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Abstract

Objective. The primary objective of this study was to investigate adverse effects of ambient particulate matter of

various sizes on the incidence of the prevalent autoimmune rheumatic diseases (AIRDs): RA, AS and SLE.

Methods. We investigated 230 034 participants in three metropolitan cities of South Korea from the National

Health Insurance Service–National Sample Cohort (NHIS-NSC). Starting from January 2010, subjects were followed

up until the first event of prevalent AIRDs, death, or December 2013. The 2008–2009 respective averages of

particulate matter2.5 (<2.5 lm) and particulate mattercoarse (2.5 lm to 10 lm) were linked with participants’

administrative district codes. Adjusted hazard ratios (aHRs) and 95% CIs were estimated using Cox regression

analysis in one- and two-pollutant models.

Results. Adjusted for age, sex, region, and household income, in the two-pollutant model, RA incidence was

positively associated with the 10 lg/m3 increment of particulate matter2.5 (aHR ¼ 1.74, 95% CI: 1.06, 2.86), but not

with particulate mattercoarse (aHR ¼ 1.27, 95% CI: 0.87, 1.85). In the one-pollutant model, the elevated incidence

rate of RA was slightly attenuated (particulate matter2.5 aHR ¼ 1.61, 95% CI: 0.99, 2.61; particulate mattercoarse

aHR ¼ 1.13, 95% CI: 0.80, 1.61), with marginal statistical significance for particulate matter2.5. The RA incidence

was also higher in the 4th quartile group of particulate matter2.5 compared with the first quartile group (aHR ¼
1.83, 95% CI: 1.07, 3.11). Adverse effects from particulate matter were not found for AS or SLE in either the one-

or two-pollutant models.

Conclusion. The important components of particulate matter10 associated with RA incidence were the fine

fractions (particulate matter2.5); no positive association was found between particulate matter and AS or SLE.
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Introduction

Particulate matter is a mixture of liquid droplets, metals,

organic compounds, and ions like sulfates and nitrates

from combustion and traffic-related sources [1].

Particulate matter is classified into four groups based on

its size: particulate matter10 (<10 lm in aerodynamic

diameter), particulate matter2.5 (<2.5 lm; fine particles),

particulate mattercoarse (particulate matter ranging from

2.5 lm to 10 lm), and ultrafine particulate matter
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(<0.1 lm). Since particulate matter can induce systemic

inflammation by depositing in airways and circulating

through the bloodstream, its pernicious impacts on the

circulatory, respiratory and nervous systems have been

well established [2–4]. However, only a few studies have

been reported on the association between particulate

matter and autoimmune rheumatic diseases (AIRDs).

AIRDs are a complex set of disorders caused by the

failure of immunological tolerance that suppresses

lymphocytes reacting to self-antigens, leading to the im-

pairment of musculoskeletal systems [5, 6]. RA, AS,

SLE, SSc, primary SS (pSS), scleroderma, idiopathic in-

flammatory myositis (IIM) and systemic vasculitides (SV)

are included as AIRDs. Increased prevalence of AIRDs

(and medical expenses per patient) has been demon-

strated in Korea, which makes AIRDs an important

aspect of public health [7].

Although the pathogenic mechanisms of AIRDs are

still not very clear, one possible environmental factor

associated with AIRDs is particulate air pollution; there-

fore, a few studies have been conducted to investigate

any linkage between the two [8–13]. However, these

studies have reported widely varying outcomes and

have mainly focused solely on RA. For instance,

Bernatsky et al. and Zhao et al. reported a positive as-

sociation between long-term industrial particulate mat-

ter2.5 levels and ACPAs [14, 15]. In contrast, Chang

et al. suggested there was no significant increased inci-

dence of RA in a highly particulate matter2.5–exposed

group, using a retrospective cohort in Taiwan [8]. Hart

et al. also found that, in a US cohort of female nurses,

ambient particulate matter was not related to RA inci-

dence in middle-aged, socio-economically advantaged

women [10].

In addition, differential health impacts of particulate

matter on AIRDS according to particle size are still not

clear. Shin et al. mainly studied the impact of particulate

matter10 on RA [12], but there is a further need to

separate out the effects of fine and coarse particles in

research, since they differ in their constituents, source

and properties [16]. As no highly representative cohort

studies of urban populations with data for both particu-

late matter2.5 and particulate matter10 levels have been

conducted so far, we aimed to evaluate whether long-

term exposure to ambient particulate matter increased

the incidence rate of AIRDs using the National Health

Insurance Service (NHIS) database.

Materials and methods

Study population

The National Health Insurance Service (NHIS) of South

Korea is an insurance coverage service for various med-

ical practices. NHIS covers �97% of citizens in South

Korea, at the same time collecting their personal data

and information on medical procedures [17]. In addition,

the NHIS offers biannual health screening examinations

for insured Koreans aged 40 years or more. For those

who undergo screening examinations, health measures

such as smoking, drinking habits, and physical activ-

ities are collected, via self-reported questionnaires.

Fasting serum glucose and cholesterol levels are col-

lected via lab test. The NHIS–National Sample Cohort

(NHIS-NSC) is a highly representative population-

based cohort that contains these NHIS-associated

records. A total of 1 025 340 participants were ran-

domly selected in 2002 using the

proportional allocation method, which comprises

2.2% of the target population, and they were followed

for 13 years.

Of the 998 527 subjects from the NHIS-NSC followed

for 11 years (2002–2013), 663 090 were initially excluded

in this study, since these participants did not reside in

metropolitan cities for which particulate matter2.5 levels

were available: Seoul, Busan and Incheon. We addition-

ally excluded 70 660 participants who were aged

<20 years, 21 030 subjects diagnosed with AIRDs [RA,

SLE, AS, pSS, SSc, IIM or SV; based on the

International Code of Diseases (ICD)-10] or who died

before the index date of 1 January 2010, and 13 713

individuals with missing exposure data. The final study

population consisted of 230 034 participants. A flow

chart of the study population and a simplified method-

ology is shown in Fig. 1.

The retrospective cohort used in the study were de-

identified, and direct contact with separate patients was

not applicable. The requirement for informed consent

was waived as the NHIS database is anonymized

according to strict confidentiality guidelines prior to

distribution.

Exposure measurements and cohort follow-up

We obtained air pollutant levels for administrative district

areas in South Korea on a daily basis from the Air Korea

database. It collects particulate matter10 data from >300

local district monitoring stations across the

country. Unlike particulate matter10, particulate matter2.5

levels were only available for 64 monitoring sites in three

major cities—Seoul, Busan and Incheon—starting from

2008, allowing us to use the 2-year (2008–2009) re-

spective averages of the particulate matter10, particulate

mattercoarse and particulate matter2.5 levels. Particulate

mattercoarse levels were calculated by subtracting the

particulate matter2.5 levels from the particulate matter10

levels. These cities have total of 50 administrative dis-

tricts, and over a third of the South Korean citizens res-

ide within them. For 14 districts with two monitoring

stations, we averaged the exposure values from those

two monitoring stations. The mean (SD) area for 50 dis-

tricts was 55.1 (79.9) km2 [18]. All participants were

assigned the 2-year averages of the data from the fixed

monitoring stations based on their administrative prov-

ince codes in the NHIS-NSC.

Among numerous AIRDs, three of them—RA, AS and

SLE—were selected to be investigated, based on their

prevalence and severity in Korea [7]. From the index

date of 1 January 2010 to the end point of 31 December
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2013, all subjects were followed until their death or diag-

nosis of one of the AIRDs above. Since the NHIS-NSC

data only provided the month and year of death, the first

day of the month was assigned as the date of death for

those who died after the index date. The mean follow-

up time for the 230 034 subjects was 3.95 years. Of the

230 034 subjects, 254, 88 and 40 were diagnosed with

RA, AS and SLE, respectively. The median time to diag-

nosis for RA, AS and SLE was 1.85, 1.82 and 2.26 years,

respectively.

‘Prescription of DMARDs or biologics under diagnosis

codes for RA (M05 and M06 in ICD-10)’ was used as a

diagnosis criteria for RA in this study, as this has been

suggested as a great screening strategy for RA in the

NHIS-NSC database, with an accuracy of >90% [19].

However, there were no previous studies that suggested

a thoroughly proven screening method for AS or SLE in

the NHIS-NSC database. Thus, we adopted operational

definitions for AS and SLE based on previous studies on

the NHIS-NSC [20, 21]. Lee et al. and Choi et al. defined

AS and SLE diagnosis in the NHIS database using

the diagnosis code for AS and SLE (M45 and M32 in

ICD-10, respectively). Lee et al. further ascertained the

diagnostic criteria for AS by considering the place of

diagnosis; thus, in this study we adopted the diagnos-

tic criteria for AS as ‘patients who were diagnosed in

general hospital under the diagnosis code for AS’. Choi

et al. further considered the number of outpatient visits

in the screening of SLE patients. In reference to this,

we ascertained the SLE criteria as ‘�1 admission or �3

outpatient department visits within 1 year for diagnosis

codes for SLE’. The validity of our operational defini-

tions were checked by comparing the sociodemo-

graphic characteristics of screened patients with well-

recognized epidemiology of RA, AS, and SLE.

The incidence date of these AIRDs was defined as

the date of the first outpatient visit in the past at

which the abovementioned operational definitions were

satisfied.

Statistical analysis

Descriptive statistics were used to summarize particu-

late matter exposures and population characteristics.

Differences in the mean concentrations of particulate

matter according to the levels of covariates were

assessed using the t test and analysis of variance. We

considered the following four covariates for the main

analysis: age (categorical: 20–34, 35–49, 50–64 and

�65); sex (categorical: men and women); area of resi-

dence (categorical: Seoul, Busan and Incheon); and

household income derived from the insurance premium

(categorical: first, second, third and 4th quartiles),

which represented the participants’ status in December

2009 and which had been adjusted in previous studies

[8, 12, 13].

The one-pollutant model was the simplest model for

determining the impact of an air pollutant, by including

one exposure variable with confounders in the model.

However, it may reflect the effect of mixtures of pollu-

tants not included in the regression model, rather than

that of the single pollutant itself. While the two-pollutant

model, including two exposure variables with confound-

ers in the model, had the limitation of possible high cor-

relation between pollutants, it was useful for separating

the independent impact of particulate matters of various

sizes [3, 22, 23]. In order to assess the differential size

effect of particulate matter on prevalent AIRDs, we fitted

one-pollutant models for particulate matter2.5 and par-

ticulate mattercoarse and a two-pollutant model for both

sizes. A multivariate Cox proportional hazard model was

applied to evaluate the adjusted hazard ratios (aHRs)

FIG. 1 Flow chart of study population and methodology

RA, AS and SLE are denoted as prevalent AIRDs. NHIS-NSC: National Health Insurance Service–National Sample

Cohort; N: number of participants; AIRDs: autoimmune rheumatic diseases.
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and 95% CIs for the 10 lg/m3 increase in particulate

matter2.5 and particulate mattercoarse from the one- and

two-pollutant models, with statistical significance

a¼0.05. Additional analysis was also performed by

dividing into quartiles the levels of particulate matter2.5

and particulate mattercoarse from the two-pollutant

model.

Two methods of analysing the sensitivity of the

association of particulate matter2.5 and particulate

mattercoarse with RA were performed. The first method

was to consider the time-varying property of the expos-

ure; thereby, updated particulate matter2.5 and particu-

late mattercoarse measures for the two-pollutant model

were adopted: exposure averages for 1 year (2008),

2 years (2008–2009; baseline), 3 years (2008–2010) and

4 years (2008–2011). In order to obtaining exposure

averages for 3 years and 4 years, we excluded subjects

in the main study population who were diagnosed with

the prevalent AIRDs within 1 year (N¼ 95) and 2 years

(N¼203) after the index date. The second method was

to subset those who underwent health screening within

2 years prior to the index date (2008–2009). These par-

ticipants (N¼73 294) had additional health measures

from health examinations: smoking (categorical: never,

former, and current smoker); alcohol intake (categorical:

hardly none, 2–3 per month, 1–2 per week, 3–4 per

week, and almost every day); physical activity per week

(categorical: none, 1–2, 3–4, 5–6, and almost every day);

BMI (continuous); fasting serum glucose (continuous);

and total cholesterol (continuous), which may confound

the relationship between particulate matter levels and

AIRDs, according to previous studies [12, 24, 25]. In this

group, several models with different confounders were

subsequently adopted: Model 1: age, sex, region, and

household income; Model 2: model 1þ life style behav-

iours (smoking, alcohol, and physical activity); Model 3:

model 2þ health status (body mass index, fasting serum

glucose, and total cholesterol). All analyses were per-

formed by using R and STATA software.

The IRB number for this study is E-1905-148-1035.

Results

Descriptive characteristics of the main study population

are shown in Table 1. The differences in the mean con-

centrations of particulate matter based on the levels of

covariates other than sex were all statistically significant.

Large heterogeneity was found according to region, with

subjects in Seoul comprising more than half of the study

population (66.4%; N¼152 804). Incheon was the city

with the highest mean levels of particulate matter10 and

particulate matter2.5 (58.2 lg/m3 and 31.7 lg/m3, re-

spectively), whereas the mean level of particulate mat-

tercoarse was highest in Seoul (28.5 lg/m3). The

sociodemographic characteristics of the groups diag-

nosed with RA, AS and SLE are shown in

Supplementary Table S1, available at Rheumatology on-

line. The distributions of age and sex in the screened

patients were consistent with well-known epidemiology

for AIRDs [20, 26, 27].

Table 2 shows the number of events and aHRs with

95% CIs obtained from the one- and two-pollutant mod-

els. Adjusting for age, sex, region, and household in-

come, for the two-pollutant model for particulate

matter2.5 and particulate mattercoarse (correlation coeffi-

cient ¼ �0.21), the 10 lg/m3 increment of particulate

matter2.5 showed a positive association with RA (aHR ¼
1.74, 95% CI: 1.06, 2.86), but not with AS (aHR ¼ 1.19,

95% CI: 0.52, 2.70) or SLE (aHR ¼ 0.72, 95% CI: 0.21,

2.55). On the other hand, a 10 lg/m3 increase in particu-

late mattercoarse did not elevate the incidence of the

prevalent AIRDs: RA (aHR ¼ 1.27, 95% CI: 0.87, 1.85),

AS (aHR ¼ 0.86, 95% CI: 0.47, 1.55) and SLE (aHR ¼
0.53, 95% CI: 0.20, 1.41). For the one-pollutant model,

the statistical significance for the effect of particulate

matter2.5 on RA was slightly attenuated, but marginal

(aHR ¼ 1.61, 95% CI: 0.99, 2.61). AS (aHR ¼ 1.25, 95%

CI: 0.56, 2.76) and SLE (aHR ¼ 0.87, 95% CI: 0.26,

2.90) were not associated with the particulate matter2.5

level. In accordance with the results for the two-

pollutant model, a 10 lg/m3 increase in particulate mat-

tercoarse showed no meaningful relationship with the

prevalent AIRDs: RA (aHR ¼ 1.13, 95% CI: 0.80, 1.61),

AS (aHR ¼ 0.83, 95% CI: 0.47, 1.48) and SLE (aHR ¼
0.56, 95% CI: 0.21, 1.46). The effect of the 10 lg/m3 in-

crement of particulate matter10 from the one-pollutant

model is also shown in Supplementary Table S2, avail-

able at Rheumatology online, which included an adverse

effect on RA (aHR ¼ 1.40, 95% CI: 1.00, 1.96), but not

on AS (aHR ¼ 0.95, 95% CI: 0.56, 1.60) or SLE (aHR ¼
0.59, 95% CI: 0.26, 1.35). Table 3 shows the results of

the two-pollutant model for particulate matter2.5 and

particulate mattercoarse by dividing the levels of particu-

late matter into quartiles. An increment in the quartile of

the particulate mattercoarse levels did not elevate the in-

cidence of the prevalent AIRDs, and RA was the only

disorder that showed a positive association with particu-

late matter2.5 in the 4th quartile group (aHR ¼ 1.83,

95% CI: 1.07, 3.11, compared with the reference group).

An increasing trend in aHRs for RA with increasing

increment in the quartile groups was also found

(P < 0.05).

Table 4 shows the results of sensitivity analysis on the

association of particulate matter2.5 and particulate mat-

tercoarse with RA according to particulate matter expos-

ure period and among those who underwent health

screening with additional adjustments for lifestyle behav-

iour and health status. One year exposure to particulate

matter2.5 was positively associated with RA (aHR ¼
1.68, 95% CI: 1.07, 2.64), but exposure to particulate

mattercoarse was not (aHR ¼ 1.17, 95% CI: 0.83, 1.66).

Though statistical significance was attenuated, the trend

of association between pollutants (particulate matter2.5

and particulate mattercoarse) and RA in the baseline

model (2 years exposure) was still conserved in

the results for 3 years exposure (particulate matter2.5

aHR ¼ 1.59, 95% CI: 0.85, 2.99; particulate mattercoarse
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aHR ¼ 1.10, 95% CI: 0.70, 1.73) and 4 years exposure

(particulate matter2.5 aHR ¼ 1.58, 95% CI: 0.77, 3.24;

particulate mattercoarse aHR ¼ 1.03, 95% CI: 0.60, 1.77).

For those who underwent health examinations within

2 years prior to the index date, adjustment for age, sex,

region, and household income yielded a similar trend to

that of these results, though statistical significance was

decreased (particulate matter2.5 aHR ¼ 1.82, 95% CI:

0.82, 4.00; particulate mattercoarse aHR ¼ 1.17, 95% CI:

0.66, 2.09). The results of additional adjustment for life

style behaviours (particulate matter2.5 aHR ¼ 1.79, 95%

CI: 0.81, 3.95; particulate mattercoarse aHR ¼ 1.17, 95%

CI: 0.66, 2.09) and health status with life style behav-

iours (particulate matter2.5 aHR ¼ 1.81, 95% CI: 0.82,

TABLE 1 Descriptive characteristics of the main study population

Number of
people (%)

Particulate matter (lg/m3), mean (SD)

Particulate matter10 Particulate matter2.5 Particulate mattercoarse

Age

20–34 71 770 (31.2) 54.3 (4.4) 26.9 (3.3) 27.4 (3.8)
35–49 77 987 (33.9) 54.4 (4.7) 27.0 (3.5) 27.3 (3.8)
50–64 52 974 (23.0) 54.1 (4.5) 26.8 (3.3) 27.3 (3.9)

�65 27 303 (11.9) 54.2 (4.5) 26.8 (3.3) 27.4 (3.9)
P-value <0.001 <0.001 <0.001

Sex
Men 116 076 (50.5) 54.3 (4.5) 26.9 (3.4) 27.4 (3.8)
Women 113 958 (49.5) 54.3 (4.5) 26.9 (3.3) 27.4 (3.8)

P-value 0.033 0.014 0.710
Region

Seoul 152 804 (66.4) 54.6 (2.1) 26.1 (2.2) 28.5 (2.6)
Busan 38 181 (16.6) 49.1 (7.1) 25.3 (3.8) 23.8 (6.1)
Incheon 39 049 (17.0) 58.2 (3.6) 31.7 (2.4) 26.5 (2.4)

P-value <0.001 <0.001 <0.001
Household income, quartile

1st (lowest) 51 475 (22.4) 54.3 (4.7) 26.9 (3.4) 27.2 (4.0)
2nd 62 019 (27.0) 54.3 (4.5) 27.1 (3.4) 27.3 (3.9)
3rd 49 866 (21.7) 54.4 (4.7) 27.0 (3.4) 27.3 (3.9)

4th (highest) 66 674 (29.0) 54.3 (4.4) 26.7 (3.2) 27.6 (3.7)
P-value <0.001 <0.001 <0.001

Particulate matter levels determined by the 2-year average levels of 2008–2009. Particulate mattercoarse was calculated
by subtracting the particulate matter2.5 levels from the particulate matter10 levels. P-values were calculated by analysis of

variance for variables with more than two levels and a t test for variables with two levels.

TABLE 2 Association of particulate matter2.5 and particulate mattercoarse with prevalent AIRDs in one- and two-pollutant

models

Adjusted hazard ratio (95% CI)

Particulate matter2.5 Particulate mattercoarse

RA (Events ¼ 254)
Two-pollutant model 1.74 (1.06, 2.86) 1.27 (0.87, 1.85)
One-pollutant model 1.61 (0.99, 2.61) 1.13 (0.80, 1.61)

AS (events ¼ 88)
Two-pollutant model 1.19 (0.52, 2.70) 0.86 (0.47, 1.55)

One-pollutant model 1.25 (0.56, 2.76) 0.83 (0.47, 1.48)
SLE (events ¼ 40)

Two-pollutant model 0.72 (0.21, 2.55) 0.53 (0.20, 1.41)

One-pollutant model 0.87 (0.26, 2.90) 0.56 (0.21, 1.46)

A Cox proportional hazard model was applied to estimate the coefficients and 95% CIs. Adjusted hazard ratios are shown
for the rate of outcome per 10 lg/m3 increase in particulate matter and were calculated after adjustments for age, sex, re-
gion, and household income. Particulate matter levels were determined from the 2-year average levels of 2008–2009.

Particulate mattercoarse was calculated by subtracting the particulate matter2.5 levels from the particulate matter10 levels.

Association of particulate matter with autoimmune rheumatic diseases
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3.98; particulate mattercoarse aHR ¼ 1.18, 95% CI: 0.66,

2.10) showed stable results. Since smoking is a relative-

ly well-established risk factor for RA, we

additionally investigated the influence of the smoking

variable on the association of particulate matter with

RA (see Supplementary Table S3, available at

Rheumatology online) [28]. The sensitivity analysis for

AS and SLE according to particulate matter exposure

period is reported in Supplementary Table S4, available

at Rheumatology online, showing similar trends to those

in Tables 2 and 3.

Discussion

To the best of the authors’ knowledge, this is the first

cohort study in an Asian population that has assessed

the association between AIRDs and particulate matter,

including both particulate matter2.5 and particulate mat-

tercoarse. We discovered long-term exposure to particu-

late matter2.5 was associated with the incidence of RA,

but not with that of AS or SLE. In the one-pollutant

model, an elevated incidence of RA by particulate mat-

ter10 was also observed. Since particulate mattercoarse

was not positively associated with RA, unlike particulate

matter2.5, adverse effects of particulate matter10 might

be derived from those due to particulate matter2.5. Due

to possible differential effects of particulate matter by its

size, a two-pollutant model for particulate matter2.5 and

particulate mattercoarse was subsequently applied to in-

vestigate the independent effects of the particulate air

pollutants, and estimates from this model are likely to

be more valid than from the one-pollutant model [29].

The positive association between particulate matter2.5

and RA from the two-pollutant model shown in Tables 2

and 3 suggests that the important component of par-

ticulate matter10 for RA resides in the fine fraction (par-

ticulate matter2.5), and that the size of the particulate

matter does matter in determining whether there is an

abnormal autoimmune response. Although the positive

association was attenuated in the sensitivity analysis

due to low number of events, the trend remained con-

sistent in Table 4. Furthermore, smoking, a well-known

risk factor for RA, seemed not to influence the associ-

ation of particulate matter with RA, based on the stable

results obtained when adjusting for all covariates, with

or without the smoking variable, and there was no stat-

istical significance for an effect on the interaction, as

shown in Supplementary Table S3, available at

Rheumatology online.

Previous findings have indicated that there is no sig-

nificant evidence that particulate matter10 is a risk factor

for RA [10–12, 30]. Considering particulate mattercoarse

was not positively associated with the prevalent AIRDs,

the effect of particulate matter10 on RA might be

masked if the particulate matter2.5:particulate matter10

ratio was relatively low. Some previous studies have

also reported inconsistent results for particulate mat-

ter2.5 [8, 10, 14, 15]. Difference in exposure measure-

ment, constituents, and operational definition might lead

to this heterogeneity. Hart et al. for example, adopted a

land use regression model, estimating concentration of

air pollutants in a particular area using local emission

sources and various environmental variables [10]. Chang

et al. used an operational definition for RA based on the

ICD-9 code from the Longitudinal Health Insurance

Database (LHID) [8]. While an association between

TABLE 4 Sensitivity analysis of the association of particulate matter2.5 and particulate mattercoarse with RA in the

two-pollutant model

aHR (95% CI)

N Events Particulate
matter2.5

Particulate
mattercoarse

Particulate matter exposure period
1 year (2008) 230 034 254 1.68 (1.07, 2.64) 1.17 (0.83, 1.66)
2 years (2008–2009; baseline) 230 034 254 1.74 (1.06, 2.86) 1.27 (0.87, 1.85)

3 years (2008–2010) 228 793 190 1.59 (0.85, 2.99) 1.10 (0.70, 1.73)
4 years (2008–2011) 227 474 116 1.58 (0.77, 3.24) 1.03 (0.60, 1.77)

Participants who underwent health screening
Model 1 73 294 93 1.82 (0.82, 4.00) 1.17 (0.66, 2.09)
Model 2 73 294 93 1.79 (0.81, 3.95) 1.17 (0.66, 2.09)

Model 3 73 294 93 1.81 (0.82, 3.98) 1.18 (0.66, 2.10)

Sensitivity analysis according to the particulate matter exposure period or among those who underwent health screening
with additional adjustments for lifestyle, behavior, and health status. Adjusted hazard ratios are shown for the rate of
outcome per 10 lg/m3 increase in particulate matter. The 3- and 4-year averages for particulate matter were adopted

by excluding participants diagnosed with prevalent AIRDs within 1 year (N¼95) and 2 years (N¼203). Model 1: age, sex,
region, and household income. Model 2: model 1þ life style behaviours (smoking, alcohol, and physical activity). Model 3:

model 2þhealth status (BMI, fasting serum glucose, and total cholesterol). N: number of participants; aHR: adjusted
hazard ratio.
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particulate matter2.5 and RA is still controversial, the

present study supports the potential for particulate mat-

ter2.5 as being a risk factor for RA, using a population-

based cohort with adequate representativeness.

Some possible mechanisms have been suggested for

particulate matter2.5 inducing an abnormal autoimmune

response. Pulmonary inflammation after inhaling particu-

late matter may be the first step in triggering the cas-

cade. It can induce bronchus-associated lymphoid

tissue, a tertiary lymphoid structure that is associated

with producing autoantibodies and proinflammatory

cytokines such as TNF-a, IL-1, IL-6 and IL-8 [31, 32].

The balance of helper T cells can also be modified by

air pollutants, activating NF-jB to regulate Th1 and

binding to the aryl hydrocarbon receptor, which regu-

lates Th17 and Treg cells [33, 34]. Decreased methyla-

tion at CpG loci of inflammation-related genes is

another suggested cause of an abnormal autoimmune

response to particulate matter2.5 [35].

Compared with particulate matter10, fine particles

have a large total surface area, include many toxic

materials, and display greater airway deposition, induc-

ing pulmonary inflammation [36, 37]. For example, par-

ticulate matter2.5 penetrates our body more deeply,

reaching small airways and the alveoli, from which the

particles are eliminated more slowly than they are from

the upper airways, where the coarse fraction deposits

[38–40]. One study also showed that particulate mat-

ter2.5 displayed a 10 000 times greater particle number

dose per macrophage than particulate mattercoarse does

[41]. Furthermore, a genomic study found that the

coarse and fine particles induced dissimilar gene ex-

pression patterns, indicating their different roles in vari-

ous types of pathogenesis [42].

The result that particulate matter2.5 levels were associ-

ated with RA but not with other prevalent AIRDs suggests

that the fine fraction of particulate matter might have a

specific role in the pathogenesis of RA. ACPAs, highly

specific in RA [43], may be the related factor.

Experimental studies showed that nanomaterials of air

pollution can induce protein citrullination [44].

Observational studies also corroborate the hypothesis of

air pollution–induced ACPAs by reporting a positive asso-

ciation between ACPAs and industrial particulate matter2.5

exposures [14, 15]. Thus, a mixed effect of induced helper

T cell imbalance and increased ACPAs due to particulate

matter2.5 may contribute to the increased incidence of RA

in the highly exposed group. Meanwhile, a marginal pro-

tective effect of particulate mattercoarse on SLE can be

seen in Table 3. However, a low number of cases (N¼7)

in some exposure groups may cause a bias. Another ex-

planation is that particulate matter can have a shielding

effect against ultraviolet light [45, 46], a well-known risk

factor for SLE, which could lead to a marginal protective

effect. Future studies adjusting for meteorological varia-

bles, including ultraviolet radiation, are needed.

In this study, the stability and robustness of the data-

set were assured, since the NHIS-NSC applied a

proportional allocation method with an adequate sample

size. This highly representative population-based cohort

has an advantage over other occupation-based cohorts

due to reduced sampling bias. In addition, we applied

the suggested screening method for RA based on a

previous study, thereby increasing accuracy compared

with just using the ICD-10 code. While the lack of pro-

ven diagnostic criteria for AS and SLE is one limitation,

we adopted strict operational definitions for AS and

SLE based on the previous literature and checked

whether the sociodemographic characteristics of the

screened patients were consistent with well-known

epidemiology.

A limitation of this study is the potential for bias when

dropping 34 743 subjects from the study population.

Since missings in the exposure data stem from unavail-

able data for specific locations, heterogeneity in the dis-

tribution of the covariates between the main study

population and the dropped population was found (see

Supplementary Table S5, available at Rheumatology on-

line). Furthermore, smoking variable, a well-recognized

environmental factor affecting the incidence of RA,

is only available in subgroup for sensitivity analysis (N ¼
73 294). Thus, a selection bias may have arisen to ad-

just health measures, including smoking, since the sub-

group who underwent health examinations would likely

tend to pay more attention to health. These intrinsic limi-

tations of the NHIS database should be considered

when interpreting and generalizing the results. Another

limitation was the unavailability of particulate matter2.5

levels before 2008; even the data for 2008 onwards only

included that for three large cities, so generalization to

rural areas may not be possible. Gaps in the exposure

data might have led to decreased statistical significance

in the sensitivity analysis. In addition, the incidence of the

prevalent AIRDs was mutually exclusive in the study, as

subjects were followed up until the first event of RA, AS

or SLE. Finally, the particulate matter levels used in the

study may not fully represent the real exposure level of

the subjects, since indoor air quality was not considered.

The present paper demonstrated that ambient expos-

ure of particulate matter was associated with an

increased incidence of RA, but not of AS or SLE, and

that the size of the particulate matter was significant in

the exposure. The level of the particulate matter <2.5 lm

in aerodynamic diameter was potentially linked to the in-

cidence of RA, while particulate matter larger than that

showed no association. The impact of air pollution on

AIRDs is still controversial. Additional studies would be

necessary to reduce the public health burden of AIRDs

and further elucidate the biological effect of particulate

matter on the pathogenesis of RA.
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