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Abstract

Background: The relationships among circadian rhythm syndrome, physical function, and muscle strength remain unclear.

Objective: This study aimed to demonstrate the separate and combined deleterious effects of solid fuel use and circadian rhythm
syndrome on physical function and muscle strength.

Methods: We used data from the China Health and Retirement Longitudinal Study cohort. The study population consisted of
participants who underwent comprehensive assessments of metabolism, circadian rhythm, indoor air pollution, physical function,
and muscle strength at the initial evaluation. Muscle strength was assessed using repeated grip strength measurements, and physical
function was assessed using a composite score of muscle strength, physical performance, and balance. Circadian rhythm syndrome
was derived from the 5 diagnostic components of metabolic syndrome combined with sleep duration and depression. Logistic
regression and linear mixed models were used to assess the relationships among solid fuel use, circadian rhythm syndrome,
physical function, and muscle strength. Furthermore, we analyzed the mediating role of circadian rhythm syndrome and its
combined effect with solid fuel use on physical function and muscle strength.

Results: A total of 7934 participants were included in the study, most of whom used solid fuels. Solid fuel use was positively
associated with circadian rhythm syndrome (odds ratio [OR] 1.078, 95% CI 1.031-1.125; P<.05). Circadian rhythm syndrome
was found to be a significant risk factor for impairment of physical function (β=−0.475; P<.05) and muscle strength (β=−0.304;
P<.05). Participants who used solid fuels and had circadian rhythm syndrome needed to pay more attention to changes in physical
function (β=−0.698; P<.05) and muscle strength (β=−0.332; P<.05). A significant interaction was observed between solid fuel
use and circadian rhythm syndrome on physical function (Pinteraction=.03) and muscle strength (Pinteraction=.02). Circadian rhythm
syndrome partially mediated the association between solid fuel use and physical function, accounting for 2.51% of the total effect.

Conclusions: Circadian rhythm syndrome exacerbates the adverse effects of solid fuel use on physical function and muscle
strength. Fuel cleanliness and regular work and rest habits are crucial for the health of middle-aged and older adults.

(JMIR Aging 2026;9:e78352) doi: 10.2196/78352
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Introduction

Physical function assesses the ability to perform basic behavioral
activities in terms of muscle strength, upper and lower extremity
function, and balance [1]. Maintaining adequate physical
function preserves the ability to live independently, optimizes
quality of life, improves social participation, and reduces the
risk of disability [2]. Low muscle strength and reduced physical
function are associated with frailty, an increased risk of falls
and fractures, and consequently, high morbidity and mortality
[3-5]. Given that there are currently no effective
pharmacological treatments to delay age-related decline in
physical function [6], it is important to explore the risk factors
associated with declining physical function and identify
high-risk populations that are more likely to benefit from
interventions to mitigate the decline in physical function.

The circadian rhythm is a biological rhythm with a cycle of
approximately 24 hours that adapts to environmental changes
and maintains stable physiological functions [7]. The
suprachiasmatic nucleus of the hypothalamus is the central
pacemaker of circadian rhythms and maintains synchronization
with the external environment through neurohumoral signals
in coordination with molecular oscillators in peripheral tissues
[8]. Circadian rhythm is highly tissue-specific; each tissue of
the human body, including the musculoskeletal system, has its
own unique biological clock, which maintains physical function
to meet daily demands by regulating the transcription and
translation of clock genes [9]. The robustness of circadian
rhythms decreases with age and the disruption of circadian
rhythms; this is known as circadian rhythm syndrome and is a
mechanism that potentially leads to an increased risk of various
diseases [10,11]. Although maintaining a normal circadian
rhythm is critical for skeletal muscle metabolic homeostasis,
muscle fiber number and volume, and joint health [12], the
impact of circadian rhythm syndrome on physical function and
muscle strength lacks high-quality epidemiological studies for
confirmation. As such, it is necessary to elucidate the
relationship between circadian rhythm syndrome, physical
function, and muscle strength and to identify special populations
susceptible to circadian rhythm syndrome.

Household air pollution from solid fuel use is a common
environmental safety problem worldwide [13]. According to
statistics, the use of solid fuels is more common in developing
countries. In China, approximately 450 million people rely
heavily on solid fuels [14]. Numerous studies have shown that
solid fuel use significantly increases the risk of physical and
mental illnesses, such as cardiovascular disease and depression
[14,15]. Additionally, our previous research also found adverse
effects of solid fuel use and a combined adverse effect of solid
fuel use and airborne particulate matter on physical function
[1]. However, the association between solid fuel use and
circadian rhythm syndrome remains unclear. Furthermore, solid
fuel use and circadian rhythm syndrome are both risk factors
for aging [16], and their combined effects on physical function
and muscle strength require further elucidation.

To address these gaps, we performed a nationwide
population-based cohort study to assess the independent and
combined associations of solid fuel use and circadian rhythm
syndrome with physical function and muscle strength in
middle-aged and older adults. This study further aimed to
explore the potential role of circadian rhythm syndrome in the
relationship between solid fuel use and functional outcomes.
The findings are expected to provide evidence relevant to public
health strategies targeting environmental and lifestyle risk
factors in aging populations.

Methods

Study Design and Data Source
This study used data from the China Health and Retirement
Longitudinal Study (CHARLS), a large nationally representative
cohort study of middle-aged and older adults in China [17].
CHARLS randomly selected 150 counties from 28 provinces
in China, with a total of 17,708 participants as baseline and
followed up every 2 years using face-to-face computer-assisted
personal interviews (wave 2 in 2013, wave 3 in 2015, wave 4
in 2018, and wave 5 in 2020).

In the CHARLS survey, comprehensive assessments of circadian
rhythm syndrome, physical function, and muscle strength were
available only in the 2011, 2013, and 2015 waves. Therefore,
data from 17,708 participants in 2011 (wave 1) were used as
the baseline, with longitudinal analyses conducted using data
from 2015 (wave 3). Exclusion criteria were: (1) being aged
younger than 45 years (n=321); (2) no information on circadian
rhythm syndrome (n=6067), physical function (n=2712), or
household fuel use (n=674); and (3) no follow-up data (n=2916),
comprising participants with missing information on circadian
rhythm syndrome (n=929), physical function (n=1681), and
household fuel use (n=306). A total of 7934 participants were
finally included in the cross-sectional study, and 5018
participants in the longitudinal analysis (Multimedia Appendix
1). As shown in Multimedia Appendix 2, all participants in this
study were distributed across 126 cities in 28 provinces in China,
with the majority located in southern, central, and western
China.

Household Solid Fuel Use Measurement
Household solid fuel use was assessed using a structured
questionnaire. Participants were considered to use solid fuels
when they answered “coal,” “crop residue/wood burning,” or
“other” for heating and/or cooking, and clean fuels were
considered to be used when they answered “natural gas,” “marsh
gas,” “liquefied petroleum gas,” “solar,” or “electricity” for
heating and/or cooking. Of note, due to the lack of data on the
type of heating fuel used during follow-up, we conducted a
longitudinal analysis of cooking fuels only and used participants
using clean fuels as a reference to assess the impact of solid
fuel use on circadian rhythm syndrome, physical function, and
muscle strength. For the cross-sectional analysis, since data on
both cooking and heating fuels were available, we adopted a
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3-category classification to comprehensively reflect household
fuel use patterns: clean fuel (reference group), partial solid fuel
use (solid fuel used for at least 1 of cooking or heating), and
solid fuel use.

Circadian Rhythm Syndrome Assessment
Based on previous studies, we used circadian rhythm syndrome
as assessed by a combination of the 5 variables of the
International Diabetes Federation assessing metabolic syndrome
(elevated blood pressure, blood glucose, triglycerides, waist
circumference, and lowered high-density lipoprotein
cholesterol), combined with sleep duration and depression
[11,18]. Detailed diagnostic criteria are shown in Multimedia
Appendix 3 [19,20]. Participants were diagnosed with circadian
rhythm syndrome if they met 4 of the 7 components [11,18].

Physical Function Assessment
Grip strength is a validated proxy for overall skeletal muscle
strength and is widely used for sarcopenia screening in
middle-aged and older adults [21-23]; therefore, it was used to
assess muscle strength in this study. Each participant held the
TM WL-1000 dynamometer (Nantong Yuejian Physical
Measurement Equipment Co Ltd) in both hands successively
at full strength for 2 separate measurements. The maximum of
the 4 recordings was used and normalized by body weight [24].
If the participant was unable to perform the test with 1 hand
due to special reasons, the maximum value of the other hand
was recorded. In addition, the physical performance of each
participant was assessed using gait speed and the chair stand
test [23]. The above 3 tests were assigned a score of 1 to 4 to
the participant based on the results from the first quartile to the
fourth quartile. If the participant was unable to complete the
test, the test was assigned a score of 0. Physical function was
assessed using the above 3 tests plus the balance test [1]. For
the balance test, participants were asked to stand and hold for
10 seconds in 3 increasingly difficult positions with their feet
side-by-side, in semi-tandem, and in full-tandem. Scores were
assigned based on the results of the tests (0: side-by-side <10
seconds; 1: side-by-side ≥10 seconds but semi-tandem <10
seconds; 2: semi-tandem ≥10 seconds and full-tandem <3
seconds; 3: semi-tandem ≥10 seconds and full-tandem between
3 and 10 seconds; 4: semi-tandem ≥10 seconds and full-tandem
≥10 seconds). Based on these assessments, the total physical
function score was calculated as the sum of 4 domains: muscle
strength, gait speed, chair-stand performance, and balance.
Muscle strength, gait speed, and chair-stand test were each
scored from 0 to 4 according to quartile-based performance,
while balance was scored from 0 to 4 based on predefined
criteria. Accordingly, the composite physical function score
ranged from 0 to 16, with higher scores indicating better overall
physical function [25-27].

Covariates
The following basic characteristics were included in the main
analysis [1,11,18]: age, gender, education level, marital status,
urbanization level, smoking status, drinking status, annual
income, indoor temperature, housing type, BMI, and a
comprehensive set of chronic diseases. Detailed information is
provided in Multimedia Appendix 4.

Statistical Analysis

Statistical Summary of Participant Characteristics
The baseline characteristics of the participants were summarized
based on the types of cooking and heating fuels used.
Continuous variables are presented as mean (SD), while
categorical variables are expressed as frequencies (percentage).
Differences between groups were assessed using 2-tailed t tests
for continuous variables and chi-square tests for categorical
variables.

Cross-Sectional and Longitudinal Analysis of Separate
Effects
We examined the relationships among solid fuel use, circadian
rhythm syndrome, and physical function scores in both
cross-sectional and longitudinal studies. Detailed information
is provided in Multimedia Appendix 4. The missing rate for
most individual characteristics was <5%; thus, missing values
were imputed using a predictive mean-matching method to
avoid excessive sample loss [18,28]. Upon comparing the
summary statistics of the imputed dataset with those of the
original dataset, no significant differences in the basic
characteristics were observed (Multimedia Appendix 5). All
statistical analyses were performed using R (version 4.3.1; R
Foundation for Statistical Computing). Two-sided tests with a
P value <.05 were considered significant.

Combined Effects and Interaction Analysis
We created a new variable by combining fuel type and circadian
rhythm syndrome, resulting in 4 categories (2 × 2): fuel type
(clean or solid fuels) and circadian rhythm syndrome (yes or
no), to explore the collective effects of the 2 exposures on
physical function scores. Moreover, we added multiplicative
interaction terms to the model to analyze the interaction effect
of solid fuel use and circadian rhythm syndrome on physical
function scores. A P value <.05 for the interaction indicated the
presence of a multiplicative interaction.

Stratified Analysis
Concurrently, we stratified by fuel type and circadian rhythm
syndrome to explore the impact of other exposures on physical
function scores, as well as the scores of the 4 tests.

Mediation Analysis
Finally, we conducted a mediation analysis using the R package
mediation to assess whether circadian rhythm syndrome
mediates the association between solid fuel use and physical
function scores. Detailed information and sensitivity analyses
are provided in Multimedia Appendix 4.

Ethical Considerations
Ethical approval was obtained from the Ethics Review
Committee of Peking University (approval number
IRB00001052-11015), and all participants consented to
participate in this study.
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Results

Statistical Summary of Participant Characteristics
Table 1 shows the baseline characteristics of the 7934
participants enrolled in the study. The findings revealed that
solid fuel was the predominant household fuel, with 4820
(60.8%) and 4827 (60.8%) participants using it for cooking and
heating, respectively. Participants who used solid fuels were
generally older (aged 59.6, SD 8.9 years), female (2522/4820,
52.3%), less educated (4563/4820, 94.7%), living in rural areas
(3827/4820, 79.4%), married (4078/4820, 84.6%), never
smokers (3240/4820, 67.2%), never alcohol drinkers
(3231/4820, 67%), with lower annual household incomes
(3372/4820, 70%), and living in low-rise buildings (3639/4820,

75.5%) with unsuitable indoor temperatures. In terms of health
status, participants who used solid fuels were more likely to
have various chronic conditions, had a higher prevalence of
circadian rhythm syndrome (1923/4820, 39.8%), and had lower
physical function (12, SD 2.4), muscle strength (2.5, SD 1.1),
gait speed (3.3, SD 1.1), chair stand test (2.4, SD 1.1), and
balance (3.9, SD 0.5) scores. Characteristics of the participants
in the longitudinal analysis are presented in Multimedia
Appendix 6. Multimedia Appendix 7 illustrates the national
distribution of solid fuel use, prevalence of circadian rhythm
syndrome, physical function, and muscle strength. Northern
China exhibited a higher prevalence of circadian rhythm
syndrome and solid fuel dependency than Southern China,
whereas physical function and grip strength scores were lower
in the North.
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Table 1. Baseline characteristics of the study participants according to household fuel types. Continuous and categorical variables were compared using
analyses of independent sample Student 2-tailed t test and chi-square tests, respectively.

P valueHeating fuelsP valueCooking fuelsVariable

Solid (n=4827)Clean (n=3107)Solid (n=4820)Clean (n=3114)

Demographic characteristics

.0458.9 (8.8)58.5 (9.1)<.00159.6 (8.9)57.3 (8.8)Age (years), mean (SD)

.71.99Gender, n (%)

2309 (47.8)1473 (47.4)2298 (47.7)1484 (47.7)Male

2518 (52.2)1634 (52.6)2522 (52.3)1630 (52.3)Female

<.001<.001Education level, n (%)

4503 (93.3)2783 (89.6)4563 (94.7)2723 (87.4)Middle school or below

307 (6.4)282 (9.1)240 (5)349 (11.2)High or vocational school

17 (0.4)42 (1.4)17 (0.4)42 (1.3)Above high school

<.001<.001Residence, n (%)

1146 (23.7)1376 (44.3)993 (20.6)1529 (49.1)Urban

3681 (76.3)1731 (55.7)3827 (79.4)1585 (50.9)Rural

.02.14Marital status, n (%)

4102 (85)2583 (83.1)4078 (84.6)2607 (83.7)Married and living

217 (4.5)181 (5.8)223 (4.6)175 (5.6)Married but separated

508 (10.5)343 (11)519 (10.8)332 (10.7)Single or other

.001.005Smoking status, n (%)

3236 (67)2191 (70.5)3240 (67.2)2187 (70.2)Never

1591 (33)916 (29.5)1580 (32.8)927 (29.8)Current

.63.38Alcohol drinking status, n (%)

3208 (66.5)2081 (67)3231 (67)2058 (66.1)Never

1619 (33.5)1026 (33)1589 (33)1056 (33.9)Current

Household characteristics, n (%)

<.001<.001Housing type

3821 (79.2)1546 (49.8)3639 (75.5)1728 (55.5)One-story

1006 (20.8)1561 (50.2)1181 (24.5)1386 (44.5)Multistory

<.001<.001Indoor temperature

3957 (82)2702 (87)3943 (81.8)2716 (87.2)Bearable

660 (13.7)344 (11.1)684 (14.2)320 (10.3)Hot

210 (4.4)61 (2)193 (4)78 (2.5)Cold

<.001<.001Annual income, RMBa

3262 (67.6)1633 (52.6)3372 (70)1523 (48.9)≤20,000

1565 (32.4)1474 (47.4)1448 (30)1591 (51.1)>20,000

Health status

.2423.5 (11.6)23.8 (11.7).0323.4 (13.4)24 (8.2)BMI, mean (SD), kg/m2

.9740 (0.8)26 (0.8).6038 (0.8)28 (0.9)Cancer, n (%)

.02521 (10.8)283 (9.1)<.001541 (11.2)263 (8.4)Chronic lung disease, n (%)

<.001606 (12.6)273 (8.8).51543 (11.3)336 (10.8)Heart problem, n (%)

.06118 (2.4)56 (1.8).25543 (2.3)61 (2)Stroke, n (%)

.0864 (1.3)28 (0.9).1363 (1.3)29 (0.9)Psychiatric problems, n (%)
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P valueHeating fuelsP valueCooking fuelsVariable

Solid (n=4827)Clean (n=3107)Solid (n=4820)Clean (n=3114)

.0011762 (36.5)1025 (33)<.0011766 (36.6)1021 (32.8)Arthritis, n (%)

>.99161 (3.3)104 (3.3).44167 (3.5)98 (3.1)Liver disease, n (%)

.49293 (6.1)177 (5.7).02309 (6.4)161 (5.2)Kidney disease, n (%)

.821125 (23.3)731 (23.5).0011186 (24.6)670 (21.5)Digestive disease, n (%)

.004255 (5.3)120 (3.9)<.001260 (5.4)115 (3.7)Asthma, n (%)

.1667 (1.4)32 (1).0769 (1.4)30 (1)Memory disorder, n (%)

.011923 (39.8)1152 (37.1).221894 (39.3)1181 (37.9)Circadian rhythm syndrome, n (%)

Circadian rhythm syndrome component, n (%)

.331917 (39.7)1200 (38.6).011839 (38.2)1278 (41)Reduced HDL-Cb

.0062668 (55.3)1815 (58.4)<.0012561 (53.1)1922 (61.7)Elevated waist circumference

.062799 (58)1735 (55.8)<.0012837 (58.9)1697 (54.5)Hyperglycemia

.242875 (59.6)1809 (58.2).472830 (58.7)1854 (59.5)Raised blood pressure

.851361 (28.2)870 (28).0011291 (26.8)940 (30.2)Elevated triglyceride

.421470 (30.5)920 (29.6)<.0011529 (31.7)861 (27.6)Short sleep duration

<.0012041 (42.3)964 (31)<.0012084 (43.2)921 (29.6)Depressive symptoms

Physical function, mean (SD)

<.00112 (2.4)12.5 (2.4)<.00112 (2.5)12.5 (2.4)Physical function score

.0212.5 (1.1)2.5 (1.1).242.5 (1.1)2.5 (1.1)Muscle strength score

.0093.3 (1.1)3.4 (1)<.0013.2 (1.1)3.5 (1)Gait speed score

<.0012.4 (1.1)2.7 (1.1)<.0012.4 (1.1)2.7 (1.1)Chair stand test score

.693.9 (0.5)3.9 (0.5)<.0013.9 (0.5)3.9 (0.4)Balance score

aRMB 1=US $0.15 as of June 10, 2026.
bHDL-C: high-density lipoprotein cholesterol.

Cross-Sectional and Longitudinal Analysis of Separate
Effects
Figure 1A displays the separate effects of solid fuel use,
circadian rhythm syndrome, and physical function at baseline.
Regarding solid fuel use and circadian rhythm syndrome,
participants who used solid fuels for cooking and those who
used solid fuels for heating exhibited an elevated risk of
circadian rhythm syndrome by 18.8% (odds ratio [OR] 1.188,
95% CI 1.069 to 1.32) and 19.8% (OR 1.198, 95% CI 1.082 to
1.326), respectively. Compared with participants using clean
fuels for cooking and heating, those partially or entirely reliant
on solid fuels experienced an increased risk of circadian rhythm
syndrome by 17.2% (OR 1.172, 95% CI 1.024 to 1.341) and
31.5% (OR 1.315, 95% CI 1.155 to 1.499), respectively.
Additionally, we examined the influence of solid fuel use on
physical function and observed a negative correlation between
the use of solid fuels for cooking (β=–0.189, 95% CI –0.282 to
–0.097) and heating (β=–0.317, 95% CI –0.406 to –0.228) and
physical function compared with clean fuels. Partial and
complete reliance on solid fuels led to reductions in physical
function scores by 0.175 (95% CI –0.293 to –0.057) and 0.386
(95% CI –0.5 to –0.272) points, respectively. Further analysis
revealed significant decreases in muscle strength (β=–0.061,
95% CI –0.117 to –0.005) and chair stand test scores (β=–0.273,

95% CI –0.335 to –0.211) among participants who used solid
fuels for cooking and heating (Multimedia Appendix 8). After
adjusting for all covariates, we found a negative correlation
between circadian rhythm syndrome and physical function
(β=–0.552, 95% CI –0.641 to –0.462). Patients with circadian
rhythm syndrome experienced decreased muscle strength,
balance, and chair stand test scores (β=–0.378, 95% CI –0.421
to –0.335; β=–0.032, 95% CI –0.053 to –0.01; and β=–0.123,
95% CI –0.172 to –0.073, respectively; Multimedia Appendix
8).

Consistent with the results of the cross-sectional analysis, as
shown in Figure 1B, our longitudinal analyses revealed a
positive correlation between solid fuel use and the risk of
circadian rhythm syndrome (OR 1.078, 95% CI 1.031 to 1.125).
Additionally, participants who used solid fuel (β=–0.212, 95%
CI –0.298 to –0.133) and had circadian rhythm syndrome
(β=–0.475, 95% CI –0.555 to –0.394) had notably lower
physical function scores. Multimedia Appendix 9 further
demonstrates that these participants also had notably lower chair
stand test and balance scores. Although no correlation was
detected in the analyses examining the impact of solid fuel use
on muscle strength, lower muscle strength scores were observed
in participants with circadian rhythm syndrome (β=–0.304, 95%
CI –0.342 to –0.265).
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Figure 1. Associations among solid fuel use, circadian rhythm syndrome, and physical function in (A) cross-sectional and (B) longitudinal analyses.
Estimates were derived from multivariable regression models (binary logistic regression for circadian rhythm syndrome, linear models for cross-sectional
analyses, and mixed-effects linear models for longitudinal analyses). Results shown are from model 4, adjusted for age, gender, BMI, urbanization,
education level, marital status, smoking status, drinking status, housing type, indoor temperature, and chronic diseases. A single asterisk (*) indicates
P<.05 and double asterisks (**) indicate P<.01. OR: odds ratio.

Combined Effects and Interaction Analysis
Figure 2 illustrates the combined effects of solid fuel use and
circadian rhythm syndrome on physical function and muscle
strength. Specifically, participants who used solid fuels and had
circadian rhythm syndrome concurrently (solid fuels + circadian

rhythm syndrome group) had the most pronounced reduction
in physical function (β=–0.698, 95% CI –0.813 to –0.584) and
muscle strength (β=–0.332, 95% CI –0.387 to –0.277) compared
with those who did not use solid fuels or had only one of the
risk factors.
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Figure 2. Combined effects of solid fuel use and circadian rhythm syndrome on physical function and muscle strength. Estimates were derived from
multivariable linear regression models including a 2 × 2 combined exposure variable (fuel type × circadian rhythm syndrome) and a multiplicative
interaction term to assess interaction effects. Adjusted for age, gender, BMI, urbanization, education level, marital status, smoking status, drinking
status, housing type, indoor temperature, and chronic diseases. A single asterisk (*) indicates P<.05 and double asterisks (**) indicate P<.01.

Stratified Analyses
As we detected a multiplicative interaction between solid fuel
use and circadian rhythm syndrome on physical function
(Pinteraction=.03) and muscle strength (Pinteraction=.02), we
conducted further stratified analyses (Figure 3). Our findings
indicated that individuals with circadian rhythm syndrome were

more vulnerable to the effects of solid fuel use on physical
function (β=–0.297, 95% CI –0.432 to –0.163) and muscle
strength (β=–0.084, 95% CI –0.145 to –0.023). Similarly, the
negative correlation between circadian rhythm syndrome and
physical function (β=–0.573, 95% CI –0.683 to –0.463) and
muscle strength (β=–0.369, 95% CI –0.421 to –0.316) was more
pronounced in participants who used solid fuels.

Figure 3. Stratified analyses were conducted separately for circadian rhythm syndrome and household fuel types. Estimates were derived from
multivariable linear regression models stratified by fuel type and circadian rhythm syndrome. Adjusted for age, gender, BMI, urbanization, education
level, marital status, smoking status, drinking status, housing type, indoor temperature, and chronic diseases. A single asterisk (*) indicates P<.05 and
double asterisks (**) indicate P<.01.
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Mediation Analysis
The results of the mediation analysis are depicted in Figure 4.

Circadian rhythm syndrome served as a significant mediator of
the positive association between solid fuel use and physical
function, with a mediation effect of 2.51%.

Figure 4. Mediation analysis of the association among solid fuel use, circadian rhythm syndrome, and physical function. Mediation analysis was
conducted using the R package mediation to examine whether circadian rhythm syndrome mediated the association between solid fuel use and physical
function scores. Regression models were fitted for both the mediator and the outcome, adjusting for age, gender, BMI, urbanization, education level,
marital status, smoking status, drinking status, housing type, indoor temperature, and chronic diseases. Direct, indirect, and total effects were estimated
using 1000 bootstrap simulations to derive 95% CIs. A single asterisk (*) indicates P<.05.

Sensitivity Analyses
Multiple sensitivity analyses were performed to verify the
reliability and validity of the findings. When examining the
association between solid fuel use and the number of circadian
rhythm syndrome components, we found that participants who
used solid fuels for both cooking and heating exhibited a 5.5%
increase in the number of syndrome components compared with
those using clean fuels (Multimedia Appendix 10). We also
examined the effects of different types of solid fuels on physical
function and circadian rhythm syndrome and found that coal
use was more strongly correlated with both physical function
(β=–0.276, 95% CI –0.411 to –0.141) and circadian rhythm
syndrome (OR 1.221, 95% CI 1.02 to 1.463), whereas crop
residue/wood burning was only significantly associated with
physical function (β=–0.198, 95% CI –0.286 to –0.11)
(Multimedia Appendices 11 and 12). The results of the subgroup
analyses, shown in Multimedia Appendix 13, indicate that older
adults are more susceptible to the impact of circadian rhythm
syndrome on physical function scores, highlighting the
importance of maintaining regular work and rest habits in this
population. We excluded participants who reported “other” as
their fuel type and reexamined the main associations among
solid fuel use, circadian rhythm syndrome, and physical function
in both cross-sectional and longitudinal analyses. The results
were consistent with the primary findings (Multimedia

Appendices 14-16), supporting the robustness of the observed
associations.

Discussion

Principal Findings and Comparison With Prior Works
This study found that solid fuel use was positively associated
with circadian rhythm syndrome, and that both solid fuel use
and circadian rhythm syndrome were independently and jointly
associated with poorer physical function and lower muscle
strength. A significant multiplicative interaction was observed,
indicating that the associations between solid fuel use and these
functional outcomes were stronger among participants with
circadian rhythm syndrome. In addition, circadian rhythm
syndrome partially mediated the association between solid fuel
use and physical function, suggesting that circadian rhythm
disruption may represent one potential pathway underlying the
observed associations.

To the best of our knowledge, this is the first study to investigate
the relationship between household air pollution from solid fuel
use and circadian rhythm syndrome, making it difficult to
compare our results with those of previous studies. Although
previous studies have not reported a direct link between solid
fuel use and circadian rhythm syndrome, associations between
solid fuel use and various components of the circadian rhythm
syndrome have been demonstrated. Results from a
cross-sectional study involving women suggested that household
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air pollution from burning biomass fuel is associated with an
increased risk of metabolic syndrome [29]. Studies from
different regions have consistently confirmed the association
between household air pollution and components of metabolic
syndrome, such as blood pressure, blood glucose, and lipid
profile, highlighting the potential risk of metabolic disorders
that can be reduced by mitigating household air pollution
[30-32]. The use of solid fuels also affects the mental health of
older adults, with the results of a cohort study showing that
using solid fuels for heating and cooking increases the risk of
depression by 45% [33]. Similarly, the sleep-related health of
middle-aged and older adults is affected by the use of solid
fuels, especially in rural areas, where the vast majority of
households rely on the combustion of biomass fuels for
nighttime heating in winter. Studies from different regions have
shown a significant positive association among solid fuel use,
poor sleep quality, and reduced sleep duration [34,35]. Metabolic
homeostasis, social stress, and sleep significantly affect the
stability of the circadian clock, and exploring the effects of solid
fuel use on one of them alone is one-sided. Therefore, this study
examined the comprehensive impact of household air pollution
on circadian rhythm disorders and revealed the importance of
household fuel cleanliness on circadian rhythm homeostasis in
middle-aged and older adults (OR 1.315, 95% CI 1.155 to 1.499
at baseline; OR 1.078, 95% CI 1.031 to 1.125 at follow-up).
We also further analyzed the impact of household air pollution
on circadian rhythm syndrome components; participants who
used solid fuels for heating and cooking showed greater
accumulation of circadian rhythm syndrome components than
participants who used clean fuels. Cooking and heating are 2
common and often coexisting household activities; therefore,
examining the independent and combined use of solid fuels in
these settings is of particular relevance. We found that,
compared with the use of clean fuels for both purposes, using
solid fuels for either cooking or heating, as well as for both,
was associated with a higher likelihood of circadian rhythm
syndrome (either cooking or heating: OR 1.172, 95% CI 1.024
to 1.341; both: OR 1.315, 95% CI: 1.155 to 1.499) and lower
physical function scores (either cooking or heating: β=–0.175,
95% CI –0.293 to –0.057; both: β=–0.386, 95% CI –0.5 to
–0.272) in a graded manner. These findings suggest that different
patterns of household fuel exposure may exert additive adverse
effects on circadian regulation and physical function.

Disturbances in the circadian rhythm pose a major threat to the
health of the musculoskeletal system in middle-aged and older
adults. Real-life problems faced by older adults, such as a
reduced metabolic rate, sleep disturbances, and depression
caused by loneliness, affect the stability of circadian rhythms
and impair muscle, joint, and bone health [9,36].
Pathophysiological changes in the musculoskeletal system
significantly affect mobility and muscle strength and accelerate
aging, which in turn leads to the disruption of circadian rhythms
[3,37]. Although the vicious cycle of circadian rhythm syndrome
and reduced physical function and muscle strength is detrimental
to the health of middle-aged and older adults, no high-quality
epidemiological studies have confirmed this association. Using
a large nationwide cohort, we observed a significant inverse
association among circadian rhythm syndrome, physical function
(β=–0.386, 95% CI –0.5 to –0.272 at baseline; β=–0.475, 95%

CI –0.555 to –0.394 at follow-up), and muscle strength
(β=–0.061, 95% CI –0.117 to –0.005 at baseline; β=–0.304,
95% CI –0.342 to –0.265 at follow-up). We also evaluated the
impact of circadian rhythm syndrome on physical performance
(assessed by gait speed and chair stand tests) and showed that
disruption of the circadian rhythm impairs mobility in
middle-aged and older adults.

The decline in muscle strength and mobility due to aging causes
most middle-aged and older adults to stay indoors for long
periods. Therefore, it is important to explore the comprehensive
impacts of indoor environmental factors and lifestyle. We found
that solid fuel use and circadian rhythm syndrome had a
synergistic effect on the impairment of physical function
(β=–0.698, 95% CI –0.813 to –0.584) and muscle strength
(β=–0.332, 95% CI –0.387 to –0.277). There was a
multiplicative interaction between solid fuel use and circadian
rhythm syndrome (Pinteraction<.05), with circadian rhythm
syndrome exacerbating the effects of solid fuel use on physical
function (β=–0.297, 95% CI –0.432 to –0.163) and muscle
strength (β=–0.084, 95% CI –0.145 to –0.023). Since
middle-aged and older adults, especially in rural areas, mostly
use solid fuels for nighttime heating, sleep disorders caused by
circadian rhythm disorders are more likely to be exposed to
household air pollution caused by solid fuels, which in turn
leads to a more significant negative correlation with physical
function and muscle strength. Furthermore, we elucidated the
mediating role of circadian rhythm syndrome, whereby solid
fuel use impaired physical function in part by increasing the
risk of circadian rhythm syndrome (mediation effect: 2.51%).

Mechanistically, disruption of central and peripheral circadian
regulatory networks may underlie the associations observed
among solid fuel use and impaired physical function and muscle
strength. The combustion of solid fuels generates particulate
matter and toxic gases, which have been shown to enter systemic
circulation and may affect the central nervous system, potentially
disrupting the coordination between the central pacemaker in
the suprachiasmatic nucleus and peripheral clocks through
neurohumoral pathways [38-40]. In addition, household air
pollution has been associated with increased systemic
inflammation and oxidative stress. Air pollutants can stimulate
the production of inflammatory cytokines and reactive oxygen
species while impairing antioxidant defense systems [41,42].
These processes may contribute to circadian dysregulation, as
both inflammation and oxidative stress have been implicated
in altering clock gene expression and circadian homeostasis.
Furthermore, chronic inflammation and oxidative stress are
known to adversely affect joint integrity and muscle function,
thereby contributing to declines in physical function [12].
Metabolic pathways may also play a role in linking circadian
disruption to functional impairment. Experimental studies have
shown that disturbances in skeletal muscle circadian rhythms
can lead to metabolic dysregulation, including increased reliance
on anaerobic glycolysis, reduced mitochondrial function, and
increased apoptosis [9,43]. Such changes may accelerate muscle
degradation and contribute to sarcopenia. Taken together,
although the precise mechanisms remain to be fully elucidated,
existing evidence suggests that household air pollution from
solid fuel use may influence circadian regulation through
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interconnected pathways involving neurohumoral disruption,
systemic inflammation, oxidative stress, and metabolic
imbalance, ultimately contributing to impaired physical function
and reduced muscle strength. Consequently, although the precise
mechanisms remain unclear, the relationship between household
air pollution due to solid fuel use, circadian rhythm syndrome,
physical function, and muscle strength warrants further
investigation.

This study has several strengths: (1) novel findings, we
identified an association between solid fuel use and circadian
rhythm syndrome, with both solid fuel use and circadian rhythm
syndrome separately and synergistically associated with declines
in physical function and muscular strength; (2) representative
and reliable results, we used a large national cohort of 126 cities
across 28 provinces to conduct meticulous sensitivity analyses;
(3) rigorous analytic methods, to minimize the recall and social
desirability biases inherent in self-report measures, we used
repeated-measures tests focusing on physical function, muscular
strength, and physical performance in middle-aged and older
adults; (4) guiding insights, mediation analyses revealed that
solid fuel use affected physical function and muscular strength
by increasing the risk of circadian rhythm syndrome,
emphasizing the importance of household fuel cleaning and
regular work and rest habits for the health of middle-aged and
older adults.

Limitations
However, some limitations of this study should be noted. The
CHARLS is a representative cohort study of middle-aged and
older individuals. We only evaluated the impact of circadian
rhythm syndrome on the health of middle-aged and older adults.
The differences between the different age groups warrant further

exploration. In addition, information on household solid fuel
use was self-reported by participants, which may be subject to
recall bias or reporting bias. This study relied solely on
information on household fuel use for heating and cooking to
assess indoor air pollution and may have overlooked other
factors, such as ventilation efficiency and weather conditions.
The degree of dependence on solid fuels varies seasonally. For
example, in winter, the dependence on solid fuels for heating
is higher. It is necessary to pay attention to the differences in
the use of solid fuels in different seasons with respect to
circadian rhythm syndrome, physical function, and muscle
strength. Moreover, given the observational nature of this study,
the identified associations among solid fuel use, circadian
rhythm syndrome, and physical function or muscle strength
should be interpreted with caution. Although we adjusted for a
wide range of potential confounders, residual confounding
cannot be completely ruled out, and causal relationships cannot
be definitively established.

In conclusion, this nationwide prospective cohort study revealed
a positive association between solid fuel use and circadian
rhythm syndrome and found negative effects of solid fuel use
and circadian rhythm syndrome, separately and jointly, on
physical function and muscle strength. Disturbances in the
circadian rhythm exacerbate the decline in physical function
and muscle strength caused by solid fuel use. Circadian rhythm
syndrome is an important mediator in the relationship between
solid fuel use and physical function. This study highlights the
combined impact of indoor environmental factors and lifestyle
on middle-aged and older adults and recommends the use of
clean fuels and the development of regular work and rest habits
to improve physical health.
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Subgroup analysis of effects of solid fuel use and circadian rhythm syndrome on physical function. Notes: All models were
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Sensitivity analysis excluding participants reporting “Other” fuel type: cross-sectional associations among solid fuel use, circadian
rhythm syndrome, and physical function. Notes: Estimates were derived from multivariable regression models (binary logistic
regression for circadian rhythm syndrome and linear models for cross-sectional analyses). Results shown are from model 4,
adjusted for age, gender, BMI, urbanization, education level, marital status, smoking status, drinking status, housing type and
indoor temperature, and chronic diseases.
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Sensitivity analysis excluding participants reporting “Other” fuel type: Longitudinal associations among solid fuel use, circadian
rhythm syndrome, and physical function. Notes: Estimates were derived from mixed-effects linear models for longitudinal
analyses. Results shown are from model 4, adjusted for age, gender, BMI, urbanization, education level, marital status, smoking
status, drinking status, housing type and indoor temperature, and chronic diseases.
[PDF File (Adobe PDF File), 37 KB-Multimedia Appendix 15]

Multimedia Appendix 16
Sensitivity analysis excluding participants reporting “Other” fuel type: combined associations among solid fuel use, circadian
rhythm syndrome, and physical function. Notes: Estimates were derived from multivariable linear regression models including
a 2 × 2 combined exposure variable (fuel type × circadian rhythm syndrome) and a multiplicative interaction term to assess
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[PDF File (Adobe PDF File), 36 KB-Multimedia Appendix 16]

References

1. Wang H, Mou P, Yao Y, Su J, Guan J, Zhao Z, et al. Effects of different sizes of ambient particulate matter and household
fuel use on physical function: national cohort study in China. Ecotoxicol Environ Saf. May 2024;276:116308. [FREE Full
text] [doi: 10.1016/j.ecoenv.2024.116308] [Medline: 38593496]

2. Inouye SK, Peduzzi PN, Robison JT, Hughes JS, Horwitz RI, Concato J. Importance of functional measures in predicting
mortality among older hospitalized patients. JAMA. 1998;279(15):1187-1193. [doi: 10.1001/jama.279.15.1187] [Medline:
9555758]

3. Szulc P, Lewis JR, Chapurlat R. Decline in muscle strength and physical function after fracture in men - the prospective
STRAMBO study. J Bone Miner Res. 2024;39(3):252-259. [doi: 10.1093/jbmr/zjae014] [Medline: 38477746]

4. Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. Frailty: implications for clinical practice and public
health. Lancet. 2019;394(10206):1365-1375. [doi: 10.1016/S0140-6736(19)31786-6] [Medline: 31609228]

5. Koga HK, Grodstein F, Williams DR, Manson JE, Tindle HA, Shadyab AH. Longitudinal associations between optimism
and objective measures of physical functioning in women. JAMA Psychiatry. 2024;81(5):489-497. [doi:
10.1001/jamapsychiatry.2023.5068] [Medline: 38506825]

JMIR Aging 2026 | vol. 9 | e78352 | p. 13https://aging.jmir.org/2026/1/e78352
(page number not for citation purposes)

Wang et alJMIR AGING

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=aging_v9i1e78352_app11.pdf&filename=48ae0a87830c4ef9be0155e0a882215b.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app11.pdf&filename=48ae0a87830c4ef9be0155e0a882215b.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app12.pdf&filename=0e221a995effb0e35acd5e186710e0f1.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app12.pdf&filename=0e221a995effb0e35acd5e186710e0f1.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app13.png&filename=51b47fa133fd147f73d5d2de24f65dc8.png
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app13.png&filename=51b47fa133fd147f73d5d2de24f65dc8.png
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app14.pdf&filename=ea9048d46ab686d767cdc26d8c5da420.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app14.pdf&filename=ea9048d46ab686d767cdc26d8c5da420.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app15.pdf&filename=2249c51f85b6b733848106285760582e.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app15.pdf&filename=2249c51f85b6b733848106285760582e.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app16.pdf&filename=4e8ef63711896681b4121affe9815e81.pdf
https://jmir.org/api/download?alt_name=aging_v9i1e78352_app16.pdf&filename=4e8ef63711896681b4121affe9815e81.pdf
https://linkinghub.elsevier.com/retrieve/pii/S0147-6513(24)00384-1
https://linkinghub.elsevier.com/retrieve/pii/S0147-6513(24)00384-1
http://dx.doi.org/10.1016/j.ecoenv.2024.116308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38593496&dopt=Abstract
http://dx.doi.org/10.1001/jama.279.15.1187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9555758&dopt=Abstract
http://dx.doi.org/10.1093/jbmr/zjae014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38477746&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(19)31786-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31609228&dopt=Abstract
http://dx.doi.org/10.1001/jamapsychiatry.2023.5068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38506825&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


6. Landré B, Fayosse A, Ben Hassen C, Machado-Fragua MD, Dumurgier J, Kivimaki M. Terminal decline in objective and
self-reported measures of motor function before death: 10 year follow-up of whitehall II cohort study. BMJ. 2021;374:n1743.
[FREE Full text] [doi: 10.1136/bmj.n1743] [Medline: 34348957]

7. Patke A, Young MW, Axelrod S. Molecular mechanisms and physiological importance of circadian rhythms. Nat Rev Mol
Cell Biol. 2020;21(2):67-84. [doi: 10.1038/s41580-019-0179-2] [Medline: 31768006]

8. Meyer N, Harvey AG, Lockley SW, Dijk D. Circadian rhythms and disorders of the timing of sleep. Lancet.
2022;400(10357):1061-1078. [doi: 10.1016/S0140-6736(22)00877-7] [Medline: 36115370]

9. Martin RA, Viggars MR, Esser KA. Metabolism and exercise: the skeletal muscle clock takes centre stage. Nat Rev
Endocrinol. 2023;19(5):272-284. [doi: 10.1038/s41574-023-00805-8] [Medline: 36726017]

10. Bae S, Fang MZ, Rustgi V, Zarbl H, Androulakis IP. At the interface of lifestyle, behavior, and circadian rhythms: metabolic
implications. Front Nutr. 2019;6:132. [FREE Full text] [doi: 10.3389/fnut.2019.00132] [Medline: 31555652]

11. Shi Z, Tuomilehto J, Kronfeld-Schor N, Alberti GK, Stern N, El-Osta A, et al. The circadian syndrome predicts cardiovascular
disease better than metabolic syndrome in Chinese adults. J Intern Med. Jun 2021;289(6):851-860. [FREE Full text] [doi:
10.1111/joim.13204] [Medline: 33340184]

12. Zhang H, Liang J, Chen N. Do not neglect the role of circadian rhythm in muscle atrophy. Ageing Res Rev. 2020;63:101155.
[doi: 10.1016/j.arr.2020.101155] [Medline: 32882420]

13. Yang L, Wu H, Zhao M, Magnussen CG, Xi B. Prevalence and trends in tobacco use, secondhand smoke exposure at home
and household solid fuel use among women in 57 low- and middle-income countries, 2000-2018. Environ Int.
2022;161:107142. [FREE Full text] [doi: 10.1016/j.envint.2022.107142] [Medline: 35180671]

14. Yu K, Qiu G, Chan KH, Lam KBH, Kurmi OP, Bennett DA, et al. Association of solid fuel use with risk of cardiovascular
and all-cause mortality in rural China. JAMA. Apr 03, 2018;319(13):1351-1361. [FREE Full text] [doi:
10.1001/jama.2018.2151] [Medline: 29614179]

15. Local Burden of Disease Household Air Pollution Collaborators. Mapping development and health effects of cooking with
solid fuels in low-income and middle-income countries, 2000-18: A geospatial modelling study. Lancet Glob Health.
2022;10(10):e1395-e1411. [FREE Full text] [doi: 10.1016/S2214-109X(22)00332-1] [Medline: 36113526]

16. Zhang B, Huang L, Zhu X, Ran L, Zhao H, Zhu Z. Impact of household solid fuel use on sarcopenia in China: a nationwide
analysis. Sci Total Environ. 2023;877:162814. [doi: 10.1016/j.scitotenv.2023.162814] [Medline: 36933714]

17. Zhao Y, Hu Y, Smith JP, Strauss J, Yang G. Cohort profile: the China Health and Retirement Longitudinal Study (CHARLS).
Int J Epidemiol. 2014;43(1):61-68. [FREE Full text] [doi: 10.1093/ije/dys203] [Medline: 23243115]

18. Hu X, Nie Z, Ou Y, Lin L, Qian Z, Vaughn MG. Long-term exposure to ambient air pollution, circadian syndrome and
cardiovascular disease: a nationwide study in China. Sci Total Environ. 2023;868:161696. [doi:
10.1016/j.scitotenv.2023.161696] [Medline: 36682545]

19. Hirshkowitz M, Whiton K, Albert SM, Alessi C, Bruni O, DonCarlos L, et al. National Sleep Foundation's sleep time
duration recommendations: methodology and results summary. Sleep Health. Mar 2015;1(1):40-43. [doi:
10.1016/j.sleh.2014.12.010] [Medline: 29073412]

20. Andresen EM, Malmgren JA, Carter WB, Patrick DL. Screening for depression in well older adults: evaluation of a short
form of the CES-D (Center for Epidemiologic Studies Depression Scale). Am J Prev Med. 1994;10(2):77-84. [Medline:
8037935]

21. Huang Y, Bodnar D, Chen C, Sanchez-Andrade G, Sanderson M, Hurles ME. Rare genetic variants impact muscle strength.
Nat Commun. 2023;14(1):3449. [FREE Full text] [doi: 10.1038/s41467-023-39247-1] [Medline: 37301943]

22. Madden KM, Feldman B, Arishenkoff S, Meneilly G. A rapid point-of-care ultrasound marker for muscle mass and muscle
strength in older adults. Age Ageing. 2021;50(2):505-510. [FREE Full text] [doi: 10.1093/ageing/afaa163] [Medline:
32909032]

23. Alajlouni D, Tran T, Bliuc D, Blank RD, Cawthon PM, Orwoll ES. Muscle strength and physical performance improve
fracture risk prediction beyond Garvan and FRAX: the Osteoporotic Fractures in Men (MrOS) study. J Bone Miner Res.
2022;37(3):411-419. [FREE Full text] [doi: 10.1002/jbmr.4483] [Medline: 34842309]

24. Cooper R, Kuh D, Cooper CR, Gale C, Lawlor DA, Matthews F. Objective measures of physical capability and subsequent
health: a systematic review. Age Ageing. 2011;40(1):14-23. [FREE Full text] [doi: 10.1093/ageing/afq117] [Medline:
20843964]

25. Xie Y, Lou Y, Huang S, Jiang Q, Wang X, Wang L. Association between changes in physical functions and risk of stroke:
a prospective cohort study. Age Ageing. 2025;54(4):afaf087. [FREE Full text] [doi: 10.1093/ageing/afaf087] [Medline:
40202754]

26. Mayhew A, So H, Ma J, Beauchamp M, Griffith L, Kuspinar A, et al. Normative values for grip strength, gait speed, timed
up and go, single leg balance, and chair rise derived from the Canadian longitudinal study on ageing. Age Ageing. Apr 01,
2023;52(4):afad054. [FREE Full text] [doi: 10.1093/ageing/afad054] [Medline: 37078755]

27. Cooper R, Kuh D, Hardy R, Mortality Review Group, FALCon and HALCyon Study Teams. Objectively measured physical
capability levels and mortality: systematic review and meta-analysis. BMJ. Sep 09, 2010;341:c4467. [FREE Full text] [doi:
10.1136/bmj.c4467] [Medline: 20829298]

JMIR Aging 2026 | vol. 9 | e78352 | p. 14https://aging.jmir.org/2026/1/e78352
(page number not for citation purposes)

Wang et alJMIR AGING

XSL•FO
RenderX

https://www.bmj.com/lookup/pmidlookup?view=long&pmid=34348957
http://dx.doi.org/10.1136/bmj.n1743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34348957&dopt=Abstract
http://dx.doi.org/10.1038/s41580-019-0179-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31768006&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(22)00877-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36115370&dopt=Abstract
http://dx.doi.org/10.1038/s41574-023-00805-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36726017&dopt=Abstract
https://europepmc.org/abstract/MED/31555652
http://dx.doi.org/10.3389/fnut.2019.00132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31555652&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1111/joim.13204
http://dx.doi.org/10.1111/joim.13204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33340184&dopt=Abstract
http://dx.doi.org/10.1016/j.arr.2020.101155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32882420&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(22)00068-X
http://dx.doi.org/10.1016/j.envint.2022.107142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35180671&dopt=Abstract
https://europepmc.org/abstract/MED/29614179
http://dx.doi.org/10.1001/jama.2018.2151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29614179&dopt=Abstract
https://air.unimi.it/handle/2434/938151
http://dx.doi.org/10.1016/S2214-109X(22)00332-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36113526&dopt=Abstract
http://dx.doi.org/10.1016/j.scitotenv.2023.162814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36933714&dopt=Abstract
https://europepmc.org/abstract/MED/23243115
http://dx.doi.org/10.1093/ije/dys203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23243115&dopt=Abstract
http://dx.doi.org/10.1016/j.scitotenv.2023.161696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36682545&dopt=Abstract
http://dx.doi.org/10.1016/j.sleh.2014.12.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29073412&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8037935&dopt=Abstract
https://doi.org/10.1038/s41467-023-39247-1
http://dx.doi.org/10.1038/s41467-023-39247-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37301943&dopt=Abstract
https://europepmc.org/abstract/MED/32909032
http://dx.doi.org/10.1093/ageing/afaa163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32909032&dopt=Abstract
https://europepmc.org/abstract/MED/34842309
http://dx.doi.org/10.1002/jbmr.4483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34842309&dopt=Abstract
https://europepmc.org/abstract/MED/20843964
http://dx.doi.org/10.1093/ageing/afq117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20843964&dopt=Abstract
https://academic.oup.com/ageing/article-lookup/doi10.1093/ageing/afaf087
http://dx.doi.org/10.1093/ageing/afaf087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40202754&dopt=Abstract
https://academic.oup.com/ageing/article-lookup/doi/10.1093/ageing/afad054
http://dx.doi.org/10.1093/ageing/afad054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37078755&dopt=Abstract
https://europepmc.org/abstract/MED/20829298
http://dx.doi.org/10.1136/bmj.c4467
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20829298&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


28. Yang J, Sakhvidi MJZ, de Hoogh K, Vienneau D, Siemiatyck J, Zins M, et al. Long-term exposure to black carbon and
mortality: a 28-year follow-up of the GAZEL cohort. Environ Int. Dec 2021;157:106805. [FREE Full text] [doi:
10.1016/j.envint.2021.106805] [Medline: 34375941]

29. Rajkumar S, Young BN, Clark ML, Benka-Coker ML, Bachand AM, Brook RD, et al. Household air pollution from
biomass-burning cookstoves and metabolic syndrome, blood lipid concentrations, and waist circumference in Honduran
women: a cross-sectional study. Environ Res. Mar 2019;170:46-55. [FREE Full text] [doi: 10.1016/j.envres.2018.12.010]
[Medline: 30557691]

30. Baumgartner J, Schauer JJ, Ezzati M, Lu L, Cheng C, Patz JA, et al. Indoor air pollution and blood pressure in adult women
living in rural China. Environ Health Perspect. 2011;119(10):1390-1395. [FREE Full text] [doi: 10.1289/ehp.1003371]
[Medline: 21724522]

31. Kang N, Song X, Zhang C, Li R, Yuchi Y, Liao W. Association of household air pollution with glucose homeostasis markers
in Chinese rural women: effect modification of socioeconomic status. Ecotoxicol Environ Saf. 2022;248:114283. [FREE
Full text] [doi: 10.1016/j.ecoenv.2022.114283] [Medline: 36371884]

32. Xia X, Niu X, Chan K, Xu H, Shen Z, Cao J, et al. Effects of indoor air purification intervention on blood pressure,
blood-oxygen saturation, and heart rate variability: a double-blinded cross-over randomized controlled trial of healthy
young adults. Sci Total Environ. May 20, 2023;874:162516. [doi: 10.1016/j.scitotenv.2023.162516] [Medline: 36868269]

33. Zhang H, Xia Y, Cao L, Chang Q, Zhao Y. Associations between long term exposures to outdoor air pollution and indoor
solid fuel use and depression in China. J Environ Manage. 2022;302(Pt A):113982. [doi: 10.1016/j.jenvman.2021.113982]
[Medline: 34700082]

34. Chen C, Liu GG, Sun Y, Gu D, Zhang H, Yang H. Association between household fuel use and sleep quality in the oldest-old:
evidence from a propensity-score matched case-control study in Hainan, China. Environ Res. 2020;191:110229. [doi:
10.1016/j.envres.2020.110229] [Medline: 32950513]

35. Yu H, Luo J, Chen K, Pollitt KJG, Liew Z. Solid fuels use for cooking and sleep health in adults aged 45 years and older
in China. Sci Rep. Jun 25, 2021;11(1):13304. [doi: 10.1038/s41598-021-92452-0] [Medline: 34172775]

36. Swanson CM, Kohrt WM, Buxton OM, Everson CA, Wright KP, Orwoll ES, et al. The importance of the circadian system
and sleep for bone health. Metabolism. Jul 2018;84:28-43. [FREE Full text] [doi: 10.1016/j.metabol.2017.12.002] [Medline:
29229227]

37. Morrison M, Halson SL, Weakley J, Hawley JA. Sleep, circadian biology and skeletal muscle interactions: implications
for metabolic health. Sleep Med Rev. 2022;66:101700. [FREE Full text] [doi: 10.1016/j.smrv.2022.101700] [Medline:
36272396]

38. Koronowski KB, Kinouchi K, Welz P, Smith JG, Zinna VM, Shi J. Defining the independence of the liver circadian clock.
Cell. 2019;177(6):1448-1462.e14. [FREE Full text] [doi: 10.1016/j.cell.2019.04.025] [Medline: 31150621]

39. You R, Ho YS, Chang RCC. The pathogenic effects of particulate matter on neurodegeneration: a review. J Biomed Sci.
2022;29(1):15. [FREE Full text] [doi: 10.1186/s12929-022-00799-x] [Medline: 35189880]

40. Shi W, Zhang T, Li Y, Huang Y, Luo L. Association between household air pollution from solid fuel use and risk of chronic
diseases and their multimorbidity among Chinese adults. Environ Int. 2022;170:107635. [FREE Full text] [doi:
10.1016/j.envint.2022.107635] [Medline: 36413929]

41. Daiber A, Frenis K, Kuntic M, Li H, Wolf E, Kilgallen AB. Redox regulatory changes of circadian rhythm by the
environmental risk factors traffic noise and air pollution. Antioxid Redox Signal. 2022;37(10-12):679-703. [FREE Full
text] [doi: 10.1089/ars.2021.0272] [Medline: 35088601]

42. Hanaoka BY, Ithurburn MP, Rigsbee CA, Bridges SL, Moellering DR, Gower B, et al. Chronic inflammation in rheumatoid
arthritis and mediators of skeletal muscle pathology and physical impairment: a review. Arthritis Care Res (Hoboken). Feb
2019;71(2):173-177. [FREE Full text] [doi: 10.1002/acr.23775] [Medline: 30295435]

43. Peek CB, Levine DC, Cedernaes J, Taguchi A, Kobayashi Y, Tsai SJ, et al. Circadian clock interaction with HIF1α mediates
oxygenic metabolism and anaerobic glycolysis in skeletal muscle. Cell Metab. Jan 10, 2017;25(1):86-92. [FREE Full text]
[doi: 10.1016/j.cmet.2016.09.010] [Medline: 27773696]

Abbreviations
CHARLS: China Health and Retirement Longitudinal Study
OR: odds ratio

JMIR Aging 2026 | vol. 9 | e78352 | p. 15https://aging.jmir.org/2026/1/e78352
(page number not for citation purposes)

Wang et alJMIR AGING

XSL•FO
RenderX

https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(21)00430-X
http://dx.doi.org/10.1016/j.envint.2021.106805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34375941&dopt=Abstract
https://europepmc.org/abstract/MED/30557691
http://dx.doi.org/10.1016/j.envres.2018.12.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30557691&dopt=Abstract
https://europepmc.org/abstract/MED/21724522
http://dx.doi.org/10.1289/ehp.1003371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21724522&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0147-6513(22)01123-X
https://linkinghub.elsevier.com/retrieve/pii/S0147-6513(22)01123-X
http://dx.doi.org/10.1016/j.ecoenv.2022.114283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36371884&dopt=Abstract
http://dx.doi.org/10.1016/j.scitotenv.2023.162516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36868269&dopt=Abstract
http://dx.doi.org/10.1016/j.jenvman.2021.113982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34700082&dopt=Abstract
http://dx.doi.org/10.1016/j.envres.2020.110229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32950513&dopt=Abstract
http://dx.doi.org/10.1038/s41598-021-92452-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34172775&dopt=Abstract
https://europepmc.org/abstract/MED/29229227
http://dx.doi.org/10.1016/j.metabol.2017.12.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29229227&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1087-0792(22)00113-7
http://dx.doi.org/10.1016/j.smrv.2022.101700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36272396&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0092-8674(19)30444-1
http://dx.doi.org/10.1016/j.cell.2019.04.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31150621&dopt=Abstract
https://jbiomedsci.biomedcentral.com/articles/10.1186/s12929-022-00799-x
http://dx.doi.org/10.1186/s12929-022-00799-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35189880&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0160-4120(22)00562-1
http://dx.doi.org/10.1016/j.envint.2022.107635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36413929&dopt=Abstract
https://journals.sagepub.com/doi/10.1089/ars.2021.0272?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
https://journals.sagepub.com/doi/10.1089/ars.2021.0272?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1089/ars.2021.0272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35088601&dopt=Abstract
https://europepmc.org/abstract/MED/30295435
http://dx.doi.org/10.1002/acr.23775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30295435&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1550-4131(16)30490-9
http://dx.doi.org/10.1016/j.cmet.2016.09.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27773696&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by M Gray; submitted 01.Jun.2025; peer-reviewed by Q Zhao, K Hu; comments to author 09.Nov.2025; revised version received
25.Apr.2026; accepted 28.May.2026; published 29.Jun.2026

Please cite as:
Wang H, Mou P, Liu D, Zhao Z, Chen W, Yao Y, Shi H, Guan J, Dong J, Wei Y
Associations of Solid Fuel Use and Circadian Rhythm Syndrome With Physical Function and Muscle Strength in Middle-Aged and
Older Adults: Nationwide Cohort Study in China
JMIR Aging 2026;9:e78352
URL: https://aging.jmir.org/2026/1/e78352
doi: 10.2196/78352
PMID:

©Haochen Wang, Pengsen Mou, Donghao Liu, Ze Zhao, Wenzheng Chen, Yuxin Yao, Haoyan Shi, Jiaxin Guan, Jing Dong,
Yingliang Wei. Originally published in JMIR Aging (https://aging.jmir.org), 29.Jun.2026. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in JMIR Aging, is
properly cited. The complete bibliographic information, a link to the original publication on https://aging.jmir.org, as well as this
copyright and license information must be included.

JMIR Aging 2026 | vol. 9 | e78352 | p. 16https://aging.jmir.org/2026/1/e78352
(page number not for citation purposes)

Wang et alJMIR AGING

XSL•FO
RenderX

https://aging.jmir.org/2026/1/e78352
http://dx.doi.org/10.2196/78352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

