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Abstract
The effect of acute and long-term exposures to outdoor
particulate air pollution on lung function in healthy
adults is not well established. The objective of this
study was to conduct a systematic literature review and
meta-analysis of studies that assessed the relationship
of outdoor particulate air pollution and lung function
in healthy adults. Studies that contained data on
outdoor air particulate matter levels (PM10 or PM2.5) and
forced expiratory volume in 1 s (FEV1) in healthy adults
were eligible for inclusion. Effect estimates, in relation
to long-term and acute exposures, were quantified
separately using random effects models. A total of 27
effect estimates from 23 studies were included in this
review. Acute exposures were typically assessed with
PM2.5, while long-term exposures were predominantly
represented by PM10. A 10 µg/m3 increase in short-term
PM2.5 exposure (days) was associated with a −7.02 mL
(95% CI −11.75 to –2.29) change in FEV1. A 10 µg/m3
difference in long-term PM10 exposure was associated
with a −8.72 mL (95% CI −15.39 to –2.07) annual
change in FEV1 and an absolute difference in FEV1 of
−71.36 mL (95% CI −134.47 to –8.24). This study
provides evidence that acute and long-term exposure
to outdoor particulate air pollution are associated with
decreased FEV1 in healthy adults. Residual confounding
from other risk factors, such as smoking, may explain
some of the effect for long-term exposures. More studies
are required to determine the relationship of long-term
exposure to PM2.5 and short-term exposure to PM10,
which may have different biologic mechanisms.
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Particulate matter is a complex mixture of liquid
droplets and extremely small particles composed
of both organic and inorganic compounds. Sources
of ambient particulate matter include automobile
emissions, construction sites, smokestacks, power
plants, fires and brush burning. The composition of
particulate matter to which an individual or population is exposed is dependent on the source or
sources of exposure. Given the difficulty in determining the distinct compositional nature of the
exposure, outdoor air pollution is most commonly
measured by mass concentration of particulate
matter with aerodynamic diameter less than 10 µm
(PM10) or 2.5 µm (PM2.5), which each have distinct
biological mechanisms. Animal models have found
that PM10 can penetrate the conducting airways of
the respiratory system, while PM2.5 can deposit into
the gas-exchanging regions of the lung.1
In humans, both PM10 and PM2.5 have been shown
to adversely affect the respiratory system and have
also been shown to be associated with increases

Key messages
What is already known about this subject?What is
already known about this subject?
►► Exposure to outdoor particulate air pollution
has been associated with decreased lung
function in patients with chronic obstructive
pulmonary disease, but the relationship among
healthy adults is less clear.
What are the new findings?

►► This meta-analysis shows that both acute and

long-term exposure to outdoor particulate
air pollution is significantly associated with
decreased forced expiratory volume in 1 s
(FEV1) in healthy adults.
►► Residual confounding from other factors,
such as smoking, may explain some of this
association for long-term studies.

How might this impact on policy or clinical
practice in the foreseeable future?
►► Quantification of the adverse effects of air
pollution on FEV1 in healthy adults may guide
public awareness initiatives and air quality
guidelines.
in all-cause mortality,2 3 lung cancer,3 stroke4 and
hospital admissions for chronic obstructive pulmonary disease (COPD) and asthma.2 5 There is
increasing evidence that particulate air pollution
exposure is linked to new-onset pulmonary and
cardiovascular disease in previously healthy individuals.6 Geographically, there is a large variation
in the levels of particulate matter. According to
the WHO Global Ambient Air Quality Database,
annual mean concentrations of PM10 and PM2.5
between 2015 and 2016 were relatively low in
large North American and European cities, such as
Toronto (16 µg/m3 and 9 µg/m3), New York (14 µg/
m3 and 7 µg/m3) and London (21 µg/m3 and 11 µg/
m3). In comparison, levels were considerably higher
in large cities of India, China and the Eastern
Mediterranean, such as New Delhi (292 µg/m3 and
143 µg/m3), Beijing (92 µg/m3 and 73 µg/m3) and
Cairo (284 µg/m3 and 117 µg/m3), respectively.7
Long-term exposures to ambient particulate air
pollution tend to represent average trends over
time, while acute exposures may represent larger
fluctuations over a short period, and these may have
different consequences in terms of health outcomes.
The effects of air pollution on lung function can be
quantified by measuring changes in spirometric lung
parameters such as the forced expiratory volume in
1 s (FEV1). Reduced FEV1 has been shown to be
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Effect of outdoor particulate air pollution on FEV1 in
healthy adults: a systematic review and meta-analysis

Review

Materials and methods
Search strategies and selection
A systematic literature search of English language publications
of adults greater than 18 years of age was conducted by SE
using Embase, MEDLINE, Cochrane Library and citation review
from 1991 to August 2018. The MeSH and Emtree terms used
for each of the database searches and details of our full search
strategy are provided in online supplementary table 1. SE and
DEO identified additional studies by inspecting references of the
included studies and literature reviews. Contact with authors was
not conducted. Acquired literature was reviewed, and inclusion
was independently assessed by SE and DEO. Agreement between
the two reviewers was quantified using per cent agreement and
a kappa statistic. Disagreements were resolved by discussion.
The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses checklist was followed to report this systematic
review and the meta-analysis findings.

Inclusion and exclusion criteria
Initial inclusion criteria for articles were: (1) original studies; (2)
outdoor particulate air pollution as exposure; (3) PM10 or PM2.5
as particulate air pollution metric; (4) lung function measure was
FEV1; and (5) healthy populations (defined as prevalence of lung
disease <10%). We formulated strict exclusion criteria for articles. These included: (1) populations with a diagnosis of COPD,
asthma or other respiratory disease; (2) did not consider PM10
or PM2.5; and (3) effect estimate not reported or could not be
derived from the information provided.
584

Data extraction

Relevant information from included studies was extracted by
SE. These included study design, time-period, location, age of
subjects, pollution parameter measured, resolution of air pollution measurement, statistical analysis and confounders adjusted
for. All effect measures were transformed to per 10 µg/m3 increase
in particulate matter, assuming a linear relationship between
the concentration of particulate matter and lung function. For
studies that presented results in exposure categories, a continuous effect per 10 µg/m3 of particulate matter was obtained by
using the midpoints of the categories of particulate air pollution and performing a weighted linear regression.13 If a study
presented a CI, the corresponding SE was calculated as (upper
CI−lower CI)/([xn−x0]*3.92), where CI is confidence interval,
xn denotes exposure at group n level and x0 denotes exposure at
reference group. The SE for the effect estimate was computed
using the approach described in Greenland and Longnecker.14 If
a study reported only an effect estimate and a p value, we used
the Bland and Altman method to obtain a CI and corresponding
SE.15 Studies assessing the effect of acute exposure to air pollution often reported different time periods (lag of 0, 1 or 2 days
and so on). Whenever possible, we recorded the effect noted
at 1 day after exposure. For studies that presented effect estimates as change in per cent predicted FEV1, an average predicted
FEV1 for the sample was estimated using the European Respiratory Society reference calculator16 based on average age, sex,
height and ethnicity of the study participants. The per cent of the
predicted FEV1 was used as the baseline to quantify the absolute
change in FEV1 in millilitres.

Meta-analysis

A meta-analysis was performed if there were three or more studies
that had the same study design and air pollution measurement.
Study designs were classified as longitudinal (prospective cohort
and panel studies) or cross-sectional, and air pollution measures
were either PM10 or PM2.5. Effect estimates per 10 µg/m3 were
combined to calculate summary effect estimates using generic
inverse variance method assuming a random effects model.
Heterogeneity among studies was statistically investigated with
the Q-test and the use of the I2 statistic.17 To assess publication bias, we visually reviewed funnel plots and employed both
Egger’s weighted linear regression18 and Begg’s rank correlation
tests.19 In the presence of statistically significant publication bias
the trim and fill approach was employed to obtain an unbiased
summary effect estimate.20 Given that the Begg’s and Egger’s
tests are underpowered in meta-analyses with few studies,21 in
the presence of statistically insignificant publication bias, we also
employed the trim and fill approach to ensure the validity of
our results. All analyses were performed using the R computing
framework (http://www.r-project.org).

Study quality assessment and sensitivity analyses

For studies assessing the relationship between acute exposure to
outdoor particulate matter and FEV1, we conducted subgroup
analyses by the type of air pollution measurement (fixed site vs
personal sampler) and activity (exercise vs other). For studies
assessing the relationship of long-term exposure to air pollution and FEV1, we conducted subgroup analyses by the time and
spatial resolution of the air pollution measurement, as well as
by adequate control for confounding. For change in FEV1, time
resolution was defined as measurement for a period less than
a year and measurement for a period of a year or greater. For
absolute FEV1, time resolution was defined as measurement for
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associated with stroke, cardiovascular mortality and all-cause
mortality, making it an important endpoint to study. Studies
examining the effect of acute exposures to air pollution on lung
function use temporal variation in air pollution (same location
over a number of days), while studies examining the effect of
long-term exposures utilise spatial variation (different locations
over months to years). Lung function in relation to air pollution
can be assessed either by comparing changes in FEV1 over a specified time period within subjects or by comparing absolute FEV1
at a single time point between subjects.
While the relationship between exposure to particulate air
pollution and lung function in individuals with COPD has been
summarised,8 the relationship among healthy individuals is not
fully understood. A large multicentric cohort study in Western
Europe assessed the effect of long-term exposure to particulate
air pollution on lung function in healthy adults and adults with
asthma (European Study of Cohorts for Air Pollution Effects
(ESCAPE) study).9 In this study, they found inverse associations
between long-term air pollution and baseline FEV1 but did not
detect a significant association between long-term exposure
to air pollution and change in FEV1 over time. Despite this
large cohort study, there has not been a meta-analysis on the
effect of acute or long-term exposure to outdoor particulate air
pollution.
Improved understanding of the impact of air pollution on lung
function may have considerable clinical relevance, as decreases
in FEV1 have been associated with increases in mortality from
lung cancer, cardiovascular disease and all-causes,10 11 as well as
decreases in quality of life.12 The objective of this study was to
quantify the effect of both acute exposure and long-term average
exposure to outdoor particulate air pollution on the lung function of healthy adults throughout the world by performing a
comprehensive systematic review and meta-analysis.

Review

The association between acute exposure to outdoor
particulate air pollution and lung function in healthy adults

Figure 1 Flow diagram of the selection procedure of studies assessing
the relationship of acute and long-term exposure to outdoor particulate air
pollution and FEV1 in healthy adults. Description: a PRISMA flow diagram
that details the inclusion and exclusion of studies considered for this
systematic review. FEV1, forced expiratory volume in 1 s; PM2.5, particulate
matter with aerodynamic diameter less than 2.5 µm; PM10, particulate
matter with aerodynamic diameter less than 10 µm; PRISMA, Preferred
Reporting Items for Systematic Reviews and Meta-Analyses.
a year and measurement for a period greater than a year. Spatial
resolution was defined as less than 1 km by 1 km resolution or
interpolation from fixed site monitors and greater than 1 km
by 1 km resolution. Studies were considered to have adequately
controlled for confounding if they adjusted for age, sex, smoking,
body mass index and a measure of socioeconomic status. Given
that smoking is a particularly important confounder in this
relationship, we also conducted a subgroup analysis by studies
that included only non-smokers and studies that included both
smokers and non-smokers.
The ESCAPE study includes a heterogeneous set of cohorts
with respect to prevalence of lung disease. Fourteen per cent of
the individuals from the ESCAPE study had asthma, but three of
the five included cohorts had a prevalence less than 10%. When
an analysis of long-term exposure to air pollution did not include
more than one of these three cohorts (from a previous publication), we conducted a sensitivity analysis including the result of
the entire ESCAPE study to test the validity of our results.

Results
Search findings and study characteristics

In total, 336 studies were identified in the initial MEDLINE
and Embase search, while no studies were identified in the
Cochrane database (figure 1). Forty-four studies from the database search and 16 additional studies identified from reference
lists and secondary sources underwent full-text review. After
full-text screening, 23 studies were included in this review. Of
the 23 studies included, 22 were identified through the online
search,22–43 and one study was identified from additional
sources.44 The primary reason for exclusion was a study population that included a considerable portion (greater than 10%)
of individuals with pre-existing respiratory diseases (asthma
or COPD). Secondary reasons for exclusion included a lack of
measurement of particulate matter (PM2.5 or PM10) or FEV1. Two
studies26 43 were not included in a meta-analysis, because they
contained too many differences to be pooled with other studies
(less than three studies that had the same air pollution measurement, type of exposure and study design). The results of these
studies are described. There was good agreement between the

Characteristics of the 13 studies investigating the relationship of
acute exposure to outdoor particulate air pollution and lung function in healthy adults in presented in table 1.25 26 30 32–35 37–40 43 44
Data from a total of 15 766 individuals from eight different countries were examined in these reports. Of the included studies,
five were conducted in North America, three in China and one
study was conducted in each of Brazil, India, the Netherlands
and Israel. The majority of the included studies assessed the
change in FEV1 associated with acute exposure to air pollution
(n=9) and used PM2.5 as the exposure metric (n=10). From
available data, 5.6% of participants were current smokers, and
3.1% had pre-existing respiratory conditions (primarily asthma
or wheeze).
Eight studies assessed the relationship between acute exposure to PM2.5 and change in FEV1.30 32–35 37 44 A random effects
model yielded a pooled estimate of daily change in FEV1 of
−7.02 (95% CI −11.75 to −2.29) associated with an acute
exposure to 10 µg/m3 change in PM2.5 (figure 2A). There was
moderate heterogeneity (I2=49.1%) among studies included in
this analysis, and there was statistical evidence of publication
bias (Egger’s regression test; p=0.06). The trim and fill method
identified two unpublished studies and yielded an unbiased estimate of a change in FEV1 of −6.13 (95% CI −10.78 to −1.48)
associated with an acute exposure to 10 µg/m3 change in PM2.5.
One study assessed the relationship between acute exposure to
PM10 and observed a significant change in FEV1 of −15.8 mL
(95% CI −21.9 to −9.6) per 10 µg/m3 increase in PM2.5.43
Three studies assessed the relationship between acute exposure to PM10 and absolute difference in FEV1.25 38 40 A random
effects model yielded a pooled estimate of absolute difference
in FEV1 of 0.05 mL (95% CI −0.10 to 0.20) associated with
10 µg/m3 increase in exposure to PM10 (figure 2B). There was no
heterogeneity (I2=0.0%) across the included studies, and there
was no statistical evidence of publication bias (Egger’s regression
test; p=0.32). Two studies assessed the relationship between
acute exposure to PM2.5 and observed a nonsignificant absolute
differences in FEV1 of 0.13 mL (95% CI −0.26 to 0.51)40 and
−40.29 mL (95% CI −71.89 to 8.50)26 per 10 µg/m3 increase in
exposure to PM2.5.

The association between long-term exposure to outdoor
particulate air pollution and lung function in healthy adults
Characteristics of the 10 studies investigating the relationship of long-term exposure to outdoor particulate air pollution and lung function in healthy adults are presented
in table 2.22–24 27–29 31 36 41 42 A total of 64 301 individuals from
13 different countries were examined in these reports. These
studies were primarily conducted in Europe (n=5) and the USA
(n=3), while the remaining studies were conducted in India and
Japan, respectively. Six studies assessed the relationship of air
pollution with change in FEV1, while six examined the difference in FEV1 between individuals living at different levels of air
pollution (two studies31 34 examined both relationships). Among
studies assessing change in FEV1, the majority used PM10 (n=4)
as the air pollution metric, while all except one study assessing
differences in FEV1 used PM10 as the air pollution metric. From
available data, 21.5% of participants were current smokers, and
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two reviewers for the full-text review. The percent agreement
and kappa statistics were 88.3% and 0.72, respectively.
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The Netherlands, multiple
regions

China, multiple regions

Canada, multiple regions

Tel Aviv, Israel

 Borlée et al25

 Zhou et al40

 Cakmak et al26

 Steinvil et al38

FEV1, forced expiratory volume in 1 s.

Absolute FEV1

New Hampshire, USA

 Korrick et al35

National Capital Area, India Non-smokers aged 18–50 years
with no history of respiratory
disease (757).

 Kesavachandran et al34

Seattle,
USA

São Paulo, Brazil

 Santos et al37

 Trenga et al39

Beijing, China

 Huang et al33

Tennessee, USA

Junan County, China

 Hao et al32

 Girardot et al30

Belgium

 Int Panis et al43

Mean age:
24 years.

Mean age:
55 years.

Mean age:
37 years.

Mean age:
64 years.

Age

Mean age: 39.3.

Mean age:
56.0 years.

Mean age 54.7

Mean age:
35 years.

Median age:
76 years.

Mean age:
43.2 years.

Tel Aviv Sourasky Medical Center Mean age:
Inflammation Survey (TAMCIS) 43 years.
cohort: never-smokers with no
respiratory or cancer history
(2380).

Canadian Health Measures
Survey (CHMS) cohort: ages
6–79 years (5011).

Lifelong non-smoking females
(1694).

Adults from general population
(10% COPD) (2308).

Non-smoking adults (530).

Elderly non-smokers (33).

Non-smoking adults (354).

Mean age:
31.4 years.

Street/park workers, males, non- Mean age:
smokers aged 18–65 years (101). 48.4 years.

Healthy non-smoking university
students (40).

Healthy adults (42).

Healthy adults (2449).

Ontario, Canada

Healthy adults ages 55+ years
(77).

Population (n)

 Stieb et al44

Change in FEV1

Region/country

2002–2007

2007–2009

2014–2015

2014–2015

1991–1992

1999–2002

2002–2003

Not specified

2008–2012

2012

2011–2012

2011–2015

2013–2014

Time period

Daily and weekly mean PM10 (mean 61.8).
Fixed site monitor.

Daily mean PM2.5 (mean 6).
Fixed site monitor.

Daily mean PM10 and PM2.5 (112.3 and
60.71).
Fixed site monitor.

Weekly mean PM10 (median 18.9).
Fixed site monitor.

Daily mean PM2.5 levels (mean 15).
Fixed site monitor on site.

Daily median PM2.5 (median 8.6).
Personal monitor.

1 hour mean PM2.5 (mean 15.0).
Fixed monitor on site.

Daily mean PM2.5 (median 238).
Personal sampler.

Daily mean PM2.5 (mean 36.6).
Personal sampler.

Daily mean PM2.5 (mean 162.1).
Personal sampler backpack.

Daily mean PM2.5 (mean 146.5).
Personal sampler pump.

Daily mean PM10 (mean 24.3).
Fixed site 6 km away.

Daily mean PM2.5 (mean 12.3–15.9).
Fixed site 1 km by 1.5 km resolution (on
site).

Pollutants (µg/m3) and measurement
method/resolution

Logistic regression model
(yes).

Mixed-effects random
intercepts regression
model
(yes).

Multiple linear
regressions
(yes).

Regression models
(no).

Multiple linear
regressions
(yes).

Mixed linear models
(yes).

Linear mixed-effects
models
(yes).

Random intercept model
(yes).

Linear mixed-effect
regression models
(yes).

Statistical model
(adequate control for
confounding)

Generalised linear mixed
model
(yes).

Linear mixed model
(yes).

Daily: −0.36 mL (95% CI −3.27 to 2.18). Linear regression model
(yes).

−40.29 mL (95% CI −71.89 to 8.50).

PM10: 0.05 mL (95% CI −0.13 to 0.2).
PM2.5: 0.13 mL (95% CI −0.26 to 0.51).

PM10: −12.5 mL (95% CI −36.0 to 10.5). Mixed generalised
additive model
(yes).

−13.90 mL (95% CI −26.00 to −1.80).

−29.00 mL (95% CI −62.50 to 4.50).

−1.01 mL (95% CI −22.88 to 20.85).

−10.00 mL (95% CI −14.71 to −5.29).

−53.00 mL (95% CI −112.0 to 6.0).

−0.39 mL (95% CI −8.20 to 7.812).

−1.73 mL (95% CI −5.90 to 2.41).

−15.8 mL (95% CI −21.9 to −9.6).

−9.38 mL (95% CI −18.02 to −0.74).

Outcome (change per 10 µg/
m3 increase in pollutant when
applicable)

Characteristics of studies investigating the association of acute exposure to outdoor particulate air pollution and FEV1 in healthy adults (n=13)
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Authors/date

Table 1

Review

Review

7.7% had pre-existing respiratory conditions (primarily asthma
or wheeze).
Four studies assessed the relationship between long-term
exposure to PM10 and annual change in FEV1.24 27 28 42 A random
effects model yielded a pooled estimate of annual change in
FEV1 associated with a 10 µg/m3 difference in PM10 of −8.72 mL
(95% CI −15.39 to –2.07; figure 3A). Among this literature
base, there was high heterogeneity (I2=78.2%), and there was
statistical evidence of publication bias (Egger’s regression test;
p=0.04). The trim and fill method identified one unpublished
study and yielded an unbiased estimate of an annual change in
FEV1 of −7.41 mL (95% CI −13.67 to –1.15) associated with a
10 µg/m3 difference in PM10.
Three studies assessed the relationship between long-term
exposure to PM2.5 and annual change in FEV1.24 31 36 A random
effects model yielded a pooled estimate of annual change in FEV1
associated with 10 µg/m3 difference in PM2.5 of 0.36 mL (95% CI
−0.27 to 0.98).24 31 36 There was low heterogeneity among these
studies (I2=8.9%) and evidence of publication bias. The trim
and fill method identified two unpublished studies and yielded
an unbiased estimate of an annual change in FEV1 of 0.45 mL
(95% CI −0.31 to 1.19) associated with a 10 µg/m3 difference
in PM2.5.
Four studies assessed the relationship between long-term exposure to PM10 and absolute difference in FEV1.22 23 29 41 A random
effects model yielded a pooled estimate of absolute difference
in FEV1 of −70.4 mL (95% CI −136.15 to –4.65) associated
with 10 µg/m3 difference to PM10 (figure 2B). There was a high
degree of heterogeneity (I2=93.0%) across the included studies,
and there was no statistical evidence of publication bias (Egger’s
regression test; p=0.54).
Two studies assessed the relationship between long-term
exposure to PM2.5 and absolute FEV1. One study observed a

significant absolute difference in FEV1 of −67 mL (95% CI
−133.0 to –15.0) per 10 µg/m3 difference in PM2.5,36 while
another study observed a significant absolute difference in FEV1
of 470.5 mL (95% CI 153.8 to 787.2) for men and a non-significant difference of 95.6 mL (95% CI −31.3 to 222.5) for women
per 10 µg/m3 difference in PM2.5.31

Study quality assessment and sensitivity analyses

Subgroup and sensitivity analyses for each meta-analysis is
presented in online supplementary table 2. Among studies
assessing the relationship between acute exposure to PM2.5 and
change in FEV1, the air pollution measurement, activity, control
for confounding and smoking status of the population were not
significant sources of heterogeneity. Among studies assessing
the relationship of long-term exposure to PM10 and change in
FEV1, the length of measurement and smoking status of the
population were significant sources of heterogeneity. Among
studies assessing the relationship of long-term exposure to PM10
and absolute FEV1, spatial resolution and smoking status of the
population were significant sources of heterogeneity.

Discussion

This study contains, to our knowledge, the first meta-analyses
assessing the effects of outdoor particulate air pollution on FEV1
in healthy adults including studies throughout the world. We
examined the effect of both acute and long-term exposure to
particulate air pollution on absolute lung function and changes
in lung function among healthy adults. We found that increasing
levels of average PM2.5 were associated with a statistically significant change in FEV1 (−7.02 mL/day per 10 µg/m3 increase in
PM2.5). We also observed that increasing levels of average PM10
were associated with statistically significant yearly changes in
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Figure 2 The effect of acute exposure to PM2.5 and FEV1 in healthy adults. Description: panel A displays a forest plot of study-specific and pooled change
in FEV1 associated with an increase in acute exposure to PM2.5 of 10 µg/m3. Panel B displays a forest plot of study-specific and pooled difference in FEV1
associated with greater acute exposure to PM10 of 10 µg/m3. FEV1, forced expiratory volume in 1 s; PM2.5, particulate matter with aerodynamic diameter less
than 2.5 µm; PM10, particulate matter with aerodynamic diameter less than 10 µm; RE, random effect.
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Punjab, India

10 European
countries

Switzerland

 Agarwal et al24

 Götschi et al31

 Downs et al27

England, multiple
regions

10 European
countries

Germany, multiple
regions

California, USA

 Forbes et al29

 Götschi et al31

 Schikowski et al41

 Abbey et al22

Mean age:
50.4 years.

Age

Mean age:
40 years.

Mean age:
30 years.

92.2% <75.

Mean age:
50.4 years.

Mean age:
45 years.

Mean age:
54.5 years.

Non-smoking, non-morbidly obese Mean age:
adults with no history of congestive 65.6 years.
heart failure (CHF) (1391).

Study on the influence of Air
pollution on Lung function,
Inflammation and Aging (SALIA)
cohort: women with no history of
asthma (4754).

ECRHS cohort; non-asthmatic adults Mean age:
aged 20–44 years (3772).
40 years.

Caucasian >16 (40 329).

Framingham cohort and Third
Generation cohort: non-smoking
adults (2222).

Non-smoking women with no
history respiratory disease aged
30–59 years (406).

Swiss Cohort Study on Air Pollution Mean age:
and Lung and Heart Diseases in
41.5 years.
Adults (SAPALDIA) Cohort; nonsmokers aged 18–60 years (2213).

European Community Respiratory
Health Survey (ECRHS) cohort;
non-asthmatic adults aged aged
20–44 years (3772).

Adults aged 13–59 years, nonsmokers and no history respiratory
disease (51).

Adults aged >65 years, part of
Mean age:
Cardiovascular Health Study Cohort 73.6 years.
(3382).

Framingham cohort and Third
Generation cohort: non-smoking
adults (2222).

Population (n)

FEV1, forced expiratory volume in 1 s.

46.4% <40
 Ackermann-Liebrich Switzerland, multiple SAPALDIA cohort: healthy neverregions
smokers aged 18–60 years (9651).
et al23

USA, multiple
regions

 Rice et al36

Absolute FEV1

Tokyo, Japan

USA, multiple
regions

 Eckel et al28

 Sekine et al42

USA, multiple
regions

Change in FEV1

 Rice et al36

Region/country

1991

1977–1993

1985–1994

1991–1993 and
2000–2002

1995–2001

2002–2005 and
2008–2011

1987–1994

1991–2002

1991–1993 and
2000–2002

2007–2008

1989–1997

2002–2005 and
2008–2011

Time period

Annual mean PM10 (mean 21.2).
Fixed site 200 m by 200 m resolution.

20 year mean PM10 (mean 53).
Fixed site monitor interpolation.

Five year mean PM10 (mean 48).
Fixed site within 8 km of residence.

Annual mean PM2.5 (mean 16.8)
Fixed site interpolation

Annual mean PM10 (mean 18.8)
Fixed site monitor 1 km by 1 km resolution

Annual mean PM2.5 (mean 10.8).
Satellite based (10 km by 10 km) and land
use regression to 50 m by 50 m resolution.

8 year mean PM10 (mean 44.8).
Fixed site 20 m near road and homes 20 m
near road.

Annual mean PM10 (mean 21.6).
Fixed site 200 m by 200 m resolution.

Annual mean PM2.5 (mean 16.8).
Fixed site interpolation.

2 month mean PM10 and PM2.5 (mean 49
and 89)
Fixed site 1 km by 1 km resolution

5 month mean particulate matter with
aerodynamic diameter less than 10 µm
(PM10) (mean 31.5 µg/m3)
Fixed site monitor interpolation

Annual mean PM2.5 (mean 10.8)
Satellite based (10 km by 10 km) and land
use regression to 50 m by 50 m resolution

Pollutants (µg/m3) and measurement
method/resolution

Linear mixedeffects model
(yes).

General linear
model
(yes).

Mixed-model
regression analysis
(yes).

Regression model
(no).

Linear regression
(yes).

General additive
models
(yes).

Linear regression
(yes).

Statistical model

Sex-specific
multiple linear
regressions
(yes).
Regression analysis
(yes).

−56.00 mL (95% CI −79.65 to −32.35).

Logistic regression
models
(yes).

Regression model
(no).

Men: −0.67 mL (95% CI −354.09 to 352.75).
Women: +3.15 mL (95% CI −19.63 to 25.93).

−185.6 mL (95% CI −280.5 to −90.7).

Women: 95.6 mL (95% CI −31.3 to 222.5).
Men: 470.5 mL (95% CI 153.8 to 787.2).

PM10 among healthy: −81 mL (95% CI −118 to −44). Fixed-effects
regression model
(yes).

−67.5 mL (95% CI 133.0 to −15.0)

−5.01 mL (95% CI −7.89 to −2.13).

−4.2 mL (95% CI −8.50 to 0.30).

Women: 1.1 mL (95% CI −0.22 to 2.42).
Men: 0.23 mL (95% CI −0.22 to 0.68).

PM10: −22.4 mL (95% CI −42.8 to 2.0).
PM2.5: −44.0 mL (95% CI −86.1 to 0.1).

Men: −6.7 mL (95% CI −26.9 to 13.4).
Women: −20.2 mL (95% CI −32.6 to −7.7).

−10.5 mL (95% CI −20.5 to 1.0).

Outcome (change or absolute level per 10 µg/
m3 increase in pollutant when applicable)

Characteristics of studies investigating the association of long-term exposure to outdoor particulate air pollution and FEV1 in healthy adults (n=10)
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Authors/date

Table 2

Review

Review

FEV1 (−8.73 mL/year per 10 µg/m3 difference in PM10) and with
lower absolute FEV1 (−71.36 mL per 10 µg/m3 in PM10).
Publication bias was present in this body of literature;
however, correction for this bias with the trim and fill method
did not considerably change the results. In sensitivity analyses
according to study quality (control for confounding and air
pollution measurement), we observed significant differences
in results based on time and spatial resolution of the air pollution measurement, as well as the smoking status of the study
population. Studies with better resolution tended to have
smaller effects but were still statistically significant. Studies of
long-term exposure to air pollution that included both smokers
and non-smokers tended to have larger effects, suggesting that
residual confounding from smoking is present in this literature. However, when restricting to studies that only included
non-smokers, long-term exposure to PM10 was still associated
with a significant reduction in FEV1. Results for acute exposures
were stronger for studies that involved exercise, suggesting that
physical activity may amplify the effect of air pollution on acute
lung function. However, these subgroup analyses were based on
a small number of studies and should therefore be interpreted
with caution.
Our findings are similar to those seen in the ESCAPE study.9
Among cross-sectional studies, they found that differences
of average PM10 per 10 µg/m3 were associated with a statistically significantly lower baseline FEV1 of 44.56 mL. The larger
effect size of −71.36 mL in our meta-analysis could be partially
attributed to residual confounding, given that the ESCAPE study
had standardised measurements across the included studies,
while we were limited by heterogeneity in this regard. While
the ESCAPE study did not find a statistically significant effect of
PM10 on yearly change in FEV1, we found a statistically significant

yearly decrease in FEV1 (8.72 mL). Differences between the
study populations may explain the difference in effects between
the two meta-analyses, as the ESCAPE study contained twice as
many adults with asthma and 21% more smokers. Similar to the
ESCAPE study, we did not find a significant reduction in FEV1
with long-term exposure to PM2.5. However, only one study
adequately controlled for confounding. Our sensitivity analysis
including the result of the ESCAPE study yielded similar results.
The large difference observed between the change in FEV1
and absolute differences in long-term studies could be a result
of a number of factors. First, studies assessing the effect on lung
function at one time point are capturing the effect of air pollution over a longer period of time, assuming that individuals have
been residing in those areas for a long period. In contrast, studies
assessing changes in lung function are only capturing the effect
of air pollution over a year as the baseline spirometry controls
for the effect of all previous exposure to air pollution. Second,
given the longer exposure period for studies assessing absolute
difference in lung function, the results of these studies are more
susceptible to residual confounding from factors related to lung
function, such as smoking and obesity.
Decreased lung function from long-term exposure to ambient
particulate pollution has a number of potential adverse consequences for healthy adults. A reduced FEV1 is associated with
increased rates of stroke,45 cardiovascular mortality10 and
all-cause mortality.11 The health implications of acute exposures to ambient particulate air pollution have been described
in vulnerable populations but are less clear among healthy
adults. Daily fluctuations in particulate air pollution have been
associated with increases in admissions for asthma,46 COPD
and pneumonia in the elderly.47 Similar to the effect of an
acute respiratory tract infection on smokers with and without
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Figure 3 The effect of long-term exposure to PM10 and FEV1 in healthy adults. Description: panel A displays a forest plot of study-specific and pooled
change in FEV1 associated with an increase in long-term exposure to PM10 of 10 µg/m3. Panel B displays a forest plot of study-specific and pooled difference
in FEV1 associated with greater long-term exposure to PM10 of 10 µg/m3. *Men-only estimate; **women-only estimate. FEV1, forced expiratory volume in 1 s;
PM2.5, particulate matter with aerodynamic diameter less than 2.5 µm; PM10, particulate matter with aerodynamic diameter less than 10 µm.

Review

Conclusion

In summary, our results demonstrate that both acute and longterm exposure to outdoor particulate air pollution are associated with reductions in FEV1among healthy adults. Further
research is required to better quantify and compare the effects
of air pollution across populations and exposure metrics. Future
studies should stratify by high and low pollution levels to determine if baseline pollution level has an impact on the magnitude
of association of exposure to particulate air pollution and lung
function.
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