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Abstract There is limited evidence regarding the effects of long‐term exposure to PM2.5 constituents on the
risk of arthritis and rheumatoid arthritis, and the interaction between PM2.5 and green space remains unclear. This
study examined the relationship between long‐term exposure to PM2.5 constituents and the risk of arthritis and
rheumatoid arthritis, with the exposure period extending from recruitment until self‐reported outcomes, death,
loss to follow‐up, or end of follow‐up. Additionally, the study assessed whether there was an interactive effect
between PM2.5 and green space on these risks. We gathered cohort data on 18,649 individuals aged ≥45 years.
We applied generalized linear mixed‐effects models to estimate the effects of PM2.5 constituents, NDVI, and
their interaction on arthritis and rheumatoid arthritis. The quantile g‐computation and weighted quantile sum
regression model were applied to estimate the combined effect of PM2.5 constituents. Our results showed that
exposure to single and mixed PM2.5 constituents adversely affected arthritis and rheumatoid arthritis, and was
mainly attributed to the black carbon component. We observed “U” or “J” shaped exposure‐response curves for
the effects of PM2.5, OM, NO3

− and NH4
+ exposure on the development of arthritis/rheumatoid arthritis.

Additionally, the odds ratio of arthritis for per interquartile range (IQR) increase in PM2.5 was 1.209 (95%
CI:1.198, 1.221), per 0.1‐unit decrease in NDVI was 1.091 (95% CI:1.033, 1.151), and the interaction term was
1.005 (95% CI:1.002, 1.007). These findings flesh out the existing evidence for PM2.5 constituents, NDVI and
arthritis, rheumatoid arthritis, but the underlying mechanisms still require further exploration.

Plain Language Summary This study aims to explore the correlation between long‐term exposure to
PM2.5 constituents and the incidence of arthritis and rheumatoid arthritis, as well as to evaluate whether there is a
synergistic effect of PM2.5 and green spaces on the risk of these conditions. The generalized linear mixed‐effects
model was utilized to analyze the impact of PM2.5 constituents, NDVI, and their interactions on arthritis and
rheumatoid arthritis. The joint effects of PM2.5 constituents were assessed using quantile g‐computation and
weighted quantile sum regression model. Our results indicated that both individual and mixed exposures to
PM2.5 constituents have adverse effects on arthritis and rheumatoid arthritis, primarily attributed to the black
carbon component. Additionally, the odds ratio of arthritis for per interquartile range (IQR) increase in PM2.5

was 1.209 (95% CI:1.198, 1.221), per 0.1‐unit decrease in NDVI was 1.091 (95% CI:1.033, 1.151), and the
interaction term was 1.005 (95% CI:1.002, 1.007).

1. Introduction
Arthritis is a prevalent chronic disease in middle‐aged and elderly people. It is characterized by joint pain, limited
mobility, and joint conformity, and can cause permanent joint changes and kidney diseases (Lin et al., 2022).
There are more than 100 million arthritis patients in China, of which the two most common types, rheumatoid
arthritis and osteoarthritis, affect more than 16.5 million and 50 million patients, respectively (GBD, 2023).
Globally, the age‐standardized prevalence of rheumatoid arthritis increased by 7.4% between 1990 and 2017 and
the prevalence of osteoarthritis increased by 113.25% between 1990 and 2019 (Finckh et al., 2022; Long
et al., 2022). Previous studies have shown that the rising incidence of arthritis and rheumatoid arthritis is related to
ambient air pollution, in addition to genetic factors and unhealthy lifestyles (Liu et al., 2021; McInnes
et al., 2016).
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Particulate matter inhalation has been reported to induce oxidative stress, activate the inflammatory response of
the human immune system and accelerate the process of the arthritis and rheumatoid arthritis (Di et al., 2020;
Zhang et al., 2023). Studies have shown that particulate matter exposure may be closely related to the occurrence
of rheumatoid arthritis (Kim et al., 2024; Moore et al., 2024). For example, studies in Italy, Canada, United
Kingdom and United States suggested that long‐term exposure to PM2.5 was linked to an increased risk of
developing arthritis and rheumatoid arthritis (Adami et al., 2022; Alex et al., 2020; Zhang et al., 2023; Zhao
et al., 2020). However, most of above studies were carried out in developed and low‐pollution countries. Besides,
PM2.5 is a mixture composed of multiple components, mainly including black carbon (BC), organic matter (OM),
nitrate (NO3

− ), sulfate (SO4
2− ) and ammonium ion (NH4

+) (Zhang, Yin, et al., 2022). It remains unclear if some
PM2.5 components have higher impacts on the risk of arthritis and rheumatoid arthritis (Liu, Luo, et al., 2022).

Simultaneously, there is another gap in the link between green space exposure with arthritis and rheumatoid
arthritis. Green space has been found to have health benefits potentially by promoting physical activity
(Richardson et al., 2013) and social contact (de Vries et al., 2013) and reducing exposure to environmental
hazards (Nieuwenhuijsen et al., 2017) such as air pollutants (Ji et al., 2020). Numerous studies have shown that
green space is associated with reduced morbidity and mortality of various outcomes, including nonalcoholic fatty
liver disease (Liu et al., 2023), osteoporosis (Tan et al., 2024b), and inflammatory bowel disease (Zhang, Chen,
et al., 2022). However, no prospective studies have yet explored the impact of green space exposure on the risk of
developing arthritis and rheumatoid arthritis. Additionally, green space could influence the relationship between
air pollutants and health outcomes. This may be related to the ability of vegetation to filter air pollutants.
Epidemiological studies showed that PM2.5 and green space interactively affect the occurrence of type 2 diabetes
(Yang et al., 2023), metabolic syndrome (Liu, Yan, et al., 2022) and non‐accidental mortality (Crouse
et al., 2019). Nevertheless, it remains unclear if PM2.5 and green space interactively affect the risk of arthritis and
rheumatoid arthritis.

In the present study, we pooled data from the China Family Panel Study (CFPS) and the China Health and
Retirement Longitudinal Study (CHARLS), aiming to examine the associations of PM2.5 and its constituents, and
the interaction between PM2.5 and green space with the risk of arthritis and rheumatoid arthritis in middle‐aged
and elderly people from 184 counties (districts) in 28 Chinese provinces.

2. Methods
2.1. Data Sources

The data for this study was obtained from two high quality publicly available databases, namely, CHARLS (http://
charls.pku.edu.cn/en) and CFPS (https://www.isss.pku.edu.cn/cfps/). CHARLS is a longitudinal survey con-
ducted by the National Institute of Development Studies, Peking University, which focuses on people aged
45 years and above. Similarly, as a national survey tracking sociodemographic patterns in China, the CFPS used a
stratified multistage sampling strategy with households as the minimum sampling unit to obtain a nationally
representative sample. In this study, we included data from four waves of CHARLS (2011, 2013, 2015, and 2018)
and three waves of CFPS (2010, 2014, and 2018). Notably, only arthritis without specific classification was
recorded as an endpoint in the CHARLS longitudinal follow‐up, whereas only rheumatoid arthritis was recorded
in the CFPS follow‐up. Therefore, we acquired and cleaned the original data according to the following excluded
criteria: (a) participants with arthritis (n = 5,691) or rheumatoid arthritis (n = 518) in the baseline survey; (b)
missing key characteristic information (CHARLS: n = 247, CFPS: n = 203); (c) without follow‐up outcomes
(CHARLS: n = 3,092, CFPS: n = 6,114). Finally, we included 8,126 and 10,523 participants who were 45 years
of age or older at baseline from the CHARLS and CFPS cohorts with at least one follow‐up survey, respectively
(Figure S1 in Supporting Information S1).

In this study, our annual average concentrations of PM2.5 and its five constituents (BC, OM, NO3
− , SO4

2− , and
NH4

+) were mainly derived from the V4.CH.02 product (https://sites.wustl.edu/acag/datasets/surface‐pm2‐5/),
which was developed by the Dalhousie University Atmospheric Composition Analysis Group (van Donkelaar
et al., 2016). This product predicts grid estimates at 0.01° × 0.01° spatial resolution by fully incorporating
satellite‐based aerosol optical depth observations using a nested GEOS‐Chem chemical transport model and a
geographically weighted regression. Predicted PM2.5 estimates showed a high consistency with measurements in
globally distributed ground sites (R2 = 0.81; β = 0.90). In China, the annual average concentration of PM2.5,
including all chemical components, also exhibited good consistency with surface observations, having a cross‐
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validation R2 that ranged from 0.75 to 0.83 (Shi et al., 2021). However, it is worth noting that the V4.CH.02
product only covers exposure data up to 2017. Therefore, the exposure data for 2018 were obtained from the
China Air Pollution Tracker data set (TAP, http://tapdata.org.cn/, accessed 31March 2023. Text S1 in Supporting
Information S1). In this study, since we only had access to the city level of participants, participants from the same
city were matched with the same annual average PM2.5 and constituent concentrations. Exposure estimates were
converted from 0.01° × 0.01° spatial resolution to city‐level scales by averaging the grid estimates of adminis-
trative polygons containing cities. Subsequently, we obtained the concentrations of PM2.5 and its constituent by
using the address translation tool to obtain the latitude and longitude of each city based on the city address at the
baseline survey. We calculated mean PM2.5 and constituent levels from recruitment until self‐reported outcomes,
death, loss to follow‐up, or end of follow‐up as the primary long‐term exposures (Li et al., 2023). Furthermore, we
also identified exposures of 1‐, 2‐, and 3‐ years average PM2.5 and constituent and utilized them in the sensitivity
analysis (Zhang et al., 2019).

Green space in residential areas was measured with the Normalized Difference Vegetation Index (NDVI). We
obtained NDVI values from Moderate Resolution Imaging Spectroradiometer for Spectroscopy (MODIS) Terra
NDVI product (https://modis.gsfc.nasa.gov/data/dataprod/mod13.php) and NDVI values range from − 1 to 1
(Yang et al., 2021). Larger NDVI values indicate denser green vegetation, and negative values are usually
considered blue space or water. We extracted the latitude and longitude of the cities where the participants
resided. NDVI values for the corresponding coordinates were calculated, and green space levels were assigned to
each participant. In this study, we used the NDVI‐1,000 m as a measure of the degree of greenness.

2.2. Outcome Measurement

Arthritis and rheumatoid arthritis patients in our study were defined as those who responded “Yes” to the question
“Are you diagnosed by doctor with arthritis or rheumatoid arthritis?.” At each follow‐up survey, investigators
asked participants about their disease to track follow‐up results.

2.3. Covariates

We chose a comprehensive range of covariates, including age, sex (male, female), education (primary school and
below, secondary school and above), marital status (married, cohabiting, divorced, widowed, single), BMI (≤30,
>30 kg/m2), smoking (yes, no), alcohol consumption (yes, no), physical exercise (yes, no), napping time (0 min,
0–30 min, 30–60 min,>60 min), urbanicity (urban, rural), hypertension (yes, no), diabetes (yes, no), heart disease
(yes, no), kidney disease (yes, no), asthma (yes, no), household fuel use (clean fuels, solid fuels, others). Coal,
crop residues, or wood are classified as “solid fuels”, while natural gas, biogas, and liquefied petroleum gas are
classified as “clean fuels.” The information mentioned above was obtained by uniformly trained investigators
using a standard questionnaire (Liu et al., 2021).

2.4. Statistical Analysis

2.4.1. Descriptive Analysis

Continuous variables were described by means and standard deviations (SDs), and categorical variables were
demonstrated using the expression of frequencies and proportions. Baseline characteristics of patients and
nonpatients were compared using Student's t‐test, Mann‐Whitney U t‐tests and Chi‐square test for normally,
skewed distributed, and categorical variables, respectively.

2.4.2. Association Analysis of PM2.5 Constituents With Arthritis and Rheumatoid Arthritis

We used generalized linear mixed models (GLMM) with a random city intercept to evaluate the associations of
PM2.5 and its five constituents with arthritis and rheumatoid arthritis, with adjustment for all the covariates
described above. Given that constituent concentrations are highly correlated with total PM2.5 mass, we further
considered calculating residuals that are uncorrelated with PM2.5 levels and representing changes in constituent
levels independent of PM2.5 by establishing a linear mixed model with constituent concentrations as the
dependent variable and PM2.5 levels as the independent variable. Finally, two different models were adopted to
investigate the association between PM2.5 component exposure and arthritis and rheumatoid arthritis. Specif-
ically, in model 1, we adjusted for covariates such as age, sex, education level, marital status, BMI, alcohol and
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smoking habits, physical exercise, nap duration, city, medical history, and household fuel use; in model 2, we
further adjusted for residuals based on model 1. Besides, we estimated odds ratios (OR) and 95% confidence
intervals (CIs) relating arthritis and rheumatoid arthritis per interquartile range (IQR) increase in PM2.5 and its
constituents after average exposure. Then, to further explore the dose‐response relationship of PM2.5 and its
constituents with arthritis and rheumatoid arthritis a three‐node constrained cubic spline function was used.

2.4.3. Association Analysis of Mixed Exposure of PM2.5 Constituents With Arthritis and Rheumatoid
Arthritis

Given the high correlation between PM2.5 and its constituents, it is likely that individuals are exposed to all
constituents simultaneously in real‐life settings. Consequently, the quantile g‐computation (qg‐computation) and
the weighted quantile sum (WQS) regression model were employed to assess the combined effect of PM2.5

constituents and to quantify the weight of each PM2.5 constituent. The qg‐computation and WQS models have
been extensively applied in environmental epidemiology to assess the effects of exposure to multiple environ-
mental contaminants on specific health outcomes (Guo et al., 2022). TheWQSmodel constructs a weighted index
to evaluate the combined effect of PM2.5 components' mixed exposure and to determine the individual contri-
bution of each component to this overall effect. The equation for the model is provided below:

g(μ) = β0 + β1(∑
c

i=0
ωiqi) + z′φ

WQS =∑
c

i=1
ωiqi

In the model, β0 represents the intercept; β1 refer to the overall effect of the environmental mixture; ωi stands for
the weight of each component in the environmental mixture; z′φ denotes the product of the covariate matrix and
the covariate coefficients; c corresponds to the number of exposure variables; qi represents different quartiles. In
this study, we developed the WQS index utilizing quartiles of PM2.5 components, employing 40% of the data set
for model training and allocating the remaining 60% for validation purposes. However, it is crucial to
acknowledge that the impact of each component within the mixture on the outcome, as assessed by the WQS
regression model, was constrained to a uniform direction. To address the limitation of directional homogeneity, an
analysis utilizing qg‐computation was implemented to further explore the effects of PM2.5 components on out-
comes. Qg‐computation provides an estimate of the effect of incrementally increasing all exposures by a quantile
amount. Like WQS, qg‐computation assigns fixed weights during the estimation process, however, qg‐
computation does not necessitate that all components exhibit associations with the outcome risk in the same
direction. The sum of positive and negative weights equals 2. Detailed information regarding both models are
available in our previously published article (He et al., 2024).

2.4.4. Analysis of Green Spaces Modification Effect

First, we constructed a product term for PM2.5 concentration and green space level to calculate an interaction term
to estimate the multiplicative joint effect of NDVI and PM2.5 exposure. Then, we stratified the analyses by
quartile values of NDVI values and PM2.5 concentrations. Specifically, PM2.5 concentrations and NDVI values
were classified according to the cut‐off values for the lowest (≤25%) and highest (>75%) quartiles. Subsequently,
we analyzed the combined effect of another pollutant (NDVI/PM2.5) in different subgroups for a given exposure
(PM2.5/NDVI) concentration ≤25%, 25%–75% and >75%. Additionally, considering some potential modifiers
that can alter the effect of NDVI and PM2.5 exposure, stratified analyzes were applied to assess the modifying
effects of covariates such as sex, age, BMI and urbanicity on the association of NDVI, PM2.5 and its constituents
with arthritis/rheumatoid arthritis.

2.4.5. Sensitivity Analysis

To test the reliability of our results, we did some sensitivity analyses. Firstly, we repeated the analyses of PM2.5

and its constituents in relation to arthritis and rheumatoid arthritis employing exposures for 1‐, 2‐, and 3‐year prior
to outcome, death, loss to follow‐up, or the end of follow‐up. Secondly, the study area, which was divided into
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eastern, western, central, and northeastern regions according to the economic level, was included in the model as
covariates to assess the heterogeneity of different cities. Thirdly, a logistic regression model was established with
arthritis and rheumatoid arthritis as the dependent variable and long‐term PM2.5 and its constituents exposure as
the independent variable. Fourthly, since other chronic diseases may have a certain confounding effect on the
progression of arthritis, we excluded participates with chronic diseases at baseline. Finally, we further adjusted for
meteorological factor including mean temperature in the model. All statistical tests were bidirectional with a P
value less than 0.05 deemed statistically significant. The data analyses process was implemented by R software
(Version 4.3.0).

3. Results
There was a total of 2,582 and 421 participants with arthritis and rheumatoid arthritis during follow‐up, with mean
ages of 60.36 ± 10.29 years and 58.76 ± 9.70 years, respectively (Table 1). The map of distribution the con-
centration of PM2.5 in each province of China and the geographical distribution of the participants are depicted in
Figure 1. The mean values of PM2.5, BC, OM, NO3

− , NH4
+, SO4

2− and NDVI, were 56.82, 2.84, 13.99, 12.16,
8.32, 10.85 and 0.426 μg/m3 for the average exposure during the entire follow‐up period in CHARLS study
(Table S1 in Supporting Information S1). Similarly, the mean values of PM2.5, OM, NO3

− , SO4
2− , NH4

+, BC, and
NDVI during the entire follow‐up period in CFPS were also described in Table S1 of Supporting Information S1.

3.1. Single Effect of PM2.5 Constituents on Arthritis and Rheumatoid Arthritis

After adjusting for all covariates, the risks of arthritis and rheumatoid arthritis for each IQR increase in PM2.5

exposure were 1.209 (95% CI: 1.198, 1.221) and 1.220 (95% CI: 1.199, 1.240) (Table S2 in Supporting Infor-
mation S1). The associations between each IQR increases of PM2.5 constituents and the prevalence of arthritis and
rheumatoid arthritis using two models are shown in Figure 2. An IQR increase in BC, OM, NO3

− , SO4
2− , and

NH4
+ was associated with an OR for arthritis of 2.256 (95% CI: 2.110, 2.412), 1.570 (95% CI: 1.526, 1.616),

1.466 (95% CI: 1.421, 1.512), 1.980 (95% CI: 1.903, 2.061), and 2.168 (95% CI: 2.060, 2.283) in model 2,
respectively. Similarly, for the five PM2.5 constituents, each IQR increment in BC, NO3

− , SO4
2− , and NH4

+

dramatically correlated with an increased risk of incidence of rheumatoid arthritis.

We observed “U” or “J” shaped exposure‐response curves for the effects of PM2.5, OM, NO3
− and NH4

+

exposure on the development of arthritis and rheumatoid arthritis. And the risk of arthritis and rheumatoid arthritis
increased monotonically with BC concentration (Figures S2 and S3 in Supporting Information S1).

3.2. Combined Effects of Mixed Exposure to PM2.5 Constituents on Arthritis and Rheumatoid Arthritis

We used theWQSmodel to find that the risk of developing arthritis and rheumatoid arthritis frommixed exposure
to PM2.5 constituents was 1.450 (95% CI: 1.370, 1.540) and 1.450 (95% CI: 1.280, 1.650) respectively. The results
of the qg‐computation model were similar to the WQS regression model. The mixed exposure of PM2.5 con-
stituents could increase the risk of arthritis and rheumatoid arthritis, and the effect values were 1.300 (95% CI:
1.239, 1.363) and 1.236 (95% CI: 1.115, 1.370), respectively (Figure 3). And among the positive direction, BC
(index weight: 0.483 and 0.527) predominated in the relationship between arthritis and rheumatoid arthritis
(Figure S4 in Supporting Information S1).

3.3. Interaction Effect of PM2.5 and Green Space on Arthritis and Rheumatoid Arthritis

We found that each 0.1‐unit decrease inNDVI, the risks of developing arthritis and rheumatoid arthritis were 1.091
(95% CI: 1.033, 1.151) and 1.011 (95% CI: 0.926, 1.105), respectively (Table S2 in Supporting Information S1).
The results indicate that interaction of PM2.5 and NDVI on the incidence of arthritis (OR interaction term= 1.005, 95%
CI: 1.002, 1.007; P= 0.001) and rheumatoid arthritis (OR interaction term= 1.010, 95% CI: 1.006, 1.014; P< 0.001)
was statistically significant (Table S2 in Supporting Information S1). Additionally, we compared the effects of
PM2.5 exposure on arthritis and rheumatoid arthritis within different greenness strata, and we found a monotonic
trend of decreasing PM2.5 effects (Figures 4c and 4d). Specifically, the risk of arthritis per 10 μg/m

3 increase in
PM2.5 was 1.611 (95% CI: 1.497, 1.735), 1.193 (95% CI: 1.148, 1.241), and 1.177 (95% CI: 1.110, 1.249),
respectively, when stratified by NDVI values for the lowest fourth (≤25%), 25%–75% centile, and highest fourth
(>75%), respectively. Furthermore, we stratified PM2.5 concentrations into low, medium and high tertiles and
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Table 1
Baseline Characteristics of the Study Participants

Variables

China health and retirement longitudinal study (CHARLS) The China family panel studies (CFPS)

Total
(N = 8,126)

No‐arthritis
(N = 5,544)

Arthritis
(N = 2,582) P‐value

Total
(N = 10,523)

No‐RA
(N = 10,102)

RA
(N = 421) P‐value

Age (years)a 58.35 ± 9.58 57.41 ± 9.07 60.36 ± 10.29 <0.001 55.86 ± 8.13 55.74 ± 8.04 58.76 ± 9.70 <0.001

Age (years)

45–65 6,128(75.41%) 4,390(79.18%) 1,738(67.31%) <0.001 8,902(84.60%) 8,586(85.02%) 316(75.06%) <0.001

≥65 1,998(24.59%) 1,154(20.82%) 844(32.69%) 1,621(15.40%) 1,516(15.01%) 105(24.94%)

Sex

Male 4,114(50.63%) 2,851(51.42%) 1,263(48.92%) 0.038 5,257(49.96%) 5,113(50.61%) 144(34.20%) <0.001

Female 4,012(49.37%) 2,693(48.58%) 1,319(51.08%) 5,266(50.04%) 4,989(49.39%) 277(65.80%)

Marital status

Married/cohabitating 7,233(89.01%) 5,003(90.24%) 2,230(86.37%) <0.001 9,646(91.67%) 9,269(91.75%) 377(89.55%) 0.383

Divorce 74(0.91%) 47(0.85%) 27(1.05%) 128(1.22%) 122(1.21%) 6(1.46%)

Widowed 755(9.29%) 457(8.24%) 298(11.54%) 668(6.35%) 633(6.27%) 35(8.31%)

Unmarried 64(0.78%) 37(0.67%) 27(1.05%) 81(0.77%) 78(0.77%) 3(0.71%)

Education

Primary school or below 5,282(65.00%) 3,440(62.05%) 1,842(71.34%) <0.001 6,084(57.82%) 5,814(57.55%) 270(64.13%) 0.009

Secondary school and above 2,844(35.00%) 2,104(37.95%) 740(28.66%) 4,439(42.18%) 4,288(42.45%) 151(35.87%)

BMI (kg/m2)

≤30 7,711(94.89%) 5,266(94.99%) 2,445 0.616 9,613(91.35%) 9,287(91.93%) 326(77.43%) <0.001

>30 415(5.11%) 278(5.01%) 137 910(8.65%) 815(8.07%) 95(22.57%)

Urbanicity

Urban 3,067(37.74%) 2,102(37.92%) 965(37.37%) 0.657 4,393(41.75%) 4,243(42.00%) 150(35.63%) 0.011

Rural 5,059(62.26%) 3,442(62.08%) 1,617(62.63%) 6,130(58.25%) 5,859(58.00%) 271(64.37%)

Smoking

Yes 3,357(41.31%) 2,311(41.68%) 1,046(40.51%) 0.329 3,559(33.82%) 6,645(65.78%) 319(75.77%) <0.001

No 4,769(58.69%) 3,233(58.32%) 1,536(59.49%) 6,964(66.18%) 3,457(34.22%) 102(24.23%)

Drinking

Yes 2,814(34.63%) 2,001(36.09%) 813(31.49%) <0.001 2,027(19.26%) 8,136(80.54%) 360(85.51%) 0.013

No 5,312(65.37%) 3,543(63.91%) 1,769(68.51%) 8,496(80.74%) 1,966(19.46%) 61(14.49%)

Physical

Yes 3,555(43.75%) 2,424(43.72%) 1,131(43.80%) 0.965 2,986(71.62%) 7,229(71.56%) 308(73.16%) 0.511

No 4,571(56.25%) 3,120(56.28%) 1,451(56.20%) 7,537(28.38%) 2,873(28.44%) 113(26.84%)

Household air pollution from cooking

Clean fuel 3,826(47.08%) 2,680(48.34%) 1,146(44.38%) 0.004 5,510(52.36%) 5,319(52.65%) 191(45.37%) <0.001

Solid fuel 4,252(52.33%) 2,832(51.08%) 1,420(55.00%) 4,906(46.62%) 4,687(46.40%) 219(52.02%)

Others 48(0.59%) 32(0.58%) 16(0.62%) 107(1.02%) 96(0.95%) 11(2.61%)

Napping time (Minutes)

0 3,566(43.88%) 2,439(43.99%) 1,127(43.65%) 0.036 5,151(48.95%) 4,937(48.87%) 214(50.83%) 0.712

0–30 681(8.38%) 499(9.00%) 232(8.99%) 242(2.30%) 234(2.32%) 8(1.90%)

30–60 2,512(30.91%) 1,756(31.67%) 756(29.28%) 3,401(32.32%) 3,274(32.41%) 127(30.17%)

>60 1,367(16.83%) 900(16.24%) 467(18.08%) 1,729(16.43%0 1,657(16.40%) 72(17.10%)

Note. BMI, body mass index; RA, rheumatoid arthritis. The sum of the percentages in the table may not be equal to 1, as we have rounded the results to two decimal
places. aStand for the continuous variable.
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discovered that for every 0.1 unit decrease in NDVI at PM2.5 concentrations in the high tertile, an increased risk of
arthritis and rheumatoid arthritis was observed (Figures 4a and 4b).

3.4. Stratified Analysis of Sex, Age, BMI and Urbanicity

Subgroup analysis by urbanicity showed that PM2.5 was associated with higher risk of incident arthritis and
rheumatoid arthritis in participants who lived in urban areas (P < 0.001, Figure 5). Tables S3–S7 in Supporting
Information S1 describes the ORs of PM2.5 constituents exposure with arthritis and rheumatoid arthritis in
different subgroups. The associations between BC concentration per increase in IQR and arthritis as well as
rheumatoid arthritis were stronger among urban participants (OR arthritis = 2.794, 95% CI: 2.482, 3.144; OR
rheumatoid arthritis = 3.816, 95% CI: 2.960, 4.920) than that among rural participants (OR arthritis = 2.044, 95% CI:
1.883, 2.218; OR rheumatoid arthritis = 2.009, 95% CI: 1.661, 2.429), with a statistically significant effect
(P < 0.001).

3.5. Sensitivity Analysis

Firstly, we repeated the analyses of PM2.5 and its constituents in relation to arthritis and rheumatoid arthritis
employing exposures for 1‐, 2‐, and 3‐year prior to outcome, death, loss to follow‐up, or the end of follow‐up, and
found that the results were robust in direction and magnitude (Table S8 in Supporting Information S1). Secondly,
we included region as a covariate in the model, the effect estimates for arthritis and rheumatoid arthritis changed
without statistical significance (Table S9 in Supporting Information S1). Thirdly, we restricted the subjects to
participants without chronic diseases at the beginning of follow‐up, some differences between groups were
observed, but did not affect the overall results (Table S10 in Supporting Information S1). Fourthly we used lo-
gistics regression to analyze the association between PM2.5 and its components exposure and arthritis and
rheumatoid arthritis, and the findings were consistent with the results of our main analysis (Table S11 in Sup-
porting Information S1). Finally, we further adjusted for meteorological factors including temperature in the
model, and the results were not materially altered (Table S12 in Supporting Information S1).

4. Discussion
In our investigation of two national retrospective population‐based cohort studies, we observed significant effect
of PM2.5 and its constitution on the incidence of arthritis and rheumatoid arthritis. Mixed effects analyses indi-
cated that the adverse effects of PM2.5 constituents exposure in this study were mainly attributable to the BC
component. Additionally, there was a synergistic effect between PM2.5 exposure and green space reduction on
arthritis/rheumatoid arthritis effects.

Figure 1. Distribution map of PM2.5 concentration in each province of China during the study period (a) and the geographical distribution of 18,649 middle‐aged and
elderly people in 28 provinces of China from two cohorts.
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4.1. Comparison With Previous Studies

In line with our results, earlier studies from Canada, the United States, and Verona have shown that PM2.5

exposure is a hazardous factor for arthritis and rheumatoid arthritis (Adami et al., 2021; De Roos et al., 2014; Hart
et al., 2013). Notably, there are inconsistencies with the results of some studies (Di et al., 2020). Such differences
could be explained by differences in study area, follow‐up time and exposure levels. Besides, previous studies
used fixed monitoring site data rather than more accurate remote sensing data to assess individual exposure, which
may also introduce some information bias and affect the reliability of causal inference.

In this multi‐city study, we found that the PM2.5 constituents were positively associated with the risk of devel-
oping arthritis and rheumatoid arthritis, with BC accounting for the greatest hazard contribution. Although similar
results have not been found, there is still evidence to support the adverse effects of BC exposure. An epidemi-
ological study showed that constituent of PM2.5 can increase the risk of developing osteoarthritis, and BC appears
to be the most important constituent in the association between PM2.5 and osteoarthritis‐related outcomes (Wang
et al., 2024). A systematic review summarizing 35 existing studies found that BC and OM were significantly
associated with cardiovascular and respiratory health outcomes (Achilleos et al., 2017).

We also found that exposure to lower green space was associated with higher odds of arthritis and rheumatoid
arthritis, and low green space and high PM2.5 interactively impacted on arthritis and rheumatoid arthritis.

Figure 2. Odds ratios (with 95% CIs) for arthritis/rheumatoid arthritis associated with per IQR increase in exposure to PM2.5
constituents. Abbreviations: OR, Odds ratios; CI, confidence interval; IQR, interquartile range; BC, black carbon; OM,
organic matter; NO3

− , nitrate; NH4
+, ammonium; SO4

2− , sulfate; Model 1 included single constituent concentration; Model
2 included single constituent residual calculated by constructing a linear regression model with constituent concentration as
the dependent variable and PM2.5 as the independent variable. All models were adjusted for age, sex, BMI, education,
smoking status, drinking status, marital status, urbanicity, physical hypertension, diabetes, heart, kidney disease, asthma and
napping time.
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Although there are no studies on green space, arthritis and rheumatoid arthritis at present, studies have confirmed
that green space exposure is strongly associated with various diseases (Jimenez et al., 2022; Tan et al., 2024a). A
cohort study suggested an 8% increase in mortality risk for every 0.1‐unit reduction in NDVI (Ji et al., 2020).
Yang et al. discovered that higher levels of residential green space reduced the risk of developing type 2 diabetes,
and that air pollution played a major role in this association (Yang et al., 2023).

4.2. Potential Mechanisms

Although exact mechanisms by which PM2.5 and its components affect arthritis/rheumatoid arthritis have not
been elucidated to date, there are still some biological mechanisms that seem plausible. On the one hand,
inhalation of ambient air particulates matter triggers the activation of transcription factors and nuclear factors by
inducing excessive oxidation of airway epithelium, which ultimately leads to the increase of serum CRP levels
and the secretion of pro‐inflammatory cytokines such as tumor necrosis factor‐alpha (TNF‐α) and interleukin‐1
(IL‐1) (Bayram et al., 2001; Liu et al., 2019). On the other hand, inhalation of particulate matter induces the
formation of inducible bronchus associated lymphoid tissue (iBALT), which is associated with citrullination of
proteins that trigger the development of rheumatoid arthritis (Moyron‐Quiroz et al., 2004).

Currently, BC is mainly produced by incomplete combustion of fossil fuels or biomass and is thought to
contribute the most to the impact of the PM2.5 mass. Due to the adsorption characteristics of BC aerosol, its
surface can adsorb other pollutants, such as polycyclic aromatic hydrocarbons, heavy metals, and so on. People
can catch absorbed toxic substances into the body by breathing, which can cause inflammation of the immune
system (Bongaerts et al., 2022). It has been demonstrated that BC may be related to mediating DNA methylation,
promoting oxidative stress, vasoconstriction, systemic inflammation, and elevated blood pressure (Hvidtfeldt
et al., 2019, 2021). Additionally, exposure to BC can lead to synovial inflammation, articular degeneration, and
impaired osteoblast differentiation (Ma et al., 2018; Ren et al., 2019).

Figure 3. Association of PM2.5 constituents with arthritis/rheumatoid arthritis based on WQS and qg‐computation regression
models.
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Green space can offer protection from hazardous environmental exposures, including heatwaves and air pollution
(Yuchi et al., 2020). Specifically, vegetation can retain fine dust particles and influence the deposition and
dispersion of particulate matter. Studies have shown that particulate matter is susceptible to impact and retention
on moist, rough or charged surfaces (Beckett et al., 1998). Therefore, the surface of vegetation leaves is well
suited for the deposition of particulate matter due to its wetness and roughness. From an aerodynamic point of
view, green space and vegetation can filter air pollutants and there may also be in vivo biological interactions (Ji
et al., 2020). In this light, we encourage the government taking more public health protection strategies, including
the construction or restoration of natural green space, to offset the harm caused by air pollutants.

4.3. Strength and Limitations

This study is the first to investigate the association of long‐term exposure to ambient PM2.5 constituents and green
space with related arthritis and rheumatoid arthritis in two large longitudinally designed cohort studies, which
have important implications for the increasing social burden of aging and the health of the elderly. This study also
has some limitations. Firstly, since participants' residential addresses were inaccessible, exposure was assigned at
the city level rather than in individual assessments. Therefore, misclassification bias was unavoidable in our
study. Secondly, we have not considered the confounding effects of gaseous pollutants such as nitrogen dioxide,

Figure 4. Effect of NDVI (PM2.5) alteration on arthritis/rheumatoid arthritis at different levels of PM2.5 (NDVI). Panels (4a
and 4b) represents the effect of each 0.1‐unit reduction in NDVI on arthritis/rheumatoid arthritis at different PM2.5
concentrations; panels (4c and 4d) represents the effect of each 10 μg/m3 increase in PM2.5 on arthritis/rheumatoid arthritis at
different NDVI levels. All models were adjusted for age, sex, BMI, education, smoking status, drinking status, marital status,
urbanicity, physical hypertension, diabetes, heart, kidney disease, asthma and napping time.
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ozone, and sulfur dioxide because fully validated exposure data on gaseous pollutants are not available in the
mainland of china. Secondly, due to data availability, we were unable to control for confounding effects of
humidity and precipitation in the model. Thirdly, due to the lack of specific disease typing of arthritis, we were
unable to confirm the relationship between exposure and different arthritis subtypes in more detail.

5. Conclusion
Exposure to PM2.5 constituents (e.g., black carbon) is associated with a higher risk of arthritis and rheumatoid
arthritis. Green space could alleviate the risk of arthritis and rheumatoid arthritis associated with PM2.5 exposure.
The study findings suggest that increasing vegetation cover area and targeting specific particulate matter com-
ponents could be useful in decreasing the risk of arthritis and rheumatoid arthritis.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
All data are publicly available and stated in the manuscript.

1. [Dataset] Data on the rheumatoid arthritis is publicly available at Zhao et al. (2015).
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sites.wustl.edu/acag/datasets/surface‐pm2‐5/.
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