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ENVIRONMENTAL DETERMINANTS

Panel Studies of Air Pollution on Children’s Lung Function and Respiratory
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Objective. This article reviews panel studies of air pollution on children’s respiratory health and proposes future research directions.Methods. The
PubMed electronic database was used to search published original epidemiological studies in peer-reviewed journals from 2000 to November 2011.
Children’s age was limited to �18 years old. A total of 33 relevant articles were obtained, with 20 articles relating to lung function, 21 articles
relating to respiratory symptoms, and 8 articles examining both. Results.Most studies suggested the adverse effects of air pollution on children’s
lung function and respiratory symptoms. Particles and NO2 showed more significant results, whereas effects of SO2 were not consistent. A few
studies indicated that O3 interacted with temperature and sometimes seemed to be a protective factor for children’s respiratory health. Negative
associations between air pollutants and pulmonary health were more serious in asthmatic children than in healthy subjects. However, many
outcomes depended on the number of lag days. Peak expiratory flow (PEF) was the most usual measurement for children’s lung function, followed
by forced expiratory volume in 1 second (FEV1).Conclusions. There are significant adverse effects of air pollution on children’s pulmonary health,
especially for asthmatics. Future studies need to examine the lag effects of air pollution on children’s lung function and respiratory symptoms.
Ambient temperature is predicted to change worldwide due to climate change, which will threaten population health. Further research is needed to
examine the effects of ambient temperature and the interactive effects between air pollution and ambient temperature on children’s lung function
and respiratory symptoms.
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INTRODUCTION

Panel studies, a subtype of cohort studies, sample a set of
fixed individuals on whom observations are made at regular
time intervals, usually close in time (1). As with most long-
itudinal studies, panel studies provide appropriate evidence
for predicting long-term or cumulative cause–effect rela-
tionships and allow the investigation of the dynamics of
change. However, compared to many longitudinal studies,
panel studies are usually conducted over a short period,
require intensive observation within this period, and have
a relatively narrow focus. Recruitment and retention can
therefore be difficult as they are demanding on participants,
leading to issues with completeness and sample size. Panel
studies are often nested within cross-sectional surveys to
provide supplementary information (2).

In recent decades, numerous epidemiological studies
have applied the panel design to examine associations
between health outcomes and personal environmental
exposures. For instance, in a study of respiratory health
(3), 38 male patients with chronic pulmonary disease were
recruited in a prospective panel study conducted in Erfurt,
Germany. Blood markers and daily air pollution were
repeatedly measured over an 8-month period. This study
found that gaseous and particulate ambient air pollutants
induce changes in systemic inflammatory response and

blood coagulability in patients with chronic pulmonary
disease. Ward and Ayres (4) systematically reviewed 22
individual and related panel studies to June 2002. They
reported the short-term effects of outdoor particulate air
pollution on children’s peak expiratory flow (PEF) and
pulmonary symptoms. They found that most studies
showed adverse effects of particulate air pollution on
health outcomes, especially for PEF where the effects of
particles less than 2.5 μm aerodynamic diameters (PM2.5)
appeared to be greater than particles less than 10 μm aero-
dynamic diameters (PM10). A systematic review and meta-
analysis article investigated acute effects of ambient nitro-
gen dioxide (NO2) and PM10 on respiratory health out-
comes in asthmatic children (5). Included articles were
limited to those published from 1990 to July 2008. They
concluded that the same-day PM10 was associated with
increased asthma attacks and cough episodes as well as
reduction in PEF, with lagged effects of NO2.

Children are potentially a population subgroup parti-
cularly vulnerable to the detrimental impacts of environ-
mental risk factors as air pollution (6). There is an
increasing concern about children’s respiratory health
(7). During the stages of rapid growth, immature lungs
may be most susceptible to permanent harmful effects
(8), as lung development continues throughout childhood
into adulthood (9). Furthermore, children have more vig-
orous activity patterns and spend more time outside than
adults (10), so they have greater exposure to ambient air
pollutants (11).
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It is important to examine the effects of air pollution on
children’s health and development in order to ensure
appropriate environmental and public health policies.
This article is a review of panel studies that have consid-
ered effects of air pollution on children’s lung function and
respiratory symptoms.

METHODS

The PubMed electronic database was used to identify
published studies, and the search terms used were “panel
study”, “lung function”, “respiratory symptoms”, “pul-
monary symptoms”, “air pollution”, and “air pollutants”.
The search was limited to original epidemiological studies
published from 2000 to November 2011. Titles and
abstracts of references and citations in the articles retrieved
were screened to further assess and ensure that all relevant
articles were included. Among the selected articles, only
studies involving children �18 years old were considered.
This review includes only peer-reviewed journal articles
and excludes conference abstracts, reports, and books.

In total, 33 articles were obtained through the PubMed
database, with 20 articles relating to lung function, 21
articles relating to children’s respiratory symptoms, and 8
articles examining both. Study periods covered more than
the last dozen of years through to 2009. These studies are
summarized in Tables 1 and 2 in ascending chronological
order.

Most of the 33 panel studies only controlled for ambient
temperature as a confounder, but did not examine the effects
of temperature on children’s lung function and respiratory
symptoms. “Panel study”, “lung function”, “respiratory
symptoms”, “pulmonary symptoms”, “temperature”, “sea-
son”, and “seasonal” were also used as search terms to
review the effects of ambient temperature on children’s
lung function and respiratory symptoms. No study to date
has examined the relationship between ambient temperature
and lung function/respiratory symptoms of children using a
panel study design.

RESULTS

Air Pollution and Children’s Lung Function

Particulate Matter. A European study (12) involving 14
urban and suburban areas found that a 100 μg/m3 increase in
1-day lagged PM10 changed the evening PEF deviation
(ΔPEFpm, population mean deviation from mean evening
PEF) by –1.1 L/min (95% CI: –1.8 L/min, –0.4 L/min).
There was no effect of PM10 soluble elements on PEF
changes. A British study (18) found that winter PM10 was
associated with large decrements in PEF (defined as more
than 20% decrease below the median; odds ratio
(OR)¼ 1.04; 95%CI: 0.99, 1.08), especially for the wheezy
children (OR ¼ 1.11; 95% CI: 1.06, 1.17). PM10 had no
effect on children’s mean PEF.

A study of Hispanic asthmatic children in Los Angeles
(20) showed that PM10 had adverse impacts on evening

PEF but not on morning PEF. Every interquartile range
(IQR) increase in PM10 was associated with a change of
�3.67 L/min (95% CI: �10.3 L/min, 2.91 L/min) in chil-
dren’s evening PEF. The southern California study (23)
divided air pollution exposures into personal, indoor, out-
door, and central-site sources and used forced expiratory
volume in 1 second (FEV1) as the observation parameter of
asthmatic children’s lung function. This study showed
diverse negative associations between FEV1 and particu-
late matter (PM) exposures from different sources. FEV1

percent predicted decreases were –6.0% (95% CI: �10.5%,
�1.4%) for 128 μg/m3 (1-hour maximum personal PM),
�5.9% (95% CI: �10.8%, �1.0%) for 30μg/m3 (24-hour
average personal PM),�1.6% (95%CI:�2.8%,�0.4%) for
6.7 μg/m3 (indoor PM2.5),�2.1% (95%CI:�3.7%,�0.4%)
for 16 μg/m3 (indoor PM10),�1.1% (95%CI:�2.4%, 0.1%)
for 7.1 μg/m3 (outdoor PM2.5), and�0.7% (95%CI:�1.9%,
0.4%) for 7.5 μg/m3 (central-site PM2.5). Similar outcomes
were drawn from a Seattle study (25).

In Mae Moh, Thailand (19, 21), a 10 μg/m3 increase in
PM10 caused changes in asthmatic children’s lung func-
tion parameters: PEF (�18.9 mL; 95% CI: �28.5 mL,
�9.3 mL), FEV1 (�6.0 mL; 95% CI: �9.2 mL, 2.7 mL),
forced vital capacity (FVC) (�6.3 mL; 95%CI:�9.8 mL,
�2.8 mL), forced expiratory flow between 25% and 75%
of FVC (FEF25�75%) (�3.7 mL; 95% CI: �10.9 mL,
3.5 mL). These children had a heterogeneous response
in lung function (interindividual variation for subject-
specific changes in lung function) to PM10 exposures.
However, no consistent relationship was detected
between nonasthmatic children’s lung function and PM10.
A Japanese study of children hospitalized with severe
asthma (30) found that morning PEF changed �3 L/min
(95% CI:�4.6 L/min,�1.4 L/min) and evening PEF chan-
ged �4.4 L/min (95% CI: �7.1 L/min, �1.7 L/min) per
10 μg/m3 for the same-day 24-hour mean PM2.5 concentra-
tions. Also, 15–4-hour lagged and 3–0-hour/23–12-hour
lagged hourly PM2.5 concentrations increases significantly
associated with children’s morning and evening PEF,
respectively. Almost �3 L/min changes in both morning
and evening PEF were observed for an increase of 10 μg/m3

in 7- and 2-hour lagged hourly PM2.5 concentrations. Some
associations persisted after adjusting for other pollutants.

An Israeli study (24) from communities near two power
plants concluded that the effects of PM2.5 on asthmatic
children’s PEF also depended on location. In Brazil (28),
an increase of 10 μg/m3 in 2-day lagged PM10 led to a
0.34 L/min reduction of children’s PEF.

Traffic-related PM2.5 was found to acutely and
adversely affect FEV1 in Canadian children with asthma,
even though the concentrations were relatively low (29).
With a 6.0 μg/m3 increase in 1-day lagged PM2.5, chil-
dren’s bedtime FEV1 decreased 0.54% (95% CI: 0.06%,
1.02%). Results were similar for two-pollutant models
with NO2, sulfur dioxide (SO2), and ozone (O3). An
increase of 6.5 μg/m3 in mean daytime PM2.5 was asso-
ciated with a 0.73% (95% CI: 0.10%, 1.37%) decrease in
daytime FEV1. In New Zealand (27), peak levels of parti-
culate air pollution from wood burning had a slight impact
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on lung function in asthmatic children, but none in a
healthy group.

NO2. In Southern England (18), winter 24-hour average
NO2 was significantly associated with the occurrence of
large decrements in PEF in children (OR¼ 1.043; 95%CI:
1.000, 1.089), but had no impact on mean PEF.

The recently published study (31) based on the
Southern California Children’s Health Study in the
United States assessed whether children’s psychosocial
stresses had joint effects with traffic-related air pollution
on lung function. With each 21.8 ppb increase in NO2

exposure, asthmatic children within families with high
parental stresses had �4.5% (95% CI: �6.5%, �2.4%)
and �2.8% (95% CI: �5.7%, 0.3%) changes in FEV1 at
homes and schools, respectively. Similar results were also
observed for FVC and nonasthmatics. Nevertheless, no
significant effect of traffic-related NO2 on children’s lung
function was detected from low-stress households.

In Brazil (28), for a 10 μg/m3 increase in NO2 expo-
sures, children’s PEF decreased between 0.23 L/min and
0.28 L/min.

In Austria at Linz, where concentrations were below the
current European standards in multipollutant models, a
10 μg/m3 increase in NO2 exposures also reduced healthy
school children’s FEV1 by 1.01%, maximal expiratory
flow at 50% of FVC (MEF50%) by 1.99%, and maximal
expiratory flow at 25% of FVC (MEF25%) by 1.96% (26).

SO2.A southern England study (18) found no effect of SO2

on children’s PEF, for either mean PEF or large decre-
ments of it. In Thailand (19, 21), no association was found
between SO2 exposures and lung function of children with
or without asthma. However, asthmatic children had inter-
individual variations in PEF, FEV1, and FVC to SO2 con-
centrations fluctuations in the same panel study. SO2

effects on PEF of Brazilian students were not statistically
significant (28).

O3. In northern France (14), each 30 μg/m3 increase in
daily 8-hour maximumO3 resulted in 1.91 L/min (95% CI:
–0.02 L/min, 3.84 L/min) decreases of children’s evening
PEF. Another French study (16) demonstrated that a 10 μg/
m3 increase in the same-day 2- and 4-day lagged mean O3

enhanced daily PEF variability of asthmatic children by
2.6% (p¼ .05) and 3.3% (p¼ .09), respectively. Although
not significant, the effects doubled for the days when no
anti-inflammatory medication was used.

A study conducted in eight urban cities of the United
States (15) showed that a 15 ppb increase in O3 in 5-day
average concentrations caused 0.59% (95% CI: 0.13%,
1.05%) decreases in asthmatic children’s morning PEF
but played no role on their evening PEF.

In the Brazilian study (28), O3 seemed to be a protective
factor for children’s lung function. A 10 μg/m3 increase in
1-day lagged O3 increased children’s PEF by 0.2 L/min.

A panel study of Australian children with a history of
wheeze (13) showed significant inverse associations
between the same-day daytime mean O3 and PEF’s daily
mean deviations (β-coefficient ¼ 0.88 and p ¼ .04).

Furthermore, associations were stronger for children with
bronchial hyperreactivity and asthma (β-coefficient ¼
�2.61 and p ¼ .001). In addition, a dose–response rela-
tionship with daytime mean O3 was demonstrated.
Nevertheless, the same-day daytime maximum O3 was
not significantly associated with children’s PEF.

Air Pollution and Children’s Respiratory Symptoms

Particulate Matter. A French study (16) showed a 10 μg/
m3 increase in PM levels related to asthmatic children’s
eye irritations (OR ¼ 1.18; 95% CI: 1.01, 1.39 for the
same-day effects, OR¼ 1.28; 95%CI: 1.03, 1.59 for 2-day
lagged effects, and OR ¼ 1.42; 95% CI: 1.12, 1.80 for
4-day lagged effects). The effects were stronger when
analyses were restricted to the days when children did
not take anti-inflammatory medications. In the urban-
industrial areas of Italy (22), a 10 μg/m3 increase in
PM2.5 increased the risk of children’s cough and phlegm
together (relative ratio (RR) ¼ 1.0044; 95% CI: 1.0011,
1.0077).

In Seattle (33), a 10 μg/m3 increase in the same-day
particles less than 1 μm aerodynamic diameters (PM1) and
1-day lagged PM10 by single-pollutant models had adverse
effects on respiratory symptoms of asthmatic children, and
the estimated increments were 18% (95% CI: 5%, 33%)
and 11% (95% CI: 3%, 20%), respectively. For the pre-
vious day’s symptoms effects, there were also 14% (95%
CI: 4%, 26%) and 10% (95% CI: 3%, 16%) increases of
asthma symptoms for a 10 μg/m3 increase in PM1 and
PM10. Another article (38) published for the same study
in the United States examined the relationship between air
pollution and asthma symptoms severity levels in children.
A 10 μg/m3 increase in 1-day lagged PM2.5 and PM10 was
associated with children’s serious asthma attacks
(OR ¼ 1.20; 95% CI: 1.05, 1.37 and OR ¼ 1.12; 95%
CI: 1.04, 1.22, respectively). For African-American asth-
matic children in Los Angeles (34), a 30 μg/m3 increase in
12-hour average PM2.5 exposures and every 17 μg/m3

increase in 24-hour average PM10 exposures increased
the risk of new episodes of cough (OR ¼ 1.10; 95%
CI: 1.03, 1.18 and OR¼ 1.25; 95% CI: 1.12, 1.39, respec-
tively). Another US study taken in eight urban cities (15)
indicated that every 20 μg/m3 increase in 2-day average
PM10 increased asthmatic children’s morning incidences
of respiratory symptoms by single-pollutant models
(OR ¼ 1.26; 95% CI: 1.00, 1.59), but had no effect on
children’s evening respiratory symptoms. In southern
California (37), minimum to 90th-percentile exposure
levels were 12–63 μg/m3 for 1-hour PM10, 8–46 μg/m3

for 8-hour PM10, and 7–32 μg/m
3 for 24-hour PM10 at the

monitoring site. For the 12 asthmatic children who did not
take anti-inflammatory medications, minimum particulate
pollutant changes were related to children’s asthma epi-
sodes (OR ¼ 1.92; 95% CI: 1.22, 3.02 for 1-hour max-
imum PM10, OR ¼ 1.68; 95% CI: 0.91, 3.09 for 8-hour
maximum PM10, and OR ¼ 1.35; 95% CI: 0.82, 2.22 for
24-hour average PM10). For Hispanic asthmatic children in
Los Angeles of the United States (20), a 37 μg/m3 increase
in PM10 was related to their asthma symptoms (OR¼ 1.45;
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95% CI: 1.11, 1.90). In Washington of the United States
(41), a 10 μg/m3 increase in the same-day, 1-day lagged,
and 2-day lagged PM10 exposures was significantly asso-
ciated with increase in cough in asthmatic children
(OR ¼ 1.09; 95% CI: 1.02, 1.16, OR ¼ 1.08; 95% CI:
1.02, 1.16, and OR ¼ 1.10; 95% CI: 1.02, 1.18, respec-
tively). Associations were also found for a 10 μg/m3

increase in 1-day lagged PM2.5 exposures and children’s
cough (OR ¼ 1.21; 95% CI: 1.00, 1.47).

A Thailand study (35) showed that a 45 μg/m3 increase
in PM10 was associated with children’s both lower and
upper respiratory symptoms incidences (OR ¼ 1.13; 95%
CI: 1.05, 1.23 for lower respiratory symptoms and
OR ¼ 1.10; 95% CI: 1.02, 1.18 for upper respiratory
symptoms). In Mae Moh (39), Thailand, a 10 μg/m3

increase in 24-hour PM10 from a power plant was corre-
lated with increased lower respiratory symptoms inci-
dences and cough in asthmatic children (OR ¼ 1.03;
95% CI: 0.98, 1.09 and OR ¼ 1.04; 95% CI: 1.00, 1.08,
respectively). In Mexico City (44), a 17.4 μg/m3 increase
in traffic-related PM2.5 increased cough and wheeze
among asthmatic children (OR ¼ 1.111; 95% CI: 1.056,
1.169 and OR ¼ 1.088; 95% CI: 1.024, 1.155, respec-
tively). Effects were stronger for healthy children.

NO2. For a study of eight US urban cities (15), by means of
single-pollutant models, every 20 ppb increase in 6-day
average NO2 level was associated with asthmatic chil-
dren’s morning incidences of respiratory symptoms
(OR ¼ 1.48; 95% CI: 1.02, 2.16), but not with their
evening symptoms. In southern California, USA (37),
minimum to 90th-percentile 8-hour NO2 levels was
6–26 ppb for the monitoring site. Minimum 8-hour max-
imum NO2 changes were related to asthma episodes
among 12 asthmatic children not using anti-inflammatory
medications (OR ¼ 1.91; 95% CI: 1.07, 3.39). In Los
Angeles, USA (20), every 1.4 ppb increase in 8-hour
NO2 level enhanced Hispanic asthmatic children’s respira-
tory symptoms (OR ¼ 1.27; 95% CI: 1.05, 1.54). For a
study of eight northern American cities (43), each 20 ppb
increase in 24-hour NO2 level was correlated with chil-
dren’s asthma symptoms (OR ¼ 1.06; 95% CI: 1.00, 1.13
for the same-day effects, OR ¼ 1.04; 95% CI: 0.97, 1.10
for the 1-day lagged effects, OR ¼ 1.09; 95% CI: 1.03,
1.15 for the 2-day lagged effects, and OR ¼ 1.04; 95%
CI: 1.01, 1.07 for the 3-day lagged effects), whereas 2-day
lagged NO2 showed strongest effects.

A Korean study (42) indicated that a 17.3 ppb increase in
the same-dayNO2 exposures exacerbated children’s respira-
tory symptoms (OR ¼ 1.12; 95% CI: 1.01, 1.24 for their
upper respiratory symptoms and OR¼ 1.18; 95% CI: 1.06,
1.31 for their lower respiratory symptoms). In Mexico City
(44), among asthmatic children, ORs were 1.075 (95%
CI: 1.018, 1.136) for increased cough and 1.091 (95%
CI: 1.023, 1.164) for increasedwheeze, for a 34 ppb increase
in the previous-day 1-hour maximum NO2 levels.
Significant associations were observed between 2-day
1-hour maximumNO2 levels and cough for healthy children
(OR¼ 1.22; 95%CI: 1.03, 1.45) for each 28.5 ppb increase.

An Australian study (32) showed that among subjects
aged �14 years, a 1 standard deviation (1SD) increase in
NO2 was significantly correlated with their same-day and 1-
day lagged chest tightness (OR ¼ 1.29; 95% CI: 1.16, 1.43
and OR ¼ 1.29 (95% CI: 1.14, 1.46); 1-day lagged breath-
lessness on exertion (OR ¼ 1.13; 95% CI: 1.00, 1.28);
same-day daytime asthma attacks (OR ¼ 1.13; 95% CI:
1.02, 1.26); and same-day as well as 1-day lagged night
asthma attacks (OR ¼ 1.16; 95% CI: 1.03, 1.30 and
OR ¼ 1.15; 95% CI: 1.03, 1.29). An Australian study in
Sydney (40) indicated that every 0.82 ppb increase in
NO2 concentrations exacerbated children’s wet cough
(RR ¼ 1.05; 95% CI: 1.003, 1.10) in single-pollutant
models.

SO2. A study of eight US urban cities by single-pollutant
models (15) showed every 20 ppb increase in 2-day average
SO2 exposures exacerbated asthmatic children’s respiratory
symptoms (OR ¼ 1.32; 95% CI: 1.03, 1.70), but did not
affect their evening asthma symptoms. The study of eight
Northern American cities (43) showed that only 1 ppb
change in the 3-day moving sums of SO2 levels slightly
associated with children’s asthma symptoms (OR ¼ 1.04;
95%CI: 1.00, 1.08). A study in Seoul, Korea (42), indicated
that every 2.6 ppb increase in SO2 exposures in the same
day was correlated with children’s lower respiratory symp-
toms (OR ¼ 1.12; 95% CI: 1.01, 1.25).

O3. In France (14), every 30 μg/m3 increase in O3 raised
children’s daily cough occurrences (OR ¼ 1.17; 95%
CI: 0.97, 1.40). In Paris (16), increased O3 concentrations
led to children’s asthma attacks and respiratory infections.
Temperature and pollen counts were statistical signifi-
cantly interacted with O3 for children’s asthma attacks.
Adverse effects of O3 were observed in children’s pulmon-
ary irritations.

In the United States (15), single-pollutant models indi-
cated that a 15 ppb increase in 4-day average O3 exposures
exacerbated asthmatic children’s morning incidences of
respiratory symptoms in eight urban cities (OR ¼ 1.16;
95% CI: 1.02, 1.30). But O3 and evening asthma symp-
toms showed no significant association. In southern
California (37), minimum to 90th-percentile 1-hour O3

concentrations was 45–88 ppb in the monitoring site.
Among asthmatic children who did not take anti-
inflammatory medications, minimum 1-hour maximum
O3 differences were associated with respiratory symptoms
episodes (OR ¼ 1.28; 95% CI: 0.75, 2.17).

In Mexico City (44), a 48 ppb increase in 1-hour max-
imum traffic-related O3 increased cough and wheeze among
children with asthma (OR ¼ 1.089; 95% CI: 1.030, 1.151
and OR ¼ 1.100; 95% CI: 1.032, 1.173, respectively).

DISCUSSION

In recent decades, many studies have employed panel
designs to examine the effects of air pollution on subjects’
lung function and respiratory symptoms. Such studies are
particularly important for children who are one of the most
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vulnerable subgroups in the population. This review is
crucial because there are currently few reviews which
have summarized and commented on such studies in chil-
dren. Also, while panel studies have some limitations
compared to cross-sectional studies, by and large, they
have significant strengths (45). In particular, panel studies
are not only a good choice to focus on the short-term
effects of environmental factors on population health but
are also easier to conduct than cohort studies. This litera-
ture review provides details of the current state of play of
panel studies of the effects of air pollution on children’s
respiratory symptoms and proposes directions for the
future research.

Over 30 relevant panel studies of the effects of air
pollution on children’s lung function and respiratory
symptoms were reviewed. While the majority suggested
adverse effects, estimates varied considerably. In general,
particles and NO2 showed more significant results,
whereas the health effects of SO2 were not consistent. A
few studies indicated that O3 interacted with temperature
and sometimes seemed to be a protective factor for chil-
dren’s respiratory health. Additionally, negative associa-
tions between air pollutants and pulmonary health were
found more in asthmatic or asthma symptomatic children
than in healthy subjects. Many outcomes depended on the
number of lag days and asthma medications tended to
alleviate the adverse effects of air pollution on children’s
lung function and respiratory symptoms. PEFwas the most
usual measurement for children’s lung function in this
review followed by FEV1.

Nevertheless, several limitations were identified. Most
researches were conducted in developed Western coun-
tries, particularly in the United States, with only a few
similar study designs carried out throughout developing
counties. Although several studies differentiated air pollu-
tion between urban and suburban or rural areas, it is critical
to obtain better information on the more polluted and
rapidly growing developing world because, not surpris-
ingly, the greatest disease burdens due to air pollution are
occurring in developing Asian countries (46). Besides the
sample sizes, children’s age ranges and time spans of
observation periods varied greatly, thus making it difficult
to extrapolate the results of the individual studies to the
overall population. Standardization and examination of
seasonal effects would improve the informativeness of
future studies. In general, although some studies divided
air pollutants into outdoor, indoor, and personal exposure
sources, most outdoor air pollution levels were measured
at fixed monitoring sites with inconsistent time intervals.
Even though a few studies assessed specific types of air
pollution on human health, such as traffic-related air pol-
lutants or air pollution from power plants, the distances
from monitoring points to children and diverse measuring
time spans can make it difficult to compare results from
different studies (6).

Overall, air pollution decreased children’s morning or
evening lung function, or both. Even if some studies did
not show an effect on the actual PEF, they demonstrated
altered PEF population deviations or the occurrence of

large decrements. Undoubtedly, air pollution increased
the incidences of respiratory symptoms in children and
exacerbated their severity levels. Children’s lower respira-
tory symptoms appeared more susceptible to ambient air
pollution compared with upper respiratory symptoms. The
impacts of air pollution on children’s pulmonary health
were influenced by several modifiers such as parental
stresses. In terms of statistical analysis, generalized esti-
mating equation (GEE) and mixed models were the most
frequently used methods in retrieved articles.

Panel studies have provided useful information on the
effects of air pollution on respiratory health (47). As the
health effects of air pollution exposures have become a
growing focus in the past decades (48), there have been
numerous studies emphasizing this. In addition to short-
term studies, large-scale and long-term studies, such as
cross-sectional and longitudinal studies, have confirmed
the adverse effects of air pollution. The Children’s Health
Study selected 10–18-year-old children from 12 southern
California communities to analyze the association between
long-term ambient air pollution exposures and children’s
respiratory developments over 8 years’ observation period
(49). FEV1 growth deficits in children were adversely
associated with exposures to PM2.5 (p ¼ .04) and NO2

(p ¼ .005), even after adjustments for some potential
confounders and modifiers. Furthermore, traffic exposures
resulted in worse consequences of children’s respiratory
health status (50).

From this review, it is apparent that most panel studies
have described the impacts of air pollution on children’s
pulmonary health, but few studies have considered the
main effects of temperature, although some studies have
regarded it as an effect modifier. At the time of writing this
article, “temperature” was also utilized as a search term,
but we did not find any articles that had used a panel study
design to examine temperature effects on children’s lung
function and respiratory symptoms.

Nowadays, environmental temperature is changing
worldwide and extreme temperatures appear more fre-
quently (51). It is predicted that global average temperature
may rise by 1.4–5.8�C at the end of this century (52). As a
recent example during the summer of 2003 in Europe
(53, 54), the average temperature was 3.5�C above normal,
which was the hottest summer over the past 500 years in
Europe. Undoubtedly, temperature increase due to climate
change can directly or indirectly result in increased mor-
bidity and mortality (52).

Nonetheless, few studies have examined the impacts of
ambient temperature on individuals’ lung function and
respiratory symptoms using panel study designs.
However, several panel studies have examined the influ-
ence of temperature on adults’ cardiovascular function and
symptoms. For example, a panel study with 872 cardio-
vascular patients was done in Germany (55). By analyzing
the repeated measurements of heart rates, blood pressures,
and electrocardiography changes in subjects, and the
meteorological parameters, the authors demonstrated that
air temperature changes can induce heart function varia-
tions in patients with underlying cardiovascular diseases.
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Goldberg et al. (56) demonstrated statistically significant
association between higher daily maximum ambient tem-
perature and increased shortness of breath at night in
individuals with congestive heart failure.

Therefore, panel studies may be used to examine envir-
onmental temperature and lung function/respiratory symp-
toms relationships, especially in vulnerable groups such as
children. In this practical way, it will be very useful to help
expand knowledge of the mechanism by which tempera-
ture affects human lung function and respiratory symp-
toms, and will provide information on threshold values of
air temperature influencing population health, so as to
establish early warning systems for adverse effects.

CONCLUSIONS

There are significant adverse effects of air pollution on
children’s pulmonary health, especially for asthmatics.
Future studies need to examine the lag effects of air pollu-
tion on children’s lung function and respiratory symptoms.
Ambient temperature is predicted to change worldwide
due to climate change, which will threaten population
health. Further research is needed to examine the effects
of ambient temperature and the interactive effects between
air pollution and ambient temperature on children’s lung
function and respiratory symptoms.
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