
Outdoor Air Pollution and COPD Related Emergency Department 
Visits, Hospital Admissions and Mortality: A Meta-Analysis

Rebecca DeVries, Sc.D.,
University of Massachusetts Lowell, Department of Work Environment, 1 University Avenue, 
Kitson Hall: Room 200P, Lowell, MA, USA

David Kriebel, Sc.D.,
Department of Work Environment, University of Massachusetts Lowell, Lowell, MA, USA

Susan Sama, Sc.D.
Department of Work Environment, University of Massachusetts Lowell, Lowell, MA, USA

Abstract

A systematic literature review was completed to identify all peer-reviewed literature quantifying 

the association between short-term exposures of particulate matter < 2.5 microns (PM2.5), nitrogen 

dioxide (NO2), and sulfur dioxide (SO2) and COPD-related emergency department (ED) visits, 

hospital admissions (HA), and mortality. These results were then synthesized for each pollutant 

through meta-analyses with a random effects model. Sub-group meta-analyses were explored to 

study the impacts of selected lag/averaging times and health outcomes. A total of 37 studies 

satisfied our inclusion criteria, contributing a total of approximately 1,115,000 COPD-related 

acute events (950,000 HAs, 80,000 EDs, and 130,000 deaths) to our meta-estimates. A 10 

ug/m3 increase in PM2.5 was associated with a 2.5% (95% CI: 1.6%–3.4%) increased risk of 

COPD-related ED and HA, a 10 ug/m3 increase in NO2 was associated with a 4.2% (2.5%–6.0%) 

increase, and a 10 ug/m3 increase in SO2 was associated with a 2.1% (0.7%–3.5%) increase. The 

strength of these pooled effect estimates, however, varied depending on the selected lag/averaging 

time between exposure and outcome. Similar pooled effects were estimated for each pollutant and 

COPD-related mortality. These results suggest an ongoing threat to the health of COPD patients 

from both outdoor particulates and gaseous pollutants. Ambient outdoor concentrations of PM2.5, 

NO2, and SO2 were significantly and positively associated with both COPD-related morbidity and 

mortality.
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Introduction

Chronic obstructive pulmonary disease (COPD), characterized by progressive irreversible 

airflow limitation and chronic inflammation of the lungs, is an increasingly prevalent disease 

in both developed and developing countries[1] and currently the fourth leading cause of 

death globally[2,3]. The disease represents an important economic burden for individual 

patients and healthcare systems [4], with estimated direct costs of $29.5 billion and indirect 

costs of $20.4 billion in the United States [1]. These costs are largely due to exacerbation 

of COPD, which in severe cases can result in emergency department (ED) visits, hospital 

admissions (HA), and death [5]. One potential trigger for such exacerbations is short-term 

exposures to outdoor air pollution [1]. In the past two decades, numerous epidemiologic 

studies have investigated the short-term effects of outdoor air pollution on this sensitive 

population by studying COPD-related morbidity (as ED and HA) and mortality [6]. Most of 

these studies report significant positive associations for exposures to particulate matter (PM), 

with conflicting evidence for the other USEPA criteria gaseous air pollutants, including 

nitrogen dioxide (NO2) and sulfur dioxide (SO2)[6].

Although meta-analysis [7] has been widely used to combine study results quantifying the 

association between short-term exposures to outdoor air pollution and overall respiratory 

disease related ED-HA and mortality, only four have estimated pooled effects among COPD 

patients [8–11]. Two of these looked specifically at PM10 exposures [8,9] and one focused 

solely on studies completed in China [10]. There has yet to be a systematic review of 

all existing literature and meta-analysis for two pollutants currently of great public health 

concern – NO2 and SO2. The lack of pooled risk estimates for these gaseous pollutants 

limits the ability to fully understand the impact that outdoor air pollution may have on 

COPD patients. In this study, a systematic literature review and meta-analysis were carried 

out to synthesize risk estimates for COPD-related morbidity and mortality outcomes due 

to short term exposures (up to a maximum of 7 days) to PM2.5, SO2 and NO2. Sub-group 

analyses were used to evaluate the implications that selected lag/averaging times between 

exposure and outcome had on pooled effect estimates, as well as to study differences in 

pooled effect estimates for various acute COPD-related outcomes.

Methods

Search Strategy

A comprehensive systematic literature review [12] was conducted in PubMed and Medline 

databases to identify relevant peer-reviewed articles. The following Medical Subject 

Heading (MeSH) criteria [13] were used in PubMed: (“Pulmonary Disease, Chronic 

Obstructive/ epidemiology”[Mesh]) AND ((“Air Pollution/adverse effects”[Mesh]) OR 

(“Air Pollutants/adverse effects”[Mesh]) OR (“Sulfur Dioxide”[Mesh]) OR (“Nitrogen 

Dioxide”[Mesh]) OR (“Particulate Matter”[Mesh])). The following key word criteria were 

used in Medline; (“Air Pollution” OR “Sulfur Dioxide” OR “Nitrogen Dioxide” OR 

“Particulate Matter”) AND (COPD OR “Chronic Obstructive Pulmonary Disease”) AND 

(Hospital* OR Emergency OR Mortality). Additional filters were added to both search 

strings and databases to limit results to studies published in English between the years 

1995 and 2015. In addition, the titles of all references from all eligible studies captured in 
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the PubMed/Medline searches, as well as those referenced in USEPA Integrated Science 

Assessment (ISA) documents for each pollutant [14–16], were reviewed.

Titles and abstracts for all identified articles were screened by two researchers (RD and 

DK). Any study that investigated the association between short-term outdoor air pollution 

exposures and COPD-related ED, HA, or mortality was retained for full text review. Of 

these studies eligible for full text review, any study which provided quantitative estimates 

for the association between short-term exposures to PM2.5, SO2, and NO2 and COPD-related 

ED, HA or mortality with measures of uncertainty (p-values or confidence intervals) was 

included and relevant information was extracted into an Excel database. One study [17] was 

excluded since it re-evaluated data included in an eligible study published at an earlier date 

[18]. We also excluded one study that did not provide sufficient information to estimate 95% 

confidence intervals [19] and another that did not explore or control for confounding [20].

Many studies investigated and reported results for different lag/averaging times, which is 

problematic for meta-analyses, where researchers must select one estimate of the magnitude 

of the association between exposure and disease from each individual study to inform the 

meta-effect estimate. Some studies identified in the air pollution-COPD literature specified 

an exposure window a priori, while others investigated numerous lag/averaging times and 

either reported all results or only those with the largest or most significant effect estimate. 

Choosing to report one effect estimate rather than another because of effect size or statistical 

significance could introduce bias into the meta-effect estimate [21]. Since there was little 

consistency in the exposure metrics presented among the eligible studies and limited 

information regarding their biologic mechanisms, results from several exposure categories 

were extracted from each study; 1) single day lags, up to a maximum of two days, 2) 

multi-day averages or distributed lags, up to a maximum of seven days, and 3) the strongest 

effects across all available lag and averaging times. When multiple estimates were available 

for any of these categories, the strongest result within that category was selected.

A majority of studies estimated exposures for these lag/averaging times using 24-hour 

daily average concentrations. When results were provided for multiple daily metrics (such 

as 1-hour daily maxima and 24-hour daily averages), only results based on 24-hour daily 

averages were included [22,23], with the exception of one study which only provided results 

using 1-hour daily maxima [24]. A number of studies estimated results across various cities 

[22, 25, 26, 27, 28, 28]. Some of these studies calculated effects using raw data from 

all cities, while others calculated effect estimates for each city and then combined the 

results in a meta-analysis model. Wherever possible, we included pooled multi-city effects. 

Two studies only reported effects stratified by season and the stratified season-specific 

estimates were included [30,31]. When studies reported results for different age groups, 

effect estimates from elderly populations (ages 65+) were selected [32,33].

Statistical Analyses

Since studies presented results for different units of concentration, a series of conversions 

were completed prior to pooling individual effects through meta-analysis. All results 

reported in parts per billion (ppb) were first converted to ug/m3, assuming standard 

pressure and temperature. Risk estimates were then further standardized to represent effects 

DeVries et al. Page 3

COPD. Author manuscript; available in PMC 2022 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with a 10 ug/m3 increase in concentration in PM2.5, SO2, and/or NO2. A 10 

ug/m3 increase was selected for all pollutants since it was the most commonly used unit of 

analysis across the studies included in our pooled effect estimates.

Pooled summary effects were estimated with Comprehensive Meta-Analysis software 

(Version 2.0) for each pollutant and outcome combination. Summary effects were calculated 

using the weighted mean of individual effects, with weights equal to the inverse of each 

study’s variance [34]. In order to account for between study variability, a random effects 

model was chosen a priori. The appropriateness of this decision was confirmed by evaluating 

heterogeneity statistics. Forest plots were developed in Microsoft Excel for each pollutant 

using the exposure category that provided the strongest summary effects (represented by 

the highest pooled relative risk, and discussed further below). In these plots, the size of 

the symbols represents the relative weight of that study when computing summary effects 

[34,35]. Additional sub-group analyses were completed to assess differences by health 

outcome. We required a minimum of three studies to calculate a pooled effect estimate.

Heterogeneity was examined using standard Q and I2 tests [36–38]. The Q statistic tests 

the null hypothesis of homogenous effect sizes [36] with a p<0.10 suggesting substantial 

heterogeneity between studies. The I2 statistic quantifies the percent of total variability in 

effect sizes due to variability between studies, rather than within study sampling error [36–

38]. Consequently, a higher I2 suggests greater heterogeneity between studies. Summary 

effect estimates are expressed as relative risks (RR) for 10 ug/m3 increases in pollutant 

concentration. The RR was selected because it is an intuitive commonly used measure in 

public health literature.

Results

The initial literature searches completed in PubMed and Medline databases identified 

296 and 329 citations, respectively (Figure 1). After duplicates were removed, a total of 

534 articles were left for title and abstract review. After screening titles and abstracts 

to eliminate articles that were overviews/reviews of existing literature, clinical or animal 

studies, studies focused on unrelated exposures (such as occupational, indoor or tobacco 

smoke exposures), or studies evaluating unrelated outcomes (such as COPD onset, lung 

cancer, asthma, pulmonary function testing or self-reported respiratory symptoms) 103 

articles were considered potentially eligible and their full text was obtained and reviewed. 

Of these studies, an additional 71 were excluded since they did not present quantitative 

effect estimates or provide sufficient detail to estimate 95% confidence intervals, were 

a re-analysis of data already captured in an eligible article published at an earlier date, 

focused solely on exposure assessment or analytical methods, or evaluated other outdoor air 

pollutants not included in this review (such as PM10, PM speciation, ozone, or proximity 

to traffic). Five additional studies were identified in the references of eligible articles and 

USEPA Integrated Science Assessment documents [14–16], resulting in a total of 37 studies 

for meta-analysis (Table 1).

Of the 37 eligible studies, eight were case-crossover and 29 were time series studies. 

Most of the time series studies were analyzed via poisson regression with generalized 
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additive models, while the case-crossover studies were analyzed with conditional logistic 

regression. Nine studies focused on COPD-related ED, 17 on COPD-related HA, and 11 on 

COPD-related mortality. Effect estimates were available in 18 studies for PM2.5, 25 studies 

for NO2, and 19 studies for SO2. Nearly all of the studies controlled for seasonality and 

weather, while approximately half of the studies controlled for regional trends of influenza. 

Most of the time series studies controlled for long term trends with smoothing splines and 

several also controlled for the day of week and holidays. Six of the case-crossover studies 

used a time-stratified control sampling strategy while two followed bi-directional control 

sampling [63].

Air Pollution and COPD-Related Morbidity

All three pollutants were positively associated with COPD-related morbidity (as ED or HA), 

with excess risks ranging from 2% to 4% per 10 ug/m3 increase in concentration (Figure 

2). For PM2.5, we estimated a relative risk (RR) of 1.025 (95% CI 1.016 to 1.034) per 10 

ug/m3 in concentration using multi-day averages (I2=74, Q=22.6, p<0.001, and n=9 studies). 

When using single-day lags, we found a slightly weaker, but still positive association with 

COPD-related morbidity (RR=1.014, 95% CI 1.005 to 1.024) (Table 2). For NO2, we 

estimated an RR of 1.042 (95 % CI 1.025 to 1.060) per 10 ug/m3 in concentration using 

multi-day averages (I2=96, p-value for Q test <0.001, and n=9 studies). Similar to PM2.5, 

we found a slightly weaker but positive association for NO2 when using single day lags 

(RR=1.020, 95% CI 1.006 to 1.031). For SO2, we estimated an RR of 1.021 (95% CI 1.007 

to 1.035) per 10 ug/m3 increase in concentration using single-day lags (I2=87, p-value for Q 

test <0.001, and n=11 studies). But, in contrast to PM2.5 and NO2, we found a weaker albeit 

still significantly positive association for SO2 when using multi-day averages (RR=1.012, 

95% CI 1.000 to 1.023).

In general, we found slightly stronger effect estimates for COPD-related morbidity (ED and 

HA) when using multi-day averages for both PM2.5 and NO2. For SO2, the reverse pattern 

was observed. The use of the strongest effect estimate available in each study produced 

similar results for each pollutant, suggesting that authors may preferentially report the 

strongest effects. Using the strongest effect estimates per study, we estimated an RR of 1.02 

(95% CI 1.00 to 1.04) for PM2.5, an RR of 1.03 (95% CI 1.02 to 1.04) for NO2 and an RR of 

1.02 (95 % CI 1.01 to 1.03) for SO2. Data not shown.

Subgroup Analyses: Morbidity and Mortality

Differences between morbidity (including EDs and HAs) and mortality outcomes were 

explored using the exposure category that produced the strongest pooled effects. Pooled 

effects for PM2.5 were two-fold higher for mortality (RR=1.048, 95% CI 1.019 to 1.078, 

based on 5 studies) than for morbidity, measured as ED or HA (RR=1.025, 95% CI 

1.016 to 1.034, based on 10 studies). Conversely, stronger effects were calculated for NO2 

when evaluating morbidity (RR=1.042, 95 CI 1.025 to 1.060, based on 9 studies) than for 

mortality (RR=1.030, 95% CI 1.016 to 1.045, based on 6 studies). However, confidence 

intervals were wide and overlapping. We did not identify enough mortality studies to 

investigate SO2 in this way.
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Since there were not enough studies to compare ED with HA for each pollutant using the 

exposure metric that resulted in the greatest combined effect, these outcomes were compared 

using the strongest lag and averaging time across all studies. For SO2, we found stronger 

effects for ED (RR = 1.041, 95% CI 1.004 to 1.0879, and n=8 studies) than HA (RR of 

1.010 (95% CI 1.002 to 1.019 and n=7 studies). For NO2, however, the pattern was reversed; 

ED showed a weaker effect (RR=1.010, 95% CI 1.002 to 1.018 and n=7 studies) than 

HA (RR=1.045, 95% CI 1.029 to 1.061). For PM2.5, we estimated similar effects for both 

outcomes; an RR of 1.023 (95% CI 1.002 to 1.043 and n=5 studies) for ED and an RR of 

1.019 (95% CI 0.998 to 1.041 and n=10 studies) for HA.

Discussion

This meta-analysis is the first to our knowledge to quantify the association between short-

term exposures to NO2, and SO2 and COPD-related morbidity, with the exception of one 

meta-analysis that focused specifically on studies among Chinese populations [10]. Positive 

associations were observed for each of these gaseous pollutants, with significant excess risks 

estimated between 2% to 4% per 10 ug/m3 increase in concentration. We also estimated a 

significant 1.4% to 2.5% increased risk in COPD-related ED and HA per 10 ug/m3 increase 

in PM2.5 (depending on selected exposure metric), which is slightly weaker but within the 

same range as that reported in a recent meta-analysis for PM2.5 [11]. Li and colleagues 

estimated a 3% (95% CI 2%–5%, 15 studies, I2=88%) increase in risk for COPD-related 

morbidity per 10 ug/m3 increase in PM2.5 [11]. This is slightly stronger than our estimate 

and likely due to the selection of the strongest effect estimate across all available lag and 

averaging times for each individual study. As noted above, we believe this method may 

introduce bias; a better approach would be to use consistent lags or averaging times for all 

studies combined into a pooled effect estimate. We estimated pooled effects separately for 

exposures based on single-day lags and multiple day averages and found that the strength 

of summary effects varied by 50% or more depending on which exposure metric was used. 

We hypothesize that this important source of variability may be a function of a pollutant’s 

day to day variability and the biologic mechanism. Of the four meta-analyses found in recent 

literature that specifically focus on acute effects among COPD patients from short-term 

exposures to outdoor air pollution [8–11], none of them investigated differences due to 

the use of different exposure metrics. Our results highlight the sensitivity of pooled effect 

estimates to the choice of lag/averaging time..

Effects of PM2.5 and NO2 were stronger using multiday averages compared to single day 

estimates. The reverse pattern was observed for SO2; the effect was stronger when exposure 

was measured as a single day lag rather than an average of several days.

One possible reason for the observed differences in effect estimates by exposure metric 

is the pollutants’ biologic mechanisms. The mechanisms by which airway inflammation 

is exacerbated following short-term exposures to outdoor air pollution are not yet fully 

understood, although there are several reasonable hypotheses. PM exposures cause increased 

airway hyper responsiveness in rodents and production of reactive oxygen and inflammatory 

factors in alveolar macrophages in humans [9]. Longer lag/averaging times are biologically 

plausible for PM compared to gaseous pollutants considering the proposed effect of 
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particles on allergic sensitization and lung immune defenses, which have been observed 

in controlled human exposure and experimental animal studies[16]. NO2 exposures can 

exacerbate existing respiratory disease by impairing the functions of epithelial cells and 

alveolar macrophages, contributing to airway inflammation [14]. Similar to PM, this process 

may be cumulative over days and therefore a longer time period would be more relevant 

than the shorter period captured by single day lags. SO2, on the other hand, is a highly 

reactive gas with a high degree of day to day variability [15]. Bronchoconstriction in healthy 

adult males has been observed after short-term exposures to ambient levels of SO2 [64], as 

well as in numerous animal studies [15]. SO2 is also a well-known respiratory irritant, with 

acute respiratory symptoms reported immediately upon exposure to elevated concentrations 

in controlled human studies [15].

Mortality from COPD was about twice as strongly associated with PM2.5 than morbidity 

(ED and HA) from COPD (RR=1.050, 95% CI 1.015 to 1.087 for mortality and RR=1.026, 

95% CI 1.014 to 1.038 for morbidity). Li and colleagues recently reported similar effects 

from short-term exposures of PM2.5 on COPD related morbidity and mortality [11]. Zhu 

and colleagues, in a meta-analysis of Chinese studies, reported the reverse pattern for PM10 

and acute COPD outcomes [8]. There are a number of reasons why this may have occurred. 

Firstly, PM10 and PM2.5 are different particle size fractions containing diverse chemical 

components and moderated by meteorology, topography, and human behavior in different 

ways [16]. Secondly, the PM2.5 studies included in this meta-analysis are more recent (by 

nearly a decade) than the PM10 studies evaluated [8]. The stronger association that we 

found for PM2.5 and COPD-related mortality, as compared to COPD-related ED-HA, may 

reflect improvements in disease management over the past decade, whereby patients are 

increasingly better at avoiding certain triggers and taking care of themselves. This could 

result in decreased risk of ED-HA through time, while the risk remains high for more 

severe outcomes like mortality. This discrepancy may also be due to differences in the 

study populations or geographic regions represented in our studies. For example, a recent 

meta-analysis quantifying the association between PM and mortality reported higher risk 

of mortality among elderly and those with a lower socioeconomic status compared to 

younger, wealthier and more educated populations[65]. Finally this difference may be due 

to differences in the rationale for selecting individual effect estimates from eligible journal 

articles by Zhu and colleagues and as we have done in this paper.

This study also found stronger effects from SO2 for COPD-related ED than HA. These 

results are consistent with a recent study that compared ED and HA data from air pollution 

time-series studies for various diseases (i.e., respiratory disease, cardiovascular disease, 

pneumonia, etc.)[66]. Researchers estimated slightly higher risk ratios for respiratory disease 

related ED than HA and attributed this to differences in the types of patients typically 

experiencing these visits; patients for ED were often younger, from poorer areas, and with 

less severe illness[66]. Researchers also mentioned that HAs typically include scheduled 

visits, where the timing is unlikely to be caused by air pollution, which could mislead and/or 

dampen results [66]. We did not, however, find the same trend for exposures to PM2.5 and 

NO2.
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Limitations

Heterogeneity and bias are two important limitations to discuss in the context of this 

meta-analysis. While we investigated several importance sources of heterogeneity through 

stratum specific pooled effects with a random effects model, there was still likely to have 

been substantial variation between studies. This is reflected in high estimates of between 

study variance (as represented by I2, shown in Table 2), most of which were greater than 

80%. Due to sample size limitations, we were not able to investigate important differences in 

study design, geography, air chemistry, meteorology, and population health characteristics. 

We were also not able to investigate the impacts of different exposure metrics on the effect 

estimates for mortality due to the limited numbers of available studies.

Due to the limited number of studies available within strata and the large number of results 

presented in each article, we were also not able to formally evaluate publication bias in a 

meaningful way. If positive studies were more likely to have been published, these results 

may have been biased away from the null. Bias could also occur within published studies if 

authors only chose to present the strongest effect estimates. We tried to avoid this by mostly 

including studies that focused specifically on COPD and therefore explored/presented results 

from various lag/averaging times for this particular population. We intentionally kept our 

search criteria in PubMed and Medline quite specific to capture studies specifically focused 

on COPD outcomes and exclude the larger scope time series studies that investigate all 

causes of ED, HA, and mortality but often only present results with the strongest effect 

estimates and/or highest level of statistical significance. Inclusion of estimates from such 

studies could be misleading and bias results away from the null.

Finally, it is important to remember that meta-estimates of the effects of pollutants on COPD 

necessarily represent single pollutant models, while of course the COPD populations are 

breathing urban air containing all these pollutants and more. Thus these estimates represent 

simplifications of the true impacts of urban air pollution on existing COPD.

Conclusion

A comprehensive meta-analysis can help researchers recognize and understand 

inconsistencies among studies, especially where available studies report varying associations 

for the same exposure and health outcome. In this study, we found consistently positive 

associations between PM2.5, NO2, and SO2 and COPD-related morbidity and mortality. 

Although there was important variability among study results, they varied within a relatively 

narrow range. Excess risks were estimated at approximately 2% to 3% (per 10 ug/m3), 

regardless of pollutant, exposure metric, or COPD outcome. Looking specifically at COPD-

related morbidity, 23 of the 25 individual effect estimates were positive and 70% had 95% 

confidence intervals excluding the null (Figure 2). This is a strong body of evidence for 

outdoor concentrations of particulates (PM2.5), and gaseous pollutants (NO2, and SO2) as 

important risk factors for COPD.

This study identified some of the key challenges associated with synthesizing diverse air 

pollution literature and the implications that certain study design decisions have on meta-
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analyses. More specifically this study identified the sensitivity of these findings to the lag/

averaging times for pollutants used in the air pollution-COPD literature. There are no agreed 

upon standards for how exposure data should summarized for epidemiologic studies. In 

the absence of strong biologic evidence, it would be difficult to set such standards. In the 

meantime, researchers are urged to clearly define and present exposure-response estimates 

using several alternative exposure metrics so that meta-analysts can investigate the effects of 

alternative metrics, as we have reported here.
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Appendix

Appendix

Appendix 1:

Summary of Studies Included in Meta-Analysis

Study Region

SO2 NO2 PM2.5

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Anderson 
et al. 
(1997)

Europe 21 to 53 1 0 to 2 42 to 67 1 0 to 2 -- -- --

Arbex et al. 
(2009) Brazil 14 0 -- -- -- -- -- -- --

Belleudi et 
al. (2010) Italy -- -- -- -- -- -- 22.8 0 0 to 2

Chen et al. 
(2004) Canada -- -- -- -- -- -- 7.7 0 0 to 2

Cirera et al. 
(2012) Spain 32 0 -- 51 0 -- -- -- --

Domincini 
et al. 
(2006)

USA -- -- -- -- -- -- 13.4 1 0 to 2

Faustini et 
al. (2012) Italy -- -- -- 60 -- 0 to 5 20.2 -- 0 to 5

Faustini et 
al. (2013) Italy -- -- -- 46 to 66 0 0 to 1 -- -- --

Fischer et 
al. (2003) Netherlands 10* -- -- 32* -- 0 to 6 -- -- --

Fusco et al. 
(2001) Rome 9.1 0 -- 87 0 -- -- -- --

Garcia-
Aymerich 
et al. 
(2000)

Spain 36 to 
46* -- 0 to 2 88 to 

97* -- 0 to 2

Halonen et 
al. (2008) Finland -- -- -- 28* 0 9.5* 0 --
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Study Region

SO2 NO2 PM2.5

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Janssen et 
al. (2013) Netherlands -- -- -- -- -- -- 16.3 1 0 to 6

Kan et al. 
(2003) Shanghai 42 -- -- 32 0 -- -- -- --

Kloog et al. 
(2014) USA -- -- -- -- -- -- 12 -- 0 to 1

Ko et al. 
(2007) Hong Kong 15 0 0 to 5 51 0 0 to 3 36 1 0 to 5

Lee et al. 
(2007) Taiwan 25 -- 0 to 2 51 -- 0 to 2 -- -- --

Martins et 
al. (2002) Brazil 19 -- 0 to 5 118 -- 0 to 2 -- -- --

Meng et al. 
(2013) China 18 to 50 -- 0 to 2 58 to 67 -- 0 to 2 -- -- --

Milutinovic 
et al. 
(2009)

Serbia 16 1 0 to 1 -- -- -- -- -- --

Morgan et 
al. (1998) Sydney -- -- -- 28 1 -- -- -- --

Neuberger 
et al. 
(2007)

Austria -- -- -- 31 -- 0 to 7 16 -- 0 to 7

Peel et al. 
(2005) Atlanta 44 -- 0 to 2 87 -- 0 to 2 19 -- 0 to 2

Qui et al. 
(2012) Hong Kong -- -- -- -- -- -- 39.4 -- 0 to 3

Samoli et 
al. (2014) Europe -- -- -- -- -- -- 14 to 28 -- 0 to 5

Santus et 
al. (2012) Italy 4.1 2 0 to 2 103 1 0 to 2 32.8 2 0 to 2

Sauerzapf 
et al. 
(2009)

UK -- -- -- 23 1 -- -- -- --

Slaughter 
et al. 
(2005)

Washington -- -- -- -- -- -- 4.2 to 
20 1 --

Stieb et al. 
(2009) Canada 3.7 to 

20 1 -- 17 to 43 0 -- 6.7 to 
9.8 1 --

Sunyer at 
al. (2001) Spain -- -- -- 46 0 -- -- -- --

Tao et al. 
(2014) China 79 3 -- 46 4 --

Tenias et 
al. (2002) Spain 27 0 -- 58 0 -- -- -- --

To et al. 
(2015) Canada -- -- -- 45 0 -- 14 0 --

Tsai et al. 
(2013) Tokyo -- -- -- -- -- -- 30 -- 0 to 2

Valdez et 
al. (2012) Chile -- -- -- -- -- -- 34* 0 0 to 1
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Study Region

SO2 NO2 PM2.5

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Average 
Conc. 

(ug/m3)

Selected 
Single 
Day 
Lag

Selected 
Multi-

day 
Average

Wong et al. 
(2002) Hong Kong 17 -- -- 56 -- 0 to 2 -- -- --

Yang et al. 
(2005) Vancouver 10.0 0 1 to 7 32 0 1 to 7 -- -- --

Notes:
*
Indicates that value represents median concentration
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Figure 1. 
Summary of Systematic Literature Review
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Figure 2. 
Outdoor Air Pollution and COPD Related ED Visits and HAs

DeVries et al. Page 16

COPD. Author manuscript; available in PMC 2022 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

DeVries et al. Page 17

Ta
b

le
 1

:

Su
m

m
ar

y 
of

 S
tu

di
es

 I
nc

lu
de

d 
in

 M
et

a-
A

na
ly

si
s

St
ud

y
R

eg
io

n
P

ol
lu

ta
nt

s
D

es
ig

n
P

er
io

d
O

ut
co

m
e

C
ov

ar
ia

te
s 

In
cl

ud
ed

 in
 M

od
el

in
g

SO
2

N
O

2
P

M
2.

5

A
nd

er
so

n 
et

 a
l. 

(1
99

7)
E

ur
op

e*
✓

✓
T

S†
19

87
–1

99
2

H
os

p
A

,B
,C

,D
,E

,F
,G

A
rb

ex
 e

t a
l. 

(2
00

9)
B

ra
zi

l
✓

✓
T

S
20

01
–2

00
3

E
D

A
,B

,C
,D

,E

B
el

le
ud

i e
t a

l. 
(2

01
0)

It
al

y
✓

C
C

20
01

–2
00

5
H

os
p

C
,D

,G
,H

C
he

n 
et

 a
l. 

(2
00

4)
C

an
ad

a
✓

T
S

19
95

–1
99

9
H

os
p

C
, D

C
ir

er
a 

et
 a

l. 
(2

01
2)

Sp
ai

n
✓

✓
T

S
19

95
–1

99
8

E
D

A
,B

,C
,D

,E
,F

,G
, H

D
om

in
ci

ni
 e

t a
l. 

(2
00

6)
U

SA
*

✓
T

S
19

99
–2

00
2

H
os

p
A

,B
,C

,D
,E

Fa
us

tin
i e

t a
l. 

(2
01

2)
It

al
y

✓
✓

T
S

20
05

–2
00

9
M

or
t

A
, C

, E
, G

, H

Fa
us

tin
i e

t a
l. 

(2
01

3)
It

al
y

✓
C

C
20

01
–2

00
5

H
os

p
A

,B
,C

,D
,G

,H

Fi
sc

he
r 

et
 a

l. 
(2

00
3)

N
et

he
rl

an
ds

✓
✓

T
S

19
86

–1
99

4
M

or
t

A
, B

,C
,D

,E
,F

,G

Fu
sc

o 
et

 a
l. 

(2
00

1)
R

om
e

✓
✓

T
S

19
95

–1
99

7
H

os
p

A
, C

, D
, E

, F
, G

G
ar

ci
a-

A
ym

er
ic

h 
et

 a
l. 

(2
00

0)
Sp

ai
n

✓
✓

T
S

19
85

–1
98

9
M

or
t

A
, C

, D
, G

, H

H
al

on
en

 e
t a

l. 
(2

00
8)

Fi
nl

an
d

✓
✓

T
S

19
98

–2
00

4
E

D
A

, C
, D

, E
, F

, G
, H

Ja
ns

se
n 

et
 a

l. 
(2

01
3)

N
et

he
rl

an
ds

✓
T

S
20

08
–2

00
9

M
or

t
A

, B
, C

, D
, E

, F
, G

K
an

 e
t a

l. 
(2

00
3)

Sh
an

gh
ai

✓
✓

T
S

20
00

–2
00

1
M

or
t

A
, B

, C
, D

, E

K
lo

og
 e

t a
l. 

(2
01

4)
U

SA
*

✓
C

C
20

00
–2

00
6

H
os

p
B

,C
,D

K
o 

et
 a

l. 
(2

00
7)

H
on

g 
K

on
g

✓
✓

✓
T

S
20

00
–2

00
4

H
os

p
A

,B
,C

,D
,E

,F

L
ee

 e
t a

l. 
(2

00
7)

Ta
iw

an
✓

✓
C

C
19

96
–2

00
3

H
os

p
C

,D

M
ar

tin
s 

et
 a

l. 
(2

00
2)

B
ra

zi
l

✓
✓

T
S

19
96

–1
99

8
E

D
A

,C
,D

,E
,H

M
en

g 
et

 a
l. 

(2
01

3)
C

hi
na

*
✓

✓
T

S†
20

01
–2

00
8

M
or

t
A

,C
,D

M
ilu

tin
ov

ic
 e

t a
l. 

(2
00

9)
Se

rb
ia

✓
T

S
20

02
E

D
A

,B
,C

,D
,E

M
or

ga
n 

et
 a

l. 
(1

99
8)

Sy
dn

ey
✓

T
S

19
90

–1
99

4
H

os
p

A
,B

,C
,E

,F
,

N
eu

be
rg

er
 e

t a
l. 

(2
00

7)
A

us
tr

ia
✓

✓
T

S
20

00
–2

00
4

M
or

t
A

,B
,C

,D
,E

,G

Pe
el

 e
t a

l. 
(2

00
5)

A
tla

nt
a

✓
✓

✓
T

S
19

93
–2

00
0

E
D

A
,B

,C
,D

,E
,F

,H

Q
ui

 e
t a

l. 
(2

01
2)

H
on

g 
K

on
g

✓
T

S
20

00
–2

00
5

H
os

p
A

,C
,D

,E
,F

,G

Sa
m

ol
i e

t a
l. 

(2
01

4)
E

ur
op

e*
✓

T
S†

20
01

–2
01

0
M

or
t

B
,C

,E
,F

,G
,H

Sa
nt

us
 e

t a
l. 

(2
01

2)
It

al
y

✓
✓

✓
C

C
20

07
–2

00
8

E
D

C
,D

COPD. Author manuscript; available in PMC 2022 April 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

DeVries et al. Page 18

St
ud

y
R

eg
io

n
P

ol
lu

ta
nt

s
D

es
ig

n
P

er
io

d
O

ut
co

m
e

C
ov

ar
ia

te
s 

In
cl

ud
ed

 in
 M

od
el

in
g

SO
2

N
O

2
P

M
2.

5

Sa
ue

rz
ap

f 
et

 a
l. 

(2
00

9)
U

K
✓

C
C

20
06

–2
00

7
H

os
p

C
,G

,H

Sl
au

gh
te

r 
et

 a
l. 

(2
00

5)
W

as
hi

ng
to

n
✓

T
S

19
95

–2
00

1
E

D
B

,C
,D

,E

St
ie

b 
et

 a
l. 

(2
00

9)
C

an
ad

a*
✓

✓
✓

T
S†

19
90

–2
00

2
E

D
A

.B
,C

,D
,E

,F

Su
ny

er
 a

t a
l. 

(2
00

1)
Sp

ai
n

✓
C

C
19

90
–1

99
5

M
or

t
C

,D
,G

Ta
o 

et
 a

l. 
(2

01
4)

C
hi

na
✓

✓
T

S
20

01
–2

00
4

H
os

p
A

,C
,D

,E
,H

Te
ni

as
 e

t a
l. 

(2
00

2)
Sp

ai
n

✓
✓

T
S

19
94

–1
99

5
E

D
A

,B
,C

,D
,E

,F
,G

To
 e

t a
l. 

(2
01

5)
C

an
ad

a
✓

✓
T

S
20

12
E

D
&

H
os

p
A

,B
,C

,E
,H

T
sa

i e
t a

l. 
(2

01
3)

To
ky

o
✓

C
C

20
06

–2
01

0
H

os
p

C
,D

V
al

de
z 

et
 a

l. 
(2

01
2)

C
hi

le
✓

T
S

19
98

–2
00

7
M

or
t

A
,B

,T
,D

,E

W
on

g 
et

 a
l. 

(2
00

2)
H

on
g 

K
on

g
✓

✓
T

S
19

95
–1

99
8

M
or

t
A

,B
,C

,D
,E

Y
an

g 
et

 a
l. 

(2
00

5)
V

an
co

uv
er

✓
✓

T
S

19
94

–1
99

8
H

os
p

C
,D

N
ot

es
:

D
es

ig
n:

 “
T

S”
=

 ti
m

e 
se

ri
es

 a
nd

 “
C

C
” 

=
 c

as
e 

cr
os

so
ve

r

O
ut

co
m

e:
 “

E
D

” 
=

 C
O

PD
-r

el
at

ed
 e

m
er

ge
nc

y 
de

pa
rt

m
en

t v
is

its
, “

H
os

p”
=

C
O

PD
-r

el
at

ed
 h

os
pi

ta
liz

at
io

ns
 a

nd
 “

M
or

t”
=

C
O

PD
-r

el
at

ed
 m

or
ta

lit
y

C
ov

ar
ia

te
s:

 A
=

tim
e 

tr
en

ds
, B

=
se

as
on

al
ity

, C
=

te
m

pe
ra

tu
re

, D
=

hu
m

id
ity

 a
nd

/o
r 

ba
ro

m
et

ri
c 

pr
es

su
re

, E
=

da
y 

of
 w

ee
k,

 F
=

ho
lid

ay
s 

G
=

in
fl

ue
nz

a 
ep

id
em

ic
s,

 H
=

ot
he

r

* In
di

ca
te

s 
m

ul
tip

le
 c

iti
es

 w
er

e 
ev

al
ua

te
d

† in
di

ca
te

s 
th

at
 r

es
ul

ts
 w

er
e 

po
ol

ed
 a

cr
os

s 
m

ul
tip

le
 c

iti
es

 v
ia

 m
et

a 
an

al
ys

is
 m

et
ho

ds
 (

i.e
., 

w
ith

 r
an

do
m

 e
ff

ec
ts

 m
od

el
)

COPD. Author manuscript; available in PMC 2022 April 09.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

DeVries et al. Page 19

Ta
b

le
 2

:

C
om

pa
ri

so
n 

of
 P

oo
le

d 
E

ff
ec

t E
st

im
at

es
 b

y 
E

xp
os

ur
e 

M
et

ri
c

P
ol

lu
ta

nt
Si

ng
le

 D
ay

 L
ag

s
M

ul
ti

 D
ay

 A
ve

ra
ge

s

# 
of

 S
tu

di
es

P
oo

le
d 

E
ff

ec
t 

E
st

im
at

e 
1

I2  
st

at
is

ti
c 

2
# 

of
 S

tu
di

es
P

oo
le

d 
E

ff
ec

t 
E

st
im

at
e 

1
I2  

st
at

is
ti

c 
2

PM
2.

5
9

1.
01

4 
(1

.0
05

–1
.0

24
)

76
10

1.
02

5 
(1

.0
16

–1
.0

34
)

79

N
O

2
15

1.
02

0 
(1

.0
06

–1
.0

34
)

98
9

1.
04

2 
(1

.0
25

–1
.0

60
)

96

SO
2

11
1.

02
1 

(1
.0

07
–1

.0
35

)
87

9
1.

01
2 

(1
.0

01
–1

.0
23

)
74

N
ot

es
:

O
nl

y 
st

ud
ie

s 
ev

al
ua

tin
g 

C
O

PD
 r

el
at

ed
 e

m
er

ge
nc

y 
de

pa
rt

m
en

t v
is

its
 (

E
D

) 
an

d 
ho

sp
ita

l a
dm

is
si

on
s 

(H
A

) 
ar

e 
in

cl
ud

ed
.

1.
Su

m
m

ar
y 

ef
fe

ct
 e

st
im

at
es

 r
ep

re
se

nt
 th

e 
re

la
tiv

e 
ri

sk
 o

f 
C

O
PD

-r
el

at
ed

 E
D

/H
A

 f
or

 a
 1

0 
ug

/m
3  

in
cr

ea
se

 in
 p

ol
lu

ta
nt

 c
on

ce
nt

ra
tio

n

2.
I2

 r
ep

re
se

nt
s 

th
e 

pe
rc

en
ta

ge
 o

f 
to

ta
l v

ar
ia

bi
lit

y 
in

 s
um

m
ar

y 
ef

fe
ct

 e
st

im
at

es
 th

at
 is

 d
ue

 to
 v

ar
ia

bi
lit

y 
be

tw
ee

n 
st

ud
ie

s.

T
he

 Q
 s

ta
tis

tic
 te

st
s 

th
e 

hy
po

th
es

is
 o

f 
ho

m
og

en
ei

ty
 a

m
on

g 
ef

fe
ct

 s
iz

es
 w

ith
 p

 <
0.

10
 s

ug
ge

st
in

g 
he

te
ro

ge
ne

ity
 b

et
w

ee
n 

st
ud

ie
s.

 A
ll 

re
su

lts
 s

ho
w

n 
in

 th
is

 ta
bl

e 
ha

d 
p<

0.
00

1

COPD. Author manuscript; available in PMC 2022 April 09.


	Abstract
	Introduction
	Methods
	Search Strategy
	Statistical Analyses

	Results
	Air Pollution and COPD-Related Morbidity
	Subgroup Analyses: Morbidity and Mortality

	Discussion
	Limitations
	Conclusion
	AppendixAppendix 1:Summary of Studies Included in Meta-AnalysisStudyRegionSO2NO2PM2.5Average Conc. (ug/m3)Selected Single Day LagSelected Multi-day AverageAverage Conc. (ug/m3)Selected Single Day LagSelected Multi-day AverageAverage Conc. (ug/m3)Selected Single Day LagSelected Multi-day AverageAnderson et al. (1997)Europe21 to 5310 to 242 to 6710 to 2------Arbex et al. (2009)Brazil140--------------Belleudi et al. (2010)Italy------------22.800 to 2Chen et al. (2004)Canada------------7.700 to 2Cirera et al. (2012)Spain320--510--------Domincini et al. (2006)USA------------13.410 to 2Faustini et al. (2012)Italy------60--0 to 520.2--0 to 5Faustini et al. (2013)Italy------46 to 6600 to 1------Fischer et al. (2003)Netherlands10*----32*--0 to 6------Fusco et al. (2001)Rome9.10--870--------Garcia-Aymerich et al. (2000)Spain36 to 46*--0 to 288 to 97*--0 to 2Halonen et al. (2008)Finland------28*09.5*0--Janssen et al. (2013)Netherlands------------16.310 to 6Kan et al. (2003)Shanghai42----320--------Kloog et al. (2014)USA------------12--0 to 1Ko et al. (2007)Hong Kong1500 to 55100 to 33610 to 5Lee et al. (2007)Taiwan25--0 to 251--0 to 2------Martins et al. (2002)Brazil19--0 to 5118--0 to 2------Meng et al. (2013)China18 to 50--0 to 258 to 67--0 to 2------Milutinovic et al. (2009)Serbia1610 to 1------------Morgan et al. (1998)Sydney------281--------Neuberger et al. (2007)Austria------31--0 to 716--0 to 7Peel et al. (2005)Atlanta44--0 to 287--0 to 219--0 to 2Qui et al. (2012)Hong Kong------------39.4--0 to 3Samoli et al. (2014)Europe------------14 to 28--0 to 5Santus et al. (2012)Italy4.120 to 210310 to 232.820 to 2Sauerzapf et al. (2009)UK------231--------Slaughter et al. (2005)Washington------------4.2 to 201--Stieb et al. (2009)Canada3.7 to 201--17 to 430--6.7 to 9.81--Sunyer at al. (2001)Spain------460--------Tao et al. (2014)China793--464--Tenias et al. (2002)Spain270--580--------To et al. (2015)Canada------450--140--Tsai et al. (2013)Tokyo------------30--0 to 2Valdez et al. (2012)Chile------------34*00 to 1Wong et al. (2002)Hong Kong17----56--0 to 2------Yang et al. (2005)Vancouver10.001 to 73201 to 7------Notes:*Indicates that value represents median concentration
	Appendix 1:
	References
	Figure 1.
	Figure 2.
	Table 1:
	Table 2:

