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Abstract
Household air pollution (HAP) presents numerous health challenges. The association between HAP and
sleep problems has not been extensively studied. This paper examined the effect of HAP due to solid fuel
use on sleep problems among older adults in India. Data from the initial phase of the Longitudinal Aging
Study in India, which included 51,060 individuals aged 50 years and older, was utilised. Sleep problems
were defined as experiencing difficulty falling asleep, waking up during the night, or waking up too early at
least five times per week and were classified as a binary variable. Exposure to HAP was defined as the use of
solid fuel for household purposes. Multivariate logistic regression was employed to assess the association,
and additionally, interaction analysis was conducted to explore the potential moderating effects of age,
gender, and residence on this association. The prevalence of sleep problems among older adults was
around 12.7%. Sleep problems were higher among older adults who used solid fuel for cooking
(OR = 1.25; 95% CI: 1.17, 1.33) and other purposes (OR = 1.13; 95% CI: 1.06, 1.20) in the adjusted
model. The place of cooking, ventilation, and type of stove played a significant role in the association
between solid fuel use and sleep problems. Individuals over 65, females, and those residing in rural areas
were particularly vulnerable to sleep problems due to HAP exposure. The findings highlight the
importance of reducing HAP exposure by transitioning to clean fuels as a public health priority within
initiatives aimed at promoting healthy aging.
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Introduction
Around 2.4 billion people worldwide, constituting around a third of the global population, rely on
unclean fuel for cooking (World Health Organization, 2022). These unclean fuels include open
fires or inefficient stoves fuelled by kerosene, biomass (wood, animal dung, and crop waste), and
coal, which generate harmful household air pollution (HAP). India has a long history of solid fuel
use in households, and a substantial proportion of households still rely on these fuels for domestic
needs. In India, where a considerable proportion of households continue to use solid fuels, recent
data from the National Family Health Survey reports that over one-third of households utilise
solid fuel for cooking (IIPS and ICF, 2021). As a result, a growing number of studies have
evaluated the impact of solid cooking fuel use on mothers, child health (Islam et al., 2021; Islam
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and Mohanty, 2021; Upadhyay et al., 2015), and adult health outcomes such as depression,
cognition, and visual impairments (Islam et al., 2022; Jin et al., 2022; Rani et al., 2021; Saenz et al.,
2021). However, to the best of current knowledge, no existing study has investigated the
association between HAP due to solid fuel use and sleep problems among the older population
in India.

Sleep problems, defined as difficulty falling asleep, frequent night awakenings, or early morning
awakenings, are prevalent among the global older population (Gulia and Kumar, 2018; Stranges
et al., 2012). Globally, about one billion adults experience sleep problems, with substantial
variations across countries (Lyons et al., 2020). Extensive research underscores the detrimental
consequences of sleep problems on physical, psychological, and neurological disorders and overall
quality of life (Medic et al., 2017; Morin et al., 2015; Tel, 2013). Along with other factors, age is a
significant risk factor for changes in sleep patterns due to changes in sleep time, increased daytime
naps, and increased awakening in sleep (Lawrence et al., 2018). Age-associated increases in
chronic diseases or multimorbidity (Koyanagi et al., 2014), cognitive impairment (Smith et al.,
2021), functional limitation, and pain are significantly associated with sleep problems
(Muhammad et al., 2023). In addition, socioeconomic differences and gender differences in
sleep problems are also evident among the adult population (Lallukka et al., 2012; Rani et al.,
2022). The older population is growing worldwide and is more vulnerable to environmental
pollution (LoPalo and Spears, 2022; Simoni et al., 2015); therefore, it is crucial to study the sleep
health of older adults, especially in low- and middle-income countries, to improve the overall
quality of life and encourage healthy aging.

Emerging evidence highlights a robust association between ambient air pollution and sleep
health across various subpopulations (Chuang et al., 2018; Fang et al., 2015; Liu et al., 2020; Tang
et al., 2020). Studies suggest that exposure to ambient air pollutants such as particulate matter
(PM), sulphur dioxide (SO2), nitrogen dioxide (NO2), and carbon monoxide (CO) could affect the
sleep health of individuals by inducing systemic inflammation in the respiratory tract or central
nervous system (Calderón-Garcidueñas et al., 2002; Guxens and Sunyer, 2012). Earlier studies
(Leung, 2015; Yu et al., 2021) have suggested that solid fuel contains similar kinds of pollutants
and may affect sleep health in similar ways. Older adults, compared to their younger counterparts,
are more vulnerable to the negative health effects of air pollution and have a higher likelihood of
respiratory health problems, which could further lead to sleep problems (Shumake et al., 2013).
Furthermore, older adults aged 65 years and above are more likely to stay at home due to their
sedentary lifestyle and comorbid conditions, making them substantially more at risk of exposure
to indoor air pollutants (Simoni et al., 2015). However, the effect of HAP due to solid fuel use,
which produces substantial amounts of health-damaging pollutants on sleep health, is
understudied, especially in the context of low- and middle-income countries. Recent studies
based on China have shown a significant association between solid fuel use and sleep health
among the older population (Chair et al., 2021; Chen et al., 2020; Liao et al., 2023; Yu et al., 2021).
Another observational study from China found a positive association between exposure to
household cooking oil fumes and poor sleep quality among middle-aged adults (Wei et al., 2017).
While the prevalence of sleep problems is higher among the older population in India (Rani et al.,
2022), it is important to understand the association between HAP and sleep problems among the
growing older Indian population.

The objective of this study is to extend prior research in three aspects. First, it identifies the
distribution and the prevalence of HAP and sleep problems in older adults, using a nationally
representative sample in India. Second, this study examines the association between various
markers of HAP due to solid fuel use and sleep problems. Third, it explores the moderation effect
of age, sex, and residence on the association between HAP and sleep problems. This study’s results
can be instrumental to inform the development of effective public health strategies focused on
enhancing indoor air quality and promoting sleep health among older adults.
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Material and methods
Study design and population

The first wave (2017–2018) of the Longitudinal Aging Study in India (LASI) data was analysed in
this study. LASI is a nationally representative survey encompassing a vast sample of 72,250
individuals aged 45 years and older, as well as their spouses, regardless of age, from all states and
union territories (except Sikkim) across the country. This survey gathered comprehensive insights
into the physical, psychological, cognitive, and social well-being of the older adult population in
India. To ensure a representative sample, the LASI employed a multistage stratified cluster
sampling design, with three-stage sampling in rural areas and four-stage sampling in urban areas.
The survey was conducted through face-to-face interviews using computer-assisted personal
interview technology in the local language in addition to a direct health examination. The
response rate at the individual level was exceptionally high at 95.6%. Detailed information
regarding the sampling design, survey instruments, and data collection procedures can be found
elsewhere (Perianayagam et al., 2022). The Indian Council of Medical Research provided the
necessary guidance and ethical approval for conducting LASI, and all the procedures adhered to
the relevant guidelines and regulations. Prior informed consent was obtained from all respondents
before conducting the interviews. In LASI, the 50+ sample consisted of 52,380 individuals. The
final sample included 51,060 individuals with complete information on sleep health and the main
exposure variable (main cooking fuel).

Sleep problems

Sleep problems were evaluated in the LASI survey by utilising four questions adapted from the
Jenkins Sleep Scale (JSS-4) (CD, 1988). These questions aimed to assess the sleep experienced by
the respondents within the past month. The specific questions included: (1) How often do you have
difficulty falling asleep? (2) How often do you have difficulty with waking up during the night?
(3) How often do you have difficulty with waking up too early and not being able to fall asleep again?
(4) How often did you feel unrested during the day regardless of the number of hours of sleep you
had? Response options were never, rarely (1–2 nights per week), occasionally (3–4 nights per
week), and frequently (5 or more nights per week). Sleep problems were assessed with a binary
variable. To determine the presence of sleep problems, a response of frequently to any of the four
aforementioned questions was coded as 1 and 0 otherwise. A similar approach has been widely
adopted for assessing sleep problems in various large survey-based studies (Cho and Chen, 2020;
Lallukka et al., 2011; Muhammad et al., 2023). The JSS-4 scale has demonstrated excellent
reliability and exhibited strong construct validity (Juhola et al., 2021). The final analytical sample
did not include the missing samples of sleep problems (n = 167). In this study, the internal
consistency of the JSS-4, as measured by Cronbach’s alpha, was found to be 0.87.

HAP due to solid fuel use

The study used different markers of HAP to estimate indirect exposure. The analysis was carried
out for two exposure indicators: (a) exposure to HAP (clean fuel vs. solid fuel) from cooking fuel
and (b) other purpose fuel (such as boiling water for bathing, lighting, etc.). Further, the
association between HAP exposure and sleep problems was also examined considering household
cooking conditions. The LASI collected information about the use of the main source of cooking
fuel in the household questionnaire, and responses were liquified petroleum gas (LPG), biogas,
kerosene, electricity, charcoal/lignite/coal, crop residue, wood/shrub, dung cake, do not cook at
home, and others. Based on previous literature (Chen et al., 2020; Yu et al., 2021), these responses
were recoded as clean fuel = 0 (if the response was electricity, LPG, or natural gas; n = 27,205)
and solid fuel = 1 (if the response was charcoal/lignite/coal, crop residue, wood/shrub, dung cake,
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kerosene, or others; n = 23,855). Those not cooking at home and other missing values
(n = 1,153) were not included in the analyses. The same categorisation was also applied to solid
fuel use for other purposes (clean fuel, n = 23,270; solid fuel, n = 27,790). Households using
solid fuel were considered exposed to HAP.

Prior studies (Arora et al., 2020; Balakrishnan et al., 2014) have found that the inclusion of
ventilation, separate kitchens, and improved cookstoves in households could mitigate the severity
of exposure to solid fuel and hence reduce its health effects. Therefore, this study aims to estimate
the exposure to HAP due to solid fuel use considering other household factors, and for this
purpose, two composite variables were generated. The variables were derived through information
based on survey questions about the type of stove used (mechanical stove/improved cook stove,
traditional chullah, open fire, others), the presence of ventilation (traditional chimney, electric
chimney, exhaust fan, near window/door, none), and the place of cooking (in the house, in a
separate building, outdoors, others) in households using solid fuel for cooking. Availability of
ventilation in the house while cooking was coded as yes (if using traditional chimney, electric
chimney, exhaust fan, near window/door) and no otherwise. Place of cooking was recoded as
indoors (if cooking was done in house, in a separate building) and outdoors. Therefore, to
determine the household cooking conditions two variables were generated. The first variable was
‘cooking fuel, ventilation, and place of cooking’, a combination of solid fuel with the place of
cooking and ventilation, and the variable was categorised into four as clean fuel (reference), solid
fuel indoors with ventilation, solid fuel indoors with no ventilation, and solid fuel outdoors. The
second variable was ‘cooking fuel and type of stove’, which estimated the effect of solid fuel use
with different types of stoves used and was categorised as clean fuel (reference), solid fuel with
improved stove, solid fuel with traditional chullah/stove, and solid fuel with open fire. This
classification aimed primarily to evaluate the individual and combined effects of different markers
of HAP on the sleep health of older adults.

Covariates
Potential confounders were selected based on the literature considering factors associated with
choices of cooking fuel use and sleep problems (Chen et al., 2020; Yu et al., 2021a; b).
Socioeconomic-demographic factors – age, sex, residence, marital status, religion, social groups,
work status, educational level, monthly per capita consumption expenditure (MPCE) quintile,
potential health risk factors (tobacco use, alcohol use, physical activity, body mass index [BMI],
multimorbidity), and exposure to passive smoking and region – were included in the analyses.

Age groups were constructed as 50–59, 60–69, 70–79, and 80+, sex as male and female, place of
residence as urban and rural; and marital status as currently married and unmarried (including
widowed, separated, divorced, and never married). Specific to the Indian context, an individual’s
health is significantly influenced by religion and the caste/social group divide (Singh et al., 2019).
Scheduled Castes (SC) are the lowest caste in the Hindu traditional caste hierarchy, and Scheduled
Tribes (ST) are indigenous groups that are often geographically isolated from mainstream society.
Hence, the study also included religion (Hindu and others) and social groups/caste (recoded as
scheduled caste-SC/scheduled tribe-ST and others-Other Backward Classes/General) as potential
confounders.

MPCE quintiles were calculated using household consumption data. In this assessment,
food expenditure information was collected over a reference period of 7 days, while non-food
expenditure data was collected over reference periods of 30 days and 365 days. Food and non-food
expenditures were standardised to the 30-day reference period. The MPCE is computed and used
as a summary measure of consumption. Subsequently, the MPCE variable was divided into five
quintiles, ranging from the lowest quintile representing the poorest households to the highest
quintile representing the richest households. Educational level was categorised as no schooling,
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primary, secondary, and higher. The work status was categorised as currently working, ever
worked but not currently, and never worked.

Tobacco use was recoded as never smoked or used smokeless tobacco and ever smoked or used
smokeless tobacco. Drinking alcohol was recorded as yes and no. The Global Physical Activity
Questionnaire was used to measure respondents’ physical activity, coded 1 – ‘yes’ – if at least
150 min of moderate-intensity or at least 75 min of vigorous-intensity aerobic physical activity
per week was reported (World Health Organization, 2010). BMI was calculated as weight (kg)
divided by height (m) squared. Based on BMI, respondents were categorised as underweight,
normal, and overweight/obese. Multimorbidity was defined as the simultaneous presence of two
or more diagnosed chronic health conditions or diseases. For this analysis, nine chronic health
conditions were included: hypertension; diabetes; cancer or a malignant tumour; chronic lung
disease; chronic heart diseases; stroke; arthritis/rheumatism/osteoporosis or other bone/joint
problems; any neurological or psychiatric problems such as depression, Alzheimer’s/dementia,
etc.; and high cholesterol. In this study, the variable was coded with three categories, where
0 means ‘no disease’, 1 denotes ‘1 disease’, and 2 denotes ‘2+ diseases’ (Arokiasamy et al., 2015).
Exposure to passive smoking was coded ‘yes’ if any usual member of the household smoked inside
the home. Additionally, the region of the country was coded as North, Central, East, Northeast,
West, and South.

Statistical analyses

Bivariate statistics were estimated with chi-squared test results showing the prevalence of sleep
problems by background characteristics and HAP markers. Appropriate survey weights were used
to make the estimates nationally representative. The multivariate logistic regression model was
used to check the association between markers of HAP exposure and sleep problems. Interaction
terms were constructed to understand the moderating effect of age (50–65, >65), sex (male,
female), and residence (rural, urban) on the association between HAP and sleep problems. The
estimates were reported as odds ratios (ORs) with 95% confidence intervals (CIs). The statistical
analysis was performed using Stata 17. Two-sided P values were used, and P< 0.05 denoted
statistical significance.

Results
Summary of the sample

Table 1 shows the prevalence of sleep problems by background characteristics. The prevalence of
sleep problems increases with advancing age. Females experienced more sleep problems than their
male counterparts (13.7% vs. 11.4%, p< 0.001). Furthermore, the prevalence of sleep problems
was higher among the rural population (13.3%). Older adults who were currently married had a
lower prevalence of sleep problems (11.8% vs. 15.1%, p< 0.001). The prevalence of sleep problems
was higher among the Hindus compared to others (13.3% vs. 10.9%, p< 0.001). Individuals with
no schooling reported the highest prevalence of sleep problems (13.7%) compared to the educated
groups. Individuals from the richest quintile reported the highest prevalence (13.4%).

Furthermore, individuals who have worked in the past but are not currently working reported a
higher prevalence of sleep problems (15.8%) among others. Individuals not engaged in physical
activity reported more sleep problems compared to those engaged in physical activity (14.9% vs.
11.2%, p< 0.001). Compared to older adults of normal BMI (11.6%), underweight (14.6%) and
overweight/obese (13%) individuals reported a higher prevalence of sleep problems. Further, older
adults with multimorbidity reported a higher prevalence of sleep problems (18.7%, p< 0.001).
Individuals from the central (15.8%) and west (14.3%) regions reported a higher prevalence of
sleep problems compared to other regions.
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Table 1. Prevalence of Sleep Problems (%) by Background Characteristics, LASI, 2017–2018

Characteristics % N p-value

Age

50–59 10.78 2,207 < 0.001

60–69 12.66 2,344

70–79 15.26 1,341

80+ 17.62 578

Gender

Male 11.48 2,749 < 0.001

Female 13.72 3,721

Residence

Rural 13.33 4,453 < 0.001

Urban 11.45 2,017

Marital status

Currently married 11.71 4,258 < 0.001

Unmarried 15.05 2,212

Religion

Hindu 13.29 4,986 < 0.001

Others 10.97 1,484

Social groups/caste

SC/ST 11.22 1,931 < 0.001

Others 13.41 4,539

Educational level

No schooling 13.73 3,486 < 0.001

Primary 13.23 1,655

Secondary 10.7 1,126

Higher 7.7 203

MPCE quintile

Poorest 12.36 1,239 0.072

Poorer 12.33 1,286

Middle 12.38 1,265

Richer 12.84 1,318

Richest 13.46 1,362

Work status

Currently working 9.93 2,108 < 0.001

Ever worked but not currently 15.86 2,500

Never worked 13.23 1,862

Tobacco use

No 12.5 3,980 0.13

Yes 12.96 2,490

(Continued)
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Figure 1 shows the prevalence of sleep problems by various types of fuel used for cooking in the
household. Across different types of fuel, the prevalence of sleep problems was significantly higher
among the households using crop residue (17.6%), followed by charcoal/lignite/coal (16.0%) and
dung cakes (14.8%) for cooking. It was much lower among individuals using biogas (9%),
electricity (10.4%), and LPG (11.9%).

Associations between HAP and sleep problems

Table 2 presents the logistic regression results of household fuel use and sleep problems. The
results showed a significant association between exposure to HAP and sleep problems. Compared
to clean fuel use, solid fuel use for cooking was associated with higher odds of sleep problems in
crude (OR = 1.17; 95% CI: 1.11; 1.23, p< 0.001) and adjusted model (OR = 1.25; 95% CI: 1.17,
1.33; p< 0.001). Similarly, solid fuel use for other purposes was associated with higher odds of

Table 1. (Continued )

Characteristics % N p-value

Drinking alcohol

No 12.71 5,332 0.546

Yes 12.48 1,138

Physical activity

No 14.91 2,970 < 0.001

Yes 11.24 3,500

BMI

Underweight 14.62 1,353 < 0.001

Normal 11.69 2,817

Overweight/obese 13 2,300

Multimorbidity

No morbidity 9.52 2,432 < 0.001

Single morbidity 13.73 2,005

Multimorbidity 18.7 2,033

Exposure to passive smoking

No 12.57 4,797 0.256

Yes 12.96 1,673

Region

North 13.3 1,229 < 0.001

Central 15.83 1,112

East 12.77 1,191

Northeast 5.23 336

West 14.36 970

South 13.32 1,632

Total 12.67 6,470

Note: N refers to the sample size; p-value estimated from chi-square test; SC= Scheduled Caste; ST= Scheduled Tribe; MPCE = monthly per
capita consumption expenditure; BMI = body mass index.
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sleep problems in crude (OR = 1.18; 95% CI: 1.12, 1.24; p< 0.001) and adjusted (OR = 1.13;
95% CI: 1.06, 1.20; p< 0.001) model.

Further, Table 3 presents the logistic regression results of the association between household
cooking conditions and sleep problems among older adults in India. In the crude model,
compared to clean fuel, solid fuel use indoors with ventilation (OR = 1.07; 95% CI: 0.99, 1.14;
p = 0.053), solid fuel without ventilation (OR = 1.23; 95% CI: 1.13, 1.33; p< 0.001), and the use

12.7

14.8

13.2

17.7

16.3

10.5

12.5

9

11.9

Total

Dung cake

Wood/Shrubs

Crop residules

Charcoal/Lignite/Coal

Electricity

Kerosene

Biogas

LPG

Figure 1. Prevalence of Sleep Problems (%) by Various Sources of Cooking Fuel Used in Households Among Older Adults
(50+) in India, 2017–2018.

Table 2. Logistic Regression Results of the Association Between Household Fuel Use and Sleep Problems Among Older
Adults in India, LASI, 2017–2018

Exposure to HAP Odds ratio 95% CI p-value

Cooking fuel

Crude

Clean fuel 1

Solid fuel 1.17 1.11 1.23 < 0.001

Adjusted

Clean fuel 1

Solid fuel 1.25 1.17 1.33 < 0.001

Other purpose fuel

Crude

Clean fuel 1

Solid fuel 1.18 1.11 1.24 < 0.001

Adjusted

Clean fuel 1

Solid fuel 1.13 1.06 1.20 < 0.001

Note: Model adjusted for age, sex, residence, marital status, religion, caste, educational level, MPCE quintile, tobacco, alcohol use, physical
activity, BMI, multimorbidity, exposure to passive smoking, and region. HAP = household air pollution; CI = confidence interval.
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of solid fuel outdoors (OR = 1.54; 95% CI: 1.40, 1.70; p< 0.001) were significantly associated
with higher odds of sleep problems among older adults. Similarly, in the crude model, the use of
solid fuel, with different types of cooking stoves, was associated with higher odds of sleep
problems. Furthermore, in the adjusted model, a similar pattern of association was noted.
Compared to clean fuel, solid use indoors with ventilation (OR = 1.17; 95% CI: 1.09, 1.26;
p< 0.001), without ventilation (OR = 1.32; 95% CI: 1.21, 1.45; p< 0.001), and outdoors
(OR = 1.45; 95% CI: 1.31, 1.62; p< 0.001) was associated with increased odds of sleep problems.

In the adjusted model, higher odds of sleep problems were also noted for the combination of
solid fuel and types of stoves. The results showed that solid fuel use with improved stove
(OR = 1.28; 95% CI: 1.05, 1.56; p = 0.015), traditional chullah (OR = 1.23; 95% CI: 1.15, 1.32;
p< 0.001), or with open fire (OR = 1.34; 95% CI: 1.19, 1.49; p< 0.001) was significantly
associated with a greater likelihood of sleep problems than clean fuel among older adults.
Furthermore, in the sensitivity analyses, the association between household cooking conditions by
changing the reference category (Table S1) was checked. Changing the reference group showed
that using solid fuel indoors with ventilation (OR = 0.88; 95% CI: 0.81, 0.97; p = 0.007) was
associated with slightly lower odds of sleep problems compared to using solid fuel indoors without

Table 3. Odds Ratio of Association Between Household Cooking Conditions and Sleep Problems, LASI, 2017–2018

Odds ratio 95% CI p-value

Crude model

Cooking fuel, place of cooking, and ventilation

Clean fuel 1

Solid fuel indoors using ventilation 1.07 0.99 1.14 0.053

Solid fuel indoors no ventilation 1.23 1.13 1.33 < 0.001

Solid fuel outdoors 1.54 1.40 1.70 < 0.001

Cooking fuel and type of stove

Clean fuel 1.00

Solid fuel improved stove 1.27 1.05 1.54 0.016

Solid fuel with traditional chullah 1.17 1.11 1.24 < 0.001

Solid fuel with open fire 1.14 1.04 1.26 0.008

Adjusted model

Cooking fuel, place of cooking, and ventilation

Clean fuel 1.00

Solid fuel indoors using ventilation 1.17 1.09 1.26 < 0.001

Solid fuel indoors no ventilation 1.32 1.21 1.45 < 0.001

Solid fuel outdoors 1.45 1.31 1.62 < 0.001

Cooking fuel and type of stove

Clean fuel 1.00

Solid fuel improved stove 1.28 1.05 1.56 0.015

Solid fuel with traditional chullah 1.23 1.15 1.32 < 0.001

Solid fuel with open fire 1.34 1.19 1.49 < 0.001

Note: Model adjusted for age, sex, residence, marital status, religion, caste, work status, educational level, MPCE quintile, tobacco, alcohol
use, physical activity, BMI, multimorbidity, exposure to passive smoking, and region. CI = confidence interval.
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ventilation. However, no significant changes were observed after changing the reference category
in the association of solid fuel use with the type of stoves and sleep problems.

Moderating effects of household cooking fuel use with sex, age, and residence on sleep
problems

To analyse the moderating effect of sex, age, and residence on HAP exposure, interaction terms
were added to the regression model (Tables 4 and 5). Table 4 presents the interaction effects of
household cooking fuel use on sleep problems. Clean fuel use for cooking in females (OR = 1.31;
95% CI: 1.19, 1.44; p< 0.001) was associated with higher odds of sleep problems compared to
males using clean fuel. Both females (OR = 1.57; 95% CI: 1.42, 1.74; p< 0.001) and males
(OR = 1.31; 95% CI: 1.20, 1.43; p< 0.001) using solid fuel for cooking had higher odds of sleep
problems compared to males using clean fuel.

Additionally, the interaction between age and solid fuel use for cooking was significant. Solid
fuel use for cooking was associated with higher odds of sleep problems among individuals aged
50–65 years (OR = 1.24; 95% CI: 1.14, 1.34; p< 0.001 and above 65 years (OR = 1.33; 95%
CI: 1.21, 1.45; p< 0.001), compared to the reference category. Residence also showed a
moderation effect on the association between cooking fuel use and sleep problems. Compared to
clean fuel use in rural areas, clean fuel use in urban areas was associated with lower odds of sleep
problems (OR = 0.86; 95% CI: 0.80, 0.93; p< 0.001). Contrary to this, solid fuel use in rural
(OR = 1.23; 95% CI: 1.14, 1.32; p< 0.001) was associated with higher odds of sleep problems.
Similar patterns in the association were also observed for fuel use for other purposes (Table 5).
Compared to reference, solid fuel use for other purposes was associated with higher odds of sleep
problems in females (OR = 1.44; 95% CI: 1.30, 1.59; p< 0.001) and males (OR = 1.16; 95% CI:
1.06, 1.27; p< 0.001). Further, solid fuel use for other purposes was associated with increased odds
of sleep problems in individuals aged 50–65 years (OR = 1.13; 95% CI: 1.05, 1.22; p< 0.001) and

Table 4. Interaction Effects of Cooking Fuel Use with Sex, Age, and Residence on Sleep Problems, LASI, 2017–2018

Cooking fuel# Sex Odds ratio 95% CI p-value

Clean fuel# Male 1

Clean fuel# Female 1.31 1.19 1.44 < 0.001

Solid fuel# Male 1.31 1.20 1.43 < 0.001

Solid fuel# Female 1.57 1.42 1.74 < 0.001

Cooking fuel# Age

Clean fuel# 50–65 years 1.00

Clean fuel# >65 years 1.06 0.97 1.14 0.19

Solid fuel# 50–65 1.24 1.14 1.34 < 0.001

Solid fuel# >65 years 1.33 1.21 1.45 < 0.001

Cooking fuel# Residence

Clean fuel# Rural 1.00

Clean fuel# Urban 0.86 0.80 0.93 < 0.001

Solid fuel# Rural 1.23 1.14 1.32 < 0.001

Solid fuel# Urban 1.13 0.99 1.29 0.072

Note: Model adjusted for age, residence, sex, marital status, religion, caste, educational level, MPCE quintile, tobacco use, alcohol use,
physical activity, BMI, multimorbidity, exposure to passive smoking, and region. CI = confidence interval.
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above 65 years (OR = 1.21; 95% CI: 1.11, 1.32; p< 0.001). In the model, assessing the moderation
effect of residential areas, solid fuel users in rural areas had higher odds of sleep problems
(OR = 1.12; 95% CI: 1.04, 1.21; p< 0.001) compared to clean fuel users in rural areas.

Discussion
This study analysed a nationally representative dataset of older adults aged 50 years and above in
India, with a higher proportion of households using solid fuels for domestic use (cooking and
other purposes). In line with previous studies (Chen et al., 2020; Liao et al., 2023;Yu et al., 2021),
the findings of this study suggest that exposure to HAP from solid fuel use was significantly
associated with higher odds of sleep problems compared with that of clean fuel users. The results
also indicate significant moderation of age, sex, and place of residence in the association of sleep
problems and HAP, even after accounting for a wide range of covariates. Overall, the study
explores multiple dimensions of HAP exposure and sleep problems and highlights the stringent
need for public health policies, with a special focus on solid fuel use and sleep health for older
adults.

The results provide compelling evidence by investigating the combined and separate effects of
cooking fuel and fuel used for other purposes on sleep problems. The findings highlighted that
both solid fuel use for cooking and other purposes were significantly associated with sleep
problems among older Indian adults, after accounting for various socioeconomic, demographic,
and health-related factors. Previously conducted studies have only focused on the association
between cooking fuel and sleep health (Chair et al., 2021; Chen et al., 2020; Wei et al., 2017;
Yu et al., 2021); however, this study makes a modest contribution to the literature by investigating
the effects of fuel used for other purposes and household cooking condition, in addition with
cooking fuel. The study results are consistent with previous studies conducted in similar settings
(Canha et al., 2017; Chen et al., 2020; Wei et al., 2017; Yu et al., 2021). Previous studies have

Table 5. Interaction Effects of Fuel for Other Purposes with Sex, Age, and Residence on Sleep Problems, 2017–2018

Other purpose fuel# Sex Odds ratio 95% CI p-value

Clean fuel# Male 1

Clean fuel# Female 1.29 1.16 1.43 < 0.001

Solid fuel# Male 1.16 1.06 1.27 < 0.001

Solid fuel# Female 1.44 1.30 1.59 < 0.001

Other purpose fuel# Age

Clean fuel#5 0–65 years 1.00

Clean fuel# >65 years 1.07 0.98 1.16 0.15

Solid fuel# 50–65 years 1.13 1.05 1.22 < 0.001

Solid fuel# >65 years 1.21 1.11 1.32 < 0.001

Other purpose fuel# Residence

Clean fuel# Rural 1.00

Clean fuel# Urban 0.84 0.77 0.92 < 0.001

Solid fuel# Rural 1.12 1.04 1.21 < 0.001

Solid fuel# Urban 0.97 0.86 1.09 0.56

Note: Model adjusted for age, residence, sex, marital status, religion, caste, work status, educational level, MPCE quintile, tobacco use, alcohol
use, physical activity, BMI, multimorbidity, exposure to passive smoking, and region. CI= confidence interval.
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confirmed that solid fuel use could lead to increased indoor exposure to air pollutants such as PM,
NO2, and SO2 (Balakrishnan et al., 2014; Chafe et al., 2014; Seow et al., 2016), which are far above
the WHO’s recommended levels (World Health Organization, 2022).

Furthermore, this study assessed the associations of sleep problems with different household
cooking conditions. The findings suggest that compared to clean fuel, the use of solid fuel
irrespective of cooking conditions was associated with higher odds of sleep problems. Further, the
sensitivity analyses showed that compared with solid fuel use without ventilation, solid fuel use
with ventilation reduced the risk of sleep problems. Studies (Duflo et al., 2008; Sharma and Jain,
2019) carried out in India show that the characteristics of the kitchen are important in
determining the level of variation in indoor air quality, as well as the adherence to improved
cooking practices in the long term, which could reduce exposure to smoke and thus have a positive
impact on health.

The results highlight a significant moderating effect of sex, age, and residence on the
relationship between exposure to HAP and sleep problems. The results suggest that being older,
female, and living in rural areas exacerbates sleeping problems in those exposed to HAP,
confirming previous studies (Chen et al., 2020; Liao et al., 2023; Yu et al., 2021). Earlier studies
have highlighted the gender differences in sleep problems and found that older women are 46%
more likely to report sleep problems than men in India (Rani et al., 2022a; b). Moreover, the
gender differences in sleep problems are primarily driven by lower socioeconomic status (Rani
et al., 2022). In low- and lower-middle-income countries like India, especially in rural areas,
women tend to cook, clean, and look after the family. Such gendered roles put women at greater
risk of HAP-related ill-health throughout their adult lives (Baumgartner et al., 2011; Smith et al.,
2014) and can elevate sleep problems. Further, the odds of sleep problems due to HAP exposure
are higher in rural than urban India, potentially because of the higher prevalence of solid fuels in
rural areas. In addition to the lack of awareness regarding the health and harmful effects of solid
fuel use, the other reasons for rural deprivation include limited/no clean energy options, economic
constraints, traditional cooking preferences, and biomass availability (Sharma and Dash, 2022).

The higher prevalence of sleep problems due to HAP exposure can be explained by several
biological pathways. One of the potential explanations is that biochemical effects on the regulation
of sleep by the central nervous system could be a factor (Guxens and Sunyer, 2012; Zanobetti et al.,
2010). Prolonged exposure to fine particulate matter resulting from the combustion of solid fuels
has been linked to reduced serotonin levels. Serotonin, a neurotransmitter, plays a crucial role in
regulating wakefulness and circadian rhythms. A decrease in serotonin levels may result in
heightened daytime sleepiness and disturbances in sleep patterns (Chuang et al., 2018; Wang et al.,
2009). Another potential mechanism could involve the influence of HAP on respiratory system
physiology. Air pollutants may disrupt respiration by inducing inflammation or swelling of the
mucous membranes, and as a result, an increased risk of breathing problems, such as obstructive
sleep apnoea or hypoxia, would lead to sleep problems (Scinicariello et al., 2017). Studies have also
shown that the exposure to solid fuel smoke could lead to brain damage characterised by various
changes, such as modifications to the blood–brain barrier, degeneration of cortical neurones, and
changes in white matter cells. These detrimental effects have the potential to impact motor
functions of the brain and influence the quality of sleep (Calderón-Garcidueñas et al., 2002; Shi
et al., 2020). Furthermore, a few studies have also suggested that long-term exposure to PM2.5 can
aggravate anxiety and depressive symptoms and subsequently disrupt sleep (Liu et al., 2020; Pun
et al., 2017). Additional research is necessary to clarify the mechanisms by which air pollution
affects sleep disorders due to the intricacy of mixed air pollution.

Being the earliest attempt to check the association between HAP and sleep problems, the
findings are of great value to public health policymakers. This study takes into account many
potential co-factors and includes different exposure variables. These findings can be generalised to
similar national settings and provide policy insights into improving sleep health through
promoting clean fuel use in households.
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While this research has strengths, it has a few limitations also. The cross-sectional design
prevents establishing a causal relationship. Future studies should use upcoming LASI survey
waves for a more extended view of HAP’s impact on sleep health. The survey lacks details on solid
fuel use duration or changes. The study estimates HAP exposure indirectly, introducing potential
inaccuracies. Despite considering household factors, caution is needed in the result interpretation.
The LASI database lacks outdoor air pollution or geocoded data, preventing control for these
factors. Self-reported sleep and HAP information may introduce bias. Detailed sleep information
is lacking. Future studies should employ more advanced sleep assessments and wearable tools.
Uncontrollable factors like occupational exposure to air pollution, diet, and social or
environmental elements affecting sleep health are not considered in this study due to data
limitations.

Furthermore, the study holds significant implications for policy formulation and public health
programmes dedicated to enhancing healthy aging and overall health and advocating for the
adoption of clean energy in alignment with the UN Sustainable Development Goal 7. Despite the
implementation of government schemes such as the Pradhan Mantri Ujjawala Yojana in 2016,
which aims to supply clean cooking fuel (LPG) to households below the poverty line, it appears
that intervention efforts are still insufficient, particularly in the rural areas of the country.
Furthermore, more awareness needs to be created regarding sleep health among the population.

Conclusion
The study concludes that HAP from solid fuel use is significantly associated with self-reported
sleep problems among older adults in India. Age, sex, and residence moderated the relationship
between exposure to HAP and sleep problems. In particular, older adults at advanced age
(>65 years), women, and rural residents exposed to HAP from solid fuel use were at greater risk of
sleep problems. The findings suggest that supporting clean fuel use may reduce the prevalence of
sleep problems among older adults. Moreover, the policy measures should be tailored with
attention to people in later age groups and women who generally spend more time at home and
are more susceptible to HAP as well as sleep problems. Further investigation is needed to examine
the association between direct measures of indoor air pollution exposure with sleep health.
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