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BACKGROUND: Evidence for a potential link between air pollution and rheumatoid arthritis (RA) is inconsistent, and the modified effect of genetic sus-
ceptibility on the relationship between air pollution and RA has not been well studied.

OBJECTIVE: Using a general population cohort from the UK Biobank, this study aimed to investigate the associations between various air pollutants
and the risk of incident RA and to further estimate the impact of combined exposure to ambient air pollutants on the risk of developing RA under the
modification effect of genetic predisposition.

METHODS: A total of 342,973 participants with completed genotyping data and who were free of RA at baseline were included in the study. An air
pollution score was constructed by summing the concentrations of each pollutant weighted by the regression coefficients with RA from single-
pollutant models to assess the combined effect of air pollutants, including particulate matter (PM) with diameters ≤2:5 lm (PM2:5), between 2.5 and
10 lm (PM2:5–10), and ≤10 lm (PM10), as well as nitrogen dioxide (NO2) and nitrogen oxides (NOx). In addition, the polygenic risk score (PRS) of
RA was calculated to characterize individual genetic risk. The Cox proportional hazard model was used to estimate hazard ratios (HRs) and 95% con-
fidence intervals (95% CIs) of associations of single air pollutant, air pollution score, or PRS with incident RA.

RESULTS: During a median follow-up time of 8.1 y, 2,034 incident events of RAwere recorded. The HRs (95%CIs) of incident RA per interquartile range in-
crement in PM2:5, PM2:5–10, PM10, NO2, and NOx were 1.07 (1.01, 1.13), 1.00 (0.96, 1.04), 1.01 (0.96, 1.07), 1.03 (0.98, 1.09), and 1.07 (1.02, 1.12), respec-
tively.We also found a positive exposure–response relationship between air pollution score and RA risk (pTrend = 0:000053). TheHR (95%CI) of incident RA
was 1.14 (1.00, 1.29) in the highest quartile group compared with the lowest quartile group of the air pollution score. Furthermore, the results of the combined
effect of air pollution score and PRS on the RA risk showed that the risk of RA incidence in the highest genetic risk and air pollution score group was almost
twice that of the lowest genetic risk and air pollution score group [incidence rate (IR) per 100,000 person-years: 98.46 vs. 51.19, andHR= 1.73 (95%CI: 1.39,
2.17) vs. 1 (reference)], although no statistically significant interaction between the air pollution and genetic risk for incidentRAwas found (pInteraction > 0:05).

DISCUSSION: The results revealed that long-term combined exposure to ambient air pollutants might increase the risk of RA, particularly in those with
high genetic risk. https://doi.org/10.1289/EHP10710

Introduction
Rheumatoid arthritis (RA) is a chronic systematic autoimmune dis-
order characterized by progressive joint erosion that leads to severe
disability.1 As one of the most prevalent chronic inflammatory dis-
eases, it affects ∼ 1% of the world’s adult population.2,3 Further,
RA disease burden experienced an unexpected steep rise from
2012 to 2017, reaching an age-standardized disability-adjusted life
years (DALY) rate of 43.3 (95%Uncertainty Interval: 33.0 to 54.5)
per 100,000 population.4 Despite extensive studies on the exact eti-
ology of RA, it remains unknown but is assumed to be multifacto-
rial, involving both genetic and environmental factors.5,6

Currently, air pollution is nominated by the World Health
Organization as one of the most significant health threats. It is well
established that exposure to smoking7 or silica exposure,8 which

causes an inflammatory and oxidative stress response, can increase
the risk of RA. In addition, a previous study9 also revealed that
the lung may be the site of early related autoimmune injury in
RA. Exposure to air pollution has been demonstrated to disrupt
oxidation–reduction homeostasis in respiratory mucosal and triggers
pro-inflammatory immune responses across multiple immune
cells,10,11 indicating that air pollution may be a potential risk factor
for RA.12 Several studies have focused on the relationship between
air pollution and RA12–17; however, results were conflicting. The
Nurses’ Health Study (NHS) examined the association between dis-
tance to the nearest major road, a proxymarker of traffic pollution ex-
posure, and the incidence of RA in 90,297 females, and the findings
indicated that higher exposure to traffic pollution may be associated
with RA risk.13 Similarly, a retrospective cohort study in Taiwan,
China,14 found that newly diagnosed RAwas significantly associated
with NO2 exposure and a study in South Korea15 also reported that
the incidence rate (IR) of RA was positively correlated with the con-
centration of particulate matter (PM) with an aerodynamic diameter
of ≤2:5 lm (PM2:5). In contrast, a case–control study based on the
Swedish Epidemiological Investigation of Rheumatoid Arthritis
(EIRA) has shown that after adjusting for the confounding factors of
education and smoking status, the associations between particulate
pollutants [PM with an aerodynamic diameter of ≤10 lm (PM10)],
gaseous pollutants [nitrogen dioxide (NO2) and sulfur dioxide
(SO2)], and incident RA were not statistically significant.16 In addi-
tion, air pollutants, including PM2:5, PM10, NO2, and SO2,were asso-
ciated with RA were also not observed, neither in the NHS study17

nor in the British Colombian study.18 The inconsistency among these
findings implies that air pollution needs to be further investigated to
evaluatewhether it is a potential determinant of RA.

Genetic determinants provide initial insights into the presence
of systemic autoimmunity and the identification of potentially at-
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risk individuals in the pre-RA stage.19 In recent years, genome-
wide association studies (GWAS) have identified several nonhu-
man leukocyte antigen (non-HLA) risk loci, and >100 genetic loci
have been confirmed to be associated with the risk of RA.20

Although each variant accounts for only a small-to-moderate pro-
portion of the genetic risk of RA, using polygenic risk scores
(PRSs) has proven to be an effective method for measuring the cu-
mulative effects of multiple risk-related variants.21,22 Moreover,
quantifying the joint effects of genetic risk and epidemiological
factors can greatly improve risk stratification or explore potential
environment–gene interactions, thereby providing new insight for
precise prediction and targeted interventions in RA. For instance, a
previous study used a combination of 39 independent RA risk
alleles to establish a PRS, which, combined with family history and
epidemiological risk factors, was used to develop a well-performed
risk predictionmodel for seropositive and seronegative RA.23

Previous studies have explored only the relationship between
ambient air pollutants and RA risk and have largely ignored the
modification effects of genetic susceptibility. Therefore, based on
a general population cohort from the UK Biobank, the present
study aimed to assess whether combined exposure to air pollution
and genetic factors contributes to the incidence of RA.

Methods

Study Population
The UK Biobank resource includes ∼ 0:5million UK participants
39–73 years of age during the period of recruitment between
2006 and 2010. Participants attended one of the 22 assessment
centers across England, Scotland, and Wales, where they com-
pleted touchscreen and nurse-led questionnaires, underwent phys-
ical measurements, and provided biological samples. More
details of the study design have been described elsewhere.24 The
UK Biobank study was conducted under the approval of the
North West Multi-center Research Ethical Committee (11/NW/
0382). All participants provided written informed consent.

In the present study, the baseline time was defined as the time
when participants first attended the assessment center, between
2006 and 2010. As genetic quality control (QC) measures, we
excluded participants with sex mismatch, heterozygosity rate out-
liers, missing genotypes, excess relatives, and non-White race/
ethnicity (n=109,499). The White participants included those
whose self-reported ancestry was White British (based on UK
Biobank Data-Field 1657 “self-reported ethnic group”) and was
also further confirmed as of Caucasian ancestry (based on UK
Biobank Data-Field 22006 “genetic ethnic group”). Non-White
participants were excluded under the consideration that the RA
GWAS is mainly of European ancestry,20 and the proportion of
non-White participants in the UK Biobank is <5%25; thus, there
may not be enough incident RA cases for the statistical analyses
for the non-White population. Further, participants with prevalent
RA (n=2,936) and those with incomplete information on resi-
dential air pollution (n=32,001) at baseline were also excluded.
A total of 342,973 participants who had complete data for the
concentration of five air pollutants at baseline and genotyping
were included in the final analysis. A flowchart of the study par-
ticipants selection is shown in Figure S1.

Ascertainment of Outcomes
At the baseline (2006–2010), we combined the self-reported and
related therapeutic drugs, including steroids, synthetic disease-
modifying anti-rheumatic drugs (DMARDs), and biologic
DMARDS, the use of which represents outpatient visits, as
well as the hospital inpatient records [using the International

Classification of Diseases, Manual of the International Statistical
Classification of Diseases, Injuries and Causes of Death (ICD-
9,26 codes 71400, 71401, 71403, 71404, 71405, 71406, and
71409) or the International Statistical Classification of Diseases
and Related Health Problems, Tenth Revision (ICD-10,27 codes
M05 and M06) to identify prevalent cases of RA.] The self-
reported RA and records of those who had used related therapeutic
drugs for RA were collected through verbal interviews with well-
trained nurses, the specific information about RA in verbal inter-
views was entered as free text and subsequently used as unique
coded data. Hospital inpatient records are directly linked to the
Health Episode Statistics in England and Wales and the Scottish
Morbidity Records in Scotland, allowing for accurate identification
of the first recorded date of each diagnosis. After removing cases
of RA at baseline, incident RA events were identified during the
subsequent following-up from the admission data using ICD-9 or
ICD-10 codes. Detailed information on codes used to identify RA
cases in this study can be found in Table S1.

Estimation of Air Pollutants and Air Pollution Score
Estimates of ambient air pollutants, including PM2:5, PM2:5–10,
PM10, NO2, and NOx, were collected by the UK Biobank between
2005–2007 and 2010. Data on ambient air pollution for the 2005–
2007 period were derived from EU-wide air pollution maps (resolu-
tion 100× 100 m), and the UK Biobank overlaid the coordinates of
each subject’s residential address onto these maps to obtain the cor-
responding air pollution concentrations of 100× 100-m-grid cells.28

Meanwhile, the 2010 annual average air pollution concentration
was calculated by using a land use regression (LUR) model that
was combined with the participants’ residential addresses given at
the baseline visit and the monitoring data from the European Study
of Cohorts for Air Pollution Effects (ESCAPE) from 26 January
2010 to 18 January 2011. The LUR model was developed as part of
the ESCAPE project, and the validation of the models has been
described elsewhere (http://www.escapeproject.eu/).29

Annual concentration data for PM2:5, PM2:5–10, and NOx were
only available for 2010, whereas the concentration data for NO2
was available for 2005–2007 and 2010. Finally, data for PM10
were available for 2007 and 2010. Pollutants for which only the
annual concentration data in 2010 was available were directly
defined as their respective exposure variable at baseline.Meanwhile,
for pollutants for which several years of annual concentration data
within the baseline time range were available, we took the average
value of multiple annual concentrations as their exposure variable.
For example, for PM10, we considered the average value of the an-
nual concentrations in 2007 and 2010 as its exposure level.
Furthermore, the air pollution score was constructed by weighted
summing concentrations of the five air pollutants, and the weighted
method was based on the multivariable-adjusted risk estimates
(b coefficients) of RA. The use of the air pollution score has been
well accepted in previous UK Biobank studies to assess the associa-
tion of combined exposure to multiple air pollutants with the risk of
chronic diseases, such as type 2 diabetes30 and heart failure.31 The
air pollution scorewas obtained using the following formula:

Air pollution score= ½bðPM2:5Þ ×PM2:5 + bðPM2:5− 10Þ ×PM2:5–10

+ bðPM10Þ ×PM10 +bðNO2Þ ×NO2 + bðNOxÞ ×NOx�× 5=
X

b
� �

Genotype Data, QC, and PRS
Genotype calling, QC, phasing, and imputation were performed
centrally and have been previously described in detail.25 In brief,
∼ 50,000 and 450,000 participants were separately genotyped on
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two closely related purpose-designed arrays (UK BiLEVE
Axiom and UK Biobank Axiom), and 805,426 markers were
identified in the finally released genotype data. In addition, the
data set was staged using computationally efficient methods and
combined with the Haplotype Reference Consortium and UK10K
Haplotype Resources to impute a total of 96million genotypes.
Based on the above genotyping imputed data, we carried out
downstream QC measures; specifically, we removed single nucle-
otide polymorphisms (SNPs) with imputation information (INFO)
score of <0:3, with minor allele frequency of <0:5%, or those that
failed Hardy-Weinberg tests with a p<1×10−6 using QCTOOL
(version 2; https://www.well.ox.ac.uk/∼gav/qctool/index.html).

A PRS, which captures an individual’s load of common genetic
variants associated with RA risk, was constructed. The score was
based on RA summary statistics from a meta-analysis of GWAS
data from individuals of European ancestry (http://plaza.umin.ac.jp/
∼yokada/datasource/software.htm).32 We applied the clumping and
threshold (C+T) method for calculating the PRS of RA, which
involved computing PRSs based on a subset of partially independ-
ent (clumped) SNPs exceeding a specific GWAS association
p-value threshold.21 To select the SNPs that would be included in
the calculation of the genetic risk score, we first filtered the GWAS
statistics results to exclude variants with a p≥ 5× 10−8 (genome-
wide significant). Linkage-disequilibrium clumping was performed
to identify independently associated variants (r2 < 0:01). If the
selected variants were not present in the UK Biobank genotyping
data, proxy variants were sought (r2 > 0:8). Moreover, SNPs were
also filtered based on the INFO score (INFO score >0:95) to ensure
imputed genotyping quality.

In this study, the additive genetic model,33 including 154
SNPs (see Excel Table S1 for details), was used for PRS calcula-
tion, and the final PRS was standardized. The calculation formula
is as follows:

PRSj =
X
ij

Si ×Gij −meanðPRSÞ
� �

=SDðPRSÞ,

where S is the summary statistic for the effective allele; G is the
number of the effective allele (0, 1, 2) observed; i is the ith SNP;
j is the jth individual; and SD is the standard deviation. The
above procedure was performed in PRSice-234 with the RA
GWAS summary statistics and the genotyping imputed data from
the UK Biobank. According to the PRS distribution, individuals
were categorized into low (tertile 1)-, intermediate (tertile 2)-,
and high (tertile 3)-grade RA genetic risks.

Covariate Measurements
Covariates in this study included age (years, continuous), sex
(female, male), assessment center (22 centers), average total
household income before tax (<£18,000, £18,000–£29,999,
£30,000–£51,999, £52,000–£100,000, >£100,000), educational
level [college or university degree, others (including advanced
levels (A levels)/(advanced subsidiary levels (AS levels) or
equivalent, ordinary levels (O levels)/general certificate of sec-
ondary education (GCSEs) or equivalent, CSEs or equivalent,
national vocational qualifications (NVQ) or higher national diplo-
mas (HND) or higher national certificates (HNC) or equivalent,
and other professional qualifications, such as nursing and teach-
ing)], smoking status (current, previous, never), alcohol con-
sumption (standard-drinks per day, continuous), sedentary
activity time (hours per day), physical activity duration (minutes
per day), body mass index (BMI, in kilograms per meter
squared), and healthy diet score (0–5 points). Some general char-
acteristics (including date of birth, sex, and the name of the
recruitment center) of participants were known before arrival at

the assessment center, and all were obtained from local NHS
Primary Care Trust registries. Sociodemographics (average total
household income before tax, educational level) and lifestyle and
behaviors data (smoking status, alcohol consumption, sedentary
activity time, and physical activity duration) were collected from
touchscreen questionnaires at the baseline assessment center visit.
The participants’ height and weight were measured by trained
nurses, and BMI was determined by dividing weight (in kilo-
grams) by height (in meters) squared. Sedentary activity time
was obtained from the sum of hours per day spent driving, watch-
ing TV, and using a computer. Physical activity duration was
defined as the sum of minutes per day spent walking and engag-
ing in moderate and vigorous activity. The healthy diet score was
based on the American Heart Association Guidelines35 and
included five dietary components: vegetables, fruit, fish, proc-
essed meat, and unprocessed red meat. The total diet score ranged
from 0 to 5 points; each time a dietary component intake goal
was achieved, it was given 1 point, with a higher score represent-
ing a healthier diet. Alcohol consumption was calculated by con-
version of alcohol intake collected from a touchscreen
questionnaire to standard-drink (8 g pure alcohol) of alcohol per
day.36 More information is shown in Table S2.

Statistical Analysis
The follow-up period was defined as from the date of initial
recruitment to the onset of RA or competitive events (death), the
date of loss to follow-up, or the date of the current end of follow-
up (31 March 2017 for England, 31 October 2016 for Scotland,
and 31 January 2017 for Wales). Participants who were lost to
follow-up or died before RA occurred were censored at the time
of the respective event.

Hazard ratios (HRs) and 95% confidence intervals (CIs) for
incident RA associated with the single air pollutant, the air pollu-
tion score, or PRS were estimated with Cox proportional hazard
models. We evaluated the assumption of the proportionality of
hazards by examining the association between standardized
Schoenfeld residuals and time.37 Missing values of covariates
were imputed by a multiple chain equation,38 and the missing
value patterns were assumed to be randomly missing. The miss-
ing data in the continuous variable were imputed using predictive
mean matching, whereas data in the categorical variable were
imputed using logistic regression factor (2 levels) and multino-
mial or ordered logit models (>2 levels).

All the models for the association between a single pollutant
and incident RA were adjusted for the covariates mentioned
above. Then, the three nested Cox models, which included a basic
model adjusted for age and sex, a multivariable adjustment model
further adjusted for all listed confounding factors, and a fully
adjusted model further adjusted for PRS, were used to estimate
the impact of air pollution score on the risk of RA. For analysis
models including PRS, we further adjusted for the genotyping
batches (11 batches in the UKBiLEVEAxiom array, 95 batches in
the BiobankAxiom array) and the first 10 genetic principal compo-
nents (PC1–PC10). To evaluate the joint associations of PRS and
air pollution score with RA risk, we classified participants into 12
groups according to genetic risk and quartiles of the air pollution
score. The HRs of incident RA in different groups were estimated
compared with those with low genetic risk and the lowest quartile
of air pollution score. We performed the Cochran–Armitage test
for trends in binomial RA status across the levels of the variable of
interest. To quantify the interactions on additive and multiplicative
scales, we added a product term that combined high genetic risk
and fourth quartile air pollution score in the model. The HR for the
product term and the relative excess risk due to interaction (RERI)
were used as the measures of interaction on the multiplicative
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and additive scales, respectively. The exposure–response relation-
ship of the air pollution score with RA risk was assessed using
restricted cubic spline analysis with 3 knots. Spearman’s correlation
coefficients were also calculated to assess correlations among air
pollutants.

A 10-fold cross-validation analysis was performed to further
validate the results.39 The overall data were randomly divided into
10 equal parts, with 9 of them taken as the training data set and the
remaining 1 as the testing data set. In the training data set, the single
air pollutant was refitted in the Coxmodel to obtain a new air pollu-
tion score–weighting coefficient. Accordingly, a new air pollutant
score was constructed and its association strength with incident
RA was evaluated in the testing data set. All process steps were
repeated 10 times until each of the 10 parts was used once as the
testing data set. A fixed-effects meta-analysis was performed to
calculate the pooled HR. To further confirm the robustness of the
weighted air pollution score, we also performed common mixture
pollutants exposure estimation methods, quantile-based g-compu-
tation,40 and Bayesian kernel machine regression (BKMR),41 to
recalculate the combined effect of themixture air pollution.

Moreover, we conducted subgroup analyses in various dichot-
omous subgroups according to age (≥65 and <65 y), sex (female
or male), education levels (with and without university degrees),
and smoking status (previous/current and never). Apart from
adjusting for the variables aforementioned in the main analysis,
menopausal status (yes or no) and hormone replacement therapy
use (yes or no) were additionally adjusted among females in the
subgroup analyses. Furthermore, the RA cases were stratified
according to the rheumatoid factor (RF) level and divided into
positive and negative groups in line with a cutoff value of
20 IU=mL,42,43 and the association of air pollution exposure with
different RF-status RA risks was further checked. The statistical
methods in subgroup analysis used were consistent with the main
analysis; however, when conducting interaction analysis in each
subgroup, the product term included in the model were ≥65 years
of age, female, no university degree, previous/current smoking,
RF-positive, and fourth quartile air pollution score, respectively.

A series of sensitivity analyses were also conducted to demon-
strate the robustness and reliability of the results. First, we estab-
lished a new air pollution score that included only PM2:5, NO2, and
NOx to further explore the association of air pollution score with
the risk of incident RA. Second, PM2:5 absorbance, as a measure-
ment of the blackness of PM2:5 filters and a proxy for elemental car-
bon, was assessed by the LURmodel, as previously described.29,44

We included the PM2:5 absorbance (2010 available) in the air pol-
lution score to serve as a further supplement to the PM exposure in-
formation. Third, to evaluate concerns for potential reverse
causation, we restricted incident RA cases to >2 y from the base-
line time. Fourth, we additionally adjusted the latitude of the partic-
ipants’ residence because latitude is closely related to exposure to
ultraviolet radiation, which in turn affects immune regulation or
vitamin D synthesis and thus, potentially, the occurrence of
RA.45,46 Fifth, furthermore, to avoid inaccurate assignments of air
pollution estimates caused by changes in residence, we included
only participants who had lived at their current address for at least
5 y in the analysis. Finally, the diagnosis of RA may be delayed
owing to the use of nonsteroidal anti-inflammatory drugs (NSAIDs)
to alleviate symptoms, such as arthritis, so we excluded individuals
using any dose of NSAIDs (Table S1) within 3 months before the
baseline to avoid latent prevalent RA cases masked by NSAID use
being included in our analysis.

All analyses were performed using R software (version 4.0.3; R
Development Core Team). All p-values for the tests were two sided,
and p<0:05 were considered statistically significant. Cox models
were constructed using the “survival” package. Exposure–response

relationship analyses were performed using the “rms” package.
Interaction analyses were realized by using the “interactionR” pack-
age. “qgcomp” and “bkmr” packages were used to conduct quantile-
based g-computation and BKMR. The location coordinates of
participants’ residential addresses measured by the Ordnance
Survey in Great Britain (OSGB) grid reference were transformed
into latitude/longitude through a JavaScript library47 with the
function of coordinate system conversions. The administrative
boundary data of the UK were sourced from UK Government
Open Data portal.48 All maps were drawn in R with the “rgdal”
and “ggplot2” packages.

Results
The baseline characteristics of the study participants are pre-
sented in Table 1. Among 342,973 participants, 2,034 incident
cases of RA were recorded during 2,760,119 person-years of
follow-up (median follow-up time= 8:1 y). Compared with par-
ticipants without RA, the individuals with RA had lower income
levels (<£18,000: 36.6% vs. 22.3%), and they were more likely
to be previous or current smokers (54.7% vs. 45.3%), have a
higher BMI (28:9 kg=m2 vs. 27:4 kg=m2), and have a more sed-
entary lifestyle (5.2 h/d vs. 4.9 h/d sedentary time). A comparison
of baseline characteristics between the current study population
and the full UK Biobank cohort was also reported in Table S3.
The median [interquartile range (IQR)] estimates of PM2:5,
PM2:5–10, PM10, NO2, and NOx were respectively 9.97 (1.32),
6.10 (0.79), 38.09 (4.38), 27.80 (9.87), and 42:30 ð16:15Þ lg=m3

among participants with incident RA at baseline. The correspond-
ing median (IQR) estimates were 9.88 (1.26), 6.08 (0.76), 38.01
(4.44), 27.30 (10.22), and 41:27 ð16:10Þ lg=m3 for those without
incident RA. The Spearman correlation coefficients among the
five air pollutants are shown in Table S4. The dispersed distribu-
tion of air pollution levels and the incident RA cases in the areas
where participants lived in 2010 are shown in Figure 1, and the
distribution patterns were in line with patterns available in the
public UK Air Information Resources.49

The associations between individual air pollutants and RA
are shown in Table 2. We observed that PM2:5, NO2, and NOx
were positively associated with the risk of RA (pTrend for
PM2:5 = 0:000043, pTrend for NO2 =0:00042, and pTrend for
NOx = 0:000011, respectively) after adjusting for age, sex,
UK Biobank assessment centers, household income, education,
smoking status, BMI, alcohol consumption, sedentary time,
physical activity duration, and healthy diet score. The HRs
(95% CI) of RA per IQR increase in PM2:5 (IQR: 1:26 lg=m3),
PM10 (IQR: 4:44 lg=m3), PM2:5–10 (IQR: 1:26 lg=m3), NO2
(IQR: 10:22 lg=m3), and NOx (IQR: 16:10 lg=m3) were 1.07
(1.01, 1.13), 1.01 (0.96, 1.07), 1.00 (0.96, 1.04), 1.03 (0.98,
1.09), and 1.07 (1.02, 1.12), respectively. The exposure–
response relationship of the association of each air pollutant
with incident RA was also checked, and PM2:5 showed a rela-
tively strong effect (Figure S2 and Excel Table S2).

The mean air pollution score± standard deviation ðSDÞ was
70.63± 11:12, ranging from 48.54 to 202.00, with a higher score
indicating a higher combined exposure to air pollutants. The
weights of each air pollutant included in the calculation of the air
pollution score are shown in Table S5, and the distribution of
air pollution scores among participants is shown in Figure S3
and Excel Table S3. As shown in Table 3, we found a positive
exposure–response relationship between the air pollution score
and RA risk (pTrend = 0:000053). After adjusting for age and sex,
the risk of incident RA in the highest quartile of the air pollution
score was 34% (95% CI: 18%, 51%) higher than in the lowest quar-
tile group. Moreover, the association of air pollution score with
incident RA remained significant after adjusting for the UK
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Biobank assessment center, household income, education, smok-
ing status, BMI, alcohol consumption, sedentary time, physical ac-
tivity duration, and healthy diet score, with the HR (95%CI) for the
fourth quartile groupbeing 1.14 (1.00, 1.29). Furthermore, the above
results remained stable whenwe further included the PRS of RA, the
first 10 genetic principal components, and genotyping batches into
the models. The results from cross-validation analysis further con-
firmed the robustness of the findings, with the value of HRFixed-effect
(95% CI) being 1.05 (1.01, 1.10) per SD increment in air pollution
score (Figure S4). We compared the impacts of the air pollutants
mixture using three methods, including BKMR, the quantile g-com-
putation model, and our air pollution score. In the air pollution score
we constructed, PM2:5 and NOx were the highest contributors
(bPM2:5 = 0:05 and bNOx = 0:004), which was relatively consistent
with the BKMR [conditional posterior inclusion probabilities
(PIPPM2:5 = 0:77 and PIPNOx = 0:94); Table S6]. In quantile g-com-
putation models, the magnitude of the overall mixture effects (W);
that is, the HR (95% CI) of incident RA was 1.08 (1.02, 1.15) per
quartile increase in the concentration of all air pollutants, showing an
association pattern similar to our air pollution score (Table S7).

The exposure–response relationships of the air pollution score
with incident RA according to stratification of age, sex, smoking
status, education level, and RF status are shown in Figures S5–
S9. Age is an important modifier in the impact of air pollution on

the risk of RA (pMultiplicative interaction = 0:044), and the HR (95%
CI) per SD increased air pollution score of those ≥65 years of
age was 1.09 (1.01, 1.18); Table S8, Figure S5, and Excel Table
S4]. A strong interaction between the air pollution and sex on the
RA risk was also observed (pMultiplicative interaction = 0:005 and
pAdditive interaction = 0:0009); the effect of air pollution on the RA
risk in females was more apparent than in males, and the HR
(95% CI) per SD increased air pollution score in females was
1.10 (1.05, 1.16); Table S8, Figure S6, and Excel Table S5].
Compared with nonsmokers, the exposure–response curve of
smokers’ air pollution scores and RA incidence risk seemed to
rise more rapidly (Figure S7 and Excel Table S6); however, there
was no significant interaction between the air pollution and
smoking status on the RA risk (pMultiplicative interaction = 0:99 and
pAdditive interaction = 0:98; Table S8). Although there were signifi-
cant differences in the strength of association between air pollu-
tion and RA risk in different education levels (Figure S8 and
Excel Table S7), only marginal significant additive interaction
was found [RERI= 0:23 (95% CI: 0.002, 0.46); Table S8]. In
addition, the risk of seronegative-RF RA increased significantly
with an increase in air pollution score, suggesting there may be a
negative interaction between air pollution and RF-positive RA
(pMultiplicative interaction = 0:0071; Table S8, Figure S9, and Excel
Table S8).

Table 1. Baseline characteristics of 342,973 participants in the UK Biobank study of the association of air pollution and genetic risk with rheumatoid arthritis
(RA) incidence from 2006 to 2017.

Characteristicsa
Incident RA

Total population (N =342,973)Yes (n=2,034) No (n=340,939)

Age [y (mean±SD)] 59:94± 7:02 56:97± 7:93 56:99± 7:93
Follow-up time [median (IQR)] 5.2 (3.6) 8.1 (1.2) 8.1 (1.2)
Sex [n (%)]
Female 1,368 (67.26) 181,850 (53.33) 183,218 (53.42)
Male 666 (32.74) 159,089 (46.66) 159,755 (46.58)
Household income [n (%)]
<£18,000 745 (36.63) 76,176 (22.34) 76,921 (22.43)
£18,000–29,999 573 (28.17) 88,752 (26.03) 88,325 (26.04)
£30,000–51,999 430 (21.14) 89,897 (26.37) 90,327 (26.34)
£52,000–100,000 240 (11.80) 68,633 (20.13) 68,873 (20.08)
>£100,000 46 (2.26) 17,481 (5.13) 17,527 (5.11)

Education level [n (%)]
College or university degree 542 (26.65) 121,615 (35.67) 122,157 (35.62)
Other 1,492 (73.35) 219,324 (64.33) 220,816 (64.38)
Smoking status [n (%)]
Never smoking 921 (45.28) 186,337 (54.65) 187,258 (54.60)
Previous smoking 832 (40.90) 120,838 (35.44) 121,670 (35.48)
Current smoking 281 (13.81) 33,764 (9.91) 34,045 (9.93)
Alcohol consumption [standard-drink/d (mean± SD)b] 1:63± 2:27 2:03± 2:45 2:03± 2:44
Healthy diet score [n (%)]
0–1 461 (22.66) 77,519 (22.74) 77,980 (22.74)
2–3 1,064 (52.31) 184,495 (54.12) 185,559 (54.10)
4–5 509 (25.02) 78,925 (23.14) 79,434 (23.16)
Sedentary time [h/d (mean± SD)] 5:18± 2:45 4:87± 2:38 4:87± 2:38
Physical activity [min/d (mean±SD)] 126:93± 107:24 128:81± 102:79 128:80± 102:82
Body mass index [kg=m2 (mean±SD)] 28:89± 5:56 27:41± 4:74 27:42± 4:75
Rheumatoid factor (RF) status [n (%)]
RF-positive 417 (20.50) 11,803 (3.46) 12,220 (3.56)
RF-negative 1,543 (75.86) 312,557 (91.68) 314,100 (91.58)
Latitude of residence [degree (mean± SD)] 53:06± 1:14 52:87± 1:19 52:86± 1:19
PM2:5 [lg=m3, median (IQR)] 9.97 (1.32) 9.88 (1.26) 9.88 (1.26)
PM2:5–10 [lg=m3, median (IQR)] 6.10 (0.79) 6.08 (0.76) 6.08 (0.76)
PM10 [lg=m3, median (IQR)] 38.09 (4.38) 38.01 (4.44) 38.01 (4.44)
NO2 [lg=m3, median (IQR)] 27.80 (9.87) 27.30 (10.22) 27.30 (10.22)
NOx [lg=m3, median (IQR)] 42.30 (16.15) 41.27 (16.10) 41.27 (16.10)
Air pollution score (mean± SD) 71:68± 11:35 70:63± 11:13 70:63± 11:12

Note: IQR, interquartile range; NO2, nitrogen dioxide; NOx, nitrogen oxides; PM2:5, particulate matter with aerodynamic diameter ≤2:5 lm; PM2:5–10, particulate matter with an aero-
dynamic diameter between 2.5 and 10 lm; PM10, particulate matter with an aerodynamic diameter ≤10 lm.
aMissing values for each characteristic: household income (n=48,144), education (n=62,218), smoking status (n=1,182), alcohol consumption (n=2,848), healthy diet score
(n=56,104), sedentary time (n=8,334), physical activity (n=65,263), body mass index (n=1,079), and rheumatoid factor (n=16,653).
bA standard-drink of alcohol consumption= 8 g of pure alcohol intake.
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As shown in Table 4, a significant positive association was
observed between the PRS of RA and the risk of incident RA.
After adjusting for sex, age, assessment center, first 10 genetic
principal components, and genotyping batches, the HR (95% CI)
of incident RA per increment in SD in the PRS of RA was 1.22
(1.17, 1.27). Moreover, the HR (95% CI) of incident RA in the
high genetic risk group was 1.48 (1.33, 1.65) when compared
with the low genetic risk group. All the findings remained stable
in the multivariate-adjusted models.

The joint association of the air pollution score and the PRS with
the risk of RA incidence was further assessed, and a significant expo-
sure–response relationship between air pollutants and incident RA
was found in the low (pTrend = 0:00064) and intermediate genetic risk
groups (pTrend = 0:0096) (Figure 2). Furthermore, the results of the
combined effect of air pollution score and PRSon theRA risk showed
that the risk of RA incidence in the highest genetic risk and air

pollution score group was almost twice that of the lowest genetic risk
and air pollution score group [incidence rate (IR) per 100,000
person-years = 98:46 vs. 51.19, and HR=1:73 (95% CI: 1.39, 2.17)
vs. 1 (reference)], although no statistically significant interaction
between the air pollution and genetic risk on incident RA was found
(pMultiplicative interaction = 0:057 and pAdditive interaction = 0:54; Figure 2).

In addition, several sensitivity analyses were performed
to confirm our findings. We first recalculated air pollution
scores that excluded PM2:5–10 and PM10 (the remaining weights
of PM2:5, NO2, and NOx were the same as those in the main
analyses) and examined the relationship between RA incidence
and the recalculated air pollution scores, and the results remained
unchanged (Table S9). In addition, we found no significant impact
of PM2:5 absorbance on RA risk in the single-pollutant model
(pTrend = 0:10), and the magnitude of the association was slightly
attenuated in the multivariable-adjusted model analysis after

Figure 1.Map of air pollution (NO2, NOx, PM2:5, PM2:5–10, and PM10) of areas where participants lived in 2010 and map of incident RA scatter distribution.
The administrative boundary data of the UK are sourced from UK Government Open Data portal (https://data.gov.uk/dataset/3fd8d2d2-b591-42ff-b333-
c53a6a513e96/countries-december-2017-full-clipped-boundaries-in-great-britain). These data are UK government–released open data. (A) NO2, (B) NOx,
(C) PM2:5, (D) PM2:5–10, (E) PM10, and (F) incident RA. Note: NO2, nitrogen dioxide; NOx, nitrogen oxides; PM2:5, particulate matter with aerodynamic diam-
eter ≤2:5 lm; PM2:5–10, particulate matter with aerodynamic diameter 2:5–10 lm; PM10, particulate matter with aerodynamic diameter ≤10 lm; RA, rheuma-
toid arthritis.
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incorporating it into the air pollution score (Table S10).
Participants with a follow-up time of <2 y were removed from
the analysis, and this did not appreciably change the results

(Table S11). Furthermore, the latitude of participants’ residence
was further adjusted (Table S12) and participants in the analysis
were limited to those who had lived at their current address for
at least 5 y (Table S13), and the findings were found to be
robust. Finally, after excluding participants who had used
NSAIDs, the results were still comparable (Table S14).

Discussion
To the best of our knowledge, this is the first prospective cohort
study to investigate the association of combined exposure to multi-
ple air pollutants with the risk of incident RAwhile considering the
modification effect of genetic risk. By weighting the regression
coefficient of each air pollutant (PM2:5, PM2:5–10, PM10, NO2, and
NOx), we constructed an air pollution score to represent compre-
hensive air pollution and assessed the association with the risk of
RA. The results showed a positive association with RA incidence.
Furthermore, we found that the IR of RA almost increased monot-
onically with increasing air pollution scores across different
genetic risk strata, particularly in the low and intermediate genetic
risk groups. The nonstatistically significant exposure–response
relationship in the high genetic risk group reflected that the health
effect of air pollution may play a minor role compared with a high
genetic predisposition. However, the highest IR and HR of RA risk
in the population that had the highest air pollution and genetic risk
was still more concerning.

To date, the effects of single air pollutants, such as NO2 and
PM2:5, on health effects have been widely demonstrated.50
However, given that humans are exposed to a mixture of air pollu-
tants, seeking to use a mixture of pollutant exposure estimation
methods is important.51,52 In this study, we attempted to construct
an air pollution score using the weighted regression coefficient
method to characterize the mixed exposure to multiple air pollutants
and observed a modest positive association between the air pollution
score and the risk of RA. Previous UK Biobank studies30,31 used the
same algorithm to deal with the additive linear effects of different air
pollutants and developed an air pollution score that proved that joint
exposure to air pollutants is significantly associated with the risk of
type 2 diabetes and heart failure. Similar integrated scores have been
applied not only in the field of environmental health53,54 but also
in other epidemiological studies.55,56 Moreover, we additionally
checked whether the magnitude of our current air pollution score
health effect for RA was comparable to that using other common
mixture pollutants exposure estimate methods, such as quantile-
based g-computation40 and BKMR,41 in our further validation
(Tables S6 and S7). In the quantile g-computationmodel, the overall
mixture effects (W) were close to our air pollution score. The results
from the BKMRmodels also demonstrated a similar positive associ-
ation between air pollution and RA risk. In general, our air pollution

Table 3. Association between air pollution score and incident rheumatoid arthritis (RA) among UK Biobank participants (N =342,973; n=2,034 incident RA
cases).

Air pollution scorea Case/n

HR (95% CI) of incident RA

pTrendModel 1b Model 2c Model 3d

Per standard deviation increment — 1.12 (1.07, 1.16) 1.06 (1.01, 1.10) 1.06 (1.01, 1.10)
Q1 454/85,743 Ref Ref Ref 0.000053
Q2 490/85,743 1.09 (0.96, 1.24) 1.00 (0.89, 1.14) 1.00 (0.88, 1.14)
Q3 514/85,743 1.17 (1.03, 1.33) 1.01 (0.89, 1.15) 1.01 (0.89, 1.15)
Q4 576/85,744 1.34 (1.18, 1.51) 1.14 (1.00, 1.29) 1.14 (1.00, 1.29)

Note: —, not applicable; CI, confidence interval; HR, hazard ratio; Q, quartile; Ref, reference; SD, standard deviation.
aAir pollution score ranges: quartile 1: (48.54–63.35); quartile 2: (63.36–69.94); quartile 3: (69.95–76.43); and quartile 4: (76.44–202.00). Mean±SD of the air pollution score is
70:63± 11:12.
bAdjusted for age and sex.
cAdjusted for age, sex, UK Biobank assessment center, household income, education level, smoking status, body mass index, alcohol consumption, sedentary time, physical activity
duration, and healthy diet score.
dAdjusted for age, sex, UK Biobank assessment center, household income, education level, smoking status, body mass index, alcohol consumption, sedentary time, physical activity
duration, healthy diet score, polygenic risk score, first 10 genetic principal components, and genotyping batch.

Table 2. Association between single air pollutant and incident rheumatoid
arthritis (RA) among UK Biobank participants (N =342,973; n=2,034
incident RA cases).

Air pollutantsa Case/n HR (95% CI) of incident RAb pTrend
PM2:5
Per IQR increment — 1.07 (1.01, 1.13)
Q1 467/86,448 Ref 0.000043
Q2 480/86,172 0.97 (0.86, 1.11)
Q3 504/84,731 1.00 (0.88, 1.14)
Q4 583/85,622 1.12 (1.00, 1.26)

PM10
Per IQR increment — 1.01 (0.96, 1.07)
Q1 486/86,006 Ref 0.13
Q2 511/85,457 0.99 (0.88, 1.13)
Q3 516/85,870 0.98 (0.87, 1.11)
Q4 521/85,640 1.05 (0.92, 1.19)

PM2:5–10
Per IQR increment — 1.00 (0.96, 1.04)
Q1 498/86,570 Ref 0.12
Q2 504/85,471 1.00 (0.88, 1.13)
Q3 499/85,500 1.00 (0.88, 1.13)
Q4 533/85,432 1.05 (0.93, 1.19)

NO2
Per IQR increment — 1.03 (0.98, 1.09)
Q1 442/85,746 Ref 0.00042
Q2 512/85,758 1.06 (0.93, 1.20)
Q3 536/85,722 1.08 (0.95, 1.23)
Q4 544/85,747 1.14 (1.00, 1.30)

NOx
Per IQR increment — 1.07 (1.02, 1.12)
Q1 442/85,750 Ref 0.000011
Q2 498/85,758 1.05 (0.92, 1.19)
Q3 518/85,740 1.05 (0.93, 1.20)
Q4 576/85,725 1.17 (1.03, 1.33)

Note: —, not applicable; CI, confidence interval; HR, hazard ratio; IQR, interquartile
range; NO2, nitrogen dioxide; NOx, nitrogen oxides; PM2:5, particulate matter with aer-
odynamic diameter ≤2:5 lm; PM2:5–10, particulate matter with an aerodynamic diameter
between 2.5 and 10 mm; PM10, particulate matter with an aerodynamic diameter
≤10 lm; Q, quartile.
aPM2:5 ranges: quartile 1: ð8:17–9:23Þ lg=m3, quartile 2: ð9:24–9:88Þ lg=m3, quartile 3:
ð9:89–10:49Þ lg=m3, and quartile 4: ð10:50–21:31Þ lg=m3 and IQR is 1:26 lg=m3; PM10
ranges: quartile 1: ð25:73–35:89Þ lg=m3, quartile 2: ð35:90–38:01Þ lg=m3, quartile 3:
ð38:02–40:33Þ lg=m3, and quartile 4: ð40:34–60:16Þ lg=m3 and IQR is 4:44 lg=m3;
PM2:5–10 ranges: quartile 1: ð5:57–5:83Þ lg=m3, quartile 2: ð5:84–6:08Þ lg=m3, quartile 3:
ð6:09–6:59Þ lg=m3, and quartile 4: ð6:60–12:82Þ lg=m3 and IQR is 1:26 lg=m3; NO2
ranges: quartile 1: ð8:86–22:40Þ lg=m3, quartile 2: ð22:41–27:30Þ lg=m3, quartile 3:
ð27:31–32:62Þ lg=m3, and quartile 4: ð32:63–125:12Þ lg=m3 and IQR is 10:22 lg=m3;
NOx ranges: quartile 1: ð19:74–33:38Þ lg=m3, quartile 2: ð33:39–41:27Þ lg=m3, quartile
3: ð41:28–49:48Þ lg=m3, and quartile 4: ð49:49–265:94Þ lg=m3 and IQR is 16:10 lg=m3.
bAdjusted for age, sex, UK Biobank assessment center, household income, education
level, smoking status, body mass index, alcohol consumption, sedentary time, physical
activity duration, and healthy diet score.
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scores were relatively accurate and reliable, and cross-validation
methods avoided the problem of overfitting. Moreover, as a con-
tinuous variable, the air pollution score can contribute to the
determination of the possible risk threshold for disease preven-
tion and also facilitate complex interaction analysis with other
risk factors of interest. In the multivariable-adjusted model, only
the air pollution score in the highest quartile was significantly
associated with incident RA. However, it cannot be ignored that
the air pollution scores in this study did not cover all air pollutants
and may have resulted in an underestimated relationship between
air pollution and the risk of RA.

Environmental agents are thought to interact with genetic fac-
tors and jointly trigger the immunologic processes before clinical
RA.57 A classic example supporting the environment–gene inter-
action is that between human leucocyte antigen-shared epitope
gene (HLA-SE) alleles and smoking, which strongly increases the
risk of seropositive RA.7,58 Previous studies13–18 have often
ignored the modification effects of genetic susceptibility and have
reported conflicting evidence on the relationship between air pollu-
tion and RA. In this study, to explore the potential interaction
between air pollution and genetic risk, we constructed a PRS that
represents the overall genetic risk of RA. We found that the inten-
sity of the association between RA risk and air pollution level was
higher with the increase of PRS even though the interaction
between the high air pollution exposure and high genetic risk was
not significant. However, the RA risk–associated genomic loci
identified from population-based genetic association studies col-
lectively account for only ∼ 15% of the phenotypic variance of
RA59,60 and may partially explain the nonstatistically significant
interaction.

The pathogenic mechanism of air pollution in RA development
has been comprehensively explored, with several hypotheses being
proposed about potentially involved factors, including T cell imbal-
ance, production of pro-inflammatory cytokines, local pulmonary
inflammation, oxidative stress, and methylation changes.61–65 The
association of air pollution with RA was not limited to the risk of
incidence, the two case-crossover studies66,67 further revealed that
exposure to high levels of air pollutants will also affect disease activ-
ity and drug response for RA. In addition, age, sex, socioeconomic
status, and lifestyle are all potential modifiers of the magnitude of
the effects of air pollution on RA.68–73 Therefore, to confirm the
robustness of the results, we further performed stratified analyses of

Table 4. Association between genetic risk and incident rheumatoid arthritis
(RA) among UK Biobank participants (N =342,973; n=2,034 incident RA
cases).

Polygenic risk scorea Case/n

HR (95% CI) of incident RA

pTrendModel 1b Model 2c

Per standard deviation
increment

— 1.22 (1.17, 1.27) 1.22 (1.17, 1.27)

Low genetic risk 554/113,181 Ref Ref 2:63× 10−13

Intermediate genetic
risk

640/113,181 1.16 (1.03, 1.29) 1.16 (1.04, 1.30)

High genetic risk 840/116,611 1.48 (1.33, 1.65) 1.48 (1.33, 1.65)

Note: —, not applicable; CI, confidence interval; HR, hazard risk; PRS, polygenic risk
score; Ref, reference.
aPRS ranges: low genetic risk (tertile 1): (−3:524 to −0:497); intermediate genetic risk
(tertile 2): (−0:498 to 0.297); high genetic risk (tertile 3): (0.298 to 5.066).
Mean± standard deviation of PRS is 0± 1.
bAdjusted for age, sex, first 10 genetic principal components, and genotyping batch.
cAdjusted for age, sex, UK Biobank assessment center, household income, education
level, smoking status, body mass index, alcohol consumption, sedentary time, physical
activity duration, healthy diet score, PRS, first 10 genetic principal components, and
genotyping batch.

Low genetic risk

    Air pollution score Q1

    Air pollution score Q2

    Air pollution score Q3

    Air pollution score Q4

Intermediate genetic risk

    Air pollution score Q1

    Air pollution score Q2

    Air pollution score Q3

    Air pollution score Q4

High genetic risk

    Air pollution score Q1

    Air pollution score Q2

    Air pollution score Q3

    Air pollution score Q4

Cases / n

117 / 28,352

127 / 28,426

144 / 28,348

166 / 28,055

138 / 28,277

153 / 28,042

171 / 28,341

178 / 28,521

199 / 29,114

210 / 29,275

199 / 29,054

232 / 29,168

Incidence per 
100,000 person−years

51.19

55.54

63.41

73.08

60.54

67.79

75.43

77.13

84.84

89.39

85.63

98.46

HR (95% CI)

1 (ref)

1.00 (0.78, 1.28)

1.09 (0.85, 1.39)

1.27 (1.00, 1.62)

1.18 (0.92, 1.51)

1.23 (0.97, 1.57)

1.31 (1.03, 1.65)

1.35 (1.07, 1.71)

1.66 (1.32, 2.09)

1.61 (1.28, 2.02)

1.49 (1.18, 1.87)

1.73 (1.39, 2.17)

p values

0.99

0.50

0.046

0.19

0.092

0.027

0.011

0.000013

0.000039

0.00069

0.0000015

p Trend

0.00064

0.0096

0.085

0.5 1 1.5 2 2.5
HR (95% CI)

HR (95% CI) for product term: 0.95 (0.88,1.05);  p Multiplicative interaction = 0.057

RERI (95% CI): -0.01 (-0.39,0.27); p Additive interaction = 0.54

Figure 2. Association of combined air pollution and genetic risk with incident RA among UK Biobank [N =342,973 participants (n=2,034 incident RA)].
Adjusted for age, sex, UK Biobank assessment center, household income, education level, smoking status, body mass index, alcohol consumption, sedentary
time, physical activity duration, healthy diet score, PRS, first 10 genetic principal components and genotyping batch. Genetic risk was categorized into three
levels by tertiles of PRS: low (tertile 1): (−3:524 to −0:497); intermediate (tertile 2): (−0:498 to 0.297); and high (tertile 3): (0.298 to 5.066). Air pollution
score ranges: quartile 1: (48.54–63.35); quartile 2: (63.36–69.94); quartile 3: (69.95–76.43); and quartile 4: (76.44–202.00). Note: CI, confidence interval; HR,
hazard risk; PRS, polygenic risk score; Q, quartile; RA, rheumatoid arthritis; RERI, relative excess risk due to interaction.
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these factors. The results revealed that larger effect estimates of air
pollution exposure on the risk of RA were among participants who
were ≥65 years of age, female, and lacking a university degree.
These results could be related to several potential mechanisms. For
example, the immune system and hormonal functions are different
in people of different ages and genders68,69; for instance, the
immune function and lung compensation ability of the elderly are
often weakened or even impaired, making them particularly suscep-
tible to air pollution.70 A larger health impact of air pollution among
females be may be partly explained by lifestyle factors such that
more time spent at home results in better accuracy of residential air
pollution exposure assessment, as well as biological factors, such as
greater airway reactivity and hormonal action.71 The increasing
trend of the risk of RF-negative RA with higher air pollution scores
seemed to be more apparent than that of RF-positive RA, which is
consistent with the evidence from a study in the Studies of the
Etiology ofRheumatoidArthritis (SERA) that reported that ambient
annual PM levels are not associated with the early development of
RA-related autoimmunity prior to the development of articular
RA.74 However, the study was limited to PM and did not include
other air pollutants, so the linkage of overall air pollution and early
RA-related autoimmunity may need further confirmation in the
future.

The results of the present study should be interpreted in the
context of its strengths and limitations. The main strength of this
study is that it is based on the UK Biobank prospective cohort
design, with a large sample size. Our study strictly controlled
confounding factors, including socioeconomic status and life-
style, and used cross-validation to ensure the stability of the
results. This study has some limitations. First, this observational
study could not fully control for all unknown or unmeasured con-
founding factors and was unable to determine a causal relation-
ship between air pollution and RA. Then, the measurement of air
pollution was only within the baseline time range, making it
impossible to further explore the important window period of the
impact of air pollution exposure on the risk of RA. Further stud-
ies with repeated air pollution measurements are required to con-
firm our findings. Moreover, the coverage of air pollutants was
not comprehensive and the exposure to air pollutants, such as
SO2, carbon monoxide, and ozone, was unavailable. In the future,
it may be necessary to integrate more air pollutants to establish a
more powerful and explainable air pollution score. Furthermore,
although the number of incident RA cases was sufficient for the
main analysis, in the specific stratified analysis the statistical
power may have been limited by the decreased number of cases.
In addition, we lacked information on exposure to these pollu-
tants in locations other than participants’ residential addresses,
such as outdoor or work sites. This prevented us from exploring
the impact of the total air pollution exposure of each participant
on the incidence of RA. Moreover, UK Biobank participants are
not representative of the UK general population owing to evi-
dence of a healthy volunteer selection bias,75 and the coverage of
only the 40- to 70-y-old population may have limited us from
finding more incident RA events in younger individuals.
Furthermore, we determined incident RA cases based on hospital
inpatient records, and latent incident RA cases with less severe
clinical symptoms may not have been admitted and recorded in
the hospital inpatient records. Finally, our study participants were
all White, so it may be necessary to validate the generalizability
of the conclusions to other ethnic populations.

Conclusions
Our findings showed that long-term combined exposure to ambi-
ent air pollutants was associated with an elevated risk of RA, and
this association was more pronounced in populations with high

genetic risk. We highlight the importance of comprehensive
assessment for air pollution and genetic predisposition in the pre-
vention of RA.
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