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ORIGINAL RESEARCH

Rheumatoid arthritis

PM._ increases mortality risk in
rheumatoid arthritis-associated
interstitial lung disease

Soo Han Kim,"? Sun-Young Kim,® Hee-Young Yoon,* Jin Woo Song

ABSTRACT

Objectives The effect of air pollution on the prognosis of
rheumatoid arthritis-associated interstitial lung disease
(RA-ILD) remains poorly understood. We aimed to evaluate
the effect of long-term exposure to particulate matter with
an aerodynamic diameter of <10pm (PM, ) and nitrogen
dioxide (NO,) on mortality in patients with RA-ILD.
Methods We included 309 patients (mean age, 61.7
years; male, 44.3%) with RA-ILD. Individual-level long-
term exposures to PM,  and NO, at their residential
addresses were estimated using a national-scale exposure
prediction model. The effect of the two air pollutants

on mortality was estimated using a Cox-proportional
hazards model adjusted for individual-level and area-level
characteristics.

Results The median follow-up period was 4.8 years, and
40.8% of patients died or underwent lung transplantation.
The annual average concentrations of PM, and NO,

were 56.3 pg/m® and 22.4 ppb, respectively. When air
pollutant levels were stratified by quartiles, no association
was observed between air pollutant concentration and
mortality in patients with RA-ILD. However, when stratified
by two groups (high exposure (top 25th percentile) vs

low exposure (bottom 75th percentile)), we observed a
significant association between high PM,  exposure and
mortality (HR 1.68; 95% Cl 1.11 t0 2.52; p=0.013) but no
association between NO, exposure and mortality. In the
subgroup analyses, the effect of high PM, | exposure on
mortality was significant in patients aged <65 years (HR
1.98; 95% Cl 1.02 to 3.85; p=0.045).

Conclusions Our results indicated that high PM,
exposure may be associated with mortality in patients with
RA-ILD.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic
autoimmune disorder characterised by the
progressive destruction of the joints and
a variety of extra-articular manifestations,
including pulmonary involvement." Inter-
stitial lung disease (ILD) is one of the most
common extra-articular manifestations in
patients with RA and has an estimated prev-
alence of 6%-30%.> > The development of
ILD was reported to be responsible for 13%
of all-cause mortality in patients with RA* and

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Air pollution was previously reported to be positively
associated with the incidence of rheumatoid arthritis
(RA). However, the effect of air pollution on the prog-
nosis of patients with RA-associated interstitial lung
disease (RA-ILD) remains poorly understood.

WHAT THIS STUDY ADDS

= When air pollutant levels were categorized into two
groups (high exposure (top 25th percentile) vs low
exposure (bottom 75th percentile)), we observed a
significant association between mortality and high
exposure to particulate matter with an aerodynamic
diameter of < 10 ym (HR 1.68; 95% Cl 1.11 0 2.52;
p=0.013) but not in terms of exposure to nitrogen
dioxide.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY
= Our results indicate that the reduction of air pollution

exposure could be helpful in improving the progno-
sis of patients with RA-ILD.

showed a median survival of 3 years after diag-
nosis.” Previous studies reported that several
risk factors were associated with mortality in
patients with RA-associated ILD (RA-ILD),
including old age (>60 years old) ,6 high titres
of rheumatoid factor (RF; >3 * upper limit of
normal),7 lower baseline or a 10% decrease
from baseline in forced vital capacity (FVC),*
and a usual interstitial pneumonia (UIP)
pattern on high-resolution CT (HRCT).?
Air pollution is associated with mortality in
chronic respiratory diseases, such as asthma, '’
chronic obstructive pulmonary disease'' and
lung cancer.'? Moreover, recent studies have
reported the associations between air pollu-
tion and the clinical course of idiopathic
pulmonary fibrosis (IPF) in terms of inci-
dence,”” acute exacerbation,14 hospitalisa-
tion'” and mortality.' ' However, the effect
of air pollution on the prognosis of patients
with RA-ILD remains poorly understood.
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Anticitrullinated protein antibodies (ACPAs) are a
marker for RA autoimmunity, which are produced against
citrullinated proteins (CPs) with autoantigenicity,'® and
involved in the development of ILD in patients with RA."
CPs are known to be produced in the lungs via inhaled
toxic stimuli, such as smoking, in individuals carrying
the human leucocyte antigen DR-shared epitopes,
which are associated with the risk of ACPA-positive RA.*
Furthermore, CPs were found in the lung lavage fluid of
smokers and the lung parenchymal tissues and synovium
of patients with RA-ILD.?' Considering that ACPAs are
often detected before joint symptoms appear, the lung
may be the origin of ACPA production.” Air pollution
was known to be associated with ACPA positivity,” which
is a risk factor for RA-ILD progression.’ Furthermore, air
pollution was reported to be positively associated with the
incidence of RA-ILD,** as well as incidence and hospital
readmissions of RA.*” ** On the basis of these findings, we
hypothesised that the prognosis of RA-ILD may be associ-
ated with exposure to air pollution. Therefore, we aimed
to evaluate the effect of long-term exposures to partic-
ulate matter with an aerodynamic diameter of <10pm
(PM,,) and nitrogen dioxide (NO,) on the mortality in
patients with RA-ILD. PM, and NO, were estimated at
an individual level by using a national-scale air pollution
prediction model based on residential addresses.

METHODS

Study population

A total of 313 patients diagnosed with RA-ILD between
June 1995 and August 2018 at the Asan Medical Center,
Seoul, Republic of Korea, were screened for this study.
After excluding participants whose data on baseline
characteristics or survival status were not available (n=4),
309 patients were included in this study. A diagnosis of
RA was made according to the 2010 American College
of Rheumatology/European league against rheumatism
criteria by a rheumatologist,”” and the presence of ILD
was confirmed on the basis of HRCT imaging and/or
pathological findings.

Clinical data

Clinical and survival data for all patients were retro-
spectively obtained from medical records and/or the
records of the National Health Insurance of Korea. FVC,
diffusing capacity of the lungs for carbon monoxide,
and total lung capacity were evaluated by spirometry or
plethysmography according to the recommendations of
the American Thoracic Society/European Respiratory
Society.”*™" The results were expressed as percentages of
the normal predicted values. The residential addresses
were obtained on the basis of the patients’ statements.

HRCT assessment

HRCT scan images were reviewed by a radiologist (JC)
and a pulmonologist (SHK) who were blinded to clinical
and pathological information. Overall, HRCT patterns
were classified as a UIP-like or non-UIP-like pattern on

the basis of the HRCT classification of the Fleischner
Society Guidelines for the diagnosis of IPF*" and adjust-
ments were made to allow applicability for patients with
RA-ILD.** In summary, a UIP-like pattern was defined as
a reticular pattern accompanied by honeycombing with
or without traction bronchiectasis (or bronchiolectasis)
and without considering the distribution or presence
of mosaic attenuation, which was suggested by Jacob et
al® Any disagreements between the two readers were
resolved by a third reader (JWS).

Individual-level exposure assessment for PM,  and NO,
On the basis of geo-coded residential addresses, we esti-
mated the individual-level concentrations of PM,; and
NO, by using the validated air pollution prediction model
of South Korea (figure 1 A and B). This national-scale
pointwise exposure prediction model was developed to
estimate the annual average concentrations of PM, and
NO, at any location in South Korea, and further details
can be found in online supplemental appendix $1.%%**
The long-term exposure to PM,; and NO, was assessed
by the annual average concentrations estimated in 2006
(1 year before the first event of death in our cohort). The
fixed-year exposure could prevent the possible overesti-
mation of air pollution effect on mortality resulting from
a substantial decrease in air pollutant concentration over
time.*® In South Korea, PM concentrations decreased
from 51 to 41pg/m’, whereas NO, concentrations
decreased from 23 to 20 parts per billion (ppb) between
1999 and 2018 (https://www.airkorea.or.kr). We consid-
ered the average concentrations in 2006 as the long-term
average exposure on the basis of the results that the
annual average concentrations in 2006 correlated well
with those in each year during the 2001-2018 period
(PM,: r=0.38-0.84; NO,: r>0.8) from regulatory moni-
toring sites. This implied a relatively consistent spatial
distribution over time (online supplemental figure S1 and
online supplemental figure S2). Furthermore, to over-
come bias regarding changes in the residential addresses
of each patient, we calculated the individual exposure by
estimating the mean concentration in 2006 to reflect all
the available addresses of each patient during the study
period.

Statistical analyses

The primary outcome of this study was death, and lung
transplantation was considered an equivalent event to
death. The duration of follow-up was estimated from the
date of ILD diagnosis to the date of death, lung trans-
plantation, or time of censoring (31 December 2019).
The annual average air pollutant concentrations were
categorised into four groups on the basis of quartiles
(Q1-Q4). Furthermore, air pollutant concentrations
were categorised into two groups to evaluate the effect of
high exposure to air pollutants (denoted as Q4, top 25th
percentile) compared with low exposure to air pollut-
ants (denoted as Q1-Q3, bottom 75th percentile).36 The
Kaplan-Meier survival curve analysis was used to evaluate
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Figure 1
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Spatial distribution of air pollutants and the residential addresses of patients with RA-ILD. The map of estimated

7 Uetropolitan cties
- 43.87 o Patients' home addresses

concentration of PM, (pg/ms) (A) and NO, (ppb) (B) in 2006. The map of the distribution of the residential addresses of patients

with RA-ILD (C). RA-ILD, rheumatoid arthritis-associated interstitial lung disease; PM

dioxide.

the survival probability over time, and a log-rank test
was used to identify the difference in survival. The Cox-
proportional hazards model was used to evaluate the
effect of air pollution on the mortality in patients with
RA-ILD.

To evaluate the effect of air pollution on mortality
according to progressive adjustment, four models with
different sets of confounders were used. Model 1 was
an unadjusted model that only included PM ; or NO,
concentrations (quartiles; high vs low exposure). In
model 2, we adjusted for age, sex and date of ILD diag-
nosis. In model 3, we added individual-level variables
at the time of ILD diagnosis, including smoking status
(ever-smokers vs non-smokers), baseline lung function
(FVC), and HRCT patterns (UIP-like vs non-UIP-like
patterns). In model 4, which was our primary model, we
added area-level variables, the proportion of educational
attainment equal to or higher than high school, and gross
regional domestic product (GRDP) (top 50th percentile
vs bottom 50th percentile) in each residential district;
these were the most common indicators reflecting socio-
economic status.”” In the current study, data on the
proportion of high school graduates were obtained from
the 2000 census (Korean Statistical Information Service
(KOSIS) 2000, http://kosis.kr), whereas data on GRDP
were collected from the 2005 general statistics (KOSIS
2005).

The subgroup analyses were performed according to
age (=65 years vs <65 years), sex (male vs female) and
autoantibody positivity. For sensitivity analysis, the two-
pollutant model was used; this model simultaneously
included both pollutants (PM,; and NO,) in the analysis
to adjust for influences between the two air pollutants.
Furthermore, we calculated the individual exposures to
air pollution by using single residential addresses close to

1o Particulate matter <10pm; NO,, nitrogen

the year 2006, which reflected the exposure in 2006 more
accurately. All statistical analyses were performed using
the Statistical Package for the Social Sciences V.24.0 (IBM
Corp.). Statistical significance was set at a p value (two-
tailed) less than 0.05 (p<0.05).

RESULTS

Baseline characteristics

Among the patients, the mean age was 61.7 years, 44.3%
were male, and 65.4% had a UIP-like pattern on HRCT
(table 1). The annual average concentrations of PM,  and
NO, were 56.3 pg/m® and 22.4 ppb, respectively. Among
the 309 patients, 148 (47.9%) lived in 7 metropolitan
cities (figure 1C). During the follow-up period (median,
4.8 years (IQR 2.8-8.5 years) ), 125 (40.5%) patients died,
and 1 (0.3%) patient underwent lung transplantation
(median survival period, 9.8 years; 5-year survival, 68.6%;
online supplemental figure S3-A).

Association between air pollution and mortality

PM,, exposure concentrations were divided into four
quartiles: Q1 (>42.10and < 52.67 pg/m?), Q2 (>52.67and
<56.86pg/m”), Q3 (=56.86and <59.64pg/m’) and Q4
(=59.64and <77.7 pg/m?’). No significant differences
were observed in the mortality of patients with RA-ILD
between the quartiles of PM, exposure concentrations
(p=0.799) (online supplemental figure S3-B). NO, expo-
sure concentrations were also classified as Q1 (=3.83and
<14.78 ppb), Q2 (214.78 and <22.25 ppb), Q3 (=22.25and
<29.68 ppb) and Q4 (=29.68and <44.10 ppb). No signifi-
cant differences were observed in the mortality of patients
with RA-ILD between the quartiles of NO, exposure
concentrations (p=0.559) (online supplemental figure
S3-C). In both unadjusted and adjusted models, PM and
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Table 1 Baseline characteristics of patients with rheumatoid arthritis-associated interstitial lung disease
Total
Number 309
Age 61.7+10.3
Male 137 (44.3)
Ever smokers 139 (45)
BMI, kg/m? 23.5+3.1
Pulmonary function test
FVC, % predicted 74.2+18.0
DLco, % predicted 63.4+19.5
A UIP-like pattern on 202 (65.4)
HRCT
Treatment status
Corticosteroid with/ 198 (64.3)
without IS
None 110 (85.7)
RF positive (n=305) 250 (82)
ACPA positive 237 (82)
(n=289)
Rate of educational  56.6+9.9

attainment equal to
or higher than high
school, %

GRDP, one million
dollars

Air pollutants
PM,,, ug/m®
NO,, ppb

56.3+5.1
22.4+9.0

7689.73 (3018.52-9282.67)

Data are presented as mean+SD, median (IQR), or number (%).

USD 1=KRW 1086.50 (15 January 2021).

ACPA, anticitrullinated protein antibodies; BMI, body mass index;
DLco, diffusing capacity of the lungs for carbon monoxide; FVC, forced
vital capacity; GRDP, gross regional domestic product; HRCT, high-
resolution CT; ILD, interstitial lung disease; IS, immunosuppressant;

NO,, nitrogen dioxide; PM

107

particulate matter<10pm; RF, rheumatoid

factor; UIP, usual interstitial pneumonia.

NO, were not associated with mortality in patients with
RA-ILD (online supplemental figure S4).

Furthermore, we evaluated the effect of high
concentrations of air pollutants by dividing the
PM,, exposure concentrations on the basis of Q4
levels (high: PM, >59.64pg/m’ vs low: <59.64pg/
m?); no significant difference was observed in the
mortality of patients with RA-ILD between the two
groups (median survival, 7.9 years (95% CI 4.9 to
10.8 years) vs 9.9 years (7.8 to 12.0 years); p=0.350)
(figure 2A). High exposure to PM, showed an HR>1
for mortality in model 1 (HR 1.20; 95% CI 0.82 to
1.77; p=0.351) and model 2 (HR 1.45; 95% CI 0.98
to 2.16; p=0.065) without statistical significance.
However, when individual-level and/or area-level
covariates were adjusted, a statistically significant
association was observed between high exposure to

PM  and mortality in model 3 (HR 1.60; 95% CI 1.07
to 2.38; p=0.021) and our primary model (model 4:
HR 1.68; 95% CI 1.11 to 2.52; p=0.013) (figure 3). In
terms of NO,, no significant difference was noted in
the mortality of patients with RA-ILD between the
high-concentration and low-concentration groups
of NO, (median survival, 9.3 years (95%CI 7.9 to
10.8 years) vs 9.8 years (6.7 to 13.0 years); p=0.283)
(figure 2B). We could not observe any evidence of
association with mortality in both the unadjusted and
adjusted models (figure 3).

Subgroup analyses

In the analysis of the data stratified by age (=65 years
vs <65 years) using the primary model, high exposure
to PM was associated with mortality in patients with
RA-ILD aged <65 years old (HR 1.98; 95% CI 1.02 to 3.85;
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1004 —— High (Top 25%)

—— Low (Bottom 75%)
80

60+
40

204

Probability of survival, %

5 10 15 20 25

Time, years

Number
atrisk
High 7 38 13 6 1 0
Low 232 112 35 10 1 0

Rheumatoid arthritis

1004 —— High (Top 25%)

—— Low (Bottom 75%)
80

60+
40

204

Probability of survival, %

5 10 15 20 25
Time, years

Number
atrisk
High 7 41 14 4 0 0
Low 232 109 34 12 2 0

Figure 2 Comparison of survival probability over time between the high-concentration group (top 25th percentile) and the
low-concentration group (bottom 75th percentile) among patients with RA-ILD. (A) The Kaplan-Meier survival curve for PM, .

(B) The Kaplan-Meier survival curve for NO,. RA-ILD, rheumatoid arthritis-associated interstitial lung disease; PM

matter<10um; NO,, nitrogen dioxide.

p=0.045) (figure 4A). By contrast, an association with NO,
was not detected in either age group (figure 4B). When
the data were stratified by sex (male vs female), high PM |
exposures were not associated with RA-ILD mortality in
either groups (figure 5A). Conversely, high exposure to
NO, was significantly associated with mortality in female
patients with RA-ILD (HR 2.01; 95%CI 1.02 to 3.96;
p=0.044) (figure 5B).

When the data were stratified by autoantibody posi-
tivity (RF, ACPA) (online supplemental table S1-S2),
high PM,, exposure showed a numerical trend towards a
positive association with RA-ILD mortality in the RF (+)
(HR 1.54; 95% CI 0.98 to 2.42; p=0.060) and ACPA (+)
(HR 1.58; 95% CI 0.99 to 2.51; p=0.054) groups; but with
marginal significance. High PM  exposure was also asso-
ciated with mortality in RA-ILD in the RF (-) group (HR
18.81; 95% CI 2.91 to 121.61; p=0.02). Conversely, high
NO, exposure was not associated with RA-ILD mortality
in either autoantibody (+) group.

Model 1- . o PMy
O N02
—e———
Model 24 .
——
Model 3- ! ¢ !
00—
Model 4- ! ¢ ’
—_{—--A

05 10 15 20 25 3.0

Hazard ratio
Figure 3 The effect of high (top 25th percentile) air
pollutant concentrations on the mortality in patients with
RA-ILD. Symbols and error bars represent HRs and 95%
Cls, respectively. RA-ILD, rheumatoid arthritis-associated
interstitial lung disease; PM, , particulate matter <10pm;
NO,, nitrogen dioxide.

10’

1o Particulate

Sensitivity analysis

When both PM,j and NO, were included in the primary
model (two-pollutant model), high PM, exposure was
significantly associated with mortality in patients with
RA-ILD (HR 1.67; 95% CI 1.10 to 2.52; p=0.015) (online
supplemental figure S5). In the analysis using the average
concentrations for single residential addresses close
to 2006, high PM , exposure demonstrated a numer-
ical trend of positive association with RA-ILD mortality;
however, this was not statistically significant (HR 1.32;
95%CI 0.88 to 1.99; p=0.183) (online supplemental
figure S6). High exposure to NO, was not associated
with RA-ILD mortality in both of these analyses (online
supplemental figures S5 and S6).

DISCUSSION

To the best of our knowledge, this is the first study
to report the association between air pollution and
mortality in patients with RA-ILD by using spatially
resolved estimates for individual exposures to air pollu-
tion. When data were analysed based on quartiles, we
could not observe any association between air pollutant
concentrations and mortality in patients with RA-ILD.
In contrast, we observed that high PM,j exposure signif-
icantly increased the risk of mortality in the multivariable
analysis adjusted by the individual-level and/or area-
level covariates. The subgroup analyses demonstrated a
significant association between high PM  exposure and
mortality in patients with RA-ILD aged <65 years, as well
as between high exposure to NO, and mortality in the
female group.

We did not observe a significant association between
air pollutants and mortality in patients with RA-ILD as a
whole. This is contrary to previous studies on the effect
of air pollutants on mortality in patients with IPF." 17
Sese et al studied 192 patients with IPF and reported that
the increased exposure levels of PM, were significantly
associated with all-cause mortality (HR 2.01; 95% CI
1.07 to 8.77; p=0.03)."® A possible explanation for the
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A ; B ;
Model 14 —— ® Age =65 Model 14 »—o—-—hc e Age=65
: = O Age<65 ' T O Age <65
: :
Model 2 H o Model 2+ . ‘o
Model 3 : - Model 3 — )
; :
Model 4+ H - Model 4 —

05 1.0 15 2.0 25 3.0 3.5 4.0
Hazard ratio

0.5 1.0 1.5 2.0 2.5
Hazard ratio

Figure 4 Comparison of the effect of high (top 25th percentile) air pollutant concentrations on mortality in patients with RA-
ILD stratified by age . * >65 years (n=137) versus <65 years (n=172). The forest plot of (A) PM,  and (B) NO,. Symbols and
error bars represent HRs and 95% Cls, respectively. RA-ILD, rheumatoid arthritis-associated interstitial lung disease; PM,,

particulate matter <10pum; NO,, nitrogen dioxide.

discrepancy could be physical inactivity due to painful
arthritis, which may lead to lower exposure to outdoor
air pollutants.” This is consistent with our results. When
data were stratified according to age, high exposure to
PM,  was associated with an increased risk of mortality in
patients with RA-ILD aged <65 years old, who were more
physically active. Furthermore, chronic injuries to the
alveolar epithelium by air pollution may lead to higher
susceptibility to IPF, which is characterised by alveolar
epithelium dysfunction. In contrast, RA-ILD is char-
acterised by local and systemic inflammation secondary
to ACPA and inducible bronchus-associated lymphoid
tissues."” Overall, our results suggested that patients
with RA-ILD may be less affected by air pollutants than
patients with IPF.

Interestingly, high exposure to PM , was significantly
associated with an increased risk of mortality in patients
with RA-ILD. The clinical effect of PM has been mostly
reported in patients with IPE."®*’ In addition to its effect
on mortality,'” Winterbottom et al reported that each 5
pg/m’ increase in PM,, was associated with a 46 cc/year
decline in FVC (p=0.008).40 Particulate matter is known
to induce toxic effects by triggering free radical reactions
causing oxidative stress and telomere shortening, leading
to the development of chronic respiratory disease, such as
ILD, and ultimately increasing mortality.41 RA-ILD shares

A ,
—_————
Model 1- ; o Male
—_—
: O Female
e
Model 2 :
]t
Model 3 : _
Model 4- o

05 10 15 20 25 3.0 35
Hazard ratio

some common features with IPF,* including a higher
prevalence of UIP-like pattern on HRCT scans,” the
presence of MUC5B promoter variant rs35705950," and
short telomere length.* Therefore, the effect of PM,  on
IPF could be reproduced in RA-ILD, particularly in those
exposed to high concentration of PM . Furthermore, in
contrast to our results, the long-term effect of PM, in
the Korean National Health Insurance Service-National
Sample Cohort, using the same prediction model as in
our study, showed only a marginal association with non-
accidental mortality in the general population (HR 1.05;
95% CI 0.99 to 1.11).* This suggests that patients with
RA-ILD may be more susceptible to PM,  than the general
population.

Although NO, exposure was not associated with
mortality in patients with RA-ILD for the whole popula-
tion in our study, high exposure to NO, was associated
with an increased risk of mortality in female patients.
Different health effects of NO, according to sex have been
recently reported in the Canadian general population.
Shin et al reported a significant association between NO,
and all-cause mortality in women during the cold season
(0.7% per 10 ppb increase; 95% CI 0.2 to 1.2) compared
with that in men (0.1% per 10 ppb increase; 95% CI -0.8
to —0.9)." This may be due to sex-based biologic differ-
ences (eg, hormone and lung size), which can influence

B _
Model1{ —* _ e Ml
. - O Female
Model 2 .
s B L
Model3{ —* _
Model 4 : _

1.0 1.5 2.0 25 3.0 35 4.0
Hazard ratio

Figure 5 Comparison of the effect of high (top 25th percentile) air pollutant concentrations on mortality in patients with RA-
ILD stratified by sex . *Male (n=137) versus female (n=172). The forest plot of PM, (A) and NO, (B). Symbols and error bars

represent HRs and 95% Cls, respectively. RA-ILD, rheumatoid arthritis-associated interstitial lung disease; PM

matter <10pm; NO,, nitrogen dioxide.
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the deposition and transport of air pollutants.*® In addi-
tion, gender-based differences in social roles, such as
greater household responsibilities among women, could
contribute to increased exposures to indoor NO, in
women because indoor NO,, levels may increase through
the use of gas stoves in the kitchen and indoor ventilation,
as well as exposure to outdoor NO2.47 * Thus, women
could be exposed to higher daily concentrations of NO,
considering their social role, potentially increasing their
susceptibility to high exposure to outdoor NO,,.

Our study had several limitations. First, this study
was conducted in a single centre, using a retrospective
design, which introduced a possibility of selection bias.
However, the baseline characteristics of patients in our
study were similar to those in previous studies,”® and the
residential address of patients with RA-ILD was distrib-
uted throughout the country (figure 1C). Second, the
sample size was relatively small, which could lead to
statistical insignificance. Future studies with a larger
number of patients are warranted to confirm our find-
ings. Third, we did not consider the other potential loca-
tion of air pollutant exposures, such as workplaces, which
may affect individual exposure, particularly in patients
who spend less time in their homes. Future studies that
consider these aspects should be performed to assess the
individual effect of air pollution more precisely. Lastly,
our approach may not reflect the exact exposures of each
patient during years other than 2006. We estimated indi-
vidual exposures by using annual averages for a fixed-year
period to avoid the possible overestimation of mortality
effects. However, the annual average concentrations
demonstrated relatively consistent spatial patterns over
time.

In conclusion, our results suggested that exposure
to high concentrations of PM,, may be associated with
mortality in patients with RA-ILD, particularly in younger
patients. Therefore, preventive measures to reduce expo-
sure to high levels of PM  need to be considered to
reduce the risk of mortality in patients with RA-ILD.

Acknowledgements We would like to thank Seokchan Hong (Department of
Rheumatology, University of Ulsan College of Medicine, Asan Medical Center,
Seoul, Republic of Korea) for the confirmation of RA-ILD cases and Jooae Choe
(Department of Radiology and Research Institute of Radiology, University of
Ulsan College of Medicine, Asan Medical Center, Seoul, Republic of Korea) for the
radiologic analysis.

Contributors JWS takes full responsibility for the content of this manuscript

as the guarantor, including the data and analyses. JWS made substantial
contributions to the concept and design of the study. S-YK developed the design
of the methodology. All authors made substantial contributions to the analysis

and interpretation of data. SHK, S-YK and JWS drafted the initial manuscript. All
authors provided a critical review of the manuscript and approved its contents and
submission.

Funding This study was supported by grants from the Basic Science Research
Program (NRF-2022R1A2B5B02001602) and the Bio & Medical Technology
Development Program (NRF-2022M3A9E4082647) of the National Research
Foundation of Korea (NRF) funded by the Ministry of Science & ICT, Republic

of Korea. This study was also supported by the Korea National Institute of

Health research project (2021ER120701) and the Korea Environment Industry

& Technology Institute via the Core Technology Development Project for
Environmental Diseases Prevention and Management Program funded by the Korea
Ministry of Environment (RS-2022-KE002197), Republic of Korea.

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval The study was conducted in accordance with Good Clinical
Practice guidelines and the provisions of the Declaration of Helsinki. This study
was approved by the Institutional Review Board of the Asan Medical Center (2021-
1266), and the requirement for informed consent was waived because of the
retrospective nature of this study.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Jin Woo Song http://orcid.org/0000-0001-5121-3522

REFERENCES

1 Scott DL, Wolfe F, Huizinga TWJ. Rheumatoid arthritis. Lancet
2010;376:1094-108.

2 Brito Y, Glassberg MK, Ascherman DP. Rheumatoid Arthritis-
Associated Interstitial Lung Disease: Current Concepts. Curr
Rheumatol Rep 2017;19:79.

3 Koo S-M, Kim SY, Choi SM, et al. Korean Guidelines for Diagnosis
and Management of Interstitial Lung Diseases: Part 5. Connective
Tissue Disease Associated Interstitial Lung Disease. Tuberc Respir
Dis 2019;82:285.

4 Bongartz T, Nannini C, Medina-Velasquez YF, et al. Incidence
and mortality of interstitial lung disease in rheumatoid arthritis: a
population-based study. Arthritis Rheum 2010;62:1583-91.

5 Koduri G, Norton S, Young A, et al. Interstitial lung disease has a
poor prognosis in rheumatoid arthritis: results from an inception
cohort. Rheumatology (Oxford) 2010;49:1483-9.

6 FuQ, Wang L, LiL, et al. Risk factors for progression and prognosis
of rheumatoid arthritis-associated interstitial lung disease: single
center study with a large sample of Chinese population. Clin
Rheumatol 2019;38:1109-16.

7 Hyldgaard C, Ellingsen T, Hilberg O, et al. Rheumatoid Arthritis-
Associated Interstitial Lung Disease: Clinical Characteristics and
Predictors of Mortality. Respiration 2019;98:455-60.

8 Solomon JJ, Chung JH, Cosgrove GP, et al. Predictors of mortality in
rheumatoid arthritis-associated interstitial lung disease. Eur Respir J
2016;47:588-96.

9 Kim EJ, Elicker BM, Maldonado F, et al. Usual interstitial pneumonia
in rheumatoid arthritis-associated interstitial lung disease. Eur Respir
J 2010;35:1322-8.

10 LiuY, Pan J, Zhang H, et al. Short-Term Exposure to Ambient
Air Pollution and Asthma Mortality. Am J Respir Crit Care Med
2019;200:24-32.

11 DeVries R, Kriebel D, Sama S. Outdoor Air Pollution and COPD-
Related Emergency Department Visits, Hospital Admissions, and
Mortality: A Meta-Analysis. COPD 2017;14:113-21.

12 Cui P, Huang Y, Han J, et al. Ambient particulate matter and lung
cancer incidence and mortality: a meta-analysis of prospective
studies. Eur J Public Health 2015;25:324-9.

13 Conti S, Harari S, Caminati A, et al. The association between air
pollution and the incidence of idiopathic pulmonary fibrosis in
Northern lItaly. Eur Respir J 2018;51.

14 Johannson KA, Vittinghoff E, Lee K, et al. Acute exacerbation of
idiopathic pulmonary fibrosis associated with air pollution exposure.
European Respiratory Journal 2014;43:1124-31.

15 Dales R, Blanco-Vidal C, Cakmak S. The Association Between
Air Pollution and Hospitalization of Patients With Idiopathic

Kim SH, et al. RMD Open 2024;10:e003680. doi:10.1136/rmdopen-2023-003680

“ybuAdoo Aq parosroid 1sanb Aq 202 ‘8z 1Mdy uo ywoo fwg uadopuwiy//:dny woly papeojumoq 20z Alenigad 8 Uo 089£00-£20z-uadopwl/9eTT 0T Se paysiignd 1siy :uado ANy


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-5121-3522
http://dx.doi.org/10.1016/S0140-6736(10)60826-4
http://dx.doi.org/10.1007/s11926-017-0701-5
http://dx.doi.org/10.1007/s11926-017-0701-5
http://dx.doi.org/10.4046/trd.2019.0009
http://dx.doi.org/10.4046/trd.2019.0009
http://dx.doi.org/10.1002/art.27405
http://dx.doi.org/10.1093/rheumatology/keq035
http://dx.doi.org/10.1007/s10067-018-4382-x
http://dx.doi.org/10.1007/s10067-018-4382-x
http://dx.doi.org/10.1159/000502551
http://dx.doi.org/10.1183/13993003.00357-2015
http://dx.doi.org/10.1183/09031936.00092309
http://dx.doi.org/10.1183/09031936.00092309
http://dx.doi.org/10.1164/rccm.201810-1823OC
http://dx.doi.org/10.1080/15412555.2016.1216956
http://dx.doi.org/10.1093/eurpub/cku145
http://dx.doi.org/10.1183/13993003.00397-2017
http://dx.doi.org/10.1183/09031936.00122213
http://rmdopen.bmj.com/

16

17

18

19

Pulmonary Fibrosis in Chile: A Daily Time Series Analysis. Chest
2020;158:630-6.

Sesé L, Nunes H, Cottin V, et al. Role of atmospheric pollution

on the natural history of idiopathic pulmonary fibrosis. Thorax
2018;73:145-50.

Yoon H-Y, Kim S-Y, Kim O-J, et al. Nitrogen dioxide increases
the risk of mortality in idiopathic pulmonary fibrosis. Eur Respir J
2021;57.

Liu J, Gao J, Wu Z, et al. Anti-citrullinated Protein Antibody
Generation, Pathogenesis, Clinical Application, and Prospects. Front
Med;8.

Aubart F, Crestani B, Nicaise-Roland P, et al. High levels of anti-
cyclic citrullinated peptide autoantibodies are associated with
co-occurrence of pulmonary diseases with rheumatoid arthritis. J
Rheumatol 2011;38:979-82.

33

34

35

36

Kim S-Y, Song |. National-scale exposure prediction for long-term
concentrations of particulate matter and nitrogen dioxide in South
Korea. Environ Pollut 2017;226:21-9.

Park Y, Song |, Yi J, et al. Web-Based Visualization of Scientific
Research Findings: National-Scale Distribution of Air Pollution in
South Korea. IJERPH 2020;17:2230.

Ostro B, Hu J, Goldberg D, et al. Associations of mortality with long-
term exposures to fine and ultrafine particles, species and sources:
results from the California Teachers Study Cohort. Environ Health
Perspect 2015;123:549-56.

Moon DH, Kwon SO, Kim SY, et al. Air Pollution and Incidence

of Lung Cancer by Histological Type in Korean Adults: A Korean
National Health Insurance Service Health Examinee Cohort Study.
Int J Environ Res Public Health 2020;17:915.

’ 37 Kim OJ, Kim SY, Kim H. Association between Long-Term

20 Eﬁfesllj;gtlc_)’igzlt;ﬁtigZ(rjn%elﬁgH?;;i}ggn;mmfjljel-!{fghzre?|0|ogy Exposure to Partigulate Matter Air PoIIultion and Mort_ality ina
epitope)-restricted immune reactions to autoantigens modified by South Korean National Cohort: Comparison across D|fferept
citrullination. Arthritis Rheum 2006:54:38—46. Exposure Assessment Approaches. Int J Environ Res Public

21 Solomon JJ, Brown KK. Rheumatoid arthritis-associated interstitial Health 201 7’14 o o .
lung disease. Open Access Rheumatol 2012;4:21-31. 38 Sokka} T, Hak_klnen A, Kal,l_tlalnenll-‘i, et al. Physical inactivity

22 Nielen MMJ, van Schaardenburg D, Reesink HW, et al. Specific in patients with rheumatoid arthritis: data from twenty-one
autoantibodies precede the symptoms of rheumatoid arthritis: a countries in a cross-sectional, international study. Arthritis
study of serial measurements in blood donors. Arthritis Rheum Rheum 2008;59:42-50.
2004;50:380-6. 39 Lederer DJ, Martinez FJ. Idiopathic Pulmonary Fibrosis. N Engl J

23 Bernatsky S, Smargiassi A, Joseph L, et al. Industrial air emissions, Med 2018;378:1811-23.
and proximity to major industrial emitters, are associated with anti- 40 Winterbottom CJ, Shah RJ, Patterson KC, et al. Exposure to
citrullinated protein antibodies. Environ Res 2017;157:60-3. Ambient Particulate Matter Is Associated With Accelerated

24 Zhao N, Al-Aly Z, Zheng B, et al. Fine particulate matter components Functional Decline in Idiopathic Pulmonary Fibrosis. Chest
and interstitial lung disease in rheumatoid arthritis. Eur Respir J 2018;153:1221-8.

2022;60. 41 Johannson KA, Balmes JR, Collard HR. Air pollution exposure:

25 Chang K-H, Hsu C-C, Muo C-H, et al. Air pollution exposure a novel environmental risk factor for interstitial lung disease?
increases the risk of rheumatoid arthritis: A longitudinal and Chest 2015;147:1161-7.
nationwide study. Environ Int 2016;94:495-9. _ ) 42 Tanaka N, Kim JS, Newell JD, et al. Rheumatoid arthritis-related lung

26 Wu Q., Xu Z, Dan Y.'L’ etal. Assgmatlon between Frafflc-r.ellatled air diseases: CT findings. Radiology 2004;232:81-91.
gOh'_'Ut'OR f_‘”d hospital tregd”I‘:jss!onsg,or”rf;%fg?tgg% a(‘gth%'s in Hefei, 43 Juge P-A, Lee JS, Ebstein E, et al. MUC5B Promoter Variant and

ina: A time-series study. Environ Pollu ;268. ; e i i :

27 Aletaha D, Neogi T, Silman AJ, et al. 2010 rheumatoid arthritis ggf gg%?ggt_rg's with Interstitial Lung Disease. N Engl J Med
Elassmcatlfn crlte'ro[a. an tAlTherlcanthllege” otf) Rhte_umgt.ctjllotgy/ 44 Juge P-A, Borie R, Kannengiesser C, et al. Shared genetic
A‘;?Z‘;igﬂq?i“&%?égﬂ 5863_usma Ism coflaborative inftiative. predisposition in rheumatoid arthritis-interstitial lung disease and

28 Miller MR Hankinson’ J .Brusasc.o V, et al. Standardisation of familial pulmonary fibrosis. Eur Respir J 2017:49.

. ) Y . ’ ; 45 Shin HH, Maquiling A, Thomson EM, et al. Sex-difference in air
spirometry. European Respiratory Journal 2005;26:319-38. C a g A, I ’ - :

29 Macintyre N, Crapo RO, Viegi G, et al. Standardisation of the single- pollupor)—re!ated a(?ute cwculgtory and respiratory mortality and
breath determination of carbon monoxide uptake in the lung. Eur hospitalization. Sci T(_)ta/ Environ 2022;806'(F’_t :_3) . .
Respir J 2005;26:720-35. 46 Clqughgny JE. A growmg role for gender analysis in air pollution

30 Wanger J, Clausen JL, Coates A, et al. Standardisation of the epldemlology. Environ H_ealth Perspect 2010;118:167-76.
measurement of lung volumes. Eur Respir J 2005;26:511-22. 47 Matz CJ, Stieb DM, Davis K, et al. Effects of age, season, gender

31 Lynch DA, Sverzellati N, Travis WD, et al. Diagnostic criteria for and urban-rural status on time-activity: CanadianHuman Activity
idiopathic pulmonary fibrosis: a Fleischner Society White Paper. Pattern Survey 2 (CHAPS 2). Int J Environ Res Public Health
Lancet Respir Med 2018;6:138-53. 2014;11:2108-24.

32 Jacob J, Hirani N, van Moorsel CHM, et al. Predicting outcomes 48 Vardoulakis S, Giagloglou E, Steinle S, et al. Indoor Exposure to
in rheumatoid arthritis related interstitial lung disease. Eur Respir J Selected Air Pollutants in the Home Environment: a Systematic
2019;53. Review. Int J Environ Res Public Health 2020;17.

8 Kim SH, et al. RMD Open 2024;10:¢003680. doi:10.1136/rmdopen-2023-003680

“ybuAdoo Aq parosroid 1sanb Aq 202 ‘8z 1Mdy uo ywoo fwg uadopuwiy//:dny woly papeojumoq 20z Alenigad 8 Uo 089£00-£20z-uadopwl/9eTT 0T Se paysiignd 1siy :uado ANy


http://dx.doi.org/10.1016/j.chest.2020.02.017
http://dx.doi.org/10.1136/thoraxjnl-2017-209967
http://dx.doi.org/10.1183/13993003.01877-2020
http://dx.doi.org/10.3389/fmed.2021.802934
http://dx.doi.org/10.3389/fmed.2021.802934
http://dx.doi.org/10.3899/jrheum.101261
http://dx.doi.org/10.3899/jrheum.101261
http://dx.doi.org/10.1002/art.21575
http://dx.doi.org/10.2147/OARRR.S14723
http://dx.doi.org/10.1002/art.20018
http://dx.doi.org/10.1016/j.envres.2017.04.035
http://dx.doi.org/10.1183/13993003.02149-2021
http://dx.doi.org/10.1016/j.envint.2016.06.008
http://dx.doi.org/10.1016/j.envpol.2020.115628
http://dx.doi.org/10.1136/ard.2010.138461
http://dx.doi.org/10.1183/09031936.05.00034805
http://dx.doi.org/10.1183/09031936.05.00034905
http://dx.doi.org/10.1183/09031936.05.00034905
http://dx.doi.org/10.1183/09031936.05.00035005
http://dx.doi.org/10.1016/S2213-2600(17)30433-2
http://dx.doi.org/10.1183/13993003.00869-2018
http://dx.doi.org/10.1016/j.envpol.2017.03.056
http://dx.doi.org/10.3390/ijerph17072230
http://dx.doi.org/10.1289/ehp.1408565
http://dx.doi.org/10.1289/ehp.1408565
http://dx.doi.org/10.3390/ijerph17030915
http://dx.doi.org/10.3390/ijerph14101103
http://dx.doi.org/10.3390/ijerph14101103
http://dx.doi.org/10.1002/art.23255
http://dx.doi.org/10.1002/art.23255
http://dx.doi.org/10.1056/NEJMra1705751
http://dx.doi.org/10.1056/NEJMra1705751
http://dx.doi.org/10.1016/j.chest.2017.07.034
http://dx.doi.org/10.1378/chest.14-1299
http://dx.doi.org/10.1148/radiol.2321030174
http://dx.doi.org/10.1056/NEJMoa1801562
http://dx.doi.org/10.1183/13993003.02314-2016
http://dx.doi.org/10.1016/j.scitotenv.2021.150515
http://dx.doi.org/10.1289/ehp.0900994
http://dx.doi.org/10.3390/ijerph110202108
http://dx.doi.org/10.3390/ijerph17238972
http://rmdopen.bmj.com/

	PM﻿10﻿ increases mortality risk in rheumatoid arthritis-­associated interstitial lung disease
	Abstract
	Introduction﻿﻿
	Methods
	Study population
	Clinical data
	HRCT assessment
	Individual-level exposure assessment for PM﻿10﻿ and NO﻿2﻿
	Statistical analyses

	Results
	Baseline characteristics
	Association between air pollution and mortality
	Subgroup analyses
	Sensitivity analysis

	Discussion
	References


