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ABSTRACT

Background: Biomass fuel use for cooking is widespread in low to middle income countries. Studies on the as-
sociation between biomass fuel use and cognitive abilities in children are limited.

Objective: To examine the association between biomass fuel use for cooking and cognitive abilities in Nepalese
children at 4 years of age.

Methods: In a cohort design we have information on biomass fuel use in the households of 533 children in infancy
and cognitive abilities when they were 4 years old from a community-based sample. Cognitive abilities were
measured by the Wechsler Preschool and Primary Scale of Intelligence, 4th edition (WPPSI-IV) and the NEPSY-II.
We examined the associations between biomass fuel use and scores on the WPPSI-IV Full-Scale IQ (FSIQ) (pri-
mary outcome), and WPPSI index and NEPSY-II subtest scores in multiple linear regression models. The asso-
ciations were also examined in predefined subgroups.

Results: Ninety-nine (18.6%) of the families used biomass fuel for cooking. Children in these families had lower
mean FSIQ than children in families with no biomass use (83.3 (95%CI 81.7, 85.0) vs. 85.3 (95%CI 84.5, 86.0)),
with a mean difference of —2.2 (95%CI -3.9, —0.5) adjusting for demographics and socio-economic status. The
association between biomass fuel use and cognitive abilities was strongest in subgroups of children from
households with more than three rooms, with separate kitchen and bedroom, and with higher wealth-score.
These interactions were significant for number of rooms in the home (p = 0.04), if the household had sepa-
rate bedroom and kitchen (p = 0.05), and for the wealth-score (p = 0.03).

Conclusion: Biomass fuel use for cooking in Nepalese families was associated with lower overall cognitive abilities
at 4 years. Uncertainties include exposure misclassification and unmeasured confounding. The associations be-
tween biomass fuel use and neurodevelopment in children needs further investigation with more precise mea-
surements of the exposure.

1. Introduction

Mannucci and Franchini, 2017). HAP being one of the major risk factors
in the 2019 Global Burden of Diseases, Injuries and Risk Factors Study

Biomass as cooking fuel is widely used in low to middle income (Murray et al., 2020), contributes to a high burden of mortality and
countries (Bruce et al., 2000; Burning, 2016). The use of biomass fuel morbidity in vulnerable populations, in particular among women and
such as wood, coal, and other solid fuels as an energy source for cooking young children (Burning, 2016; Fullerton et al., 2008).
results in pollutants such as carbon monoxide (CO) and particular matter Well-described adverse health effects linked to HAP include acute
(PM) leading to household air pollution (HAP) (Smith et al., 2014; respiratory infections, chronic obstructive pulmonary disease,
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pulmonary tuberculosis, cataracts, low birth weight, perinatal and in-
fant mortality, nasopharyngeal and laryngeal cancer, and lung cancer
(Bruce et al., 2000; Smith et al., 2014; Fullerton et al., 2008). Although
not conclusive, there is support in the literature for the adverse effects of
both pre- and postnatal outdoor air pollution exposure on child neuro-
development (Suades-Gonz a lez et al., 2015; Clifford et al., 2016; Bansal
etal., 2021). Studies on indoor air pollution and child neurodevelopment
are limited, however. Recent observational studies have demonstrated
that exposure to biomass fuel use was associated with lower cognitive
scores in Indian children (Brabhukumr et al., 2020), and that children
exposed to biomass fuel use were more likely to be developmentally
delayed compared to unexposed children using the UNICEF Multiple
Indicators Cluster Survey in a sample of Ghanaian children (Nazif-Mu-
noz et al., 2020). In Guatemalan school children, pre- and postnatal
exposure to woodsmoke was negatively associated with neuro-
development (Dix-Cooper et al., 2012).

Globally, there has been a general decline in the use of biomass fuel
for heating and cooking (IEA, 2017), but biomass use is still common
among the most disadvantaged populations. In Nepal, the 2016 national
survey showed that more than two-thirds of households used biomass
fuel for cooking (Ministry of Health, Nepal, 2017). According to World
Health Organization (WHO) guidelines, the air quality of Nepalese
household has been evaluated to be poorer than acceptable levels
(WHO, 2014). This is likely due to lack of separate rooms for cooking
and poor ventilation (Bartington et al., 2017; Devakumar et al., 2014).
Following malnutrition, air pollution was the second most important
risk factors for death and disabilities in Nepal in 2019 (Murray et al.,
2020; Institute for Health Metrics and Evaluation, 2021).

The exact mechanistic pathways for air pollution on neuro-
development are uncertain, but studies have focused on PM exposure
and in particular PMy 5 (Babadjouni et al., 2017; Costa et al., 2020). The
WHO has an indoor air standard for PM; 5 of 25 pg/m3 (WHO, 2014). In
a study from 82 households in the Bhaktapur district of Nepal, the mean
PM, 5 concentrations were 656 pg/m3, 169 pg/ms, 101 pg/m3 and 80
pg/m® in households using biomass, kerosene, gas, and electric stoves
respectively (Pokhrel et al., 2015). Compared with electric stoves, the
use of biomass stoves was associated with a 65% increased indoor PMj 5
concentration.

Being among the least developed countries in the world, more than
one-third of the Nepalese population live below the poverty line. The life
of vulnerable children is characterized by multiple risks such as low
birth weight (Ahammed et al., 2020), micronutrient deficiencies (Ulak
et al., 2016), and stunted growth (McCoy et al., 2016). Related to these
risks, estimates from 2016 suggest that more than one third of preschool
children in Nepal fail to meet basic developmental milestones, and ef-
forts to identify modifiable risk factors for poor neurodevelopment are
called for (McCoy et al., 2016). The primary objective of the current
study was to examine the association between reported use of biomass
fuel for cooking during infancy and overall cognitive abilities as
measured by the Wechsler Preschool and Primary Scale of Intelligence,
4th edition (WPPSI-IV) full scale IQ (primary outcome) in a Nepalese
child cohort when the children were 4 years old. Secondary objectives
were to examine the extent to which the biomass fuel use was associated
with specific cognitive functions as measured by WPPSI-IV index scores
and NEPSY subtests (secondary outcomes). In subgroup analyses, we
also explored whether the potential association between biomass fuel
use and cognitive abilities was modified by certain baseline variables
reflecting growth, socioeconomic status, and housing conditions.

2. Materials and methods
2.1. Study design and population
Data in these analyses stem from a follow up of a cohort of Nepalese

children originally participating in a community-based randomized
double-blind placebo-controlled nutrition trial (RCT) (Strand et al.,
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2017). Following the completion of the clinical trial, we have continued
to follow the cohort yearly until their 4th birthday (Ulak et al., 2022). In
the current study, we used data on cooking fuel in the families collected
at the enrollment for the original trial when the children were 6-11
months and data on cognitive abilities when the children were 42-47
months. From this follow up, we have data from 533 children of the
original 600 enrolled children (89%). The main reason for lost-to follow
up was refusal and migration.

The study setting was Bhaktapur municipality, one of the most
densely populated municipalities in Nepal (11,430 inhabitants/km?)
(Central Bureau of Statistics, 2021). Bhaktapur is predominantly
inhabited by the Newar ethnic group, but also by immigrants mostly
working in carpet factories. The main livelihood is agriculture, with
small-scale self-owned businesses and daily wage labor also being
important sources of income. Women in the municipality are primarily
engaged in household work and agriculture, but some also in self-owned
businesses, daily wage work, services and in carpet work. Most births
(96%) occur at health centers and about half of the families live in joint
households (Shrestha et al., 2014). The climate is characterized by a
warm and wet monsoon season (June-September) and a cold and dry
winter season (December-February). The average annual temperature is
16.0 °C and about 2596 mm of rain falls annually (CLIMATE-DATA.org
2022). In the households, energy is generally used for cooking (Bates
et al., 2013), but could also to a more limited extent be used for heating
during the winter (KC and Nakarmi, 2021). In traditional households in
the study area, the kitchen is often placed on the top floor separated
from the rest of the house (Supplemental Figure S1). A typical charac-
teristic of rented homes in the area is one-to-two-room households
where the kitchen also is used for sleeping purpose. In most kitchen
areas, ventilation is handled by separate holes in the roof or through
opening doors and/or windows (Bates et al., 2013). The outdoor air
quality in the district has been estimated to be poor as measured by 24 h
PM, 5 concentrations exceeding the standard set by WHO (WHO, 2014).
The poor ambient air quality is most likely explained by a major high-
way and brick kilns on the outskirt of the municipality, as well as the
dense households and the communal firing for the traditional pottery
production (Pokhrel et al., 2015).

In the parent RCT, with enrollment from April 2015 until February
2018, we included 600 mildly stunted children (i.e, length for age z-
score < -1) to receive 2-3 recommended daily allowances of vitamin
B12 or placebo for 12 months to measure the effect on neuro-
development, growth, and hemoglobin concentration. Children were
excluded if they took (or planned to take) supplements that contained
vitamin B12; had a severe systemic illness requiring hospitalization; if
they were severely malnourished (weight for length z-score < -3); were
severely anemic (hemoglobin concentration <7 g/dL); or had ongoing
infections that required medical treatment. At enrollment we collected
information regarding socioeconomic status, demographics, and hous-
ing conditions, in addition to measures of growth, morbidity, and neu-
rodevelopment. We found no effect of the vitamin B12 on the
neurodevelopmental outcomes in the orginial trial (Strand et al., 2020;
Ulak et al., 2022).

The study received ethical clearance from the Nepal Health Research
Council (NHRC, #233/2014, #73/2017) and from the Regional Com-
mittee for Medical and Health Research Ethics (REC # 2014/1528) in
Norway. We obtained written informed consent from caregivers after
providing thorough information on the study procedures both for the
trial and for the follow-up.

2.2. Variables

At enrollment to the original trial, weight and length were measured
at the clinic with portable electronic scales (Salter/HoMedics Group, UK
and seca, Germany) and infantometers. All anthropometric measure-
ments were converted to Z-scores with reference to the WHO Child
Growth Standards (WHO, 2006). Stunting was defined as a height for
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age z-score < -2 and underweight as a weight for age z-score < -2.
Birthweight was retrieved from hospital records and low birthweight
was defined as <2500 g.

Caregivers were asked questions about child, family, and household
characteristics. Separate kitchen and bedroom in the household was
defined by whether the kitchen room also was used for sleeping purpose.
Family type was defined as nuclear if only the parents and the child were
living together, and joint if more family members from two or more
generations lived in the household. As part of these enrollment pro-
cedures, parents were specifically asked about main fuels used for
cooking in the household, such as firewood, saw dust, straw, cow dung,
rice husk, kerosene, other gas, electricity, or others. We defined biomass
fuel as firewood, saw dust, straw, and rice husk for the current analyses.
Kerosene was decided a priori not to be defined as biomass fuel. We only
collected information on the main source for cooking, even from families
that used multiple types in the household. We did not systematically
collect information on secondary fuel sources or the main source for
heating. As a measure of socioeconomic status, we used the WAMI-index
as suggested by Psaki and colleagues (Psaki et al., 2014). The
WAMI-index is calculated based on variables on safe drinking water and
sanitation, mother’s education, income, and the availability of house-
hold assets (Psaki et al., 2014). We did not have information on
household income and adapted the calculation to include only the other
components (for details, see Supplementary Table S1). The WAMI-index
ranges from O to 1, with a higher value indicating a better status. We
used this index as a continuous variable. Indoor smoking was answered
yes/no.

2.3. Neurodevelopmental assessments

Cognitive abilities were measured by the Wechsler Preschool and
Primary Scale of Intelligence, 4th edition (WPPSI-IV) and the Develop-
mental NEuro PSYchological Assessment 2nd edition (NEPSY-II) when
the children were 42-47 months (approximately 4 years). WPPSI-IV is a
widely used test to measure intellectual abilities in children from 2 years
and 6 months to 7 years and 3 months (Wechsler, 2012). In the present
study, six subtests were included: Information, Receptive Vocabulary,
Block Design, Picture Memory, Object Assembly and Zoo Locations.
These subtests were used to generate the Full-Scale IQ (FSIQ), the Verbal
comprehension index (VCI), the Visuospatial index (VSI), and the
Working memory index (WMI). The FSIQ and the index scores (all with a
mean (SD) of 100 (WHO, 2014)) were calculated based on US norms
(Wechsler, 2012).

NEPSY-II is a neuropsychological cognitive assessment tool that can
be tailored for children aged 3-16 years (Korkman et al., 1998). The
NEPSY-II consists of 32 subtests in six functional domains. The following
three age-appropriate subtests were administered in this study: Affect
Recognition, Statue, and Geometric Puzzles. These are from the Social
Perception, Executive Functioning and Visual-Spatial Processing do-
mains, respectively. We used raw scores and scaled scores (mean (SD) of
10 (3)) calculated based on US norms (Brooks et al., 2009). Prior to the
study, three psychologists were trained by an experienced senior psy-
chologist, and standardization exercises were performed in 20 children
with the requirement to reach excellent agreement with the expert rater
(Intra class correlations (ICC) > 0.90). During the study period, 10
percent of the assessments were double scored by the expert rater in a
randomized manner, reaching an ICC of >0.98.

2.4. Statistical analysis

Data are presented as numbers and percentages (%) for categorical
variables or means and standard deviations (SD) for continuous vari-
ables. We graphically present the distribution of the WPPSI-IV FSIQ
separately for the group of children living in homes with biomass fuel
use or not in smoothed density plots using univariate kernel density
estimation (kdensity in Stata). To estimate the association between
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biomass fuel use and cognitive abilities, we used linear regression
models with biomass fuel use as exposure (0 = no biomass fuel use, 1 =
biomass fuel use), the WPPSI-IV FSIQ as the primary outcome, and the
WPPSI-IV index scores and NEPSY-II subtest scores as secondary out-
comes. The outcome variables were normally distributed, and no
transformation was necessary. For each outcome, we built four separate
statistical models. Model 1 is the crude analysis. Model 2 includes the
following predefined demographic and socio-economic (SES) variables
based on their theoretical importance for the outcomes (Sania et al.,
2019; Julvez et al., 2021), and the availability in the study: WAMI-score,
age, time of measurement, sex, maternal age, paternal education and
occupation, and indoor tobacco smoking. In model 3, we additionally
included anthropometric variables, i.e., birthweight and baseline
stunting and underweight. These variables were not included in model 2
since these could be in the causal pathway between the exposure vari-
able (biomass fuel use) and the outcome (cognitive abilities). Based on
the observed baseline differences (Table 1) we also included a model 4
with the following variables included: maternal occupation, joint or
nuclear family, own or rented house, number of rooms in the home, and

Table 1
Child and family demographics in 531 Nepalese children stratified on biomass
exposure.

N Biomass No Biomass
99 432 (81.4%)
(18.6%)

Cooking fuel

Firewood/saw dust/straw/rice husk 99
(18.6%)

Gas 418 (78.7%)

Kerosene 6 (1.1%)

Electricity 8 (1.5%)

Child characteristics

Age in months at enrollment, mean (SD) 8.0 (1.8) 8.0 (1.8)

Age in months at neurodevelopment assessment, 43.8 (1.9) 43.9 (1.9)

mean (SD)

Male 56 216 (50%)
(56.6%)

Born with low birthweight 20 85 (19.7%)
(20.2%)

Exclusively breastfed less than 3 months 59 232 (53.7%)
(59.6%)

Stunted at 6-11 months of age 40 135 (31.3%)
(40.4%)

Underweight at 6-11 months of age 21 82 (19.0%)
(21.2%)

Family characteristics

Maternal age in years at enrollment, mean (SD) 28.3 (4.5) 27.5 (4.6)

Mothers who completed secondary school 35 205 (47.2%)
(35.4%)

Mothers who work 31 194 (44.9%)
(31.3%)

Fathers who completed secondary school 33 196 (46.2%)
(33.3%)

Fathers who work 95 422 (97.7%)
(96.0%)

WAMI-index, mean (SD) 0.64 (0.1) 0.62 (0.2)

WAMI-index < 33rd percentile 20 142 (32.9%)
(20.2%)

Living in joint family 76 197
(76.8%) (45.6.0%)

Living in rented house 25 213 (49.3%)
(25.3%)

Family owns land 68 198 (45.8%)
(68.7%)

Family household has >3 rooms 63 183 (42.4%)
(63.6%)

House with kitchen and bedroom in separate rooms 68 214 (49.5%)
(68.7%)

Indoor tobacco smoking 63 208 (48.2%)
(63.6%)

Numbers are N (%) if not otherwise stated.
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separate kitchen and bedroom. Since kerosene use also have been linked
to adverse health outcomes (Bates et al., 2018) we performed sensitivity
analyses with the primary outcome, removing the six participants
reporting to use kerosene as cooking fuel.

We repeated the regression analyses with the primary outcome
(WPPSI-IV FSIQ) in the following pre-defined subgroups: Birthweight
(<2500 g vs. > 2500 g), exclusive breastfeeding (<3 months vs. > 3
months), stunting (length-for-age < -2 SD vs. > —2 SD), underweight
(weight-for-age < -2 SD vs. > —2 SD), WAMI-score (<33rd percentile
vs. > 33rd percentile), number of rooms in the house (<3 rooms vs. > 3
rooms) and separate kitchen and bedroom (no vs. yes). These subgroups
were selected based on the potential for increased vulnerability for the
biomass fuel exposure. The subgroup analyses were adjusted for the
same covariates as in model 2. Post hoc, we repeated these subgroup
analyses with the secondary outcomes; WPPSI-IV index scores (VCI, VSI
and WMI) as outcomes. We also measured whether the above-mentioned
subgrouping variables modified the association between biomass fuel
use and cognitive abilities by including interaction terms in multiple
linear regression models. All data analyses were done using Stata 16
(StataCorp LLC, College Station, TX).

3. Results

The distribution of baseline demographics in the total enrolled
sample (N = 600) and the current study sample (N = 533) is shown in
Supplementary Table S2. In the total sample of 533 children, two were
excluded due to very low scores on the cognitive assessments and related
diagnoses.

Demographics, SES, and housing conditions by biomass fuel use in
the households for the 531 children are shown in Table 1. Of the fam-
ilies, 99 (18.6%) reported using biomass fuel such as firewood, saw dust,
straw, or rice husk for cooking. In the 432 families that did not use
biomass fuel for cooking, the majority used gas (78.7%) and only a small
proportion (approximately 1% each) used kerosene and electricity. The
children in both groups were on average 44 months at the time of
assessment, and 56.6% and 50% of the children were male in the
biomass fuel use and no biomass fuel use group respectively. At 6-11
months, 40% of the children in the biomass fuel use group were stunted,
while 31% were stunted in the no biomass fuel use group. Twenty % of
the families in the biomass fuel group had a WAMI-score in the lowest
33rd percentile, while 33% in the no biomass fuel group were in the
lowest 33rd percentile.

Children in the biomass fuel group had on average lower WPPSI FSIQ
scores than children in the no-biomass fuel group (mean (95%CI): 83.3

no biomass

[ biomass

.03
1

Smoothed density
.02
1

Ay

&

T T
60 80 100 120
Full Scale 1Q

Fig. 1. Distribution of WPPSI Full-Scale IQ in Nepalese children in families
with biomass fuel use for cooking and in families with no biomass fuel use.
Legend: Smoothed density plots using univariate kernel density estimation.
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(81.7, 85.0)) and 85.3 (84.5, 86.0)) (Fig. 1, Table 2). This difference was
significant when adjusting for demographics, SES, and tobacco smoking
(mean difference (95%CI) of —2.2 (—3.9, —0.5) (model 2). Additional
adjustments for anthropometry (model 3) and further demographics and
housing conditions (model 4) did not substantially alter the strength and
precision of the estimates (Table 2).

For the secondary outcomes, there were no significant mean differ-
ences between the groups (Tables 2 and 3), except for a significant mean
difference (95%CI) of —3.0 (—5.9, —0.04) for the WMI in the fully
adjusted model (model 4) (Table 2). In sensitivity analyses removing the
participants that reported using kerosene, regression analyses with the
primary outcome did not result in alterations to the estimates.

The association between biomass fuel use and the FSIQ was modified
by the number of rooms in the home (p = 0.04), if the household had
separate bedroom and kitchen (p = 0.05) and the WAMI-score (p =
0.03). The association between biomass fuel use and FSIQ in subgroups
are depicted in Fig. 2. The plot shows that the associations between
biomass fuel use and cognitive abilities is highest in the subgroups
consisting of children from households with more than three rooms in
the household, with separate kitchen and bedroom, and in children from
families with a WAMI-index above 33rd percentile. These associations
were confirmed using the WMI and VCI scores of WPPSI-IV, but not the
VSI score as outcomes (supplemental Figure S2).

Table 2

Mean (SD) of the Wechsler Preschool and Primary Scale of Intelligence, 4th
edition (WPPSI-IV) full scale IQ and index scores and mean differences between
the scores in children living in families with biomass fuel use for cooking
compared to no biomass fuel use.

WPPSI-IV Biomass No biomass Mean 95%CI
Mean (SD) Mean (SD) diff.

Full Scale IQ 83.3 (7.5) 85.3 (8.3) model 1 -1.9 -3.7,

(crude) —0.1

model 2° —-2.2 -3.9,

-0.5

model 3°  —2.0 -3.7,

-0.3

model 4° 2.1 —4.0,

—0.2

Verbal 83.1 (6.7) 84.4 (7.9) model 1 -1.3 -3.0,
comprehension (crude) 0.4

index model 2 -1.5 -3.2,
0.1

model 3 -1.3 -2.9,
0.4

model 4 -1.6 -3.3,
0.2

Visuospatial index 85.0 (7.2) 85.7 (8.7) model 1 -0.9 -2.7,
(crude) 0.9

model 2 -1.1 —2.8,
0.7

model 3 -1.0 -2.8,
0.7

model 4 -0.8 -2.6,
1.0

Working memory 102.1 104.1 model 1 —-2.0 —4.8,
index (12.6) (12.9) (crude) 0.8

model 2 —2.6 —5.4,
0.2

model 3 —-2.3 —5.2,
0.5

model 4 -3.0 —5.9,

—0.04

Linear regression models with biomass use = 1 vs. no biomass use = 0.

# Adjusted for age, sex, time of measurement, maternal age, paternal educa-
tion, and occupation, WAMI-index and indoor tobacco smoking.

b As model 1 and also adjusted for birthweight, height-for-age z-score and
weight-for age z-score.

¢ As model 1 and also adjusted for maternal occupation, joint or nuclear
family, own or rented house, number of rooms in the home, and separate kitchen
and bedroom.
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Table 3

Mean (SD) of the NEPSY-II subtest scores and mean differences between the
scores in children living in families with biomass fuel use for cooking compared
to no biomass fuel use.

NEPSY-II Biomass No biomass Mean 95%CIL
subtests Mean (SD) Mean (SD) diff.
Geometric 9.0 (2.6) 9.1 (2.9) model 1 0.04 —0.6,
puzzles (crude) 0.7
model 2" -0.1 -0.7,
0.6
model 3°  —0.04 0.6,
0.6
model 4° 0.01 —0.6,
0.6
Affect 8.0 (1.7) 8.2 (2.0) model 1 -0.2 —0.6,
recognition (crude) 0.3
model 2 -0.2 —0.6,
0.2
model 3 -0.2 —0.6,
0.3
model 4 -0.3 -0.7,
0.3
Statue 9.8 (3.4) 10.3 (3.2) model 1 -0.5 -1.2,
(crude) 0.2
model 2 -0.5 -1.2,
0.3
model 3 -0.4 -1.2,
0.3
model 4 -0.5 -1.2,
0.3

Linear regression models with biomass use = 1 vs. no biomass use = 0.

@ Adjusted for age, sex, time of measurement, maternal age, paternal educa-
tion, and occupation, WAMI-index and indoor tobacco smoking.

> As model 1 and also adjusted for birthweight, height-for-age z-score and
weight-for age z-score.

¢ As model 1 and also adjusted for maternal occupation, joint or nuclear
family, own or rented house, number of rooms in the home, and separate kitchen
and bedroom.

Mean difference
Subgroups (95% CI)
Birthweight
low (< 25009) —_— -0.65 (4.97,3.68)
normal (= 2500 gm) — -2.27 (4.29,-0.25)
Exclusive breastieeding
<3 months ——] -2.33 (4.69, 0.03)
=3 monhts —_— 141 (4.23,1.41)
Stunting
Yes (<2SD) —_— -2.24 (4.99, 0.50)
No (-25D) —_— -1.87 (4.28,0.54)
Underweight
Yes (<:2SD) —_—— -5.09 (:9.46,0.71)
No (22SD) — -1.45 (3.44,0.54)
WAMI index
<33 percentie —_—t 148 (-2.73,5.69)
233 percentie o -3.53 (5.52,-1.54)
Number of rooms in the household
<3 rooms —_— -0.17 (3.25,2.91)
=3 r00ms — -4.18 (6.42,1.94)
Separate kitchen and bedroom
no —_— 019 (-2.99,3.37)
yes — -3.34 (5.59,-1.09)
T T
-10000 0.000 10.000
Negative association Positive association

Fig. 2. The association between biomass fuel use and WPPSI-IV Full scale IQ
(FSIQ) in selected subgroups.

Legend: The figure depicts mean difference in FSIQ comparing biomass fuel
(=1) to no biomass fuel (=0) use. Regression models are adjusted for age, sex,
time of measurement, maternal age, paternal education, and occupation,
WAMI-score, and indoor tobacco smoking.

4. Discussion

In the current study, we examined the relationship between biomass
fuel use for cooking and cognitive abilities in children living in a densely
populated area of Nepal. Cognitive abilities as measured by WPPSI-IV
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full scale IQ at 4 years, were the predefined primary outcome of the
analysis. Close to 18 percent of the families reported using biomass fuel
for cooking. After adjusting for demographic factors and SES, we find
that children living in families using biomass fuel for cooking had an
estimated 2.2 lower IQ scores than children in families with no biomass
fuel use. The current results mirror findings from the few previous
studies in this field suggesting an adverse impact of biomass fuel use on
child cognition (Brabhukumr et al., 2020; Nazif-Munoz et al., 2020;
Dix-Cooper et al., 2012). Hence, the current results contribute to the
evidence base suggesting that exposure to HAP is associated with lower
cognitive scores in children.

The number of families reporting to use biomass fuel for cooking in
the current study is lower than what is reported by the 2016 national
demographic survey suggesting that more than two-third of households
in Nepal use biomass fuel (Ministry of Health, Nepal, 2017). The na-
tional demographic survey covers the whole of Nepal including all the
rural areas in which a much higher proportion of people use biomass
fuel. At the same time, for various reasons which probably includes the
global effort to reduce the exposure to biomass fuels and the increased
standard of living in the community, the use of such fuels decreases. The
fuel distribution in the current study is strikingly different from that of
previous studies in the area, such as a study that was undertaken be-
tween 2006 and 2008 where approximately 25% reported using kero-
sene as primary cooking fuel and 20% electricity (Bates et al., 2013).
Both are considerably above what was reported in the current study
(approximately 1% for each). In the previous study, reported biomass
fuel use was 26% which is a little more than in our results and associated
with acute lower respiratory infections (ALRI). The most striking link,
however, was with kerosene use, where the risk of ALRI increased
considerably with PMy 5 concentrations (Bates et al., 2018). In our
sensitivity analyses, removing children from households using kerosene
did not alter our results which is expected given the low number of
families that reported kerosene use for cooking.

A secondary objective with the current study was to explore specific
cognitive domains related to the biomass fuel use. In both the main and
post hoc subgroup analyses, our findings suggest that the association
between the FSIQ and biomass fuel use is driven by the index scores
reflecting working memory and verbal comprehension, but not visuo-
spatial abilities as shown in the supplemental figure S2. The analyses
with the NEPSY-II subtests as outcomes confirm that visuospatial abili-
ties (the Geometric puzzle test) are not related to biomass fuel use, and
moreover, suggests that the cognitive domains of executive functioning
(the Statue test) and social perception (the Affect recognition test) is not
affected by HAP. Associations between HAP and working memory were
also found among Guatemalan school children and European children
(Dix-Cooper et al., 2012; Julvez et al., 2021), and there is some support
for the adverse effects of air pollution exposure on short term memory
abilities in animal studies (Allen et al., 2017). Moreover, studies from
Ghana and India reported on associations within the verbal domain, also
in accordance with the current findings (Brabhukumr et al., 2020;
Nazif-Munoz et al., 2020). Notably, in the study among Guatemalan
children, prenatal exposure was associated with visuospatial abilities
(Dix-Cooper et al., 2012) which is in contrast to our findings demon-
strating the complexity of studies on early exposure and the developing
brain. The period from conception until approximately the 2nd birthday
is a period of massive and finely tuned brain development in which the
developing brain is considered to be vulnerable to adverse influences
(Fox et al., 2010). In this period, adding to the vulnerability, the central
nervous system is in particular sensitive to the adverse effects from the
neurotoxic exposure since the blood-brain barrier is not fully developed
(Bellinger, 2018). Numerous studies have examined the underlying
mechanisms involved in air pollution exposure and the brain, but the
specific neurotoxicological mechanisms remain unclear (Allen et al.,
2017). Potential mechanisms include oxidative stress and inflammation,
alterations in dopamine and glutamate neurotransmitter systems, and
changes in synaptic plasticity and structures (Allen et al., 2017;
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Bellinger, 2018). Our findings suggesting associations in the working
memory and verbal comprehension domains of cognitive abilities are
interesting, but preliminary. More studies are needed to characterize the
specific impact from HAP exposure on the central nervous system.

In subgroup analyses, we explored potential drivers of the associa-
tion between the biomass fuel use and cognitive abilities according to
the growth status of the children, SES of the families and household
conditions. While these analyses yielded no significant findings based on
whether the child was stunted or not, there were associations between
biomass fuel use and cognitive abilities in children not exclusively
breastfed for more than 3 months and in children who were underweight
when they were 6-11 months. Findings could be related to that due to
increased vulnerability, children in these subgroups were less protected
to the biomass fuel exposure and hence the neurotoxicological impact on
the developing brain was greater. Unexpectedly, the associations be-
tween biomass fuel use and cognitive abilities were stronger among
groups characterized by higher SES, such as with more rooms in the
home and being wealthier. It is important to underline the uncertainty
related to these findings due to the small sample size in some of the
subgroups, the many covariates included in the regression models, and
the multiple testing with only some of the comparisons being statisti-
cally significant. Taking these uncertainties into account, however, the
findings could suggest that children from lower socio-economic cir-
cumstances may be exposed to other and more extreme biological and
psychosocial risk factors overshadowing the effect of HAP, and thus
rendering these children’s neurodevelopment relatively less susceptible
to the adverse impact of HAP exposure. This is confirmed by the dis-
tribution plot showing that it is in the right-hand tail of the distribution
we see a difference between the exposure groups.

An important question is the timing of the toxic exposure in the
developing brain and the potential differential impact depending on the
period of exposure (Allen et al., 2017). In the current study we collected
information on biomass fuel use when the children were 6-11 months
old. Still, we do not have information on the specific timing of the HAP
exposure. Since women traditionally are those involved in household
activities and at the same time have the main responsibility for the
children, women and children are those mostly exposed to the biomass
fuel in low-resource settings (Bruce et al., 2000). The biomass fuel
exposure in the current study children could therefore have occurred
during pregnancy or after birth, or both. A limitation to the current
study, is that this is impossible to disentangle. Future studies should
incorporate the issue of timing of exposure to identify periods in which
the developing brain is particular susceptible to the neurotoxic exposure
from HAP.

The anthropometric measures of being born at low birthweight, and
being stunted and underweight, were considered as being in the causal
pathway given the potential association with HAP and growth (Kyu
et al., 2009) as well as the well-known association between the growth
variables and neurodevelopment (Sudfeld et al., 2015). Notably, there
were no differences in the proportion born with low weight at enrolment
in the two groups. There was, however, a higher proportion of stunted
infants in the biomass fuel exposed group. Adjusting for these growth
variables did not alter the association between biomass fuel use and
cognitive abilities, however, indicating that they are unlikely part of the
causal pathway.

Strengths of the study include the large and well described cohort of
children from a community-based study in an area where biomass fuel
still is used for cooking and with follow up assessments of neuro-
development. The cognitive measurements are collected in a highly
qualified system of cognitive assessments; however, the tools are
developed in the US, and are not formally validated for a Nepalese study
setting. Cooking fuel type, measured by self-report during the enroll-
ment procedures when the children were 6-11 months, was used as a
proxy for HAP. Although not validated for this study, the question was
validated in a previous study on HAP and ALRI at the study site (Bates
etal., 2013, 2018). The self-report question has its limitations, however,
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in terms of quantification and timing of the exposure as well as a lack of
information on the specific pollutants. Moreover, we have no informa-
tion on secondary fuel used for cooking or fuels used for heating. Alto-
gether these limitations in the exposure measurement could lead to
exposure misclassification and push the associations towards the null. In
other words, for the current study, more precise exposure measurements
could have led to even stronger observed associations. Although the
study includes multiple comparisons that could increase the risk of false
positive results, it is important to acknowledge that the study had a
clearly stated primary outcome defined a priori, and that secondary
outcomes and subgroup analyses, also defined a priori, were included to
further explore the association between HAP and different cognitive
outcomes and in particular vulnerable subgroups. In other words, the
purpose of these exploratory analyses was to improve our understanding
of findings related to the primary objective. Another limitation to the
current analyses is that some of the subgroups are small and thus there is
a restricted statistical power to detect associations. On the one hand,
restricting the participants to those who were mildly stunted could limit
the external validity of our results. On the other hand, this led to a more
homogenous population which again could have improved the internal
validity through more precise effect estimates and lower risk of con-
founding by variables related to stunting.

To conclude, children living in households using biomass fuel for
cooking had lower scores on overall cognitive abilities compared to
children in homes with no biomass fuel use. Uncertainties of findings
include exposure misclassification and unmeasured confounding. The
association between HAP and neurodevelopment in children should be
further explored in future studies with more precise measures of the
exposure and including specific measurements of mechanisms in the
developing brain. Despite the described uncertainties, we believe that
the current findings in conjunction with the other well-described health
consequences of HAP provide support for the global effort to reduce
biomass fuel use.
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