observed
in this analysis may be largely because of ARI. However,
in 2018, the World Health Organization (WHO) estimated that in under-five children, at least 184 deaths per
100,000 were attributed to HAP in low- and middleincome countries (LMICs), the majority of which are in
SSA, but this decreased dramatically to 12.9 in children
aged 5–14 years [28].
While studies of improved stove interventions to reduce HAP in LMICs, including SSA, have shown that
improved stoves can reduce exposure to HAP resulting
from solid fuel smoke [39], which may in turn reduce
the risk of under-five mortality, other intervention studies have failed to demonstrate the benefit of improved
stoves in other health outcomes in children [40]. This
may be because Africa has a significantly lower rate of
access to clean and improved stoves than any other region globally, e.g, as of 2014, only 5% of Africans used
“clean” cookstoves that run on fuels, such as liquefied
petroleum gas (LPG) (5%) and a growing number of SSA
households (about 3.5%) used intermediate improved
cookstoves which are substantially more fuel efficient
but do not achieve the emission reductions needed to
realize the full health and environmental benefits of
clean cooking [41]. In addition, within countries, rural
households seem to be less aware and capable of affording clean cooking stoves compared to urban consumers
[42]. This highlights the need for more carefully designed longitudinal studies focusing on African populations to understand the relationship between HAP
exposure and under-five mortality and the role of interventions in reducing HAP exposure.
While our study has the strength of national representative data collected in a systematic and validated manner, and that we also used the most recent datasets that
were not used in previous multi-country analyses, our
findings need to be interpreted in the context of some
limitations. Firstly, we used cross-sectional secondary
datasets to assess associations of HAP exposure with
under-five mortality. This presents several potential
sources of bias such as misclassification of exposure
where households may use more than one type of cooking fuel, besides the primary cooking fuel type. However,
we expect this misclassification of exposure to be nondifferential. We also relied on self-reported responses regarding information of the children which might increase the possibility of recall bias. We were also unable
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to adjust for the possibility of cooking on open fire or
closed fires as this variable is not available for most recent datasets in the DHS, and this may bias our results
as cooking on open or closed fires may influence levels
of exposure [43]. Lastly, due to the cross-sectional nature of the study, we were not able to establish a temporal link between HAP exposure and under-five
mortality.

Conclusions
In conclusion, cooking using biomass fuels, which causes
HAP exposure, is a modifiable risk factor that is associated with under-five mortality in SSA populations. More
carefully designed longitudinal cohort studies, awareness
campaigns or programs on the effects of HAP exposure,
and more research on interventions to mitigate the burden of HAP exposure, including under-five mortality,
are required in SSA.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12199-020-00902-4.
Additional file 1: Table S1. Associations of HAP exposure and underfive mortality without missing indicator method (Model I).
Abbreviations
ARI: Acute respiratory infection; CI: Confidence interval; DHS: Demographic
and Health Survey; EA: Enumeration area; HAP: Household air pollution;
ICF: Inner City Fund; IRB: Institutional Review Board; LPG: Liquefied petroleum
gas; LMIC: Low- and middle-income country; OR: Odds ratio; SSA: SubSaharan Africa; WHO: World Health Organization
Acknowledgements
We thank DHS for giving us access to the data to perform this analysis.
Authors’ contributions
FB and EM designed the study and had full access to the data. EM
conducted statistical analyses. All authors were involved in interpretation of
the analyses and write up of both initial and final versions of the manuscript.
All authors revised and reviewed the manuscript critically for important
intellectual content. The author(s) read and approved the final manuscript.
Funding
This project had no funding source.
Availability of data and materials
The study used, with permission, data from the Inner City Fund (ICF) and the
Demographic Health Surveys (DHS) program. The data is publicly available
upon request from the ICF on (https://dhsprogram.com/data/availabledatasets.cfm).
Ethics approval and consent to participate
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.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Bickton et al. Environmental Health and Preventive Medicine

(2020) 25:67

Author details
1
Malawi-Liverpool-Wellcome Trust Clinical Research Programme, Blantyre,
Malawi. 2College of Medicine, University of Malawi, Blantyre, Malawi. 3Faculty
of Medicine and Health Sciences, University of Antwerp, Antwerp, Belgium.
4
Medecins Sans Frontieres/Epicentre Mbarara Research Center, Mbarara,
Uganda. 5MRC Clinical Trials Unit, University College London, 90 High
Holborn, WC16LJ, London, UK.

18.
19.

20.
Received: 13 July 2020 Accepted: 5 October 2020
21.
References
1. Rees N, Wickham A, Choi Y. Silent Suffocation in Africa Air Pollution is a
growing menace, affecting the poorest children the most. World Heal
Organ. 2019:14. Available from: https://www.unicef.org/media/55081/file/
Silent_suffocation_in_africa_air_pollution_2019.pdf.
2. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, Adair-Rohani H. A
comparative risk assessment of burden of disease and injury attributable to
67 risk factors and risk factor clusters in 21 regions, 1990-2010: A systematic
analysis for the Global Burden of Disease Study 2010. Lancet. 2012;
380(9859):2224–60.
3. Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ. Global and
regional burden of disease and risk factors, 2001: systematic analysis of
population health data. Lancet. 2006;367(9524):1747–57.
4. World Health Organization. Household air pollution and health. 2018.
Available from: https://www.who.int/news-room/fact-sheets/detail/
household-air-pollution-and-health.
5. Piddock KC, Gordon SB, Ngwira A, Msukwa M, Nadeau G, Davis KJ, Nyirenda
MJ, Mortimer K. A cross-sectional study of household biomass fuel use
among a periurban population in Malawi. Ann Am Thorac Soc. 2014;11(6):
908–14.
6. Desai MA, Mehta S, Smith KR. Indoor smoke from solid fuels: Assessing the
environmental burden of disease at national and local levels. Environ Burd
Dis Ser. 2004;4:82.
7. Muyanja D, Allen JG, Vallarino J, Valeri L, Kakuhikire B, Bangsberg DR,
Christiani DC, ACT and PSL. Kerosene lighting contributes to household air
pollution in rural Uganda. HHS Public Access. 2017;47(3):549–62.
8. Owili PO, Muga MA, Pan WC, Kuo HW. Cooking fuel and risk of under-five
mortality in 23 Sub-Saharan African countries: a population-based study. Int
J Environ Health Res. 2017;27(3):191–204. Available from. https://doi.org/10.
1080/09603123.2017.1332347.
9. Backes CH, Nelin T, Gorr MW, Wold LE. Early life exposure to air pollution:
How bad is it? Toxicol Lett. 2013;216(1):47–53.
10. Pope DP, Mishra V, Thompson L, Siddiqui AR, Rehfuess EA, Weber M, Bruce
NG. Risk of low birth weight and stillbirth associated with indoor air
pollution from solid fuel use in developing countries. Epidemiol Rev. 2010;
32(1):70–81.
11. Mishra V, Dai X, Smith KR, Mika L. Maternal exposure to biomass smoke and
reduced birth weight in Zimbabwe. Ann Epidemiol. 2004;14(10):740–7.
12. Smith KR, Samet JM, Romieu I, Bruce N. Indoor air pollution in developing
countries and acute lower respiratory infections in children. Thorax. 2000;
55(6):518–32.
13. Kleimola LB, Patel AB, Borkar JA, Hibberd PL. Consequences of household air
pollution on child survival: Evidence from demographic and health surveys
in 47 countries. Int J Occup Environ Health. 2015;21(4):294–302. Available
from:. https://doi.org/10.1179/2049396715Y.0000000007.
14. Naz S, Page A, Agho KE. Household air pollution and under-five mortality in
India (1992-2006). Environ Heal A Glob Access Sci Source. 2016;15(1)
Available from. https://doi.org/10.1186/s12940-016-0138-8.
15. Naz S, Page A, Agho KE. Household air pollution from use of cooking fuel
and under-five mortality: The role of breastfeeding status and kitchen
location in Pakistan. PLoS One. 2017;12(3):1–14.
16. Van Vliet EDS, Asante K, Jack DW, Kinney PL, Whyatt RM, Chillrud SN, Abokyi
L, Zandoh C, Owusu-Agyei S. Personal exposures to fine particulate matter
and black carbon in households cooking with biomass fuels in rural Ghana.
Environ Res. 2013;127:40–8. Available from:. https://doi.org/10.1016/j.envres.
2013.08.009.
17. Miller JE, Trussell J, Pebley AR, Vaughan B, Miller JE, Pebley AR. Birth spacing
and child mortality in Bangladesh and the Philippines published by :
Springer on behalf of the Population Association of America Stable. Birth

22.

23.
24.

25.

26.
27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

40.

Page 10 of 11

Spacing Child Mortal Bangladesh and the Philip. 2020;29(2):305–18. https://
www.jstor.org/stable/2061733.
Rydhstroem H, Källén K. The effect of maternal smoking on birth weight in
twin pregnancies. Early Hum Dev. 1996;46(1–2):43–53.
Sonneveldt E, Decormier Plosky W, Stover J. Linking high parity and maternal
and child mortality: What is the impact of lower health services coverage
among higher order births? BMC Public Health. 2013;13(SUPPL.3):S7.
Akinyemi JO, Adedini SA, Wandera SO, Odimegwu CO. Independent and
combined effects of maternal smoking and solid fuel on infant and child
mortality in sub-Saharan Africa. Trop Med Int Heal. 2016;21(12):1572–82.
Sankar MJ, Sinha B, Chowdhury R, Bhandari N, Taneja S, Martines J, Bahl R.
Optimal breastfeeding practices and infant and child mortality: A systematic
review and meta-analysis. Acta Paediatr Int J Paediatr. 2015;104:3–13.
Whitcomb BW, Schisterman EF, Perkins NJ, Platt RW. Quantification of
collider-stratification bias and the birthweight paradox. Paediatr Perinat
Epidemiol. 2009;23(5):394–402.
Schisterman EF, Whitcomb BW, Mumford SL, Platt RW. Z-scores and the
birthweight paradox. Paediatr Perinat Epidemiol. 2009;23(5):403–13.
Rehfuess EA, Tzala L, Best N, Briggs DJ, Joffe M. Solid fuel use and cooking
practices as a major risk factor for ALRI mortality among African children. J
Epidemiol Community Health. 2009;63(11):887–92.
Ezeh OK, Agho KE, Dibley MJ, Hall JJ, Page AN. The effect of solid fuel use
on childhood mortality in Nigeria: Evidence from the 2013 cross-sectional
household survey. Environ Heal A Glob Access Sci Source. 2014;13(1):1–10.
Kurmi OP, Lam KBH, Ayres JG. Indoor air pollution and the lung in low- and
medium-income countries. Eur Respir J. 2012;40(1):239–54.
Clougherty JE. A growing role for gender analysis in air pollution
epidemiology. Environ Health Perspect. 2010;118(2):167–76.
World Health Organization. Air pollution and child health. Am Acad
Prdiatrics. 2004;113:1037–43. Available from: http://pediatrics.
aappublications.org/content/113/Supplement_3/1037.full.html.
Owili PO, Muga MA, Pan WC, Kuo HW. Indoor secondhand tobacco smoke
and risk of under-five mortality in 23 sub-Saharan Africa countries: A
population based study and meta-analysis. PLoS One. 2017;12(5):1–17.
Dong G, Qian M, Liu M, Wang D, Ren W, Bawa S, Fu J, Wang J, Lewis R,
Zelicoff A, Simckes M, Trevathan E. Breastfeeding as a Modifier of the
Respiratory Effects of Air Pollution in Children. Epidemiology. 2013;24(3):
387–94.
Akinyemi JO, Solanke BL, Odimegwu CO. Maternal employment and child
survival during the era of sustainable development goals: Insights from
proportional hazards modelling of Nigeria birth history data. Ann Glob Heal.
2018;84(1):15–30.
Abir T, Agho KE, Page AN, Milton AH, Dibley MJ. Risk factors for under-5
mortality: Evidence from Bangladesh Demographic and Health Survey,
2004-2011. BMJ Open. 2015;5(8):1–9.
Antai D. Inequitable childhood immunization uptake in Nigeria: A multilevel
analysis of individual and contextual determinants. BMC Infect Dis. 2009;9:1–10.
Valavanidis A, Fiotakis K, Vlachogianni T. Airborne particulate matter and
human health: Toxicological assessment and importance of size and
composition of particles for oxidative damage and carcinogenic
mechanisms. J Environ Sci Heal - Part C Environ Carcinog Ecotoxicol Rev.
2008;26(4):339–62.
Smith KR, Mehta S. The burden of disease from indoor air pollution in
developing countries: Comparison of estimates. Int J Hyg Environ Health.
2003;206(4–5):279–89.
Williams BG, Gouws E, Boschi-Pinto C, Bryce J, Dye C. Estimates of worldwide distribution of child deaths from acute respiratory infections. Lancet
Infect Dis. 2002;2(1):25–32.
Liu L, Oza S, Hogan D, Chu Y, Perin J, Zhu J, Lawn JE, Cousens S, Mathers C,
Black RE. Global, regional, and national causes of under-5 mortality in 2000–
15: an updated systematic analysis with implications for the Sustainable
Development Goals. Lancet. 2016;388(10063):3027–35. Available from:.
https://doi.org/10.1016/S0140-6736(16)31593-8.
Feachem RG, Jamison DT. Disease and mortality in sub-Saharan Africa.
Disease and mortality in sub-Saharan Africa; 1991.
Po JYT, FitzGerald JM, Carlsten C. Respiratory disease associated with solid
biomass fuel exposure in rural women and children: Systematic review and
meta-analysis. Thorax. 2011;66(3):232–9.
Mortimer K, Ndamala CB, Naunje AW, Malava J, Katundu C, Weston W,
Havens D, Pope D, Bruce NG, Nyirenda M, Wang D, Crampin A, Grigg J,
Balmes J, Gordon SB. A cleaner burning biomass-fuelled cookstove

Bickton et al. Environmental Health and Preventive Medicine

(2020) 25:67

intervention to prevent pneumonia in children under 5 years old in rural
Malawi (the Cooking and Pneumonia Study): a cluster randomised
controlled trial. Lancet. 2017;389(10065):167–75.
41. Report L. Clean and Improved Cooking in Sub-Saharan Africa. 2014;(98664):
182. Available from: http://documents.worldbank.org/curated/en/16424146
8178757464/pdf/98664-REVISED-WP-P146621-PUBLIC-Box393185B.pdf.
42. Kapfudzaruwa F, Fay J, Hart T. Improved cookstoves in Africa: Explaining
adoption patterns. Dev South Afr. 2017;34(5):548–63. Available from.
https://doi.org/10.1080/0376835X.2017.1335592.
43. Balmes JR. When smoke gets in your lungs. Proc Am Thorac Soc. 2010;7(2):
98–101.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11

