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Background: This study aimed to explore the effect of household solid fuel 
usage on the multimorbidity trajectories among middle-aged and older adults.

Methods: Based on the 2011–2018 China Health and Retirement Longitudinal 
Study, the group-based trajectory modeling and the multinomial logistic 
regression model were used to explore the relationship between multimorbidity 
trajectories of older adults with different fuel types, duration of solid fuel usage, 
and potential interaction with PM2.5. Three multimorbidity trajectory patterns 
were identified by group-based trajectory modeling and labeled as “non-
chronic morbidity” (no disease increase), “newly developing multimorbidity” 
(diseases grew from 0 to 2), and “multi-chronic multimorbidity” (diseases grew 
from 2 to 4).

Results: Compared to “Non-chronic morbidity,” solid fuel was significantly 
associated with adverse multimorbidity trajectories, with an odds ratio (OR) and 
95% confidence interval (CI) of 1.33 (1.11, 1.60) and 1.35 (1.18, 1.55) for newly 
developing and multi-chronic group, respectively. An adverse multimorbidity 
trajectory tended to be  established with longer durations of solid fuel usage 
than “Non-chronic morbidity.” For “Newly-developing multimorbidity,” the ORs 
(95% CI) for 1–7  years and  ≥  8  years of solid fuel usage were 1.16 (0.94, 1.42) 
and 1.41 (1.12, 1.76), respectively, with P trend=0.001, while in “Multi-chronic 
multimorbidity,” those were 1.25 (1.07, 1.47) and 1.68 (1.41, 2.00), respectively, 
with P trend <0.001. In the interaction analysis, the association between solid 
fuel usage and trajectories was significant only in areas where PM2.5 was lower 
than 50  μg/m3.

Conclusion: For the middle-aged and older Chinese population, a higher risk 
of multimorbidity trajectory is associated with household solid fuel usage, 
especially in the areas with lower PM2.5.
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1 Introduction

Multimorbidity, defined as the coexistence of two or more chronic 
conditions, has seen a rise in the prevalence due to the global aging 
population (1). In China, studies of representative samples indicated 
that the prevalence of multimorbidity in old people is over 40% (2). 
Given the irreversible nature of multimorbidity, it is imperative to 
address its modifiable risk factors. These factors are numerous and 
diverse, including, but not limited to, lifestyle (3), socioeconomic 
status (4), and air pollution (5). Among these, both household air 
pollution (HAP) and outdoor air pollution (OAP) have been 
demonstrated to have significant correlations with multimorbidity.

The mechanisms underlying the impact of air pollution on 
multimorbidity are complex (2, 6). Extensive research has shown that 
exposure to air pollutants can affect multiple human body systems, 
potentially leading to a range of chronic diseases, such as hypertension, 
diabetes, and others (2, 7, 8). As these detrimental effects accumulate, 
the multimorbidity will occur. Ambient air pollution was estimated to 
have caused 4.2 million deaths in 2019, exceeding by over 1 million 
the premature deaths caused by HAP (9). However, the older 
population, especially those with multimorbidity, often have limited 
outdoor activities, which makes HAP more closely related to their 
health than OAP (10).

Though the studies of single air pollution on multimorbidity have 
existed, most of them focus on a single time point (2, 11–14). However, 
few research studies delve into the association of solid fuel usage and 
heterogeneous trajectories of chronic conditions, especially the 
multimorbidity trajectories. Though there are several studies of 
multimorbidity trajectories in foreign countries, predominantly based 
on the total number of chronic conditions, such as Korea, the United 
States, and the UK (15–20). Conversely, research studies in China on 
multimorbidity trajectories used a multi-trajectory model based on 
different disease combinations, lacking the single trajectory model 
(21–23). Although the multi-trajectory model may help better 
understand the cluster of chronic diseases, it cannot fully encompass 
all multimorbidity trajectories among populations. Therefore, it is 
imperative to conduct further research on the trajectories of 
multimorbidity, which is crucial for facilitating timely interventions 
throughout the entire lifespan. Moreover, discrepancies in chronic 
diseases between cooking and heating and the modified effect of PM2.5 
on HAP should be considered (24).

Our study used four waves (2011, 2013, 2015, and 2018 years) of 
repeated measurement in the China Health and Retirement 
Longitudinal Study (CHARLS), recruiting participants aged 45 years 
and older to identify distinct multimorbidity trajectories. In addition, 
we explored the association between different types and duration of 
solid fuel usage and multimorbidity trajectories as well as illustrated 
the modifying effect of PM2.5 and household solid fuel usage on 
multimorbidity trajectories.

2 Materials and methods

2.1 Study subjects

The data for this study were obtained from CHARLS. Chaired by the 
National Development Research Institute of Peking University, it covered 
150 counties or districts and 450 villages or resident committees of 

China. The baseline survey, wave 1, was conducted in 2011, and three 
follow-up surveys were undertaken in 2013, 2015, and 2018, respectively. 
The study included 45 years old and older participants, and its 
questionnaire was devised based on Chinese national conditions, with 
reference to the Health and Retirement Study, the English Longitudinal 
Study of Aging, and other aging survey projects in abroad. Demographic 
backgrounds, health status and functioning, cognition and depression, 
housing characteristics, and other information were collected in this 
study. All the questionnaires and data are publicly accessible, which can 
be obtained from the program website1 (25).

Supplementary Figure S1 shows the inclusion and exclusion 
process of participants in this study. First, the baseline sample of 
17,705 in CHARLS was enrolled, and those lost to follow-up were 
excluded (n = 5,724). Then, we  excluded those missing values on 
baseline fuel information (n = 3,054), those aging less than 45 years 
(n = 195), and those with more than two missing data on 14 chronic 
diseases (n = 328) to retain a larger sample size. After exclusion, 8,404 
adult subjects, repeatedly visited four times, were included in this 
current study. For the analysis of the duration of fuel use, we further 
excluded 306 participants due to the missing fuel types for cooking 
and heating in waves 2013, 2015, and 2018.

2.2 Chronic disease and multimorbidity

During the four waves in 2011–2018, information on 14 chronic 
diseases was collected from respondents through two types of 
questions: “Have you been diagnosed with these chronic conditions 
by a doctor?” or “Do you know if you have these chronic conditions?” 
Moreover, we checked the accuracy by asking follow-up participants 
whether the last record was correct and whether they had been 
diagnosed with the conditions by a doctor since the last interview. 
These diseases include memory-related disease, psychiatric disorders, 
hypertension, dyslipidemia, diabetes, arthritis, asthma, cancer, chronic 
lung disease, heart attack, stroke, liver disease, digestive disease, and 
kidney disease. All the diseases above were defined as binary 
categorical variables (yes or no). For the counts of chronic conditions, 
we calculated the total number of chronic diseases for each participant 
according to a previous study (range from 0 to 14), and all of them in 
this study were considered as incurable illnesses (17).

2.3 Household fuel assessment

Information on the household fuel types was collected by asking 
respondents two structured questions: “What’s the main heating energy 
source?” and “What’s the main source of cooking fuel?,” each with seven 
to eight options for choosing. Types of cooking fuel were categorized into 
clean fuel (integrate those answering natural gas, liquefied petroleum gas, 
marsh gas, electric, and no cook) and solid fuel (integrate those 
responding coal and crop residue or wood), while heating fuel types were 
divided into clean fuel (integrate those answering natural gas, liquefied 
petroleum gas, electric, solar, and concentration heating) and solid fuel 
(integrate those responding coal and crop residue or wood) (26). When 

1 http://charls.pku.edu.cn/
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the respondents answered others in the above two questions, the values 
were marked as “missing” because of the uncertainties. In addition, 
we further created two variables for detail solid fuel types, whose value 
includes clean fuel, coal, and crop residue or wood. If participants used 
solid fuel for either cooking or heating, they were regarded as solid fuel 
users. Based on this, we defined the duration of solid fuel usage, whose 
values are 0 years, 1–7 years, and ≥ 8 years, corresponding to being solid 
fuel users in 0 waves, 1–3 waves, and 4 waves, respectively. The fuel types 
of combining cooking and heating were defined as both clean fuel, either 
solid fuel and both solid fuel 3 types.

2.4 PM2.5

The dataset of PM2.5 concentrations was acquired from the 
Atmospheric Composition Analysis Group at Dalhousie University2, 
from which the annual average PM2.5 concentrations of 342 
administrative units in China from 2000 to 2021 were calculated (27). 
A linear correlation study was conducted between the recent 5-year 
dataset and Chinese government-published data, yielding a goodness 
of fit (R2) surpassing 0.8. Within this inquiry, the annual mean city-
level PM2.5 concentrations from 2011 to 2018 were calculated, with 
each participant’s residential location linked to the corresponding 
PM2.5 data to determine their exposure window.

2.5 Covariates

Information for all covariates was gathered at baseline. To increase 
the comparability of studies, we selected all the covariates referring to 
a recent study (2). The covariates included demographics (including 
age, sex, residence, education levels, marriage status, and household 
annual income), lifestyle-related variables (including smoking status 
and drinking status), health status variables (including BMI), and 
environmental factors (house area, geographic position, and PM2.5).

2.6 Statistical analysis

The study population was divided into subgroups by five kinds of 
household fuel types (including cooking types, heating types, cooking 
solid fuel types, heating solid fuel types, combination of cooking and 
heating types) above. Moreover, we identified multimorbidity trajectories 
by locally weighted regression in each subgroup without considering the 
optimal trajectory cluster. Meanwhile, the generalized linear mixed model 
was applied to identify significant differences between each two curves.

Group-based trajectory modeling (GBTM) is an analysis method 
for longitudinal data. It assumes that there is a heterogeneity of variation 
among individuals in the study population and we  can divide the 
population into several subgroups. The fixed effects between the 
subgroups are different (i.e., intercept and slope), while within the 
subgroups are the same. We can identify different subgroups whose 
multiple measured variables have similar changing trajectories over 
time through GBTM. After that, we can calculate the probability that 

2 https://sites.wustl.edu/acag/datasets/surface-pm2-5/

each individual belongs to the subgroups, and we can obtain the most 
reasonable cluster based on it. However, the most plausible subgroups 
cannot be gotten before the model fitting, which should be ascertained 
by the following criteria after fitting the model: (1) having the smallest 
Bayesian information criterion (BIC); (2) average posterior probability 
(AvePP) > 0.70; and (3) The number of populations in each subgroup 
accounts for at least 5% of the whole population (28, 29). The number 
of chronic diseases was used to fit the trajectory using GBTM with the 
zero-inflated Poisson model. During the model fitting process, 
follow-up years were set as the time variable and were centroided (i.e., 
all the follow-up years used for analysis were displayed as the true value 
minus the mean value). The highest trajectory polynomial was carried 
out from linear to cubic, and we traversed one to four subgroups (for 
details, see Supplementary Methods 1). Finally, the optimal trajectory 
model was chosen from the above criteria. Among these, the definitions 
of multimorbidity trajectory patterns were labeled according to the 
initial level and trend of the trajectories, with no disease increase labeled 
as “Non-chronic morbidity,” diseases growing from 0 to 2 labeled as 
“Newly-developing multimorbidity,” and diseases growing from 2 to 4 
labeled as “Multi-chronic multimorbidity.”

Multinomial logistic regression (MNL) was performed to explore 
the relationship of multimorbidity trajectories with four household 
fuel types and the duration of solid fuel usage. All the MNLs above 
were adjusted for confounding covariates, including baseline age, sex, 
residence, education level, marital status, smoking status, drinking 
status, BMI, and PM2.5. Subsequently, Z-test and stratified analyses 
were used to evaluate the disparities among PM2.5 strata. For the 
calculation details, see Altman et al. (30). Missing data of covariates 
were handled using Chained Equations (mice) 3.14.0 package (for 
details, see Supplementary Methods 2).

Attributed cases (AT) and population attributable fractions (PAF) 
were used to measure the burden of exposures to outcomes, that is, 
interpreting the decreasing proportion of the population with 
outcomes after intervening in the exposures. Our study estimated the 
proportion of the multimorbidity “Newly-developing multimorbidity” 
and “Multi-chronic multimorbidity” trajectory that might be reduced 
if the household solid fuel were controlled. In this study, we employed 
the R package AF to execute this procedure (31).

To verify the robustness of our results, sensitivity analyses were 
performed: (1) We stratified the analysis by the following 10 factors: age 
(middle-aged adults or older adults), sex (male or female individuals), 
BMI (< 23 kg/m2 or ≥ 23 kg/m2), residence (urban or rural), house area 
(≤ 120  m2 or > 120 m2), household annual income (≤ 24,000 yuan 
or > 24,000 yuan), an education level (incomplete compulsory education 
or completed compulsory education), smoking (yes or no), drinking 
(yes or no), and geographic position (south or north). (2) We reproduced 
the outcomes utilizing the data without the imputation of covariates.

The characteristics were compared using mean (SD), median 
[interquartile range], and n (percentage). In our study, except GBTM 
which was completed using SAS 9.4, all other analyses were performed 
in R 4.2.1. Hypothesis tests were two-sided, and a p-value of <0.05 was 
considered statistically significant.

3 Results

According to household fuel types, the baseline characteristics are 
presented in Supplementary Table S1. A total of 8,404 respondents 
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were included in this study, with a median age of 57 years and slightly 
more female respondents (52.84%) than male respondents. 
Proportions of clean fuels were generally larger in cooking (N = 3,159, 
37.59%) than in heating (N = 1962, 23.35%). Compared with clean fuel 
users, individuals using solid fuel were more likely to be older, living 
in rural areas, not having complete compulsory education, have less 
household income, be smokers, have a lower BMI, and live in smaller 
housing areas.

The multimorbidity trajectories in the whole population according 
to household fuel types indicated that the number of chronic diseases 
in each group all increased over time (Supplementary Figure S2). 
Meanwhile, the number of chronic diseases in the population with 
clean fuel was constantly less than those with solid fuel, whether for 
cooking or heating. Moreover, in the population with solid fuel usage, 
those using coal had a higher number of chronic diseases than those 
using crop residue or wood.

Based on the criteria mentioned above, the best-fitting model was 
linear trajectories of three groups, as shown in Supplementary Tables S2, 
S3 and Figure  1. The three groups were labeled as “Non-chronic 
morbidity,” “Newly-developing multimorbidity,” and “Multi-chronic 
multimorbidity” according to the initial level and trend of trajectories. 
Of these, the minority (16.40%) came from the “Newly-developing 
multimorbidity,” whose diseases grew from 0 to 2 on average. The 
“Multi-chronic multimorbidity” also presented a rising trend, with 
baseline diseases increasing by 2, but its trend still fell short in 
comparison with “Newly-developing multimorbidity.” Only the 

“Non-chronic morbidity” group, 41.60% of which, had no disease 
increase. Compared with the “Non-chronic morbidity,” participants 
in the multimorbidity “Newly-developing multimorbidity” or the 
“Multi-chronic multimorbidity” were more likely to be older adults,  
female, living in urban areas, with higher levels of household income, 
smoking less, drinking less, and having higher BMI (Table 1).

Table 2 displays that the usage of solid fuel was positively and 
significantly associated with the adverse multimorbidity trajectory 
(the adverse multimorbidity trajectory is referred to as the “Newly-
developing multimorbidity” and the “Multi-chronic multimorbidity”). 
Compared with “Non-chronic morbidity,” the OR (95% CI) was 1.28 
(1.11, 1.47) for cooking and 1.22 (1.04, 1.43) for heating in “Newly-
developing multimorbidity,” while 1.22 (1.10, 1.36) for cooking and 
1.27 (1.12, 1.43) for heating in “Multi-chronic multimorbidity.” After 
subdividing the type of solid fuel, this effect still remained significant. 
Meanwhile, we found that the longer the cumulative years of solid 
fuels use were, the higher risk of being an adverse multimorbidity 
trajectory would be, with OR (95% CI) for “Newly-developing 
multimorbidity” was 1.41 (1.12, 1.76) and OR (95% CI) for “Multi-
chronic multimorbidity” was 1.68 (1.41, 2.00). Moreover, there was an 
increase in the effect with the duration of using solid fuel (P for trend 
<0.05), which also meant the clean fuel usage was protective for 
the multimorbidity.

In Table 3, we found that 4.22% (1.69%, 6.75%) occurrence of 
adverse multimorbidity trajectories could be assigned to solid fuel 
usage for cooking. When intervening in the solid fuel for heating, 

FIGURE 1

Predicted trajectories of multimorbidity from 2011 to 2018. The trajectories were shown in solid lines, and the mean of chronic disease count was 
expressed by solid points.
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TABLE 1 Characteristics of participants by multimorbidity trajectory subgroups.

Characteristics “Non-chronic morbidity” (n =  3,496)
“Newly-developing multimorbidity” 

(n =  1,378)
“Multi-chronic multimorbidity” 

(n =  3,530)

Cooking

Clean fuel 1,392 (39.8) 485 (35.2)∗ 1,282 (36.3)∗

Coal 431 (12.3) 192 (13.9) 464 (13.1)

Crop residue/wood 1,673 (47.9) 701 (50.9) 1784 (50.5)

Heating

Clean fuel 874 (25.0) 308 (22.4) 780 (22.1)∗

Coal 1,301 (37.2) 545 (39.6) 1,359 (38.5)

Crop residue/wood 1,321 (37.8) 525 (38.1) 1,391 (39.4)

Combination of cooking and heating

Both clean fuel 696 (19.9) 243 (17.6)∗∗ 614 (17.4)∗∗

Either solid fuel 874 (25.0) 307 (22.3) 834 (23.6)

Both solid fuel 1926 (55.1) 828 (60.1) 2082 (59.0)

Duration of solid fuel usage

0 years 484 (14.4) 170 (12.8)* 404 (11.9)**

1–7 years 1849 (54.9) 700 (52.5) 1745 (51.3)

≥8 years 1,032 (30.7) 463 (34.7) 1,251 (36.8)

Age, years 56.0 [49.8; 62.0] 57.0 [51.0; 64.0] ∗∗ 59.0 [53.0; 65.0] ∗∗

Sex

Male individuals 1775 (50.8) 677 (49.1) 1,511 (42.8)∗∗

Female individuals 1721 (49.2) 701 (50.9) 2019 (57.2)

Residence

Urban 1,007 (28.8) 432 (31.3) 1,157 (32.8)∗∗

Rural 2,489 (71.2) 946 (68.7) 2,373 (67.2)

Education levels

Incomplete compulsory education 3,134 (89.7) 1,255 (91.1) 3,202 (90.8)

Completed compulsory education 358 (10.3) 123 (8.9) 323 (9.2)

Marriage status

Separated/divorced/widowed/never married 327 (9.4) 136 (9.9) 411 (11.6)

Married 3,166 (90.6) 1,242 (90.1) 3,118 (88.4)

(Continued)
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TABLE 1 (Continued)

Characteristics “Non-chronic morbidity” (n =  3,496)
“Newly-developing multimorbidity” 

(n =  1,378)
“Multi-chronic multimorbidity” 

(n =  3,530)

Household income

≥ average level 648 (31.6) 284 (32.3) 673 (28.4)∗

< average level 1,400 (68.4) 596 (67.7) 1,699 (71.6)

Smoking status

Yes 1,113 (33.0) 419 (31.4) 925 (26.9)∗∗

No 2,258 (67.0) 915 (68.6) 2,519 (73.1)

Drinking status

Yes 1,315 (37.7) 510 (37.0) 1,011 (28.7)∗∗

No 2,174 (62.3) 867 (63.0) 2,511 (71.3)

BMI

Underweight (< 18.5kg/m2) 191 (6.5) 73 (6.5)∗∗ 198 (6.8)∗∗

Normal weight (≥ 18.5kg/m2 and < 23kg/m2) 1,447 (49.5) 466 (41.2) 1,046 (35.7)

Overweight (≥ 23kg/m2 and < 25kg/m2) 585 (20.0) 230 (20.3) 557 (19.0)

Obese (≥25kg/m2) 699 (23.9) 363 (32.1) 1,127 (38.5)

House area

≤120 m2 2,332 (67.9) 928 (68.8) 2,395 (69.2)

>120 m2 1,104 (32.1) 421 (31.2) 1,066 (30.8)

Geographic position

South 1823 (52.1) 692 (50.2) 1827 (51.8)

North 1,673 (47.9) 686 (49.8) 1703 (48.2)

PM2.5, ug/m3 48.5 [37.5; 63.2] 48.5 [37.5; 63.1] 48.5 [37.2; 62.2] ∗

BMI, body mass index; ∗∗ p < 0.01 compared with the low-stable group; ∗ p < 0.05 compared with the low-stable group.
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there would be 5.34% (1.81%, 8.87%) populations that could avoid 
developing the adverse multimorbidity trajectory.

Figure 2 shows that PM2.5 had a marked interaction effect toward 
a significant association of multimorbidity trajectory with solid fuel 
usage. Whether using solid fuel for cooking, heating, combination, or 
for the duration of solid fuel usage, all scenarios exhibited a 
noteworthy impact in the presence of lower PM2.5 levels. The OR (95% 
CI) was 1.56 (1.28, 1.91) for cooking, 1.41 (1.13, 1.75) for heating, 1.70 
(1.32, 2.19) for both solid fuel usage when combining cooking and 
heating, and 1.70 (1.26, 2.29) for 8 years of solid fuel usage in the 
context of “Newly-developing multimorbidity.” In the case of “Multi-
chronic multimorbidity,” the OR (95% CI) was 1.45 (1.24, 1.68) for 

cooking, 1.64 (1.39, 1.94) for heating, 1.82 (1.50, 2.20) for both solid 
fuel usage when combining cooking and heating, and 2.44 (1.93, 3.08) 
for 8 years of solid fuel usage, all in comparison with the “Non-chronic 
morbidity” group.

Supplementary Figures S3, S4 display the results of the 
stratification in the sensitivity analyses. Within each subgroup, solid 
fuel usage remains associated with an elevated likelihood of adverse 
multimorbidity trajectories, few of which showed uniformity in the 
magnitude of solid fuel’s impact across subgroups. Individuals of a 
younger age, a lower BMI, a smaller residential living area, higher 
household annual income, incomplete compulsory education, 
abstention from alcohol consumption, and residing in the southern 

TABLE 2 Relationship between different household fuel types and multimorbidity trajectories.

Characteristics

Newly-developing multimorbidity vs. 
Non-chronic morbidity

Multi-chronic multimorbidity vs. Non-
chronic morbidity

OR (95% CI) p-value OR (95% CI) p-value

Cooking

Clean fuel 1.00 (ref) 1.00 (ref)

Solid fuel 1.28 (1.11, 1.47) <0.001 1.22 (1.10, 1.36) <0.001

Cooking solid fuel types

Clean fuel 1.00 (ref) 1.00 (ref)

Coal 1.32 (1.08, 1.62) 0.008 1.20 (1.02, 1.41) 0.024

Crop residue/wood 1.27 (1.09, 1.47) 0.002 1.22 (1.09, 1.37) <0.001

Heating

Clean fuel 1.00 (ref) 1.00 (ref)

Solid fuel 1.22 (1.04, 1.43) 0.013 1.27 (1.12, 1.43) <0.001

Heating solid fuel types

Clean fuel 1.00 (ref) 1.00 (ref)

Coal 1.25 (1.05, 1.48) 0.012 1.26 (1.11, 1.44) 0.001

Crop residue/wood 1.19 (0.99, 1.42) 0.060 1.28 (1.11, 1.46) <0.001

Combination of cooking and heating

Both clean fuel 1.00 (ref) 1.00 (ref)

Either solid fuel 1.05 (0.86, 1.28) 0.632 1.15 (0.99, 1.34) 0.069

Both solid fuel 1.33 (1.11, 1.60) 0.002 1.35 (1.18, 1.55) <0.001

Duration of solid fuel usage

0 year 1.00 (ref) 1.00 (ref)

1–7 years 1.16 (0.94, 1.42) 0.165 1.25 (1.07, 1.47) 0.006

≥ 8 years 1.41 (1.12, 1.76) 0.003 1.68 (1.41, 2.00) <0.001

p-value for trend 0.001 <0.001

OR: odds ratio; CI: confidence interval; P for trend: trend test with exposure treated as an ordered variable; “Non-chronic morbidity” as reference trajectory; adjusted by baseline age, sex, 
residence, education level, marriage status, smoking status, drinking status, BMI, and PM2.5.

TABLE 3 Burden of “newly-developing multimorbidity” and “multi-chronic multimorbidity” caused by solid fuel.

Variable

Number of “newly-
developing multimorbidity” 

and “multi-chronic 
multimorbidity”

AT (95%CI) PAF, % (95%CI) p-value

Using solid fuel for cooking (62.41%) 4,908 64 (25, 102) 4.22 (1.69, 6.75) 0.001

Using solid fuel for heating (76.65%) 4,908 81 (27, 134) 5.34 (1.81, 8.87) 0.003

AT, attributed cases; PAF, population attributable fractions.
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region exhibited a propensity for an augmented susceptibility to an 
adverse multimorbidity trajectory. The stratification in the duration of 
household solid fuel usage sustained the identical pattern as observed 
with household fuel types. Those with lower BMI, smaller residential 
living areas, incomplete compulsory education, and non-drinking and 
non-smoking habits demonstrated an elevated susceptibility. In 
addition, the sensitivity analysis also indicated that the results were 
consistent across the main analysis and the analysis without 
imputation (see Supplementary Tables S4, S5; 
Supplementary Figures S5–S7). Moreover, the inclusive population 
and exclusive population are generally comparable in the baseline 
characteristics (see Supplementary Table S6).

4 Discussion

Our study identified three different multimorbidity trajectories 
(Non-chronic morbidity, 40.75%; Newly-developing multimorbidity, 
16.97%; Multi-chronic multimorbidity, 42.28%) based on a large 
longitudinal dataset with a nationally representative middle-aged and 
older adult Chinese population. Meanwhile, we  found that it was 
easier to develop an adverse multimorbidity trajectory (i.e., “Newly-
developing multimorbidity” and “Multi-chronic multimorbidity”) 
when using solid fuel instead of clean fuel, and the longer the duration 
of using solid fuel, the higher risk of being the adverse trajectory 
would be. Furthermore, our results suggested that ambient PM2.5 
exposure might modify the effects of solid fuel use for heating and 
cooking on adverse multimorbidity trajectory risk.

Most studies identified four subgroups of multimorbidity 
trajectory (17, 19, 20); however, there were still few studies that 
identified three different multimorbidity trajectories (18), which were 
similar to our study. In our study, the number of chronic diseases kept 
zero in “Non-chronic morbidity.” Individuals in “Newly-developing 
multimorbidity” did not suffer any chronic conditions at baseline, but 

their disease number gradually increased and finally reached more 
than two. The highest number was observed in “Multi-chronic 
multimorbidity,” whose disease number increased from two to four. 
This also varied from the previously identified shapes of trajectories. 
A study of the population aged 65 years and older in Korea indicated 
that the majority of individuals’ multimorbidity trajectories were 
“maintaining-low” (59.4%), a minority of them maintained 
“chronically-high” (7.5%), and only two groups (“moderately-
increasing,” 26.0%; “rapidly-increasing, 7.1%”) showed an increased 
trend over time (17). A study conducted by Tarraf et al. approximately 
65 years and older Americans identified four parallel multimorbidity 
trajectories, and the proportions of every group were balanced (19). 
We  speculate that this discrepancy may have come from the 
proportions of ethnicity, age and sex, duration of follow-up, chronic 
diseases selected, and indicator as a measure of multimorbidity. 
Currently, we only found two studies about multimorbidity trajectories 
in the Chinese population (21, 22), but they all used multi-trajectory 
modeling, which was difficult to compare with our results.

Despite previous studies only focusing on one or two cross 
sections, their outcomes remained consistent, in which they all found 
there was an increased risk of chronic disease and multimorbidity 
occurrence when using household solid fuels (2, 32, 33). The findings 
of our study were consistent with them, we  found the number of 
chronic diseases always kept high in those using solid fuel, rather than 
using clean fuel whether for cooking or heating. In addition, we also 
found that using coal will have a higher risk of obtaining new chronic 
diseases than using crop residue or wood, though this remained 
insignificant in “Multi-chronic multimorbidity” due to some stable 
disease individuals in it. This may be  expounded through the 
difference between solid biomass and coal. Compared with the solid 
biomass such as crop residue and wood, coal has some inherent 
pollutants itself, such as sulfur, arsenic, silicon dioxide, fluorine, lead, 
and mercury. Moreover, these pollutants would be released into the 
air as the original or oxidized forms in the combustion, and this would 

FIGURE 2

Stratified analysis by PM2.5 for the association of fuel types and duration of solid fuel usage with multimorbidity trajectories. Each line represents the risk 
of adverse multimorbidity trajectories associated with the usage of solid fuels within different PM2.5 subgroups. All the models were adjusted by 
baseline age, sex, residence, education level, marriage status, smoking status, drinking status, BMI, and PM2.5.
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produce more pollutants (34). As a result, burning the coal has more 
drastically deleterious effects on health than the biomass.

Moreover, there was a study that addressed the difference in 
multimorbidity progression when using solid fuel (7). It found that 
the association between using solid fuel for heating (OR (95%CI) 
was 1.28 (1.09, 1.50)) and multimorbidity progression was stronger 
than for cooking (OR (95%CI) was 1.16 (1.01, 1.34)). Interestingly, 
our results did not fully align with this finding as we observed a 
discrepancy in the various adverse multimorbidity trajectories. 
Specifically, within the “Newly-developing multimorbidity” group, 
the risk of developing an adverse multimorbidity trajectory caused 
by using solid fuel for cooking was significantly higher than that for 
heating. Conversely, in the “Multi-chronic multimorbidity” group, 
the opposite outcome was observed. This variation can be attributed 
to two key factors. On the one hand, a higher proportion of the 
population used solid fuel for heating in the “Newly-developing 
multimorbidity” group than the “Multi-chronic multimorbidity” 
group, while the population using solid fuel for cooking was 
generally larger among the “Multi-chronic multimorbidity” group 
versus the “Newly-developing multimorbidity” group. On the other 
hand, people tend to be closer to pollution sources when cooking, 
thereby inhaling higher levels of pollutants than heating. However, 
individuals with baseline chronic diseases tended to have activity 
limitations, potentially leading to reduced cooking activities (35). 
Thus, in the “Multi-chronic multimorbidity” group, the impact of 
using solid fuel for heating was more pronounced, while in the 
“Newly-developing multimorbidity” group, the influence of using 
solid fuel for cooking was more significant.

In addition, our study examined whether the cumulative effect of 
solid fuel usage was harmful to the occurrence of adverse 
multimorbidity trajectory. Our results were consistent with most of 
the previous studies (26, 36): the longer the duration of using solid 
fuel, the more easily the adverse health outcome would occur. 
Meanwhile, in our study, this was also demonstrated by PAF. We found 
that reducing the usage of solid fuel could also reduce the proportion 
of occurring adverse health outcomes. This was in line with the 
findings of other studies (37, 38). Hence, one of the implications of 
this study is revealing the hazard of solid fuel and providing clues that 
changing the household fuel types (switching the solid fuel to clean 
fuel) could reduce the occurrence of this hazard.

Few studies linked the joint effect of HAP and OAP with 
multimorbidity, the majority of which only focus on the joint effect on 
a single disease or only investigated single air pollution. For example, 
a study of the UK Biobank cohort found that the risk of obtaining 
multimorbidity was increased by the outdoor PM2.5 concentrations 
(7). Liu et  al. indicated that an obvious cumulative effect was 
demonstrated in solid fuel usage and exposure to PM2.5, coexistence 
of which could increase the risk of arthritis (39). Despite the available 
evidence showing that whether the HAP, OAP, or the joint effect of 
both would increase the risk of adverse health outcome occurrence, 
they did not distinguish whether the HAP or the OAP had different 
effects in different populations. Our study found that the usage of 
household solid fuel was the leading cause of being adverse 
multimorbidity trajectories among populations with lower PM2.5, 
while PM2.5 and other more complex reasons may be the major cause 
among those with higher PM2.5. The phenomenon in our study that 
individuals with solid fuel usage were more exposed to low-level 
ambient PM2.5 could corroborate this. This might be interpreted for 

three reasons. First, exposure to HAP has higher pollution 
concentrations than OAP (40). Second, individuals residing in areas 
with lower PM2.5 levels may more often disregard the implications of 
household air pollution (41). Furthermore, as PM2.5 concentrations are 
higher in urban areas than in rural areas (42), there existed an urban–
rural disparity in the risk of HAP on multimorbidity trajectories, 
which is supported by the results of the stratified analyses of urban–
rural differences in our study. Thus, switching from solid fuel to a 
cleaner alternative still needs to be strengthened in areas with lower 
PM2.5 levels and in rural areas to reduce the occurrence of adverse 
multimorbidity trajectories.

Previous studies suggested that there was a difference in the risk 
of multimorbidity when exposed to solid fuel among different 
populations. Zhang et al. found that male individuals had a higher risk 
of stroke than female individuals when using solid fuel for cooking, 
and smokers carried a higher risk than non-smokers as well (43). 
Some significant differences were found among different populations 
such as age, sex, BMI, residence, house area, household annual 
income, education level, smoking status, drinking status, and 
geographic position in our study, which differed from theirs. 
Regarding our focus on the “Newly-developing multimorbidity” 
group, we found intriguing outcomes in relation to residence, smoking 
status, and BMI, which demonstrated reversed effects during cooking 
and heating, though the majority of these stratified effects still 
underscore a consistent influence throughout cooking, heating, 
and amalgamation.

After stratification by residence, a higher risk of developing a 
“Newly-developing multimorbidity” trajectory existed in rural 
instead of urban when heating, which existed in urban rather than 
rural when cooking. Moreover, the rural exhibited a higher 
susceptibility to the “Newly-developing multimorbidity” risk than 
urban for the combination. This phenomenon was similar to that 
mentioned in the study undertaken by Mohajeri et al. (42), where 
rural areas (171 μg/m3, 95%CI: 153 μg/m3–189 μg/m3) showed a 
higher exposure of household solid fuel usage for combination than 
urban areas (92 μg/m3, 95%CI: 77 μg/m3–106 μg/m3). The 
discrepancy between rural and urban areas might be attributed to 
the lower quality of heating, such as heating stoves or “kang,” being 
more common in rural settings, while radiators or air conditioners 
are prevalent in urban areas (44). In contrast, when it comes to 
cooking, rural areas tend to conduct this activity outdoors, whereas 
urban areas do not (45). As described in previous studies (46, 47), 
the presence of environmental pollutants exacerbates health 
problems caused by smoking. Consequently, smokers may have a 
higher risk of developing adverse multimorbidity trajectories, 
whether using solid fuel for cooking or heating. However, the 
observation of higher risk in non-smokers when cooking in this 
study may be  because some smokers may lack cooking habits. 
However, the reason for the diversity in different BMI populations 
still remains unclear. Cao et  al. suggested that long-term air 
pollution might elevate adipose lipolysis, thereby contributing to 
the initiation of oxidative stress and inflammation pathways (48). 
In addition, longer periods of pollutant exposure were demonstrated 
to exist in populations using solid fuel for heating rather than for 
cooking (49). Therefore, it is reasonable to assume that individuals 
with lower BMIs may have a higher risk of developing 
multimorbidity trajectories than those with higher BMIs when 
heating, while the effect may be the opposite when cooking.
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This study had some limitations. First, similar to another study 
(50), we did not obtain the indoor pollutants’ concentrations, just 
replaced this by using self-reported household fuel types, which may 
neglect the effect of some factors such as ventilation and house types 
on HAP. Second, the lack of measurement on cooking frequency limits 
the ability to obtain more precise individual exposure to pollutants 
from cooking, as relying solely on whether one cooks or not is 
imprecise. This still needs further attention. Third, the chronic disease 
information was collected by self-reported, which was not as accurate 
as medical records and remained some information bias. Fourth, in 
our studies, only fine particulate matter (PM2.5) among OAP was taken 
into account. The remaining indicators of OAP still warrant 
subsequent study. Furthermore, there still existed some confounding 
factors not considered, which could also cause effects on the 
occurrence of chronic disease in the study population, such as 
household income. Thus, their real relationship could be exaggerated 
or masked. Finally, as with all cohorts, the selection bias caused by loss 
to the follow-up was not negligible.

5 Conclusion

This study identified three different multimorbidity trajectories 
and found that household solid fuel usage increases the risk of adverse 
multimorbidity trajectories. Moreover, the modification of PM2.5 in 
the effects of household solid fuel use on multimorbidity trajectories 
existed, and those living with lower PM2.5 are susceptible to solid fuel 
usage. Our study highlights the important implications for reducing 
the long-term burden of multimorbidity by switching to cleaner fuels.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

Ethical review and approval was not required for the study on 
human participants in accordance with the local legislation and 
institutional requirements. Written informed consent from the 
[patients/ participants OR patients/participants legal guardian/next of 
kin] was not required to participate in this study in accordance with 
the national legislation and the institutional requirements.

Author contributions

YL: Conceptualization, Data curation, Formal analysis, 
Methodology, Software, Visualization, Writing – original draft. BW: 

Conceptualization, Data curation, Formal analysis, Methodology, 
Software, Visualization, Writing – original draft. BF: 
Conceptualization, Data curation, Methodology, Software, Writing – 
original draft. JL: Conceptualization, Data curation, Methodology, 
Software, Writing – original draft. CL: Conceptualization, Data 
curation, Methodology, Software, Writing – original draft. CS: Data 
curation, Writing – original draft. AL: Writing – review & editing. TZ: 
Funding acquisition, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the National Natural Science Foundation of China 
(82222064, 82473730), the National Key Research and Development 
Program (2022YFC2010100), and Shandong University Distinguished 
Young Scholars. The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation of 
the manuscript.

Acknowledgments

The China Health and Retirement Longitudinal Study is a joint 
effort of many investigators and staff members whose contribution is 
gratefully acknowledged. We appreciate the CHARLS participants and 
their families for the provision of data.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1446688/
full#supplementary-material

References
 1. Skou ST, Mair FS, Fortin M, Guthrie B, Nunes BP, Miranda JJ, et al.  

Multimorbidity. Nat Rev Dis Primers. (2022) 8:48. doi: 10.1038/s41572-022- 
00376-4

 2. 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. doi: 10.1016/j.envint.2022.107635

https://doi.org/10.3389/fpubh.2024.1446688
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1446688/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1446688/full#supplementary-material
https://doi.org/10.1038/s41572-022-00376-4
https://doi.org/10.1038/s41572-022-00376-4
https://doi.org/10.1016/j.envint.2022.107635


Li et al. 10.3389/fpubh.2024.1446688

Frontiers in Public Health 11 frontiersin.org

 3. Sakib MN, Shooshtari S, St John P, Menec V. The prevalence of multimorbidity and 
associations with lifestyle factors among middle-aged Canadians: an analysis of 
Canadian longitudinal study on aging data. BMC Public Health. (2019) 19:243. doi: 
10.1186/s12889-019-6567-x

 4. Low LL, Kwan YH, Ko MSM, Yeam CT, Lee VSY, Tan WB, et al. Epidemiologic 
characteristics of multimorbidity and sociodemographic factors associated with 
multimorbidity in a rapidly aging Asian country. JAMA Netw Open. (2019) 2:e1915245. 
doi: 10.1001/jamanetworkopen.2019.15245

 5. Arias de la Torre J, Ronaldson A, Alonso J, Dregan A, Mudway I, Valderas JM, et al. 
The relationship between air pollution and multimorbidity: can two birds be killed with 
the same stone? Eur J Epidemiol. (2023) 38:349–53. doi: 10.1007/s10654-022-00955-5

 6. Chen Y, Shi L, Zheng X, Yang J, Xue Y, Xiao S, et al. Patterns and determinants of 
multimorbidity in older adults: study in health-ecological perspective. Int J Environ Res 
Public Health. (2022) 19:16756. doi: 10.3390/ijerph192416756

 7. Ronaldson A, Arias de la Torre J, Ashworth M, Hansell AL, Hotopf M, Mudway I, 
et al. Associations between air pollution and multimorbidity in the Uk biobank: a cross-
sectional study. Front Public Health. (2022) 10:1035415. doi: 10.3389/fpubh.2022.1035415

 8. Wu T, Zhang Y, Zhou Y, Zhang Z, Cheng Y, Liu X, et al. Solid fuel use and the 
progression of multimorbidity in middle-aged Chinese participants: a prospective 
cohort study. Int J Public Health. (2022) 67:1605206. doi: 10.3389/ijph.2022.1605206

 9. World Health Organization. Ambient (outdoor) air pollution (2022). Available at: 
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-
health. (Accessed September 13, 2024).

 10. Azim FT, Ariza-Vega P, Gardiner PA, Ashe MC. Indoor built environment and 
older Adults' activity: a systematic review. Can J Aging. (2022) 42:241–58. doi: 10.1017/
S0714980822000241

 11. Mocumbi AO, Stewart S, Patel S, Al-Delaimy WK. Cardiovascular effects of indoor 
air pollution from solid fuel: relevance to sub-Saharan Africa. Curr Environ Health Rep. 
(2019) 6:116–26. doi: 10.1007/s40572-019-00234-8

 12. Li X, Guo Y, Xiao J, Liu T, Zeng W, Hu J, et al. The effect of polluting cooking fuels 
on depression among older adults in six Low- and middle-income countries. Sci Total 
Environ. (2022) 838:155690. doi: 10.1016/j.scitotenv.2022.155690

 13. Cheng ES, Chan KH, Weber M, Steinberg J, Young J, Canfell K, et al. Solid fuel, 
secondhand smoke, and lung Cancer mortality: a prospective cohort of 323,794 Chinese 
never-smokers. Am J Respir Crit Care Med. (2022) 206:1153–62. doi: 10.1164/
rccm.202201-0114OC

 14. Lee KK, Bing R, Kiang J, Bashir S, Spath N, Stelzle D, et al. Adverse health effects 
associated with household air pollution: a systematic review, Meta-analysis, and burden 
estimation study. Lancet Glob Health. (2020) 8:e1427–34. doi: 10.1016/
S2214-109X(20)30343-0

 15. Strauss VY, Jones PW, Kadam UT, Jordan KP. Distinct trajectories of 
multimorbidity in primary care were identified using latent class growth analysis. J Clin 
Epidemiol. (2014) 67:1163–71. doi: 10.1016/j.jclinepi.2014.06.003

 16. Dekhtyar S, Vetrano DL, Marengoni A, Wang HX, Pan KY, Fratiglioni L, et al. 
Association between speed of multimorbidity accumulation in old age and life experiences: 
a cohort study. Am J Epidemiol. (2019) 188:1627–36. doi: 10.1093/aje/kwz101

 17. Lee SA, Joo S, Chai HW, Jun HJ. Patterns of multimorbidity trajectories and their 
correlates among Korean older adults. Age Ageing. (2021) 50:1336–41. doi: 10.1093/
ageing/afab002

 18. O'Neill AS, Newsom JT, Trubits EF, Elman MR, Botoseneanu A, Allore HG, et al. 
Racial, ethnic, and socioeconomic disparities in trajectories of morbidity accumulation 
among older Americans. SSM Popul Health. (2023) 22:22. doi: 10.1016/j.ssmph.2023.101375

 19. Tarraf W, Jensen GA, Dillaway HE, Vasquez PM, Gonzalez HM. Trajectories of 
aging among U.S. older adults: mixed evidence for a Hispanic paradox. J Gerontol B 
Psychol Sci Soc Sci. (2020) 75:601–12. doi: 10.1093/geronb/gby057

 20. Chen H, Zhou Y, Huang L, Xu X, Yuan C. Multimorbidity burden and 
developmental trajectory in relation to later-life dementia: a prospective study. 
Alzheimers Dement. (2022) 18:e063540. doi: 10.1002/alz.063540

 21. Shi Z, Zhang Z, Shi K, Yu B, Jiang Z, Yang L, et al. Association between 
multimorbidity trajectories and incident disability among mid to older age adults: China 
health and retirement longitudinal study. BMC Geriatr. (2022) 22:741. doi: 10.1186/
s12877-022-03421-9

 22. Hsu HC. Trajectories of multimorbidity and impacts on successful aging. Exp 
Gerontol. (2015) 66:32–8. doi: 10.1016/j.exger.2015.04.005

 23. Hu K, Keenan K, Hale JM, Liu Y, Kulu H. A longitudinal analysis of Pm2.5 
exposure and multimorbidity clusters and accumulation among adults aged 45-85 in 
China. PLOS Glob Public Health. (2022) 2:e0000520. doi: 10.1371/journal.pgph.0000520

 24. Li J, Qin C, Lv J, Guo Y, Bian Z, Zhou W, et al. Solid fuel use and incident Copd in 
Chinese adults: findings from the China Kadoorie biobank. Environ Health Perspect. 
(2019) 127:57008. doi: 10.1289/EHP2856

 25. Zhao Y, Strauss J, Chen X, Wang Y, Gong J, Meng Q, et al. China Health and 
Retirement Longitudinal Study Wave 4 User’s Guide. (2020). National School of 
Development, Peking University.

 26. Liu Y, Ning N, Sun T, Guan H, Liu Z, Yang W, et al. Association between solid fuel 
use and nonfatal cardiovascular disease among middle-aged and older adults: findings 
from the China health and retirement longitudinal study (Charls). Sci Total Environ. 
(2023) 856:159035. doi: 10.1016/j.scitotenv.2022.159035

 27. Haimeng L. Annual mean PM2.5 concentration dataset of 342 Chinese cities 
(2000-2021) [Internet]. V1 ed. Science Data Bank; 2023 [cited 2024Oct19]. Available at: 
https://www.scidb.cn/en/detail?dataSetId=84279e24dec04d4ba68c1fadb70ff1ce.

 28. Nagin DS, Jones BL, Passos VL, Tremblay RE. Group-based multi-trajectory 
modeling. Stat Methods Med Res. (2018) 27:2015–23. doi: 10.1177/0962280216673085

 29. Nagin DS, Odgers CL. Group-based trajectory modeling in clinical research. Annu 
Rev Clin Psychol. (2010) 6:109–38. doi: 10.1146/annurev.clinpsy.121208.131413

 30. Altman DG, Bland JM. Interaction revisited: the difference between two estimates. 
BMJ. (2003) 326:219. doi: 10.1136/bmj.326.7382.219

 31. Dahlqwist E, Zetterqvist J, Pawitan Y, Sjolander A. Model-based estimation of the 
attributable fraction for cross-sectional, case-control and cohort studies using the R 
package Af. Eur J Epidemiol. (2016) 31:575–82. doi: 10.1007/s10654-016-0137-7

 32. Cao L, Zhao Z, Ji C, Xia Y. Association between solid fuel use and cognitive 
impairment: a cross-sectional and follow-up study in a middle-aged and older Chinese 
population. Environ Int. (2021) 146:106251. doi: 10.1016/j.envint.2020.106251

 33. Lin L, Wang HH, Liu Y, Lu C, Chen W, Guo VY. Indoor solid fuel use for heating 
and cooking with blood pressure and hypertension: a cross-sectional study among 
middle-aged and older adults in China. Indoor Air. (2021) 31:2158–66. doi: 10.1111/
ina.12872

 34. Zhang JJ, Smith KR. Household air pollution from coal and biomass fuels in China: 
measurements, health impacts, and interventions. Environ Health Perspect. (2007) 
115:848–55. doi: 10.1289/ehp.9479

 35. Bowling CB, Deng L, Sakhuja S, Morey MC, Jaeger BC, Muntner P. Prevalence of 
activity limitations and association with multimorbidity among us adults 50 to 64 years 
old. J Gen Intern Med. (2019) 34:2390–6. doi: 10.1007/s11606-019-05244-8

 36. Jin X, He J, Liang Y, Sun X, Yan S, Wu Y, et al. Associations between household 
solid fuel use and activities of daily living trajectories: a Nationwide longitudinal study 
of middle and older adults in China. Environ Int. (2022) 170:107605. doi: 10.1016/j.
envint.2022.107605

 37. Xu T, Ye X, Lu X, Lan G, Xie M, Huang Z, et al. Association between solid cooking 
fuel and cognitive decline: three Nationwide cohort studies in middle-aged and older 
population. Environ Int. (2023) 173:107803. doi: 10.1016/j.envint.2023. 
107803

 38. Yin P, Cai Y, Liu JM, Liu YN, Qi JL, Wang LJ, et al. Disease burden attributable to 
household air pollution in 1990 and 2013 in China. Zhonghua Yu Fang Yi Xue Za Zhi. 
(2017) 51:53–7. doi: 10.3760/cma.j.issn.0253-9624.2017.01.011

 39. Liu YH, Lu YK, Liu XT, Li YL, Hu LK, Gao HY, et al. Association of Household 
Solid Fuel use and Long-Term Exposure to pm(2.5) with arthritis in middle-aged and 
older population in China: a cohort study. Ecotoxicol Environ Saf. (2021) 230:113104. 
doi: 10.1016/j.ecoenv.2021.113104

 40. Du W, Li X, Chen Y, Shen G. Household air pollution and personal exposure to air 
pollutants in rural China – a review. Environ Pollut. (2018) 237:625–38. doi: 10.1016/j.
envpol.2018.02.054

 41. Shen F, Wang Q, Zou J, Yan H, Wang B. Air pollution and migration decision of 
migrants in Low-carbon society. Int J Environ Res Public Health. (2023) 20:870. doi: 
10.3390/ijerph20010870

 42. Mohajeri N, Hsu SC, Milner J, Taylor J, Kiesewetter G, Gudmundsson A, et al. 
Urban-rural disparity in global estimation of pm(2.5) household air pollution and its 
attributable health burden. Lancet Planet Health. (2023) 7:e660–72. doi: 10.1016/
S2542-5196(23)00133-X

 43. Zhang H, Xia Y, Su H, Chang Q, Zhao Y. Household solid fuel use and stroke 
incidence: evidence from a National Cohort Study. Front Public Health. (2022) 
10:1018023. doi: 10.3389/fpubh.2022.1018023

 44. Chen Y, Shen H, Smith KR, Guan D, Chen Y, Shen G, et al. Estimating household 
air pollution exposures and health impacts from space heating in rural China. Environ 
Int. (2018) 119:117–24. doi: 10.1016/j.envint.2018.04.054

 45. Isara AR, Aigbokhaode AQ. Household cooking fuel use among residents of a 
sub-Urban Community in Nigeria: implications for indoor air pollution. Eurasian J Med. 
(2014) 46:203–8. doi: 10.5152/eajm.2014.0051

 46. Zhou T, Hu Y, Wang Y, Sun C, Zhong Y, Liao J, et al. Fine particulate matter 
(pm(2.5)) aggravates apoptosis of cigarette-inflamed bronchial epithelium in vivo and 
vitro. Environ Pollut. (2019) 248:1–9. doi: 10.1016/j.envpol.2018.11.054

 47. Zhao J, Li M, Wang Z, Chen J, Zhao J, Xu Y, et al. Role of pm(2.5) in the 
development and progression of Copd and its mechanisms. Respir Res. (2019) 20:120. 
doi: 10.1186/s12931-019-1081-3

 48. Cao S, Guo Q, Xue T, Wang B, Wang L, Duan X, et al. Long-term exposure to 
ambient pm(2.5) increase obesity risk in Chinese adults: a cross-sectional study based 
on a Nationwide survey in China. Sci Total Environ. (2021) 778:145812. doi: 10.1016/j.
scitotenv.2021.145812

 49. Xu H, Li Y, Guinot B, Wang J, He K, Ho KF, et al. Personal exposure of Pm2.5 
emitted from solid fuels combustion for household heating and cooking in rural 
Guanzhong plain, northwestern China. Atmos Environ. (2018) 185:196–206. doi: 
10.1016/j.atmosenv.2018.05.018

 50. Qiu S, Chen X, Chen X, Luo G, Guo Y, Bian Z, et al. Solid fuel use, socioeconomic 
indicators and risk of cardiovascular diseases and all-cause mortality: a prospective 
cohort study in a rural area of Sichuan, China. Int J Epidemiol. (2022) 51:501–13. doi: 
10.1093/ije/dyab191

https://doi.org/10.3389/fpubh.2024.1446688
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1186/s12889-019-6567-x
https://doi.org/10.1001/jamanetworkopen.2019.15245
https://doi.org/10.1007/s10654-022-00955-5
https://doi.org/10.3390/ijerph192416756
https://doi.org/10.3389/fpubh.2022.1035415
https://doi.org/10.3389/ijph.2022.1605206
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://doi.org/10.1017/S0714980822000241
https://doi.org/10.1017/S0714980822000241
https://doi.org/10.1007/s40572-019-00234-8
https://doi.org/10.1016/j.scitotenv.2022.155690
https://doi.org/10.1164/rccm.202201-0114OC
https://doi.org/10.1164/rccm.202201-0114OC
https://doi.org/10.1016/S2214-109X(20)30343-0
https://doi.org/10.1016/S2214-109X(20)30343-0
https://doi.org/10.1016/j.jclinepi.2014.06.003
https://doi.org/10.1093/aje/kwz101
https://doi.org/10.1093/ageing/afab002
https://doi.org/10.1093/ageing/afab002
https://doi.org/10.1016/j.ssmph.2023.101375
https://doi.org/10.1093/geronb/gby057
https://doi.org/10.1002/alz.063540
https://doi.org/10.1186/s12877-022-03421-9
https://doi.org/10.1186/s12877-022-03421-9
https://doi.org/10.1016/j.exger.2015.04.005
https://doi.org/10.1371/journal.pgph.0000520
https://doi.org/10.1289/EHP2856
https://doi.org/10.1016/j.scitotenv.2022.159035
https://www.scidb.cn/en/detail?dataSetId=84279e24dec04d4ba68c1fadb70ff1ce
https://doi.org/10.1177/0962280216673085
https://doi.org/10.1146/annurev.clinpsy.121208.131413
https://doi.org/10.1136/bmj.326.7382.219
https://doi.org/10.1007/s10654-016-0137-7
https://doi.org/10.1016/j.envint.2020.106251
https://doi.org/10.1111/ina.12872
https://doi.org/10.1111/ina.12872
https://doi.org/10.1289/ehp.9479
https://doi.org/10.1007/s11606-019-05244-8
https://doi.org/10.1016/j.envint.2022.107605
https://doi.org/10.1016/j.envint.2022.107605
https://doi.org/10.1016/j.envint.2023.107803
https://doi.org/10.1016/j.envint.2023.107803
https://doi.org/10.3760/cma.j.issn.0253-9624.2017.01.011
https://doi.org/10.1016/j.ecoenv.2021.113104
https://doi.org/10.1016/j.envpol.2018.02.054
https://doi.org/10.1016/j.envpol.2018.02.054
https://doi.org/10.3390/ijerph20010870
https://doi.org/10.1016/S2542-5196(23)00133-X
https://doi.org/10.1016/S2542-5196(23)00133-X
https://doi.org/10.3389/fpubh.2022.1018023
https://doi.org/10.1016/j.envint.2018.04.054
https://doi.org/10.5152/eajm.2014.0051
https://doi.org/10.1016/j.envpol.2018.11.054
https://doi.org/10.1186/s12931-019-1081-3
https://doi.org/10.1016/j.scitotenv.2021.145812
https://doi.org/10.1016/j.scitotenv.2021.145812
https://doi.org/10.1016/j.atmosenv.2018.05.018
https://doi.org/10.1093/ije/dyab191

	Association between household solid fuel usage and trajectories of multimorbidity among middle-aged and older adults: a nationwide population-based cohort study
	1 Introduction
	2 Materials and methods
	2.1 Study subjects
	2.2 Chronic disease and multimorbidity
	2.3 Household fuel assessment
	2.4 PM2.5
	2.5 Covariates
	2.6 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion

	References

