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addition to reducing patients’ well ‑being, the ex‑
acerbations of COPD accelerate the deterioration 
of lung function and increase the risks of hospi‑
talization and death.3,4

COPD is caused by an  interplay between 
genetic and environmental factors, with air‑
borne pollutants, gases, and particles alike be‑
ing the most important of the latter.5 Accumu‑
lating evidence links ambient air pollution to 

INTROduCTION Chronic obstructive pulmonary 
disease (COPD), a common airway disease typ‑
ically developing in adult life, is the third most 
common chronic disease to cause death world‑
wide, accounting for more than 3 million deaths 
annually.1 COPD causes persistent respiratory 
symptoms, but it is also characterized by pe‑
riodic exacerbations manifesting as increased 
dyspnea, cough, and sputum production.2 In 
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INTROduCTION Airborne pollutants may worsen the course of chronic obstructive pulmonary disease 
(COPD). Previous studies have shown that both particulate and gaseous pollutants increase airway 
inflammation, which may lead to an exacerbation of COPD.
ObjECTIvEs The aim of the study was to investigate the association between exposure to airborne 
pollutants and the risk of COPD exacerbations in 3 the largest urban agglomerations in Poland: Warsaw, 
Kraków, and Tricity.
PATIENTs ANd mEThOds We used a case ‑crossover approach to analyze data from the years 2011–2018. 
This time ‑series study used distributed lag linear‑nonlinear models to analyze the risk of hospital admission 
due to COPD exacerbations during 21 days following the exposure to particulate matter (PM), NO2, and SO2.
REsuLTs Overall, there were 26 948 admissions due to COPD exacerbations. During 21 days after 
exposure, the rate ratio (95% CI) for admissions per 10 µg/m3 was 1.028 (1.008–1.049) for PM10, 1.030 
(1.006–1.055) for PM2.5, 1.032 (0.988–1.078) for NO2, and 1.145 (1.038–1.262) for SO2. The risk for 
admission peaked at 10 days after the exposure to PM10 and PM2.5, whereas for NO2 and SO2 the risk 
was the greatest on the day of exposure. The proportion (95% CI) of hospitalizations attributable to air 
pollution was 9.08% (3.10%–15.08%) for PM10, 7.61% (1.27%–13.49%) for PM2.5, 9.77% (–3.63% to 
21.48%) for NO2, and 7.70% (2.30%–12.84%) for SO2.
CONCLusIONs PM2.5, PM10, NO2, and SO2 pollution was associated with an increased risk of COPD ex‑
acerbations that needed hospitalization. There were different risk patterns for particulate and gaseous 
pollutants. Improving air quality in Polish cities could reduce the burden of COPD.
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(population of 770 000, southern Poland). We 
used publicly available data and thus did not have 
to obtain ethical approval.

definition and measurements Admission due to 
a COPD exacerbation was defined as a hospital‑
ization billed with the J44 codes of the Interna-
tional Classification of Diseases, Tenth Edition, as 
the main reason for admission. The numbers of 
daily admissions were gathered from the National 
Health Fund, which finances the public health care 
system in Poland. The daily counts of admissions 
did not include emergency room visits. The mean 
daily concentrations of PM10, PM2.5, NO2, and SO2 
and the mean daily values of relative humidity, 
precipitation, and ambient air pressure were tak‑
en from the measuring stations of the Chief In‑
spectorate of Environmental Protection (https://
powietrze.gios.gov.pl/pjp/maps/measuringsta‑
tion). For each city, we averaged the values from 
all available stations.

statistical analysis We used a time ‑stratified 
case ‑crossover analysis to compare exposure on 
the case days with exposure on the control days, 
that is, all the remaining same days of the week 
in the same month and year within each city. 
The differences in exposure were then related to 
the difference in admission counts using a condi‑
tional quasi ‑Poisson regression.20 We used a stra‑
tum variable of “city ‑year ‑month ‑day ‑of ‑the‑
‑week” to control the long ‑term trends and sea‑
sonality, and to pool data from the 3 cities.21,22 
The logarithm of the total population of each city 
was used as the offset variable. We used DLNMs 
to analyze the relationship between the concen‑
trations of PM10, PM2.5, NO2, and SO2 and the risk 
of admission over 11, 21, and 31 days from the 
exposure.23 Visual inspection of the risk curves 
showed that the interval of 21 days provided 
the best fit for our data (Supplementary mate‑
rial, Figure S1). We fitted single ‑pollutant mod‑
els with a linear relationship between the con‑
centration of a pollutant and the risk of admis‑
sion, whereas the lag was modelled with a poly‑
nomial function and 5 degrees of freedom (df). 
The models were adjusted for temperature, rel‑
ative humidity, and atmospheric pressure, with 
natural cubic splines (df = 3), and a lag of up to 
1 day. The results were presented as rate ratios 
(RRs) per 10 µg/m3 for each day after the expo‑
sure, including cumulative effects. Moreover, 
we calculated the RRs for the overall effects and 
the percentages of hospitalizations attributable 
to individual air pollutants within the 21 ‑day pe‑
riod.24 The “gnm” package was used to fit the con‑
ditional quasi ‑Poisson models. The “FluMoDL” 
package was used to calculate the percentage of 
hospitalizations attributable to air pollution. 
The results were considered significant when 
95% CIs did not span the value of no effect (1.0 
for RR; 0 for percentage of attributable admis‑
sions). The Spearman correlation coefficients 
were used to analyze the associations between 

an increased prevalence of COPD and a more 
severe disease course.6-10 In the last 30 years, 
the number of COPD deaths worldwide attrib‑
utable to air pollution with particulate mat‑
ter (PM) has nearly doubled.11 COPD exacer‑
bations are also more likely when air quality is 
poor. In 1997, the seminal APHEA (Air Pollu‑
tion and Health: a European Approach) study 
found that an increased risk of hospital admis‑
sion due to COPD exacerbations was associated 
with increased concentrations of black smoke, 
NO2, and SO2.12 More recent meta ‑analyses of 
over 60 studies reported that all major particu‑
late and gaseous air pollutants were associated 
with an increased risk of COPD exacerbation.13,14

Ambient air pollution is an important pub‑
lic health problem across cities in Poland due 
to substantial emissions of PM, NO2, and SO2 
from industry, traffic, and households.15 Howev‑
er, the burden of diseases attributable to ambi‑
ent air pollution in Poland is poorly document‑
ed.16 To our knowledge, only 1 regional study to 
date has assessed the relationship between am‑
bient air pollution and the risk of COPD exacer‑
bations,17 but multi city studies analyzing the risk 
in relation to both pollutant concentrations and 
time since exposure are lacking. Cross ‑sectional 
studies on respiratory diseases conducted in Pol‑
ish cities have so far included diseases such as 
asthma18 and pneumonia.19 Therefore, we used 
a time ‑stratified, case ‑crossover design and dis‑
tributed lag linear ‑nonlinear models (DLNMs) 
to analyze the relationship between ambient 
air pollution and the risk of hospital admission 
due to COPD exacerbations in the 3 largest ur‑
ban agglomerations in Poland.

PATIENTs ANd mEThOds settings We analyzed 
the association between ambient air pollution 
and the risk of hospital admission due to a COPD 
exacerbation between January 1, 2011 and De‑
cember 31, 2018 in the 3 largest urban agglomer‑
ations in Poland: Tricity (population of 750 000, 
northern Poland, the Baltic coast), Warsaw (pop‑
ulation of 1 800 000, central Poland), and Kraków 

whAT’s NEw?

Growing evidence from studies across the world has attributed a substantial 
disease burden to air pollution. Gaseous and particulate air pollution in Poland 
is an important public health problem, but the disease burden related to air 
pollution is largely unknown. In Poland, there is a lack of long ‑term, multi city 
studies linking air pollution with objective health care measures. People with 
chronic lung diseases, such as chronic obstructive pulmonary disease (COPD), 
are most susceptible to ambient air pollution. In this study, we analyzed data 
from Warsaw, Kraków, and Tricity for the years 2011–2018 to see how changes 
in the concentration of various air pollutants were associated with changes 
in the number of hospitalizations due to COPD exacerbations. We found that 
exposure to both particulate and gaseous pollutants significantly increased 
the hospitalization risk, with a substantial proportion of hospitalizations at‑
tributable to air pollution.
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Lagged association of exposure to Pm10, NO2, and 
sO2 with admission risk After exposure to PM10, 
the admission risk increased insignificantly on 
the day of exposure, peaked at 10 days, and re‑
turned to baseline by day 20 (Supplementary 
material, Figure S1A). The cumulative RR per 
10 µg/m3 of PM10 over 21 days was 1.028 (95% CI, 
1.008–1.049; Supplementary material, Figure S1E 
and S1I), and 9.08% (95% CI, 3.10%–15.08%) of 
admissions were attributable to PM10. The pat‑
tern was similar for PM2.5, as RR per 10 µg/m3 
was 1.030 (95% CI, 1.006–1.055; Supplementa‑
ry material, Figure S1B, S1F, and S1J), and 7.61% 
(95% CI, 1.27%–13.49%) of the admissions were 
attributable to PM2.5 exposure.

After exposure to NO2, the risk of admission 
was the greatest on the day of exposure, with 
a smaller increase around day 10: RR per 10 µg/m3 
was 1.032 (95% CI, 0.988–1.078; Supplementary 

the concentrations of individual air pollutants. 
All calculations were completed using R software 
version 4.1.3 (The R Foundation for Statistical 
Computing, Vienna, Austria).

REsuLTs Air pollution and admissions The daily 
concentrations of PM10, NO2, and SO2 for the en‑
tire study period are shown in FIGuRE 1; the great‑
est concentrations of all pollutants were ob‑
served in the winter. The median concentra‑
tions of PM10, NO2, and SO2 were the highest in 
Kraków and the lowest in Tricity (TAbLE 1). There 
were moderate correlations between the dai‑
ly concentrations of air pollutants, except for 
the correlation between PM10 and PM2.5, which 
was strong (TAbLE 2).

In total, there were 26 948 admissions billed 
with the J44 codes. FIGuRE 1d shows the monthly 
counts of admissions, with a peak in mid ‑winter.

FIGuRE 1  A–d – daily concentrations of PM10, PM2.5, NO2, and SO2; E – monthly counts of hospitalizations due to 
the International Classification of Disease, Tenth Edition code J44 (chronic obstructive pulmonary disease) 
Abbreviations: PM, particulate matter
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the exposure to ambient air pollution and admis‑
sion risk was different for particulate and gas‑
eous pollutants. For NO2 and SO2 the greatest 
risk was observed on the day of exposure, where‑
as for PM10 and PM2.5 the risk peaked at around 
10 days. We estimated that between 8% and 10% 
of the COPD admissions could be attributed to 
ambient air pollution.

Our results are consistent with previous ev‑
idence. In a study from a city of Kermanshah, 
Iran, COPD admissions increased 1 day after ex‑
posure to PM10, NO2, and SO2.

25 Lin et al26 report‑
ed that acute COPD exacerbations were more like‑
ly over 7 days since exposure to PM10, NO2, and 
SO2 in Taiwan. In a study from Shijiazhuang, Chi‑
na,27 the risk of hospital admission due to an ex‑
acerbation of COPD was increased over 7 days 
since the exposure to PM2.5 (RR per 10 μg/m3, 
1.011; 95% CI, 1.003–1.018), to PM10 (RR, 1.004; 
95% CI, 0.999–1.01), to SO2 (RR, 1.003; 95% CI, 
0.984–1.021), and to NO2 (RR, 1.016; 95% CI, 
0.993–1.04); these associations were stronger 
among the elderly. Moreover, 13% of COPD ad‑
missions were attributable to PM2.5, 9.4% to PM10, 
1.7% to SO2, and 9.7% to NO2.28 In a study from 
Hong Kong,28 all investigated pollutants increased 
the admission risk due to COPD exacerbation to 
a similar degree over 5 days (RR per 10 μg/m3: 
PM10, 1.031; PM2.5, 1.024; SO2, 1.007; NO2, 1.026). 
An analysis of nearly 100 000 admissions due to 
COPD in southwestern China showed that the ad‑
mission risk significantly increased on days 0–3 
after the exposure to PM2.5, PM10, SO2, and NO2, 
with a similar temporal pattern for particulate 
and gaseous pollutants: the risk was the great‑
est on the day of exposure, then it returned to 
baseline by day 3, and remained at the base‑
line up to day 7.29 In a study from Ahvaz, Iran, 
the risk of admission due to COPD significant‑
ly increased on day 2 since the exposure to PM2.5 
(RR per 10 μg/m3, 1.003 [1.001–1.005]), whereas 
the effect up to day 7 was insignificant.30 Similar 
findings were reported in a study from a different 
Iranian city.31 Another study on over 600 000 ad‑
missions due to COPD in Istanbul reported that 
the risk of admission due to COPD was elevat‑
ed up to day 9 since the exposure to PM2.5 and 
NO2, and up to day 7 since the exposure to PM10. 
The risk was the greatest on the day of exposure, 
after which it gradually declined in a similar pat‑
tern for PM and NO2.32 A nationwide study from 
South Korea found that the risk of admission due 
to a COPD exacerbation increased significantly af‑
ter the exposure to PM10, with the greatest value 
around day 5. The risk was insignificantly high‑
er after the exposure to NO2 on the day of expo‑
sure only, whereas the exposure to SO2 was not 
associated with an elevated risk of admission in 
the analyzed period of 10 days following the expo‑
sure.33 Similarly, we observed a delayed increase 
in the risk of COPD admissions for particulate 
pollutants, and an immediately increased risk for 
gaseous pollutants. In a study from Hefei, Chi‑
na,34 which assessed the risk of admission due to 

material, Figure S1C, S1G, and S1K), and 9.77% 
(95% CI, –3.63% to 21.48%) of the admissions 
were attributable to NO2 exposure. The pattern 
for SO2 was similar, but the risk was markedly el‑
evated on the day of exposure: RR per 10 µg/m3 
was 1.145 (95% CI, 1.038–1.262; Supplemen‑
tary material, Figure S1D, S1H, and S1L), and 
7.70% (95% CI, 2.30%–12.84%) of the admis‑
sions were attributable to SO2 exposure. FIGuRE 2  
shows the admission risk due to COPD exacer‑
bations across the range of exposures and lags 
for all pollutants.

dIsCussION To our knowledge, this is the first 
multi city study carried out in Poland to analyze 
how air pollution may increase the risk of COPD 
exacerbations. We analyzed data gathered over 
9 years in the 3 largest urban agglomerations. 
This study provides evidence that air pollution 
may increase the number of hospital admissions 
due to COPD exacerbation in Poland. A visual in‑
spection of the descriptive data showed clearly 
that the number of admissions was the great‑
est in mid ‑winter, when the concentrations of 
all pollutants were the highest (FIGuRE 1). Single‑
‑pollutant analyses adjusted for meteorologi‑
cal factors revealed that the exposure to PM10, 
PM2.5, and SO2 was associated with a significant‑
ly increased risk of admission due to a COPD ex‑
acerbation within 21 days. Although the risk of 
admission also increased with greater NO2 con‑
centration, this relationship was not significant. 
The temporal pattern of the relationship between 

TAbLE 1 Daily concentrations of air pollutants, daily average values of meteorological 
variables, and counts of admissions due to chronic obstructive pulmonary disease 
exacerbations

Parameter Warsaw Kraków Tricity

PM10, μg/m3 28.3 (20.7–40.4) 35.5 (24–58.8) 15.3 (11–22.1)

PM2.5, μg/m3 20.5 (14.4–31.9) 25.0 (16.7–44.5) 11.0 (7.5–16.9)

NO2, μg/m3 33.8 (26.4–41.7) 40.4 (33.4–48.4) 13.6 (9.5–18.9)

SO2, μg/m3 4.5 (2.8–7.0) 5.5 (4.0–9.2) 2.5 (1.7–3.8)

Temperature, °C 9.6 (3.1–17.1) 9.9 (3.1–16.8) 9.3 (3.9–16)

Relative humidity, % 76.7 (65.4–86.8) 77.8 (68.1–85.9) 74.2 (67–80.1)

Atmospheric pressure, 
hPa

1003 (998–1008) 988 (984–992) 1007 (1002–1012)

J44 admissions, n 16 588 5269 5091

Data are presented as medians (interquartile ranges) or counts.

Abbreviations: see FIGuRE 1

TAbLE 2 Spearman correlation coefficients for associations between individual air 
pollutants

PM2.5 NO2 SO2

PM10 0.91 0.74 0.64

PM2.5 – 0.68 0.71

NO2 – – 0.56

P <0.001 for all coefficients

Abbreviations: see FIGuRE 1
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might include increased production of mucus in 
the airways, downregulation of expression of an‑
timicrobial peptides leading to infectious exacer‑
bations, and development of a proinflammatory 
environment induced by alveolar macrophages 
that clear PM.42 A previous study reported that 
particulate but not gaseous pollution increased 
the risk of death in patients with COPD.43 Howev‑
er, other investigators found both PM10 and NO2 
to increase the risk of death in these patients.44

The evidence linking COPD exacerbations with 
ambient air pollution calls for measures to coun‑
ter this effect. An ongoing study is assessing how 
behavioral interventions, such as checking air 
quality forecasts, staying inside on days with 
the most severe pollution, and using air purifi‑
ers, might protect patients with COPD from ex‑
posure to air pollutants and its consequences, 
including exacerbations.45 Lowering ambient air 
pollution has also been associated with reduced 
COPD admissions. A 3 ‑year ‑long action plan in 
China, which resulted in slightly reduced con‑
centrations of PM2.5, PM10, and NO2, was associ‑
ated with a reduced number of COPD hospital‑
izations among the elderly.46 It is vital to achieve 
very low concentrations of ambient air pollut‑
ants, because even low concentrations are harm‑
ful: the ELAPSE study47 carried out among near‑
ly 27 million participants in Europe found that 

a COPD exacerbation over 20 days since the expo‑
sure to PM2.5 and PM10, the risk increased gradu‑
ally up to day 10. However, that work did not ana‑
lyze the consequences of the exposure to gaseous 
pollutants. In a study from Guangzhou, China,35 
the risk of hospitalization due to a COPD exac‑
erbation was the greatest immediately after and 
then around 15 days following the exposure to 
NO2. In another study from Guangzhou,26 which 
gathered data from 110 hospitals, the risk of hos‑
pitalization due to COPD was associated with 
the exposure to PM10, but only the short ‑term risk 
was assessed (RR of 1.015 over 6 days). These ob‑
servations were confirmed in other studies from 
China (Shenyang, Beijing, Jinhua).36-38 In con‑
trast, a study from Spain found that the risk of 
COPD exacerbation was unchanged or decreased 
after the exposure to PM10 and SO2, whereas it in‑
creased after the exposure to NO2.39

In our study, the lag pattern between the ex‑
posure and the risk of hospital admission due to 
COPD was different for particulate and gaseous 
pollutants: gaseous pollutants increased the risk 
immediately after the exposure, whereas par‑
ticulate pollutants increased it gradually up to 
day 10. Gaseous pollutants, such as NO2 and SO2, 
might directly cause bronchoconstriction result‑
ing in a COPD exacerbation.40,41 The effects of PM 
on the airways may take longer to develop; they 

FIGuRE 2  Risk for 
admission due to the 
International Classification 
of Disease, Tenth Edition 
J44 code (chronic 
obstructive pulmonary 
disease) depending on 
the lag and 
concentrations of PM10 
(A), PM2.5 (b), NO2 (C), 
and SO2 (d) 
Abbreviations: RR, rate 
ratio; others, see FIGuRE 1 PM
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NO2 concentrations below 20 μg/m3 and PM10 
concentrations below 10 μg/m3 were still asso‑
ciated with increased cardiovascular and respi‑
ratory mortality.

Our study has some limitations. We could not 
analyze individual exposure data taken from a few 
measuring stations in each city. Similarly, we had 
access to aggregated data on admissions only. 
Therefore, analyses in subgroups of patients (eg, 
men vs women, age subgroups) could not be per‑
formed. Moreover, the aggregated data on COPD 
admissions likely contain repeated admissions 
from the same participants, but we were unable 
to estimate the proportion of such repeated data. 
Additionally, we were not able to differentiate be‑
tween planned and urgent admissions; however, 
planned admissions are not expected to be asso‑
ciated with changes in air pollution. Air pollution 
can cause COPD exacerbations by inducing airway 
infections or through other mechanisms. Future 
studies should analyze separately the association 
of air pollution with infectious and noninfectious 
exacerbations of COPD, which was not possible in 
our study due to the lack of data. The data span‑
ning over a 9 ‑year ‑long period for the 3 largest 
urban agglomerations in Poland, including near‑
ly 10% of the country’s population, are a major 
strength of this study. The data on the propor‑
tion of admissions attributable to air pollution 
will help estimate the costs of air pollution and 
motivate actions to improve air quality in Poland. 
Although previous studies found similar associ‑
ations between air pollution and COPD exacer‑
bations, we believe that repeating such studies 
in different countries and across longer periods 
of time is necessary, as the chemical structure 
of air pollutants differs geographically and may 
change over time.

In conclusion, gaseous and particulate pollut‑
ants increased the risk of a hospital admission due 
to COPD exacerbations in the 3 largest agglomer‑
ations in Poland. The risk increased immediate‑
ly after exposure to the gaseous pollutants and 
peaked at 10 days after the exposure to the par‑
ticulate pollutants. Our results add evidence doc‑
umenting the relationship between air pollution 
and disease burden in Poland.
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