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detected by registry studies, specifically lung function and symptoms. The aim of this systematic
review was to assess the evidence of panel studies on acute effects of air pollution among patients
with COPD.
Keywords: Methods: We searched the PubMed database, and identified additional studies by inspecting re-
CQPD . ference lists and literature reviews. We identified and summarized 25 panel studies that were
/;;;gflltité?:s published between 1993 and February 2016. Results were presented in forest plots and effect esti-

mates of sufficiently comparable outcomes and pollutants were summarized by a random-effects
meta-analysis.
Results: Meta-analysis showed that a 10 pg/m? increase in ambient levels of particles less than 10 pm
in diameter (PM;o) had a small, but statistically significant impact on FEV; (—3.38 mL, 95% CI —6.39
to —0.37) and PEF (—0.61 L/min, —1.20 to —0.01). There was significant heterogeneity across the
included studies. A forest plot showing associations between PM;o and respiratory symptoms was
also suggestive of an adverse effect of particulate air pollution, but this was not formally tested in a
meta-analysis due to the heterogeneity of outcomes. Results for gaseous pollutants were inconsistent
for lung function or symptoms.
Conclusions: Evidence from the identified panel studies indicated statistically significant associations
of particulate matter air pollution with lung function in patients with COPD.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized
by persistent airflow limitation that is usually progressive and
associated with an increased chronic inflammatory response in the
airways and the lung to gases or particles. The Global Initiative for
Chronic Obstructive Lung Disease (GOLD) defines COPD as a post-
bronchodilator fixed ratio of forced expiratory volume in 1 s and
forced vital capacity (FEV;/FVC) less than 0.70 (Vestbo et al., 2013).
In 2013, the burden of disease attributable to COPD, estimated by
the number of disability-adjusted life years (DALYs), was ranked
the 5th highest in the world (Institute for Health Metrics and
Evaluation, 2015).

Inhalation of tobacco smoke is the most important factor that
contributes to the development and progression of COPD. Other
causes are exposure to indoor air pollution due to the use of solid
fuels, occupational exposures, and genetic predisposition (Eisner
et al,, 2010; van Gemert et al., 2015; Vestbo et al., 2013). There is
also suggestive epidemiological evidence that long-term exposure
to outdoor air pollution is associated with the development of
COPD (Schikowski et al., 20144, 2014b). On the other hand, it has
been widely accepted that air pollution may cause acute health
effects in individuals with pre-existing COPD. Several epidemio-
logic studies have shown an increase in morbidity and mortality
rates, exacerbations, emergency room visits and hospitalizations in
patients with COPD following exposure to elevated levels of air
pollution (Zhang et al., 2016; Xu et al., 2016; Ko and Hui, 2012; Sint
et al., 2008; Wedzicha and Seemungal, 2007). For example, a re-
cent meta-analysis has shown that a 10 ug/m> increase in daily
exposure to particles less than 2.5 pm in diameter (PM, s) resulted
in a 3.1% increase in COPD hospitalizations and a 2.5% increase in
COPD mortality (Li et al., 2015).

Literature reviews on short-term effects of air pollution in pa-
tients with COPD have mainly included registry-based research
(Ko and Hui, 2012; Li et al., 2015; Sint et al., 2008). However,
epidemiological studies on short-term effects of air pollution have
additionally used a panel study design to investigate health effects
not detected by the registry studies, specifically lung function and
symptoms (Ward and Ayres, 2004). A panel study involves re-
peated measurements on individual subjects at regular short time
intervals, whereby each subject acts as his/her own control. These
prospective studies are frequently performed over a relatively
short time period in comparison to many other studies with a
longitudinal design (Tager, 2000). Panel study designs are gen-
erally used to assess acute health effects of a certain exposure,
whereas other studies with a longitudinal design mostly examine
the effects of a chronic exposure. A strength of panel studies is the
availability of individual data. Panel studies may be able to detect
less severe but more frequent effects than registry studies. A panel
study design makes it possible to control for unmeasured con-
founders and modifiers, that generally do not vary over time.
Furthermore, personal exposure measurements can be obtained
(Janes et al., 2008; Tager, 2000; Trivellato, 1999).

To our knowledge, there are no reviews that focus specifically
on panel studies investigating acute effects of air pollution in in-
dividuals with COPD. In this systematic review, we assessed the
evidence of panel studies on acute effects of air pollution among
COPD patients.

2. Methods
2.1. Systematic review

We used the PRISMA Statement as a guideline for reporting this
systematic review (Moher et al., 2009). The PubMed database was
searched using the following search term: ((English[Language] OR
French[Language] OR German[Language] OR Dutch[Language]))
AND (((panel OR longitudinal OR daily OR diary OR peak flow)
AND (chronic obstructive pulmonary disease OR COPD OR em-
physema OR chronic bronchitis) AND (air pollution OR air pollu-
tants OR particulate matter OR PM2.5 OR PM10 OR nitrogen di-
oxide OR NO2 OR ozone))). The search was restricted to fully
published original epidemiologic studies, until February 1, 2016.
No limitations on publication dates or locations were applied in
order to obtain an overview of the change in methodology and
statistical analysis of panel studies over the previous decades. We
included studies that defined COPD either by spirometry, or by a
(self-reported) physician's diagnosis that was complemented with
spirometry. Panel studies that included both COPD patients and
individuals with other chronic respiratory conditions, such as
asthma, were also incorporated in this review. No restrictions were
made on type of air pollution and type of health outcomes. After
the initial search in the PubMed database, reference lists of the
identified papers were inspected as well as reviews on health ef-
fects of air pollution in patients with COPD. A search of the Web of
Science database did not identify additional papers.

2.2. Meta-analysis

Information from each panel study was extracted and sum-
marized, and presented individually. In addition, we made attempts
to present study results in a comparable manner, by calculating
coefficients per 10 pg/m? increase in pollutant concentration. If re-
sults for PM, s were presented, but not for particles less than 10 pm
in diameter (PM;g), we used a conversion factor to compute effect
estimates for PM;o. We used one conversion factor (0.6), which is an
average of many measurements taken in different European regions
(Eeftens et al., 2012). The effect of air pollutants on health outcomes
may not be immediate, but may occur after a certain lapse of time,
called a lag. If a study analysed multiple pollutant lags, either the
largest effect was used for the meta-analysis, or the effect that was
presented in the article (not all lags that were analysed were always
shown), following the approach of a meta-analysis of panel studies
in children (Ward and Ayres, 2004). Comparable results from at
least six studies were presented in forest plots and effect estimates
of directly comparable outcomes and pollutants were summarized
by a DerSimonian and Laird (1986) random-effects meta-analysis
using the metafor package in R (version 3.0.2) (Viechtbauer, 2010).
We performed a leave-one-out sensitivity analysis to test the in-
fluence of individual studies on the overall effect estimates. We
evaluated heterogeneity by stratified analyses on study character-
istics such as inclusion of current smokers in the panel.

3. Results

The search of the PubMed database generated a total of 399
articles. In total, 25 of these were eligible for inclusion. The
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7 articles identified
by inspecting
reference lists and
reviews

399 articles
identified by the
search in the
PubMed database

365 articles excluded based

41 articles retrieved for full
text review

on the abstract and title

9 articles excluded based

32 articles included

on study design or study
population

7 articles 25 articles
publication year

1955-1984 1993-2016

publication year

!

v !

9 articles in meta-
analysis on PMy,
and FEV;

8 articles in meta-
analysis on PM;,
and PEF

6 articles in forest
plot of PMyo and
respiratory
svmptoms

Fig. 1. Flow diagram of the inclusion of panel studies.

majority of the articles that were not eligible for inclusion in our
review did not use a panel study design. Seven additional studies
were identified by inspecting reference lists and reviews on health
effects of air pollution in COPD patients, resulting in 32 articles
that were included in our review (Fig. 1). Seven studies were
published between 1955 and 1984. Given the limited statistical
analyses (graphical displays, descriptive statistics) that were pre-
sented in the earlier studies, we decided to focus the review on the
25 studies that were published between 1993 and February 2016.

3.1. Early panel studies (1955-1984)

The first panel studies on the acute effects of air pollution in
COPD patients were conducted in London between 1955 and 1968
(Lawther et al., 1970; Waller and Lawther, 1955, 1957), in response
to the London fog of December 1952. Until February 1953, around
12,000 excess deaths occurred due to the acute and persisting
effects of extremely high concentrations of sulfur dioxide (SO,),
smoke, and other air pollutants (Bell et al., 2004). This smog epi-
sode initiated epidemiological studies that examined the effects of
outdoor air pollution on health outcomes, in particular in sus-
ceptible subgroup such as patients with chronic lung diseases.
These early studies concluded, mainly based on graphical displays,
that peaks in smoke and SO, concentrations in the air were cor-
related with a temporary deterioration in the clinical condition of
individuals with COPD.

In the 1960s, panel studies in COPD and asthma patients were

also carried out in Chicago and Baltimore, showing associations
between (lagged) air pollution levels and respiratory symptoms
(Burrows et al., 1968; Carnow et al., 1969) and lung function
(Spicer et al., 1966). In the early 1980s, a panel study was per-
formed among subjects living near a coal-fired power plant in
Finland, including 43 hospital patients with COPD (Pershagen
et al., 1984). On days with high ambient soot levels, an increase in
respiratory symptoms was observed in these patients, but the
pollution levels could not be linked to the plant emissions.

3.2. Characteristics of included studies (1993-2016)

3.2.1. Setting and study population

Characteristics and results of the 25 panel studies that were
published between 1993 and February 2016 are summarized by
publication date in Table 1. Seventeen studies only included in-
dividuals with COPD. The remainder of the panel studies also in-
cluded adults with asthma, ischemic heart disease, children with
asthma, and healthy participants. A few of these studies did not
present the results for the COPD patients separately (Bruske et al.,
2010; de Hartog et al., 2010; Higgins et al., 1995, 2000; Hildebrandt
et al., 2009; Karakatsani et al., 2012).

Eleven studies were conducted in Europe, nine in North
America, three in China, and one each in New Zealand and Mexico.
Seven studies were conducted in the summer, and ten were winter
studies. Seven studies were performed throughout the year, and
one study was executed during two one-month periods in the



Table 1

Main characteristics of 25 panel studies on acute effects of air pollution in COPD patients, published between 1993 and February 2016.

Location (Ref.)

Period

Population

Pollutants

Acute effect

Statistical approach

Main findings

Salt Lake City, Utah (Pope

and Kanner, 1993)

Widnes and Runcorn, UK

(Higgins et al., 1995)

Christchurch, New Zeal-

and (Harré et al., 1997)

Los Angeles, California
(Linn et al., 1999)

Widnes and Runcorn, UK

(Higgins et al., 2000)

Vancouver, Canada
(Brauer et al., 2001)

Paris, France (Desqueyr-
oux et al,, 2002)

Denver, Colorado (Silkoff

et al., 2005)

Denver, Colorado (Suther-

land et al., 2005)

Vancouver, Canada (Ebelt

et al., 2005)

Two visits; 10 to 90 days
apart, 1987 to 1989

28 days, August to Sep-
tember 1991

June to August 1994

Four consecutive 24-h

periods during autumn
and winter. Study year
was not reported.

28 days, August to Sep-
tember 1991

Seven 24-h periods be-
tween April and Sep-
tember, 1998

October 1995 to No-
vember 1996

The winters of 1999-
2000 (first winter) and
2000-2001 (second
winter)

June 2002, during a
large wildfire

Seven 24-h periods be-
tween April and Sep-
tember, 1998

392 smokers with mild
to moderate COPD

75 adults with asthma
or COPD

40 adults aged over 55
years with COPD

30 subjects with severe
COPD

35 adults with asthma
or COPD, reactive to
methacholine

16 currently non-smok-
ing patients with COPD

39 adults with severe
COPD

16 and 18 adults with
advanced COPD (first
and second winter,
respectively)

21 COPD patients

16 currently non-smok-
ing patients with COPD

PMio

03, SO,, NO,

PMo, NO,, SO,, CO

PM;o, PM; 5, O3, NO,, CO.
Indoor and outdoor PMy,
PM, s, personal PMyq,
PM; 5, O3, NO,

03, NO,, fungal spore
counts

Ambient PM;o, PM, s,

S042~, personal PM, s and
S04~ exposure

PMio, SOz, NO2, O3

PMyo, PMy 5, NO,, CO

PMio, PM> 5, CO

Nonambient PM; s, ambi-
ent PMs 5, PM1o_25, PMo
and SO42~, personal ex-
posure to ambient PM; 5

FEV;, FVC and FEV,/FVC

PEF, symptoms, and bronchodi-
lator inhaler use

PEF, symptoms, nebulizer and
inhaler use

PEF, FEV,, FVC, blood pressure,
heart rates, supra ventricular ec-
topic beats, saturation, symptoms

PEF, symptoms

FEV,, blood pressure, supraven-
tricular ectopy, heart rate, heart
rate variability, symptoms and
bronchodilator use

Exacerbations of COPD

FEV;, PEF, symptoms and rescue
medication use

Symptom scores

FEV,, systolic and diastolic blood
pressure, supraventricular ectopy,
heart rate, and heart rate
variability

Regression of AFEV;, AFVC, and
AFEV,/FVC on APM;o

Multiple linear and logistic re-
gression analysis

A log-linear regression model for
PEF and Poisson regression mod-
els for symptoms

Analyses of covariance with re-
peated measures on subjects and
time-varying covariates

Multiple linear and logistic re-
gression analysis

Pooled ordinary least squares re-
gressions. Logistic regression to
examine the associations between
symptoms and exposure
measures

GEE, exchangeable correlation
structure

Mixed-effects models for the
analysis of FEV; and PEF. GEE,
first-order autoregressive corre-
lation for medication use and
symptom score

Repeated measurements ANOVA

Mixed-effects models

Small, inverse associations between APM;o
and AFEV, and AFEV,/FVC were observed.
SO, was associated with increases in PEF
variability, bronchodilator use and wheeze.
O3 was associated with bronchodilator use,
dyspnoea, eye irritation and minimum PEF
levels. No associations with NO,.

No association was found between any of
the pollutants and PEF. Increased PM;o
concentrations were associated with night
time chest symptoms. Enhanced levels of
NO, were associated with increased use of
reliever inhaler, and for lag 1 with nebuli-
zer use.

Only blood pressure was associated with
PM, more with central monitoring station
PM than with personal or indoor PM. Mean
diastolic blood pressure was positively as-
sociated with same-day or previous day
PM;,. Systolic blood pressure increased
significantly with previous day PM;o, but
not with same-day PM;o.

Spore count was associated with lower PEF,
and increased PEF variability and wheeze,
especially on high O3 days.

Exposure to ambient PM;o was associated
with an increase in supraventricular ar-
rhythmic beats. No associations between
air pollution and lung function were found.

Episodes of exacerbation of COPD were
associated with Os. No association was
found between exacerbations of COPD and
PM;o, SO, and NO,.

In the first winter, morning FEV, increased
with PMy, (lag 0), NO; (lags 1 and 2) and
with CO (lag 1). Morning PEF was positively
associated with PM;¢ and PM, 5 (lag 0) and
with NO, (lags 1 and 2). In the second
winter, evening FEV; was negatively asso-
ciated with CO (lag 2). Morning PEF de-
creased with NO, (lag 0 and 1), evening PEF
decreased with PMy, (lag 2). At lag 0, PM;,
NO, and CO were associated with increas-
ing medication use, NO, with symptom
score.

Symptom scores were increased during
days with significantly increased con-
centrations of PM.

Estimated ambient PM exposures were as-
sociated with decreased lung function, in-
creased heart rate, decreased systolic blood
pressure and increased supraventricular
ectopic heartbeats. Nonambient and total
particle exposures were not related to any

89F-8SF (9107) 1SI Y24pasay [DIudWUOLIAUT / [D 39 DWISWA0]T ‘AT
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Table 1 (continued )

Location (Ref.)

Period

Population

Pollutants

Acute effect

Statistical approach

Main findings

Seattle, Washington (Jan-
sen et al., 2005)

Rome, Italy (Lagorio et al.,
2006)

Seattle, Washington
(Trenga et al., 2006)

Erfurt, Germany (Hildeb-
randt et al., 2009)

Amsterdam, Athens, Bir-
mingham, Helsinki (de
Hartog et al., 2010)

Erfurt, Germany (Bruske
et al,, 2010)

London, UK (Peacock
et al,, 2011)

Amsterdam, Athens, Bir-
mingham, Helsinki
(Karakatsani et al.,
2012)

Eight regions in Switzer-
land (Mehta et al., 2012)

Twelve days during the
winter of 2002-2003

May to June and No-
vember to December
1999

26 periods of 10 days,
1999 to 2002

12 clinical visits be-
tween 2001 and 2002

One monitoring week
between 2002 and 2004

12 clinical visits be-
tween 2001 and 2002

October 1995 to October
1997

Six months between
2002 and 2004

Up to six monitoring
periods of four weeks in
1992 and 1993

16 subjects with asthma
or COPD

11 patients with COPD,
11 with asthma, and

7 with ischemic heart
disease

24 adults with and 33
without COPD and 17
children with asthma

38 male patients with a
history of chronic pul-
monary disease

135 patients with asth-
ma or COPD

38 male patients with a
history of chronic pul-
monary disease

94 moderate to severe
COPD patients

136 patients with asth-
ma or COPD

459 asthma or COPD
patients and healthy
adults

Indoor, outdoor and cen-
tral site PM;o, PM, 5, BC,
personal PM;o, BC

PM]O. PMIO—ZS: PMZ.Sv
metals, NO,, CO, SO, and
0s.

Personal, indoor, outdoor
and central site PM, s;
outdoor PMyg_35

PM,, UFP, AMP, EC, OC,
NO, NO,, CO and SO,

Indoor, outdoor and cen-
tral site PM;q, PMy 5,
PMg_25 and PNC

PM,,, UFP, AMP, EC, OC,
NO, NO,, CO and SO,

PM, black smoke, NO,,
SO, and O3

Central site PMyo, PMo_
2.5, PMy5, PNC, O3 and NO,

TSP and NO,

FEno, FEV1, FVC, FEV,/FVC, PEF,
mid-expiratory flow, blood pres-
sure, oxygen saturation of the
arterial blood and pulse rate

FVC and FEV,

FEV; and PEF

Several blood markers

FEV,, FVC, and PEF

Differential white cell blood
count

FEV,, FVC, PEF, COPD exacerba-
tions, symptoms

Symptoms, limitation in activities
due to breathing problems

Respiratory symptom-related
doctor visits

A linear mixed-effects model with
random intercept

GEE, first-order autoregressive
correlation structure

Mixed-effects longitudinal re-
gression models

Additive mixed models with ran-
dom patient intercept

Mixed models

Additive mixed models with ran-
dom patient intercepts

GEE, independent or first-order
autoregressive correlation
structure

Fixed effects models and random
intercept logistic regression
models

Time-stratified case-crossover
analysis

of the health outcomes.

No significant associations were found be-
tween PM and BC and FEyo, spirometry
measurements, blood pressure, oxygen sa-
turation of the arterial blood, or pulse rate
in subjects with COPD.

In the COPD panel, PM; 5 and PM;o were
negatively associated with FVC and FEV;.
NO, was negatively associated with FEV;.
Zinc was associated with decreases in FEV,
and FVC. The associations were similar in
size but less consistent for iron and nickel.
Associations between decrements in FEV;
and central site PM, 5 were observed for
1-day lagged exposure in COPD patients.
No associations between PEF and PM ex-
posure were observed for adult
participants.

Fibrinogen levels were positively associated
with an increase in UFP, PM;o, EC, OC, CO
and NO. E-selectin increased in association
with ACP and PMj at lag 1. Prothrombin
fragment 1+2 decreased with all air pol-
lutants at lag 4 except for NO and UFP. Von
Willebrand factor antigen decreased with
increasing concentrations of all air
pollutants.

No consistent associations between FEV;,
FVC and PEF and particulate air pollution
were observed.

An increase in all particulate pollutants was
associated with a decrease in poly-
morphonuclear leukocytes and platelets
within the first 24 h (most pronounced for
ACP). Monocytes increased in association
with UFP and NO. Lymphocytes increased
within 24 h in association with NO and CO.
Increased air pollution levels were asso-
ciated with symptoms but not lung func-
tion. PMyo (lag 1) was significantly asso-
ciated with dyspnoea. PM;o and black
smoke were associated with an increase in
the odds of a symptomatic fall in peak flow
rate.

An increase in previous day PMqg_»5 was
associated with limitation in walking and
most symptoms. O3 was associated with
cough at lag 0, 1 and 2 and with waking
with breathing problems at lag 0. PM, 5 and
NO, were not consistently associated with
outcomes.

The largest increase in doctor visits for re-
spiratory symptoms was found in the COPD
patients. An increase in NO, was associated
with an increase in doctor visits over the
first week following exposure. Results for

9%
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TSP were similar.

PM, 5 (lag 0) was associated with lower

FEV,, FVC, symptom score Linear mixed models

PM, 5 and O3

1218 severe emphyse-

Up to 6 clinical visits

United States (Kariisa

post-bronchodilator FVC and (lag 3) FEV;.
03 (lag 0) was associated with lower step
count, PEF and dyspnoea (over the whole
week). PM;o (lag 0) was associated with

step count during weekdays only.

between 1998 and 2003 ma patients
April 2011 to March

2013

et al,, 2015)
London, UK (Alahmari

GEE, independent correlation

structure

Daily step count, PEF, symptoms

PM;o and O3

73 moderate to very

severe COPD patients

et al.,, 2015)

PM, 5 (lag 2) was associated with lower PEF
levels, and an increase of reported cough.
PM, s was inversely associated with cold/

flu (lag 0) and wheeze (lag 2 and 3).

GEE, exchangeable correlation

structure

PEF, respiratory symptoms,

medication

Personal PM; 5

Up to three periods of 29 moderate to very

twelve days, 2000

Mexico City (Cortez-Lugo

severe COPD patients

et al,, 2015)

PM, 5 (lag 1) was associated with increased
FEno and decreased NOS2A methylation.

FEno, DNA methylation of NOS2A  Linear mixed models

promoter

PM, s, EC, OC, eight in-

organic ions

Six weekly visits, May to 30 patients with mild-

Shanghai, China (Chen

to-moderate COPD

July 2014

et al,, 2015)

Constituent-specific associations with OC,

EC, NO3—, NH4*

NO, and SO, were associated with higher

platelet counts and D-dimer levels.

Linear mixed models

Blood markers of coagulation (D-

dimer, platelets)

PM;, NO3, SO,

36 male patients with

stable COPD

Six visits, two per year

(November to De-

Guangzhou, China (Zhang

et al., 2015)

cember 2009, 2010 and

2011)

LD.

Ambient PM, 5 levels were inversely asso-

Linear mixed models

FEV,, FVC, and PEF

33 stable COPD patients Central site PM;o and

Two to thirteen visits,

2013-2014

Beijing, China (Ni et al.,

Bloemsma et al. / Environmental Research 151 (2016) 458-468 463

ciated with FVC and FEV;. PM;o was asso-

PM, 5, modelled PM;q and

PM; 5

2016)

ciated with a lower FVC. Associations based
on modelled exposure were attenuated

AMP, accumulation mode particles; BC, black carbon; CO, carbon monoxide; EC, elemental carbon; FEyo, fractional exhaled nitric oxide; FEV;, forced expiratory volume in 1 s; FVC, forced vital capacity; GEE, Generalized estimating

equations; NH4*, ammonium; NO,, nitrogen dioxide; NO3

, nitrate; OC, organic carbon; O3, ozone; PEF, peak expiratory flow; PM2.5, particles less than 2.5 um in diameter; PM;, particles less than 10 um in diameter; PNC, particle

number concentration; SO, sulfur dioxide; SO4%, sulphate; TSP, total suspended particulate matter; UFP, ultrafine particles.

winter and spring. The follow-up periods of the panel studies
ranged from a few consecutive days or a few clinical visits, to a
mean follow-up of 518 days (Peacock et al., 2011). In one study, the
participants only underwent two spirometry visits, between 10
and 90 days apart (Pope and Kanner, 1993).

3.2.2. Measured pollutants

Most panel studies used one or more central monitoring sites
to measure daily outdoor air pollutant levels, but a few studies also
measured personal exposures (Brauer et al., 2001; Cortez-Lugo
et al,, 2015; Linn et al., 1999; Trenga et al., 2006). Other studies also
measured particle concentrations both inside and outside subjects’
homes (de Hartog et al., 2010; Linn et al., 1999; Trenga et al., 2006),
and one study specifically investigated the difference between
ambient particle concentrations measured at a central monitoring
site and personal exposure to ambient particles (Ebelt et al., 2005).
One study used outdoor PM concentrations obtained from central
monitoring sites and also developed a time-weighed model to
estimate outdoor-originated equivalent personal exposure (Ni
et al.,, 2016). Measurements of particles were included in the ma-
jority of the identified panel studies, but a large variety of other
pollutants have been evaluated as well (Table 1). Eighteen studies
reported measurements of PM;, five studies measured coarse
particles (PMyo_5), and fourteen studies included PM,s. Mea-
surements of nitrogen dioxide (NO,) were included in twelve pa-
nel studies, eight studies measured ozone (O3), eight studies SO,,
and six studies carbon monoxide (CO).

3.2.3. Health outcomes

Seventeen of the identified studies examined acute effects of
air pollutants on pulmonary function (forced expiratory volume in
1s (FEV,), forced vital capacity (FVC), FEV,/FVC, and/or peak ex-
piratory flow (PEF)). In most of these studies, subjects performed
lung function tests unsupervised using a spirometer or peak flow
meter. In two studies, subjects underwent two (Pope and Kanner,
1993) or up to six (Kariisa et al., 2015) spirometry visits in a clinical
center, in five studies participants underwent supervised spiro-
metry in their homes (Brauer et al., 2001; Ebelt et al., 2005; Jansen
et al., 2005; Lagorio et al., 2006; Trenga et al., 2006), and in one
study the location of supervised spirometry was not provided (Ni
et al. 2016). In most of the eleven studies that included symptoms
or medication use, participants registered these using diary cards.
Alternatively, symptoms were assessed by a daily telephone in-
terview (Sutherland et al., 2005) and during a clinical visit (Kariisa
et al,, 2015). One study included self-reported limitation in activ-
ities due to breathing problems (Karakatsani et al., 2012), whereas
a more recent study investigated physical activity by measuring
step counts (Alahmari et al,, 2015). Two studies investigated the
effects of air pollution on physician-diagnosed exacerbations of
COPD, one study examined respiratory symptom-related doctor
visits, and two studies assessed fractional exhaled nitric oxide
(FEno). The remainder of the panel studies examined cardiovas-
cular outcomes, blood markers, methylation of buccal cell DNA,
and differential white blood cell count (Table 1).

3.2.4. Statistical approach of included studies

The identified studies show a change in the statistical approach
of panel studies over the past decades. More recent panel studies
applied more advanced statistical methods that take into account
the dependency of observations, like mixed-effects models or
Generalized Estimating Equations (GEEs) with first-order auto-
regressive, exchangeable, or independent covariance structures
(Janes et al., 2008). The majority of panel studies examined the
acute effects of air pollution on health outcomes for different lags.
Although most identified panel studies examined health effects up
to lag 2 (a delay in effect of 48 h), several studies included more



464 L.D. Bloemsma et al. / Environmental Research 151 (2016) 458-468

lags, or cumulative or average exposures over several lags. Most
studies adjusted for potential time-variant confounders, such as
weather (ambient temperature, relative humidity), linear trend
and day of the week.

3.3. Results of included studies (1993-2016)

An overview of the results and characteristics of the included
studies is shown in Table 1. In this section, we focus on the results
of the panel studies regarding measures of lung function.

A study conducted in Salt Lake City has shown negative asso-
ciations between PM;q and FEV; and FEV,/FVC. A 100 pg/m> in-
crease in PM;q concentration was associated with a decline in FEV;
of 2% (Pope and Kanner, 1993). The results of this study are based
on only two spirometry visits, but in a large study population.

A study performed in two towns in England has shown that PEF
variability was associated with increased SO, concentrations at lag
0 and 1 (Higgins et al., 1995). Minimum PEF levels were associated
with increasing concentrations of Os. No associations where ob-
served for NO,. This study included 75 adults with asthma or
COPD, and did not display separate results for the COPD patients.
In a subsample of 35 methacholine responsive participants, which
included only few COPD patients, fungal spore counts were asso-
ciated with PEF variability, particularly on high O3 days (Higgins
et al., 2000).

Harré et al. (1997) did not observe an association between PM;o
and concentrations of SO, NO, or CO and PEF in forty subjects
with COPD.

A study on thirty COPD patients in Los Angeles used mea-
surements of PM at a central monitoring site, inside and outside
the subject's home, and also measured personal exposure to PM
(Linn et al., 1999). PMo concentrations were not associated with
FEV; and FVC.

Two studies have been performed on the same panel of sixteen
COPD patients in Vancouver, Canada (Brauer et al., 2001; Ebelt
et al., 2005). Brauer et al. (2001) focused on the effects of ambient
PM;o and PM, 5 concentrations and personal PM, s exposure on
health outcomes. No significant associations were found between
PM and lung function. Ebelt et al. (2005) investigated the differ-
ence in health effects of nonambient PM, 5 originating from in-
door sources, and ambient PM concentrations. Personal exposure
was measured for PM,s using personal monitors worn by the
study participants. This measured personal exposure incorporates
contributions from ambient and nonambient PM, s, encountered
both indoors and outdoors. Nonambient PM, s exposures were
subsequently estimated based on time-activity data obtained from
diaries and the use of sulphate measurements as a tracer for in-
door infiltration of ambient particles. In addition, daily ambient
PM, s monitoring was performed at five fixed sites. The authors
found that the mean level of personal PM, 5 exposure was 18.5 pg/
m> and that this personal exposure was largely composed of
nonambient particle exposure (mean: 10.6 pg/m?). Estimated
ambient PM exposures were associated with a decreased FEV;.
Total and nonambient PM exposure were not associated with re-
spiratory outcomes.

One study in patients with advanced COPD was executed in the
winters of 1999-2000 and 2000-2001 in Denver (Silkoff et al.,
2005). The results of the first winter were opposite from what was
expected. Morning FEV, increased with PM;o, and morning PEF
increased with PM;o and PM, s, both at lag 0. However, in the
second winter, PEF decreased with PM;q in the evening at lag 2.
The average PM;o concentration was 25.1 pg/m> during the first
winter and 29.6 pg/m> in the second winter. Peak levels were
72 ug/m?> in both winters. The authors found a similar pattern of
health effects of gaseous pollutants as was found for PM air pol-
lution. In the first winter, morning FEV; and PEF increased with

NO, at lags 1 and 2, and morning FEV; increased with CO at lag 1.
In the second winter, evening FEV; decreased significantly with CO
at lag 2, and morning PEF decreased with NO, at lag 0 and 1.

Jansen et al. (2005) found no associations between PM and
black carbon (BC) and lung function in nine subjects with COPD.

A panel study conducted in Rome in the spring and winter of
1999 has shown that ambient PM,g and PM, s were negatively
associated with FVC and FEV; (Lagorio et al., 2006). The zinc
content of PM was associated with decreases in FEV; and FVC. The
associations were similar in size and direction for iron and nickel,
but not statistically significant. A 10 pg/m> increase in NO, con-
centrations during the previous 24 and 48 h was associated with a
decrease in the percentage of predicted FEV; of 1.17 and 1.38,
respectively.

In a study from Seattle (Trenga et al., 2006), a 10 pg/m? increase
in PM, s concentrations on the previous day was associated with a
decrease of 70.8 mL in FEV, in COPD patients. This association was
not observed in adults without COPD. No associations between PM
exposure and PEF were found.

In a multi-center panel study in 135 patients with asthma or
COPD from Amsterdam, Athens, Birmingham and Helsinki, De
Hartog et al. (2010) measured FVC, FEV; and PEF three times a day
for a period of one week. Lung function was not consistently as-
sociated with PNC (particle number concentration), PMig, PM; 5
and PMo_»5, measured at a central site in each city and both in-
side and outside subjects’ residences. Analyses restricted to asth-
matics were performed, which also showed no consistent
associations.

Two extensive panel studies were conducted in the London
COPD cohort, one investigated pulmonary function and symptoms
among 94 patients between 1995 and 1997 (Peacock et al., 2011),
and one study was performed between 2011 and 2013 - with in-
clusion of new participants (Alahmari et al., 2015). The earlier
study did not find associations between particulate air pollution,
SO, and O3 and lung function (Peacock et al., 2011). In 73 patients
from the more recent cohort, PM;o was not associated with PEF
(Alahmari et al., 2015).

In severe emphysema patients across the United States, PM; s
was associated with a lower post-bronchodilator FVC (same day)
and FEV; (lag 3) (Kariisa et al., 2015).

In Mexico City, a 10 pg/m?> increase in PM,5 was associated
with a 1.4 L/min (morning) and a 3.0 L/min (evening) lower PEF at
lag 2 (Cortez-Lugo et al., 2015).

A recent panel study examining COPD patients living in Beijing
showed that ambient PM, 5 levels (average 102.7 png/m>) were in-
versely associated with FVC and FEV;. PMg was associated with a
lower FVC (Ni et al., 2016).

3.4. Summary of results

Associations between an increase in PM;o and changes in FEV,
and PEF were summarized by a random-effects meta-analysis.
Fig. 2 shows a forest plot, presenting estimates of change in FEV,
per 10 pg/m> increase in PMq level from nine panel studies. The
summary estimate from the random-effects model was —3.38 mL
(—6.39 to —0.37; p=0.028). Significant heterogeneity was found
(Q=44.8, p<0.001). Summary estimates in the leave-one-out
sensitivity analysis ranged between —4.89 (—9.19 to —0.58) and
—2.86 (—5.65 to —0.07) after omitting Peacock et al. (2011) and
Trenga et al. (2006), respectively (Supplementary Fig. S1). From
two studies, no effect estimates could be extracted (Jansen et al.,
2005; Linn et al.,, 1999), and a re-analysis of a panel study with
improved exposure estimation (Ebelt et al., 2005) was included in
favour of the older publication (Brauer et al., 2001).

The forest plot in Fig. 3 shows the change in PEF per 10 ug/m>
increase in PMyq level in eight studies. The summary estimate was
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Fig. 2. Forest plot of change in FEV, (mean and 95% confidence intervals) expressed as mL per 10 pg/m? increase in PM;o level. The summary estimate (—3.38 (—6.39 to
—0.37), p=0.028) was calculated using a random-effects meta-analysis. I>=79.9%, test for heterogeneity Q=44.8, df=9, p < 0.001. Studies by Trenga et al. and Kariisa et al.

reported results for PM; s, which were converted to PMo.
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Fig. 3. Forest plot of change in PEF (mean and 95% confidence intervals) expressed as L/min per 10 pg/m? increase in PM; level. The summary estimate (—0.61 (—1.20 to
—0.01), p=0.046) was calculated using a random-effects meta-analysis. [>=78.3%, test for heterogeneity Q=36.9, df=8, p < 0.001. Studies by Linn et al., Trenga et al., Cortez-
Lugo et al., and de Hartog et al. reported results for PM, 5, which were converted to PMo.

—0.61 L/min (—1.20 to —0.01; p=0.046). The summary estimate
ranged between —0.89 (—1.78 to 0.01) after omitting Peacock
et al. (2011), and —0.39 (—0.92 to 0.15) after omitting Linn et al.
(1999) (Supplementary Fig. S2). Two studies could not be included
in the meta-analysis: Harré et al. (1997) reported only PEF varia-
bility and Jansen et al. (2005) did not show PEF results.
Additional characteristics of panel studies included in the
meta-analysis on PM;g and lung function are shown in Supple-
mentary Table S1. The negative associations between PM;q and
FEV; and PEF tended to be more pronounced in studies that ex-
cluded current smokers, and in studies that used longer lags
(>lag 1) (Supplementary Table S2), though the difference in
summary estimates between these groups of studies was not

statistically significant. Significant heterogeneity remained within
the groups of panel studies with and without smokers. There was
no heterogeneity between the effect estimates of the 3—4 studies
that used longer lags.

Fig. 4 shows a forest plot of odds ratios for the association
between respiratory symptoms (or exp(beta) for symptom score)
and a 10 pg/m> increase in PMjo level from six studies. Three
studies were not included: Sutherland et al. (2005) and Linn et al.
(1999) showed significantly increased symptom incidence, but
results could not be expressed in a standardized manner, and
Brauer et al. did not show symptom results (Brauer et al., 2001). A
summary estimate was not calculated because of the hetero-
geneous outcome definitions (various lower respiratory
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Fig. 4. Forest plot of exp(beta) and 95% confidence intervals for the association between respiratory symptoms (or symptom score) and a 10 pg/m?> increase in PM; level.
SOB: shortness of breath. A summary estimate was not calculated because of the heterogeneous outcome definitions and scale of symptom scores. The effect estimate from
the study by Kariisa et al. is based on linear regression (symptom score) and therefore not shown in the forest plot (beta 0.12, SE 0.13). Studies by Cortez-Lugo et al. and

Kariisa et al. reported results for PM, s, which were converted to PMj.

symptoms, symptom scores, and cough). Overall, a positive pattern
of associations was observed.

An overview of associations between NO, and FEV;, PEF, and
symptoms is presented in Supplementary Table S3. We did not
conduct a meta-analysis for NO, because of the low number of
studies that could be presented in a comparable manner ( < 5).

4. Discussion

This literature review identified and summarized 25 panel
studies on the acute effects of air pollution in patients with COPD
that were published between 1993 and February 2016. The ma-
jority of the identified panel studies suggested associations of air
pollution with acute health outcomes in COPD patients. Most
studies explored effects of PM levels on lung function or re-
spiratory symptoms. Meta-analysis showed that a 10 pg/m® in-
crease in ambient PM;q levels was associated with a small, but
statistically significant decrease of FEV; (—3.38 mL) and PEF
(—0.61 L/min). A forest plot of PM;g and symptoms was also
suggestive of an association with particulate air pollution, but this
was not formally tested in a meta-analysis due to the hetero-
geneity of outcomes. The observed effect estimates varied con-
siderably, and many adverse health effects depended on the
number of lag days. The results for gaseous pollutants were in-
consistent for lung function or symptoms.

We expressed effect estimates for commonly used increments
of 10 ug/m® PMyo. To compare lung function on high and low
pollution days, a contrast of 50-100 pg/m> is more meaningful.
The PM;o average effect then translates into a 20-35 mL decrease
in FEV,, equivalent to about 1-2% of typical population mean FEV,
values of adult COPD patients. A previous paper documented that
small changes in population mean PEF of children associated with
PM, translated into a substantial increase in the prevalence of
clinically significant PEF decrements (Hoek et al., 1998).

A limitation in the design of this literature review is that we
decided to include panel studies that examined not only in-
dividuals with COPD, but also subjects with other (respiratory)
diseases. There is substantial overlap between COPD and asthma,
especially in elderly patients, making the diagnosis complex (de
Marco et al,, 2013; Postma and Rabe, 2015). Some of the panel
studies did not display results for COPD patients separately, but we
included these studies in this review to obtain a complete over-
view of panel studies in individuals with COPD.

Significant heterogeneity of the estimates of the effect of PM;q
on lung function was found. There are several possible explana-
tions for the heterogeneity in the results of the identified panel
studies. Some of the variability across studies is likely due to
random error. The sample size and follow-up period differed
considerably between the studies. Furthermore, the panel studies
have been performed in different years and countries. Studies have
used PMq to represent a complex mixture of particles from dif-
ferent sources. Evidence is increasing that particle composition
affects health effects (World Health Organization, 2013). Compo-
sition of PM;o differs in space and time. Different results in the
same COPD panel may be attributable to different sources and
composition of air pollution, as was shown in a panel from Denver
that was studied in two consecutive winters and during a wildfire
(Silkoff et al., 2005; Sutherland et al., 2005). Heterogeneity existed
also between the examined study populations, and the negative
associations between PM;q and lung function tended to be weaker
in panel studies that included current smokers, and stronger in
studies that reported longer lags. Some studies included COPD
patients, regardless of the stage of the disease, whereas severity
was an inclusion criterion in others. Severity is associated with
medication use that may prevent exacerbations (Wedzicha et al.,
2012), which may explain the small changes in lung function in
response to air pollution in patients with severe COPD (Alahmari
et al,, 2015; Kariisa et al., 2015; Peacock et al., 2011). All panel
studies that were included in the meta-analysis on lung function
examined both male and female COPD patients. Furthermore,
study design, exposure assessment, and statistical approach of the
panel studies were broadly similar, and are thus unlikely to ex-
plain major heterogeneity in the results.

Several limitations of the identified panel studies need to be
addressed. Most panel studies have used central site monitoring
data to represent exposure. Although validation studies have
documented moderately high correlations between outdoor and
personal exposure in time (Brunekreef and Holgate, 2002), the
ratio between personal and outdoor exposure likely differs with
time activity patterns, adding further to heterogeneity. However,
taking daily personal exposure measurements is not feasible in
larger panel studies with a longer follow-up duration. Most studies
tested multiple associations between several air pollutants at
various time lags and several health outcomes, which may have
yielded chance findings. Furthermore, asking patients to record
symptoms or exacerbations in a diary is a more subjective method
than assessment of symptoms or exacerbations by a physician.
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There is a risk of spurious positive associations if patients over-
report their symptoms on days with high exposure levels, al-
though this is an unlikely explanation in most studies as subjects
are generally unaware of exposure levels. Finally, although most
studies adjusted for time-variant variables, there may be residual
confounding, for instance due to seasonal influenza infections that
may co-occur with periods of low or high levels of air pollution.
Publication bias is another possible concern, although exploring
this by funnel plots is probably not reliable for this type of ob-
servational studies. For example, a study with negative results on
PM and lung function may have reported significant effects on
blood pressure or exhaled NO. Furthermore, the smaller studies
may have more carefully assessed exposure and outcomes, re-
sulting in larger effect estimates (e.g. Ebelt et al., 2005).

Most panel studies were conducted in Western countries, al-
though the burden of disease attributable to ambient air pollution
occurs mainly in developing countries. Moreover, studies were
mainly focused on COPD patients who lived in urban areas. Due to
intensive livestock farming, air pollution may be considerable as
well in rural areas (Brunekreef et al., 2015). A panel study in a
swine farming area in North Carolina found associations between
air pollutant levels and respiratory symptoms and FEV; in healthy
adults (Schinasi et al., 2011), and recent cross-sectional studies
suggested an increased risk of exacerbations among COPD patients
living near a large number of livestock farms (Borlée et al., 2015;
van Dijk et al., 2016).

In summary, this systematic review and meta-analysis of panel
studies on acute effects of air pollution in patients with COPD has
shown adverse effects of ambient PM;o concentrations on FEV;,
and PEF. Although the mean effect estimates were small, peak
pollution levels may have a clinically relevant impact in vulnerable
patients with reduced lung function, which is corroborated by
hospital-based time-series in patients with COPD. Since panel
studies are less sensitive to confounding than cross-sectional or
case-control studies, they could be helpful to examine emerging
air pollution problems in Asia and other parts of the world,
especially with well-characterized exposures and objectively
measured outcome data. The study design can be further im-
proved by the use of new smart devices and applications, e.g.
portable sensors to monitor exposures or physical parameters,
activity meters, or mobile diaries.

Funding

This review was written in the context of a panel study in COPD
patients that was funded by The Lung Foundation Netherlands
(Grant number: 3.2.11.022).

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.envres.2016.08.
018.

References

Alahmari, A.D., Mackay, AJ., Patel, A.R., Kowlessar, B.S., Singh, R., Brill, S.E., Allinson,
J.P., Wedzicha, ].A., Donaldson, G.C., 2015. Influence of weather and atmospheric
pollution on physical activity in patients with COPD. Respir. Res. 16, 71.

Bell, M.L,, Davis, D.L., Fletcher, T., 2004. A retrospective assessment of mortality
from the London smog episode of 1952: the role of influenza and pollution.
Environ. Health Perspect. 112, 6-8.

Borlée, F, Yzermans, C.J., van Dijk, C.E., Heederik, D., Smit, L.A.M., 2015. Increased
respiratory symptoms in COPD patients living in the vicinity of livestock farms.

Eur. Respir. ]. 46, 1605-1614.

Brauer, M., Ebelt, S.T., Fisher, T.V., Brumm, ]., Petkau, AJ., Vedal, S., 2001. Exposure
of chronic obstructive pulmonary disease patients to particles: respiratory and
cardiovascular health effects. J. Expo. Anal. Environ. Epidemiol. 11, 490-500.

Brunekreef, B., Harrison, R.M., Kunzli, N., Querol, X., Sutton, M.A., Heederik, D.J.,
Sigsgaard, T., 2015. Reducing the health effect of particles from agriculture.
Lancet Respir. Med. 3, 831-832.

Brunekreef, B., Holgate, S.T., 2002. Air pollution and health. Lancet 360, 1233-1242.

Bruske, 1., Hampel, R., Socher, M.M., Ruckerl, R., Schneider, A., Heinrich, ]., Ober-
dorster, G., Wichmann, H.E., Peters, A., 2010. Impact of ambient air pollution on
the differential white blood cell count in patients with chronic pulmonary
disease. Inhal. Toxicol. 22, 245-252.

Burrows, B., Kellogg, A.L., Buskey, J., 1968. Relationship of symptoms of chronic
bronchitis and emphysema to weather and air pollution. Arch. Environ. Health
16, 406-413.

Carnow, B.W., Lepper, M.H., Shekelle, R.B., Stamler, ]J., 1969. Chicago air pollution
study. SO, levels and acute illness in patients with chronic bronchopulmonary
disease. Arch. Environ. Health 18, 768-776.

Chen, R,, Qiao, L, Li, H., Zhao, Y., Zhang, Y., Xu, W., Wang, C., Wang, H., Zhao, Z., Xu,
X., Hu, H,, Kan, H., 2015. Fine particulate matter constituents, nitric oxide
synthase DNA methylation and exhaled nitric oxide. Environ. Sci. Technol. 49,
11859-11865.

Cortez-Lugo, M., Ramirez-Aguilar, M., Perez-Padilla, R., Sansores-Martinez, R., Ra-
mirez-Venegas, A., Barraza-Villarreal, A., 2015. Effect of personal exposure to
PM2.5 on respiratory health in a Mexican panel of patients with COPD. Int. .
Environ. Res. Public Health 12, 10635-10647.

de Hartog, ].J., Ayres, ].G., Karakatsani, A., Analitis, A., Brink, H.T., Hameri, K., Har-
rison, R., Katsouyanni, K., Kotronarou, A., Kavouras, 1., Meddings, C., Pekkanen,
J., Hoek, G., 2010. Lung function and indicators of exposure to indoor and
outdoor particulate matter among asthma and COPD patients. Occup. Environ.
Med. 67, 2-10.

de Marco, R, Pesce, G., Marcon, A., Accordini, S., Antonicelli, L., Bugiani, M., Casali,
L., Ferrari, M., Nicolini, G., Panico, M.G., Pirina, P., Zanolin, M.E., Cerveri, I.,
Verlato, G., 2013. The coexistence of asthma and chronic obstructive pulmonary
disease (COPD): prevalence and risk factors in young, middle-aged and elderly
people from the general population. PLoS One 8, e62985.

DerSimonian, R., Laird, N., 1986. Meta-analysis in clinical trials. Control. Clin. Trials
7, 177-188.

Desqueyroux, H., Pujet, ].C.,, Prosper, M., Le Moullec, Y., Momas, 1., 2002. Effects of
air pollution on adults with chronic obstructive pulmonary disease. Arch. En-
viron. Health 57, 554-560.

Ebelt, S.T., Wilson, W.E., Brauer, M., 2005. Exposure to ambient and nonambient
components of particulate matter: a comparison of health effects. Epidemiol-
ogy 16, 396-405.

Eeftens, M., Tsai, M.Y., Ampe, C., Anwander, B., Beelen, R., Bellander, T., Cesaroni, G.,
Cirach, M., Cyrys, J., de Hoogh, K., de Nazelle, A., de Vocht, F,, Declercq, C.,
Dédelé, A., Eriksen, K., Galassi, C., Grazuleviciene, R., Grivas, G., Heinrich, .,
Hoffmann, B., lakovides, M., Ineichen, A., Katsouyanni, K., Korek, M., Kramer, U.,
Kuhlbusch, T., Lanki, T., Madseny, C., Meliefste, K., Molter, A., Mosler, G., Nieu-
wenhuijsen, M., Oldenwening, M., Pennanen, A., Probst-Hensch, N., Quass, U.,
Raaschou-Nielsen, O., Ranzi, A., Stephanou, E., Sugiri, D., Udvardy, O., Vaskovi,
E., Weinmayr, G., Brunekreef, B., Hoek, G., 2012. Spatial variation of PM2.5,
PM10, PM2.5 absorbance and PM coarse concentrations between and within 20
European study areas and the relationship with NO2 - results of the ESCAPE
project. Atmos. Environ. 62, 303-317.

Eisner, M.D., Anthonisen, N., Coultas, D., Kuenzli, N., Perez-Padilla, R., Postma, D.,
Romieu, L, Silverman, E.K., Balmes, J.R., Committee on Nonsmoking COPD, En-
vironmental and Occupational Health Assembly, 2010. An official American
Thoracic Society public policy statement: novel risk factors and the global
burden of chronic obstructive pulmonary disease. Am. . Respir. Crit. Care Med.
182, 693-718.

Harré, E.S,, Price, P.D., Ayrey, R.B., Toop, LJ., Martin, LR., Town, G.I, 1997. Respiratory
effects of air pollution in chronic obstructive pulmonary disease: a three month
prospective study. Thorax 52, 1040-1044.

Higgins, B.G., Francis, H.C,, Yates, C., Warburton, C]J., Fletcher, A.M., Pickering, C.A.,
Woodcock, A.A., 2000. Environmental exposure to air pollution and allergens
and peak flow changes. Eur. Respir. J. 16, 61-66.

Higgins, B.G., Francis, H.C., Yates, CJ., Warburton, CJ., Fletcher, A.M., Reid, J.A.,
Pickering, C.A., Woodcock, A.A., 1995. Effects of air pollution on symptoms and
peak expiratory flow measurements in subjects with obstructive airways dis-
ease. Thorax 50, 149-155.

Hildebrandet, K., Ruckerl, R., Koenig, W., Schneider, A., Pitz, M., Heinrich, J., Marder,
V., Frampton, M., Oberdorster, G., Wichmann, H.E., Peters, A., 2009. Short-term
effects of air pollution: a panel study of blood markers in patients with chronic
pulmonary disease. Part. Fibre Toxicol. 6, 25-8977-6-25.

Hoek, G., Dockery, D.W., Pope, A., Neas, L., Roemer, W., Brunekreef, B., 1998. As-
sociation between PM10 and decrements in peak expiratory flow rates in
children: reanalysis of data from five panel studies. Eur. Respir. J. 11, 1307-1311.

Institute for Health Metrics and Evaluation, 2015. GBD Arrow Diagram. Available
from: (http://vizhub.healthdata.org/gbd-compare/arrow) (02.11.15).

Janes, H., Sheppard, L., Shepherd, K., 2008. Statistical analysis of air pollution panel
studies: an illustration. Ann. Epidemiol. 18, 792-802.

Jansen, K.L., Larson, T.V., Koenig, J.Q., Mar, T.F,, Fields, C., Stewart, ]J., Lippmann, M.,
2005. Associations between health effects and particulate matter and black
carbon in subjects with respiratory disease. Environ. Health Perspect. 113,
1741-1746.


http://dx.doi.org/10.1016/j.envres.2016.08.018
http://dx.doi.org/10.1016/j.envres.2016.08.018
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref1
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref1
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref1
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref2
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref2
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref2
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref2
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref3
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref3
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref3
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref3
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref4
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref4
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref4
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref4
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref5
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref5
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref5
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref5
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref6
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref6
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref7
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref7
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref7
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref7
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref7
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref8
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref8
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref8
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref8
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref9
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref9
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref9
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref9
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref9
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref9
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref10
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref10
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref10
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref10
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref10
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref11
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref11
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref11
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref11
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref11
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref12
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref12
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref12
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref12
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref12
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref12
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref13
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref13
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref13
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref13
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref13
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref14
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref14
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref14
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref15
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref15
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref15
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref15
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref16
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref16
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref16
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref16
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref17
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref18
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref19
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref19
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref19
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref19
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref20
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref20
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref20
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref20
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref21
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref21
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref21
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref21
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref21
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref22
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref22
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref22
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref22
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref22
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref23
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref23
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref23
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref23
http://vizhub.healthdata.org/gbd-compare/arrow
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref24
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref24
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref24
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref25
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref25
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref25
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref25
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref25

468 L.D. Bloemsma et al. / Environmental Research 151 (2016) 458-468

Karakatsani, A., Analitis, A., Perifanou, D., Ayres, ]J.G., Harrison, R.M., Kotronarou, A.,
Kavouras, I.G., Pekkanen, J., Hameri, K., Kos, G.P., de Hartog, J.J., Hoek, G., Kat-
souyanni, K., 2012. Particulate matter air pollution and respiratory symptoms in
individuals having either asthma or chronic obstructive pulmonary disease: a
European multicentre panel study. Environ. Health 11, 75.

Kariisa, M., Foraker, R., Pennell, M., Buckley, T., Diaz, P., Criner, G.J., Wilkins 3rd, J.R.,
2015. Short- and long-term effects of ambient ozone and fine particulate matter
on the respiratory health of chronic obstructive pulmonary disease subjects.
Arch. Environ. Occup. Health 70, 56-62.

Ko, EW., Hui, D.S., 2012. Air pollution and chronic obstructive pulmonary disease.
Respirology 17, 395-401.

Lagorio, S., Forastiere, E, Pistelli, R., lavarone, 1., Michelozzi, P., Fano, V., Marconi, A.,
Ziemacki, G., Ostro, B.D., 2006. Air pollution and lung function among sus-
ceptible adult subjects: a panel study. Environ. Health 5, 11.

Lawther, PJ., Waller, R.E., Henderson, M., 1970. Air pollution and exacerbations of
bronchitis. Thorax 25, 525-539.

Li, M.H,, Fan, L.C., Mao, B., Yang, ].W., Choi, A.M., Cao, W]., Xu, ].F,, 2015. Short term
exposure to ambient fine particulate matter (PM2.5) increases hospitalizations
and mortality of chronic obstructive pulmonary disease: a systematic review
and meta-analysis. Chest.

Linn, W.S., Gong Jr., H., Clark, KW., Anderson, K.R., 1999. Day-to-day particulate
exposures and health changes in Los Angeles area residents with severe lung
disease. ]. Air Waste Manag. Assoc. 49, 108-115.

Mehta, AJ., Schindler, C., Perez, L., Probst-Hensch, N., Schwartz, ., Brand], O., Karrer,
W., Tschopp, J.M., Rochat, T., Kunzli, N., (SAPALDIA Team), 2012. Acute re-
spiratory health effects of urban air pollutants in adults with different patterns
of underlying respiratory disease. Swiss Med. WKkly. 142, w13681.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., (PRISMA Group), 2009. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA state-
ment. PLoS Med. 6, e1000097.

Ni, Y., Wu, S, Ji, W,, Chen, Y., Zhao, B., Shi, S., Tu, X,, Li, H., Pan, L., Deng, E, Guo, X.,
2016. The exposure metric choices have significant impact on the association
between short-term exposure to outdoor particulate matter and changes in
lung function: findings from a panel study in chronic obstructive pulmonary
disease patients. Sci. Total Environ. 542, 264-270.

Peacock, J.L., Anderson, H.R., Bremner, S.A., Marston, L., Seemungal, T.A., Strachan,
D.P., Wedzicha, J.A., 2011. Outdoor air pollution and respiratory health in pa-
tients with COPD. Thorax 66, 591-596.

Pershagen, G., Hrubec, Z., Lorich, U., Ronnqvist, P., 1984. Acute respiratory symp-
toms in patients with chronic obstructive pulmonary disease and in other
subjects living near a coal-fired plant. Arch. Environ. Health 39, 27-33.

Pope 3rd, C.A,, Kanner, R.E., 1993. Acute effects of PM10 pollution on pulmonary
function of smokers with mild to moderate chronic obstructive pulmonary
disease. Am. Rev. Respir. Dis. 147, 1336-1340.

Postma, D.S., Rabe, K.F,, 2015. The Asthma-COPD Overlap Syndrome. N. Engl. J. Med.
373, 1241-1249.

Schikowski, T., Adam, M., Marcon, A., Cai, Y., Vierkotter, A., Carsin, A.E., Jacquemin,
B., Al Kanani, Z., Beelen, R., Birk, M., Bridevaux, P.O., Brunekeef, B., Burney, P.,
Cirach, M., Cyrys, J., de Hoogh, K., de Marco, R., de Nazelle, A., Declercq, C.,
Forsberg, B., Hardy, R., Heinrich, J., Hoek, G., Jarvis, D., Keidel, D., Kuh, D.,
Kuhlbusch, T., Migliore, E., Mosler, G., Nieuwenhuijsen, M.J., Phuleria, H., Ro-
chat, T,, Schindler, C,, Villani, S., Tsai, M.Y., Zemp, E., Hansell, A., Kauffmann, F,
Sunyer, ]., Probst-Hensch, N., Kramer, U., Kunzli, N., 2014a. Association of am-
bient air pollution with the prevalence and incidence of COPD. Eur. Respir. ]. 44,
614-626.

Schikowski, T., Mills, 1.C., Anderson, H.R., Cohen, A., Hansell, A., Kauffmann, F.,
Kramer, U., Marcon, A., Perez, L., Sunyer, J., Probst-Hensch, N., Kunzli, N., 2014b.
Ambient air pollution: a cause of COPD? Eur. Respir. J. 43, 250-263.

Schinasi, L., Horton, R.A., Guidry, V.T., Wing, S., Marshall, S.W., Morland, K.B., 2011.
Air pollution, lung function, and physical symptoms in communities near
concentrated Swine feeding operations. Epidemiology 22, 208-215.

Silkoff, P.E., Zhang, L., Dutton, S., Langmack, E.L, Vedal, S., Murphy, J., Make, B.,

2005. Winter air pollution and disease parameters in advanced chronic ob-
structive pulmonary disease panels residing in Denver, Colorado. J. Allergy Clin.
Immunol. 115, 337-344.

Sint, T., Donohue, ].F,, Ghio, A.J., 2008. Ambient air pollution particles and the acute
exacerbation of chronic obstructive pulmonary disease. Inhal. Toxicol. 20,
25-29.

Spicer Jr., W.S., Reinke, W.A., Kerr, H.D., 1966. Effects of environment upon re-
spiratory function. II. Daily studies in patients with chronic obstructive lung
disease. Arch. Environ. Health 13, 753-762.

Sutherland, E.R., Make, BJ., Vedal, S., Zhang, L., Dutton, S.J., Murphy, J.R,, Silkoff, P.E.,
2005. Wildfire smoke and respiratory symptoms in patients with chronic ob-
structive pulmonary disease. ]. Allergy Clin. Immunol. 115, 420-422.

Tager, 1.B., 2000. Acute effects of PM10 pollution on pulmonary function of smokers
with mild to moderate chronic obstructive pulmonary disease. Am. Rev. Respir.
Dis. 108 (Suppl. 4), S615-S623.

Trenga, C.A., Sullivan, J.H., Schildcrout, J.S., Shepherd, K.P., Shapiro, G.G., Liu, LJ.,
Kaufman, J.D., Koenig, ]J.Q., 2006. Effect of particulate air pollution on lung
function in adult and pediatric subjects in a Seattle panel study. Chest 129,
1614-1622.

Trivellato, U., 1999. Issues in the design and analysis of panel studies: a cursory
review. Qual. Quant. 33, 339-352.

van Dijk, C.E., Garcia-Aymerich, J., Carsin, A.E., Smit, L.A.M., Borlée, F,, Heederik, D.J.,
Donker, G.A., Yzermans, C.J., Zock, ].P., 2016. Risk of exacerbations in COPD and
asthma patients living in the neighbourhood of livestock farms: observational
study using longitudinal data. Int J. Hyg. Environ. Health . http://dx.doi.org/
10.1016/j.ijheh.2016.01.002.

van Gemert, F.,, Kirenga, B., Chavannes, N., Kamya, M., Luzige, S., Musinguzi, P.,
Turyagaruka, J., Jones, R., Tsiligianni, 1., Williams, S., de Jong, C., van der Molen,
T., 2015. Prevalence of chronic obstructive pulmonary disease and associated
risk factors in Uganda (FRESH AIR Uganda): a prospective cross-sectional ob-
servational study. Lancet Glob. Health 3, e44-e51.

Vestbo, ], Hurd, S.S., Agusti, A.G., Jones, PW., Vogelmeier, C., Anzueto, A., Barnes, P.
J., Fabbri, LM., Martinez, FJ., Nishimura, M., Stockley, R.A., Sin, D.D., Rodriguez-
Roisin, R., 2013. Global strategy for the diagnosis, management, and prevention
of chronic obstructive pulmonary disease: GOLD executive summary. Am. J.
Respir. Crit. Care Med. 187, 347-365.

Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. ].
Stat. Softw. 36, 1-48.

Waller, R.E., Lawther, PJ., 1957. Further observations on London fog. Br. Med. J. 2,
1473-1475.

Waller, RE., Lawther, PJ., 1955. Some observations on London fog. Br. Med. J. 2,
1356-1358.

Ward, DJ., Ayres, J.G., 2004. Particulate air pollution and panel studies in children: a
systematic review. Occup. Environ. Med. 61, e13.

Wedzicha, J.A., Decramer, M., Seemungal, T.A., 2012. The role of bronchodilator
treatment in the prevention of exacerbations of COPD. Eur. Respir. J. 40,
1545-1554.

Wedzicha, ].A., Seemungal, T.A., 2007. COPD exacerbations: defining their cause and
prevention. Lancet 370, 786-796.

World Health Organization, 2013. Review of Evidence on Health Aspects of Air
Pollution-REVIHAAP Project.

Xu, Q., Li, X., Wang, S., Wang, C., Huang, F,, Gao, Q., Wu, L., Tao, L., Guo, J., Wang, W.,
Guo, X., 2016. Fine particulate air pollution and hospital emergency room visits
for respiratory disease in urban areas in Beijing, China, in 2013. PLoS One 11,
e0153099.

Zhang, S., Li, G, Tian, L., Guo, Q., Pan, X., 2016. Short-term exposure to air pollution
and morbidity of COPD and asthma in East Asian area: a systematic review and
meta-analysis. Environ. Res 148, 15-23.

Zhang, Z., Wang, J., Guo, M., Xiong, M., Zhou, Q., Li, D., Shu, J., Lu, W., Sun, D., 2015.
Air quality improvement during 2010 Asian games on blood coagulability in
COPD patients. Environ. Sci. Pollut. Res. Int.


http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref26
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref26
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref26
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref26
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref26
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref27
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref27
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref27
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref27
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref27
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref28
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref28
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref28
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref29
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref29
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref29
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref30
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref30
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref30
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref31
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref31
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref31
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref31
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref32
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref32
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref32
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref32
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref33
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref33
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref33
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref33
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref34
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref34
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref34
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref35
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref35
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref35
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref35
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref35
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref35
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref36
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref36
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref36
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref36
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref37
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref37
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref37
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref37
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref38
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref38
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref38
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref38
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref39
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref39
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref39
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref40
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref41
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref41
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref41
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref41
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref42
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref42
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref42
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref42
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref43
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref43
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref43
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref43
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref43
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref44
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref44
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref44
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref44
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref45
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref45
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref45
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref45
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref46
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref46
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref46
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref46
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref47
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref47
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref47
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref47
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref48
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref48
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref48
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref48
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref48
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref49
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref49
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref49
http://dx.doi.org/10.1016/j.ijheh.2016.01.002
http://dx.doi.org/10.1016/j.ijheh.2016.01.002
http://dx.doi.org/10.1016/j.ijheh.2016.01.002
http://dx.doi.org/10.1016/j.ijheh.2016.01.002
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref51
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref51
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref51
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref51
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref51
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref51
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref52
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref52
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref52
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref52
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref52
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref52
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref53
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref53
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref53
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref54
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref54
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref54
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref55
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref55
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref55
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref56
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref56
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref57
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref57
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref57
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref57
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref58
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref58
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref58
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref59
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref59
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref59
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref59
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref60
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref60
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref60
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref60
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref61
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref61
http://refhub.elsevier.com/S0013-9351(16)30418-2/sbref61

	Panel studies of air pollution in patients with COPD: Systematic review and meta-analysis
	Introduction
	Methods
	Systematic review
	Meta-analysis

	Results
	Early panel studies (1955–1984)
	Characteristics of included studies (1993–2016)
	Setting and study population
	Measured pollutants
	Health outcomes
	Statistical approach of included studies

	Results of included studies (1993–2016)
	Summary of results

	Discussion
	Funding
	Supplementary material
	References




