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Review

Objectives: No children-specified review and meta-analysis paper about the short-term effect of fine particulate matter (PM2.5) on 

hospital admissions and emergency department visits for asthma has been published. We calculated more precise pooled effect esti-

mates on this topic and evaluated the variation in effect size according to the differences in study characteristics not considered in 

previous studies. 

Methods: Two authors each independently searched PubMed and EMBASE for relevant studies in March, 2016. We conducted random 

effect meta-analyses and mixed-effect meta-regression analyses using retrieved summary effect estimates and 95% confidence inter-

vals (CIs) and some characteristics of selected studies. The Egger’s test and funnel plot were used to check publication bias. All analy-

ses were done using R version 3.1.3. 

Results: We ultimately retrieved 26 time-series and case-crossover design studies about the short-term effect of PM2.5 on children’s 

hospital admissions and emergency department visits for asthma. In the primary meta-analysis, children’s hospital admissions and 

emergency department visits for asthma were positively associated with a short-term 10 μg/m3 increase in PM2.5 (relative risk, 1.048; 

95% CI, 1.028 to 1.067; I2=95.7%). We also found different effect coefficients by region; the value in Asia was estimated to be lower 

than in North America or Europe. 

Conclusions: We strengthened the evidence on the short-term effect of PM2.5 on children’s hospital admissions and emergency de-

partment visits for asthma. Further studies from other regions outside North America and Europe regions are needed for more gener-

alizable evidence.
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INTRODUCTION 

The adverse health effects of air pollution on respiratory and 
cardiovascular diseases are well known to the public. Regula-
tion and monitoring of air pollution are performed at both the 
national and international levels. Particulate matter (PM) is 
one type of air pollutant. It is not a specific chemical entity, 
unlike other commonly known pollutants such as ozone, sul-
phur dioxide, and nitrogen dioxide. It is a physical category of 
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dust with different components mixed together [1]. The parti-
cle size determines the different categorizations: PM10 (less 
than 10 μm aerodynamic diameter) and PM2.5 (less than 2.5 
μm aerodynamic diameter). PM2.5 is also known as fine PM. 

PM2.5 has been reported to play a major role in increasing 
the chance of mortality due to cardiovascular diseases be-
cause it can penetrate the capillary vessel of the lungs and 
reach the alveoli [2,3]. Extensive research has been conducted 
on the association between PM2.5 and respiratory diseases in-
cluding asthma. Asthma is a syndrome in which reversible re-
spiratory obstruction occurs and is characterized by hypersen-
sitiveness to allergens. When stimulated, a person experiences 
wheezing and dyspnea. In most cases, asthma is caused by a 
genetic predisposition and is triggered by environmental al-
lergens.

The prevalence rate of asthma is high in children. In the case 
of South Korea (hererafter Korea), the prevalence rate of asth-
ma in children steadily increased due to urbanization and 
westernization. In 2010, a national study based on the Interna-
tional Study of Asthma and Allergies in Childhood question-
naire found that 10.1% of elementary school students and 
8.5% of middle school students had experienced symptoms of 
asthma in the past 12 months [4]. These numbers should not 
be ignored.     

Recently published systematic reviews and meta-analyses 
reported the pooled relative risk (RR) of the number of hospi-
tal admissions and emergency department (ED) visits due to 
asthma as 1.023 (95% confidence interval [CI], 1.015 to 1.031, 
per 10 μg/m3 increase) when examining the effects of PM2.5 on 
the total population, and 1.025 (95% CI, 1.013 to 1.037, per 10 
μg/m3 increase) when the subject was confined to children 
only [5]. Another review that examined the effects of PM2.5 on 
ED visits due to asthma reported a pooled RR of 1.036 (95% CI, 
1.018 to 1.053, per 10 μg/m3 increase) [6]. However, existing 
studies contain several limitations. These studies were not fo-
cused on childhood asthma and only presented pooled effect 
estimates in children as subgroup analysis. Moreover, most of 
the relevant studies were conducted in North America and Eu-
rope [7-28], and although studies conducted in other regions 
exist [29-32], they did not consider the varying effects of PM2.5 
according to different regions. The design of the study, the 
background PM2.5 mean concentration and variation of the re-
gion where the study was conducted, and the time of study 
may change the effects as well, but these factors were not ad-
equately considered in existing studies. 

In addition to the two reviews mentioned above, seven new 
relevant papers have recently been published [22-28]. Of 
these, the time-series studies assessed the exposure to air pol-
lution by using the exposure value of the population-weight-
ed average in between the measuring points of air pollution 
[22,24,27], and the case-crossover design studies used the 
method of matching individual addresses with the PM2.5 mea-
sures [25,26], which yielded more accurate results. Therefore, 
by including these recent developments, we tried to calculate 
more accurate pooled effect estimates of the effects of PM2.5 
on childhood asthma and assess the variations of effects in-
duced by differences in some factors such as region or date of 
research, which have been not adequately examined yet.

METHODS

Selection Criteria
We first determined some criteria for selecting relevant 

studies. They are as follows:
1) �The subject of study was limited to children and adoles-

cents under the age of 20.
2) �Study results were limited to computerized records of 

hospital admissions and ED visits. Outpatient visits were 
excluded. Hospital admissions confirmed through inter-
views were not eligible. Subjective symptoms, decrease 
in pulmonary function, and use of emergency inhalers 
were not considered endpoints.

3) �Effect estimates had to be presented as an odds ratio (OR) 
or RR.

Search Terms and Study Selection
When deciding on search terms, we minimized keywords in 

order to increase the sensitivity of our searches. Some of the 
search terms we used were child*, pediatric*, fine particulate 
matter*, fine particle*, PM2.5, asthma*, hospitalization, hospi-
talisation, admission*, ed, er, and emergency. We searched 
studies to include in our meta-analysis using PubMed and EM-
BASE in March of 2016. Moreover, we selected the final eligible 
studies after having two authors each independently select 
references according to the criteria above and the same search 
terms and then comparing the two lists.

Statistical Methods
The effect size was expressed as RR. We considered the OR 

as a proxy to the RR. In order to have all the effect estimates 
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chosen from the selected studies to reflect the same 10 μg/m3 
increment of PM2.5 concentration, we implemented meta-
analyses after recalculating the β coefficient and 95% CI pre-
sented in each study. Because the purpose of this study is to 
combine and identify the effects from regions all over the 
world, generalization of heterogeneous parts of the research 
group was its goal. Therefore, the random effects model using 
the DerSimonian and Laird [33] estimation method was main-
ly considered, rather than the fixed effects model [33,34]. 
When estimating the pooled effect, the model takes into ac-
count both the between-study variation and the within-study 
variation and provides a greater confidence level than the 
fixed effects model. The I-squared value (%) was calculated in 
order to identify heterogeneity.

In the primary meta-analysis of this study, an effect estimate 
that could represent the selected studies was used. We used 
the same lag value that was presented in the original paper 
[35], but if a study presented multiple estimates from different 
lags, we selected the one with the largest effect size. This is 
because, generally, these works report the greatest effect size 
[36]. If a study did not have one effect estimate that could rep-
resent the research, we selected two or more values that were 
obtained from subjects that were mutually exclusive (that is, if 
a study did not present an effect estimate in whole partici-
pants but presented two or more separate values from strati-
fied groups, we included those in the meta-analysis). In order 
to identify publication bias, we conducted the Egger’s test and 
identified the degree of asymmetry through a funnel plot [37].

Moreover, we conducted category-specific meta-analyses in 
order to determine what factors influenced the effect of PM2.5, 
if those influences were robust, and what factors contributed 
to the heterogeneity of effect estimates. We conducted the 
analyses by sorting the effect estimates into categories of age, 
results (records of hospital admissions or ED visits), season, de-
sign of the study, region, and the lag of exposure. We also con-
ducted a separate analysis according to whether or not differ-
ent pollutants were adjusted in the statistical model. 

We hypothesized that the components of PM2.5 would 
change according to the time of the study and that the size of 
the effect could change according to the components. In addi-
tion, we thought that the variation and the mean concentra-
tion of PM2.5 in the region where the study was conducted 
might change the size of the effect. Therefore, through mixed-
effects meta-regression, we derived an effect estimate of the 
time of the study, and the mean and standard deviation of the 

concentration in the study region on RR for childhood asthma.
All statistical analyses performed using R version 3.1.3 (Com-

prehensive R Archive Network: http://cran.r-project.org) and 
we carried out a series of statistical analyses described above 
through the meta package. All statistical analyses set a 5% sig-
nificance level for the two-tailed test. 

RESULTS

Selection of Relevant Studies and Extracting  
Effect Estimates and Their Confidence Intervals

A total of 661 references were searched using the search 
terms mentioned above, and of those, we first selected 56 to 
examine in whole by excluding overlapping studies (n=171) 
and reading the titles and abstracts (n=490). Then we ulti-
mately selected 26 studies according to the selection criteria 
and extracted effect estimates (Figure 1). The 26 studies were 
published between 1999 and 2016, and we summarized each 
of the research outlines and the main research results in Table 
1. Most of the research was conducted in North America and 
Europe and both time-series and case-crossover designs were 
almost equally represented.

Figure 1. Selection process for systematic review and meta-
analysis. PM2.5, fine particulate matter; ER, emergency room;  
CI, confidence interval.  

171 Overlapping articles excluded

434 �Articles excluded by  
reviewing abstracts

490 �Articles remaining after excluding 
overlapping articles

56 �Remaining articles reviewed in  
full-text

26 Articles included in the final analysis

30 �Articles excluded according  
to selection criteria

- �10 Had no stated single 
 PM2.5 effect

- �14 Had no relevant outcome 
 (hospitalization and ER visits)

- 3 Had irrelevant subject ages
- 2 Did not report effects CI
- �1 Had a dataset overlapping  

 a previous study

661 Articles identified
- 315 From PubMed
- 346 From EMBASE



Hyungryul Lim, et al.

208

Ta
bl

e 
1.

 S
um

m
ar

y 
of

 se
le

ct
ed

 st
ud

ie
s o

n 
th

e 
as

so
ci

at
io

n 
of

 sh
or

t-
te

rm
 fi

ne
 p

ar
tic

ul
at

e 
m

at
te

r (
PM

2.
5) 

ex
po

su
re

 w
ith

 p
ed

ia
tr

ic
 H

A
 a

nd
 E

D
 v

is
its

 fo
r a

st
hm

a

A
ut

ho
r 

(p
ub

lic
at

io
n 

ye
ar

)
[R

ef
] 

St
ud

y 
pe

ri
od

Lo
ca

tio
n

Sa
m

pl
e

Ex
po

su
re

 
as

se
ss

m
en

t
O

ut
co

m
e

St
ud

y 
de

si
gn

St
at

is
tic

al
 

m
od

el

PM
2.

5 
ar

ith
m

et
ic

 m
ea

n 
co

nc
en

tr
at

io
n

(μ
g/

m
3 ) (

SD
)

M
aj

or
 e

ffe
ct

 e
st

im
at

es
 (r

is
k 

ra
tio

) (
95

%
 C

Is
)

N
or

ris
 e

t a
l. 

   
(1

99
9)

 [7
]

Se
p 

1,
 1

99
5-

  
   

De
c 

31
, 1

99
6

Se
at

tle
, U

SA
<

18
 y,

 
   

90
0 

pa
tie

nt
s

3 
Fi

xe
d 

si
te

s;
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

ED
 v

is
its

TS
GA

M
 w

ith
 

   
Po

is
so

n 
 

   
di

st
rib

ut
io

n

12
.0

 (9
.5

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

   
1.

15
 (1

.0
8,

 1
.2

3)
 fo

r 1
-d

 la
g 

IQ
R 

in
cr

ea
se

M
ul

ti-
po

llu
ta

nt
 m

od
el

 w
ith

 S
O 2

 a
nd

 N
O 2

   
1.

17
 (1

.0
8,

 1
.2

6)
 fo

r 1
-d

 la
g 

IQ
R 

in
cr

ea
se

Li
n 

et
 a

l. 
   

(2
00

2)
 [8

]
Ja

n 
1,

 1
98

1-
  

   
De

c 
31

, 1
99

3
To

ro
nt

o,
 

   
Ca

na
da

6-
12

 y,
 

   
�73

19
 (b

oy
s:

 4
62

9,
 

gi
rls

: 2
69

0)
 p

at
ie

nt
s

1 
Fi

xe
d 

si
te

;
th

e 
au

th
or

s 
ob

ta
in

ed
 

da
ta

 o
n 

ev
er

y 
6-

d 
pe

rio
d 

fro
m

 1
98

4 
to

 1
99

0 
an

d 
co

ns
tru

ct
ed

 a
 d

ai
ly

 
pr

ed
ic

te
d 

va
lu

e 
vi

a 
m

od
el

in
g

HA
TS

 a
nd

 C
CD

GA
M

 a
nd

  
   

�co
nd

iti
on

al
 

lo
gi

st
ic

 
re

gr
es

si
on

18
.0

 (8
.5

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

   
(a

) B
oy

s,
   

   
1.

00
 (0

.9
7,

 1
.0

4)
 fo

r t
he

 s
am

e 
da

y 
IQ

R 
in

cr
ea

se
 in

 T
S

   
   

1.
01

 (0
.9

7,
 1

.0
6)

 fo
r t

he
 s

am
e 

da
y 

IQ
R 

in
cr

ea
se

 in
 C

CD
   

(b
) G

irl
s,

   
   

1.
06

 (0
.9

9,
 1

.1
3)

 fo
r 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 in

 T
S

   
   

1.
04

 (0
.9

5,
 1

.1
5)

 fo
r 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 in

 C
CD

M
ul

ti-
po

llu
ta

nt
 m

od
el

 w
ith

 C
O,

 S
O 2

, N
O 2

 a
nd

 O
3

   
(a

) B
oy

s,
   

   
0.

96
 (0

.9
0,

 1
.0

2)
 fo

r 5
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

 in
 T

S
   

   
0.

94
 (0

.8
5,

 1
.0

3)
 fo

r 5
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

 in
 C

CD
   

(b
) G

irl
s,

   
   

1.
01

 (0
.9

3,
 1

.1
0)

 fo
r 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 in

 T
S

   
   

0.
96

 (0
.8

5,
 1

.0
9)

 fo
r 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 in

 C
CD

Le
e 

et
 a

l. 
   

(2
00

6)
 [2

9]
Ja

n 
1,

 1
99

7-
 

   
De

c 
31

, 2
00

2
Ho

ng
 K

on
g,

 
   

Ch
in

a
≤

18
 y,

 
   

26
 6

63
 p

at
ie

nt
s

13
 �F

ix
ed

 s
ite

s 
(b

ef
or

e 
20

00
, 

11
 s

ite
s)

; 
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

HA
TS

GA
M

 w
ith

 
   

Po
is

so
n 

 
   

di
st

rib
ut

io
n

45
.3

 (1
6.

2)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

   
1.

06
6 

(1
.0

45
, 1

.0
87

) f
or

 4
-d

 la
g 

IQ
R 

in
cr

ea
se

M
ul

ti-
po

llu
ta

nt
 m

od
el

 w
ith

 C
O,

 S
O 2

, N
O 2

 a
nd

 O
3

   
1.

03
2 

(1
.0

09
, 1

.0
56

) f
or

 1
-d

 la
g 

IQ
R 

in
cr

ea
se

Ko
 e

t a
l. 

 
   

(2
00

7)
 [3

0]
Ja

n 
1,

 2
00

0-
 

   
De

c 
31

, 2
00

5
Ho

ng
 K

on
g,

 
   

Ch
in

a
≤

14
 y,

 
   

23
 5

96
 p

at
ie

nt
s

3 
Fi

xe
d 

si
te

s;
a 

da
ily

 a
rit

hm
et

ic
 

m
ea

n 
w

as
 c

al
cu

la
te

d 
an

d 
us

ed

HA
TS

GA
M

 w
ith

 
   

Po
is

so
n 

 
   

di
st

rib
ut

io
n

65
.4

 (2
1.

1)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

   
1.

02
4 

(1
.0

13
, 1

.0
34

) f
or

 5
-d

 a
ve

ra
ge

 1
0 

μg
/m

3  in
cr

ea
se

Vi
lln

en
eu

ve
  

   
et

 a
l. 

(2
00

7)
 

   
[9

]

Ja
n 

1,
 1

99
8-

 
   

M
ar

 3
1,

 2
00

2
Ed

m
on

to
n,

 
   

Ca
na

da
2-

4 
y, 

   
72

47
 p

at
ie

nt
s;

5-
14

 y,
 

   
13

 1
45

 p
at

ie
nt

s

3 
Fi

xe
d 

si
te

s;
 

a 
da

ily
 a

rit
hm

et
ic

 m
ea

n 
w

as
 c

al
cu

la
te

d 
an

d 
us

ed

ED
 v

is
its

CC
D

Co
nd

iti
on

al
 

   
�lo

gi
st

ic
   

re
gr

es
si

on

7.
01  in

 A
pr

 to
 S

ep
; 

   
7.

31  in
 O

ct
 to

 M
ar

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
:

(a
) 2

-4
 y,

   
1.

06
 (0

.9
7,

 1
.1

5)
 fo

r 5
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

   
   

- O
ct

 to
 M

ar
: 0

.9
5 

(0
.8

4,
 1

.0
7)

   
   

- A
pr

 to
 S

ep
: 1

.1
6 

(1
.0

4,
 1

.2
8)

(b
) 5

-1
4 

y,
   

1.
06

 (1
.0

0,
 1

.1
2)

 fo
r 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
   

   
- O

ct
 to

 M
ar

: 0
.9

9 
(0

.9
1,

 1
.0

9)
   

   
- A

pr
 to

 S
ep

: 1
.1

0 
(1

.0
2,

 1
.1

7) (C
on

tin
ue

d 
to

 th
e 

ne
xt

 p
ag

e)



209

Effect of PM2.5 on Asthma in Children

A
ut

ho
r 

(p
ub

lic
at

io
n 

ye
ar

)
[R

ef
] 

St
ud

y 
pe

ri
od

Lo
ca

tio
n

Sa
m

pl
e

Ex
po

su
re

 
as

se
ss

m
en

t
O

ut
co

m
e

St
ud

y 
de

si
gn

St
at

is
tic

al
 

m
od

el

PM
2.

5 
ar

ith
m

et
ic

 m
ea

n 
co

nc
en

tr
at

io
n

(μ
g/

m
3 ) (

SD
)

M
aj

or
 e

ffe
ct

 e
st

im
at

es
 (r

is
k 

ra
tio

) (
95

%
 C

Is
)

An
de

rs
en

 e
t a

l.  
   

(2
00

8)
 [1

0]
Oc

t 3
, 2

00
3-

 
   

De
c 

31
, 2

00
4

Co
pe

nh
ag

en
,  

   
De

nm
ar

k
5-

18
 y,

 
   

�55
9 

pa
tie

nt
s i

n 
sin

gl
e 

po
llu

ta
nt

 m
od

el
; 3

18
 

pa
tie

nt
s 

in
 tw

o-
po

llu
ta

nt
 m

od
el

1 
Fi

xe
d 

si
te

; 
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

HA
TS

GL
M

 w
ith

 
   

�Po
is

so
n 

re
gr

es
si

on

10
.0

 (5
.0

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

   
1.

15
 (1

.0
0,

 1
.3

2)
 fo

r 6
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

Tw
o-

po
llu

ta
nt

 m
od

el
 w

ith
 to

ta
l n

um
be

r c
on

ce
nt

ra
tio

n 
 

   
of

 p
ar

tic
le

s
   

1.
13

 (0
.9

8,
 1

.3
2)

 fo
r 6

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

Ha
lo

ne
n 

et
 a

l. 
   

(2
00

8)
 [1

1]
Ja

n 
1,

 1
99

8-
 

   
De

c 
31

, 2
00

4
He

ls
in

ki
, 

   
Fi

nl
an

d
<

15
 y,

 
   

48
07

 p
at

ie
nt

s
Fi

xe
d 

m
on

ito
rin

g 
si

te
, n

o 
   

sp
ec

ifi
c 

in
fo

rm
at

io
n 

   
av

ai
la

bl
e

ED
 v

is
its

TS
GL

M
 w

ith
 

   
�Po

is
so

n 
re

gr
es

si
on

9.
51

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
1.

02
6 

(0
.0

83
, 1

.0
54

) f
or

 4
-d

 la
g 

IQ
R 

in
cr

ea
se

Ja
la

lu
di

n 
et

 a
l. 

   
(2

00
8)

 [3
1]

Ja
n 

1,
 1

99
7-

 
   

De
c 

31
, 2

00
1

Sy
dn

ey
,  

   
Au

st
ra

lia
1-

14
 y,

 
   

31
7 

72
4 

pa
tie

nt
s

14
 F

ix
ed

 s
ite

s;
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

ED
 v

is
its

CC
D

Co
nd

iti
on

al
 

   
�lo

gi
st

ic
  

re
gr

es
si

on

9.
4 

(5
.1

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

(a
) 1

-4
 y,

   
1.

01
4 

(1
.0

07
, 1

.0
21

) f
or

 th
e 

sa
m

e-
da

y 
IQ

R 
in

cr
ea

se
   

- W
ar

m
 m

on
th

s:
 1

.0
09

 (1
.0

02
, 1

.0
17

)
   

- C
oo

l m
on

th
s:

 1
.0

10
 (0

.9
99

, 1
.0

24
)

(b
) 5

-9
 y,

   
1.

01
6 

(1
.0

05
, 1

.0
27

) f
or

 th
e 

sa
m

e-
da

y 
IQ

R 
in

cr
ea

se
   

- W
ar

m
 m

on
th

s:
 1

.0
13

 (1
.0

03
, 1

.0
24

)
   

- C
oo

l m
on

th
s:

 0
.9

95
 (0

.9
76

, 1
.0

15
)

(c
) 1

0-
14

 y,
   

1.
01

2 
(.0

99
8,

 1
.0

27
) f

or
 th

e 
sa

m
e-

da
y 

IQ
R 

in
cr

ea
se

   
- W

ar
m

 m
on

th
s:

 1
.0

01
 (0

.9
87

, 1
.0

24
)

   
- C

oo
l m

on
th

s:
 1

.0
17

 (0
.9

91
, 1

.0
44

)
Tw

o-
po

llu
ta

nt
 m

od
el

 w
ith

 N
O 2

(a
) 1

-4
 y,

   
1.

00
8 

(1
.0

01
, 1

.0
15

) f
or

 th
e 

sa
m

e-
da

y 
IQ

R 
in

cr
ea

se
(b

) 5
-9

 y,
   

1.
01

6 
(1

.0
06

, 1
.0

26
) f

or
 th

e 
sa

m
e-

da
y 

IQ
R 

in
cr

ea
se

(c
) 1

0-
14

 y,
   

1.
01

1 
(0

.9
99

, 1
.0

24
) f

or
 th

e 
sa

m
e-

da
y 

IQ
R 

in
cr

ea
se

Te
ce

r e
t a

l. 
   

(2
00

8)
 [1

2]
De

c 
31

, 2
00

4-
 

   
Oc

t 3
1,

 2
00

5
Zo

ng
ul

da
k,

  
   

Tu
rk

ey
<

15
 y,

 
   

18
7 

pa
tie

nt
s

1 
Fi

xe
d 

si
te

; 
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

HA
CC

D
Co

nd
iti

on
al

 
   

�lo
gi

st
ic

  
re

gr
es

si
on

29
.1

 (N
A)

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
1.

25
 (1

.0
5,

 1
.5

0)
 fo

r 4
-d

 la
g 

10
 μ

g/
m

3  in
cr

ea
se

1.
37

 (1
.0

6,
 1

.7
6)

 fo
r 4

-d
 la

g 
IQ

R 
in

cr
ea

se

Ha
lo

ne
n 

et
 a

l. 
   

(2
01

0)
 [1

3]
Ja

n 
1,

 1
99

8-
 

   
De

c 
31

, 2
00

4
He

ls
in

ki
,  

   
Fi

nl
an

d
Re

st
ric

te
d 

to
 th

e 
w

ar
m

 
   

�se
as

on
 (M

ay
 to

 S
ep

)
<

15
 y,

 
   

19
72

 p
at

ie
nt

s

2 
Fi

xe
d 

si
te

s;
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

ED
 v

is
its

TS
GA

M
 w

ith
 

   
�Po

is
so

n 
di

st
rib

ut
io

n

8.
81

Tw
o-

po
llu

ta
nt

 m
od

el
 w

ith
 O

3

1.
14

8 
(1

.0
38

, 1
.2

70
) f

or
 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

(C
on

tin
ue

d 
to

 th
e 

ne
xt

 p
ag

e)

Ta
bl

e 
1.

  C
on

tin
ue

d 
fro

m
 th

e 
pr

ev
io

us
 p

ag
e 



Hyungryul Lim, et al.

210

A
ut

ho
r 

(p
ub

lic
at

io
n 

ye
ar

)
[R

ef
] 

St
ud

y 
pe

ri
od

Lo
ca

tio
n

Sa
m

pl
e

Ex
po

su
re

 
as

se
ss

m
en

t
O

ut
co

m
e

St
ud

y 
de

si
gn

St
at

is
tic

al
 

m
od

el

PM
2.

5 
ar

ith
m

et
ic

 m
ea

n 
co

nc
en

tr
at

io
n

(μ
g/

m
3 ) (

SD
)

M
aj

or
 e

ffe
ct

 e
st

im
at

es
 (r

is
k 

ra
tio

) (
95

%
 C

Is
)

Si
lv

er
m

an
  

   
�et

 a
l. 

(2
01

0)
 

[1
4]

Ja
n 

1,
 1

99
9-

 
   

De
c 

31
, 2

00
6

N
ew

 Y
or

k 
   

Ci
ty

, U
SA

Re
st

ric
te

d 
to

 th
e 

w
ar

m
 

se
as

on
 (A

pr
 to

 A
ug

)
<

6 
y 

   
- �N

on
-IC

U 
ad

m
is

si
on

: 
15

 1
85

,
   

- �I
CU

 a
dm

is
si

on
: 

11
41

 p
at

ie
nt

s
6-

18
 y

 
   

- �N
on

-IC
U 

ad
m

is
si

on
: 

10
 3

32
, 

   
- �I

CU
 a

dm
is

si
on

: 9
94

 
pa

tie
nt

s

24
 F

ix
ed

 s
ite

s;
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

HA
TS

GL
M

 w
ith

 
   

Po
is

so
n 

   
re

gr
es

si
on

13
1

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
(a

) <
6 

y,
- N

on
-IC

U:
 1

.1
4 

(1
.1

0,
 1

.1
9)

 fo
r 2

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- I

CU
: 1

.0
3 

(0
.9

1,
 1

.1
7)

 fo
r 2

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
(b

) 6
-1

8 
y,

- N
on

-IC
U:

 1
.1

9 
(1

.1
1,

 1
.2

7)
 fo

r 2
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

- I
CU

: 1
.2

6 
(1

.1
0,

 1
.4

4)
 fo

r 2
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

Tw
o-

po
llu

ta
nt

 m
od

el
 w

ith
 O

3

(a
) <

6 
y,

- N
on

-IC
U:

 1
.1

3 
(1

.0
8,

 1
.1

8)
 fo

r 2
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

- I
CU

: 1
.0

4 
(0

.9
1,

 1
.1

9)
 fo

r 2
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

(b
) 6

-1
8 

y,
- N

on
-IC

U:
 1

.1
6 

(1
.0

8,
 1

.2
3)

 fo
r 2

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- I

CU
: 1

.2
3 

(1
.0

7-
1.

41
) f

or
 2

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

St
ric

kl
an

d 
 

   
�et

 a
l. 

(2
01

0)
 

[1
5]

Au
g 

1,
 1

99
8-

 
   

De
c 

31
, 2

00
4

At
la

nt
a,

 U
SA

5-
17

 y,
 

   
91

 3
86

 p
at

ie
nt

s
11

 F
ix

ed
 s

ite
s;

a 
po

pu
la

tio
n-

w
ei

gh
tin

g 
av

er
ag

e 
ac

ro
ss

 m
on

ito
rs

 
w

as
 c

al
cu

la
te

d 
an

d 
us

ed

ED
 v

is
its

TS
GL

M
 w

ith
 

   
Po

is
so

n 
   

re
gr

es
si

on

16
.4

 (7
.4

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

- �W
ho

le
 p

er
io

d:
 1

.0
20

 (1
.0

02
, 1

.0
39

) f
or

 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

- �W
ar

m
 s

ea
so

n:
 1

.0
43

 (1
.0

16
, 1

.0
70

) f
or

 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

- �C
ol

d 
se

as
on

: 1
.0

05
 (0

.9
78

, 1
.0

31
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

Li
 e

t a
l. 

(2
01

1)
 

   
[1

6]
Ja

n 
1,

 2
00

4-
 

   
De

c 
31

,2
00

6
De

tro
it,

 U
SA

2-
18

 y,
 7

06
3 

pa
tie

nt
s

4 
Fi

xe
d 

si
te

s;
 

a 
da

ily
 a

rit
hm

et
ic

 m
ea

n 
w

as
 c

al
cu

la
te

d 
an

d 
us

ed

ED
 v

is
its

 
   

+ 
HA

2
TS

 a
nd

 C
CD

GA
M

 a
nd

 
   

co
nd

iti
on

al
 

   
lo

gi
st

ic
  

   
re

gr
es

si
on

15
.0

 (7
.9

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

1.
03

0 
(1

.0
01

, 1
.0

61
) f

or
 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 in

 T
S

1.
03

9 
(1

.0
13

, 1
.0

66
) f

or
 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 in

 C
CD

Gl
ad

 e
t a

l. 
   

(2
01

2)
 [1

7]
Ja

n 
1,

 2
00

2-
 

   
De

c 
31

, 2
00

5
Pi

tts
bu

rg
h,

 
   

US
A

0-
17

 y,
 9

78
 p

at
ie

nt
s

2 
Fi

xe
d 

si
te

s;
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

ED
 v

is
its

CC
D

Co
nd

iti
on

al
 

   
lo

gi
st

ic
  

   
re

gr
es

si
on

N
A

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
1.

01
2 

(0
.9

16
, 1

.1
18

) f
or

 th
e 

sa
m

e-
da

y 
10

 μ
g/

m
3  in

cr
ea

se

Is
ka

nd
ar

 e
t a

l. 
   

(2
01

2)
 [1

8]
M

ay
 1

5,
 2

00
1-

 
   

De
c 

31
, 2

00
8

Co
pe

nh
ag

en
, 

   
De

nm
ar

k
0-

18
 y,

 6
32

9 
pa

tie
nt

s
1 

Fi
xe

d 
si

te
; 

a 
da

ily
 a

rit
hm

et
ic

 m
ea

n 
w

as
 c

al
cu

la
te

d 
an

d 
us

ed

HA
CC

D
Co

nd
iti

on
al

 
   

lo
gi

st
ic

  
   

re
gr

es
si

on

10
.3

 (5
.4

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

1.
09

 (1
.0

4,
 1

.1
3)

 fo
r 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
Tw

o-
po

llu
ta

nt
 m

od
el

 w
ith

 N
O 2

:
1.

06
 (1

.0
2,

 1
.1

1)
 fo

r 5
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

W
in

qu
is

t e
t a

l. 
   

(2
01

2)
 [1

9]
Ja

n 
1,

 2
00

1-
 

   
Ju

n 
27

, 2
00

7
St

. L
ou

is
, 

   
US

A
0-

1 
y,

- E
D:

 1
2 

23
6 

pa
tie

nt
s

2-
18

 y,
- E

D:
 4

9 
97

8 
pa

tie
nt

s
- A

ll 
HA

: 7
09

5 
pa

tie
nt

s

1 
Fi

xe
d 

si
te

;
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

ED
 v

is
its

 
   

&
 H

A
TS

GL
M

 w
ith

 
   

Po
is

so
n 

   
re

gr
es

si
on

14
.4

 (7
.5

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

(a
) 0

-1
 y,

- E
D:

 1
.0

47
 (0

.9
99

, 1
.0

97
) f

or
 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
(b

) 2
-1

8 
y,

- E
D:

 1
.0

50
 (1

.0
21

,1
.0

80
) f

or
 5

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- H

A:
 1

.0
52

 (0
.9

85
, 1

.1
23

) f
or

 5
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

(C
on

tin
ue

d 
to

 th
e 

ne
xt

 p
ag

e)

Ta
bl

e 
1.

  C
on

tin
ue

d 
fro

m
 th

e 
pr

ev
io

us
 p

ag
e 



211

Effect of PM2.5 on Asthma in Children

A
ut

ho
r 

(p
ub

lic
at

io
n 

ye
ar

)
[R

ef
] 

St
ud

y 
pe

ri
od

Lo
ca

tio
n

Sa
m

pl
e

Ex
po

su
re

 
as

se
ss

m
en

t
O

ut
co

m
e

St
ud

y 
de

si
gn

St
at

is
tic

al
 

m
od

el

PM
2.

5 
ar

ith
m

et
ic

 m
ea

n 
co

nc
en

tr
at

io
n

(μ
g/

m
3 ) (

SD
)

M
aj

or
 e

ffe
ct

 e
st

im
at

es
 (r

is
k 

ra
tio

) (
95

%
 C

Is
)

De
lfi

no
 e

t a
l. 

   
(2

01
4)

 [2
0]

Ja
n 

1,
 2

00
0-

 
   

De
c 

31
, 2

00
8

Ca
lif

or
ni

a,
 

   
US

A
0-

18
 y,

 1
1 

39
0 

pa
tie

nt
s

Su
bj

ec
t a

dd
re

ss
es

 w
er

e 
   

�ge
oc

od
ed

; u
si

ng
 a

 
m

od
ifi

ed
, C

al
ifo

rn
ia

 
LI

N
E 

So
ur

ce
 D

is
pe

rs
io

n 
M

od
el

, v
er

si
on

. 4
 to

 
es

tim
at

e 
po

llu
ta

nt
s 

at
 

ea
ch

 re
si

de
nc

e

ED
 v

is
its

 
   

+ 
HA

2
CC

D
Co

nd
iti

on
al

 
   

�lo
gi

st
ic

 
re

gr
es

si
on

- W
ar

m
 s

ea
so

n:
  

   
16

.0
 (9

.5
)

- C
oo

l s
ea

so
n:

  
   

19
.0

 (1
3.

8)

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
- �W

ar
m

 s
ea

so
n:

 1
.0

79
 (1

.0
08

, 1
.1

54
) f

or
 7

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- �C

oo
l s

ea
so

n:
 1

.1
62

 (1
.0

76
, 1

.2
54

) f
or

 7
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

Gl
ea

so
n 

et
 a

l. 
   

(2
01

4)
 [2

1]
Ja

n 
1,

 2
00

4-
 

   
De

c 
31

, 2
00

7
N

ew
 J

er
se

y, 
   

US
A

3-
17

 y,
 2

1 
85

4 
pa

tie
nt

s
Su

bj
ec

t a
dd

re
ss

es
 w

er
e 

   
�ge

oc
od

ed
; 

us
in

g 
12

×
12

-k
m

 g
rid

 
fro

m
 th

e 
M

ul
ti-

Sc
al

e 
Ai

r 
Qu

al
ity

 M
od

el
 to

  
es

tim
at

e 
po

llu
ta

nt
s 

at
 

ea
ch

 re
si

de
nc

e

ED
 v

is
its

CC
D

Co
nd

iti
on

al
 

   
�lo

gi
st

ic
 

re
gr

es
si

on

N
A

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
1.

03
 (1

.0
2,

 1
.0

4)
 fo

r t
he

 s
am

e 
da

y 
IQ

R 
in

cr
ea

se
M

ul
tip

ol
lu

ta
nt

 m
od

el
 w

ith
 O

3 a
nd

 o
th

er
 p

ol
le

ns
0.

99
 (0

.9
8,

 1
.0

1)
 fo

r t
he

 s
am

e 
da

y 
IQ

R 
in

cr
ea

se

Hu
a 

et
 a

l. 
   

(2
01

4)
 [3

2]
Ja

n 
1,

 2
00

7-
 

   
Ju

l 3
1,

 2
01

2
Sh

an
gh

ai
, 

   
Ch

in
a

0-
14

 y,
 1

14
 6

73
 p

at
ie

nt
s

1 
Fi

xe
d 

si
te

; 
a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

HA
TS

Po
ly

no
m

ia
l 

   
di

st
rib

ut
ed

 
   

la
g 

m
od

el

40
.9

 (2
7.

7)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

1.
04

 (1
.0

2,
 1

.0
5)

 fo
r I

QR
 in

cr
ea

se
 w

ith
 a

 m
ax

im
um

 la
g 

of
 

   
3-

d
1.

06
 (1

.0
5,

 1
.0

8)
 fo

r I
QR

 in
cr

ea
se

 w
ith

 a
 m

ax
im

um
 la

g 
of

 
   

5-
d

M
ul

tip
ol

lu
ta

nt
 m

od
el

 w
ith

 N
O 2

 a
nd

 S
O 2

1.
03

 (1
.0

2,
 1

.0
5)

 fo
r I

QR
 in

cr
ea

se
 w

ith
 a

 m
ax

im
um

 la
g 

of
 

   
3-

d
1.

06
 (1

.0
4,

 1
.0

8)
 fo

r I
QR

 in
cr

ea
se

 w
ith

 a
 m

ax
im

um
 la

g 
of

 
   

5-
d

St
ric

kl
an

d 
   

�et
 a

l. 
(2

01
4)

 
[2

2]

Ja
n 

1,
 2

00
2-

 
   

Ju
n 

30
, 2

01
0

At
la

nt
a,

 U
SA

2-
16

 y,
 

   
10

9 
75

8 
pa

tie
nt

s
6 

Fi
xe

d 
si

te
s;

a 
po

pu
la

tio
n-

w
ei

gh
tin

g 
av

er
ag

e 
ac

ro
ss

 m
on

ito
rs

 
ca

lc
ul

at
ed

 a
nd

 u
se

d

ED
 v

is
its

TS
GL

M
 w

ith
 

   
Po

is
so

n 
   

re
gr

es
si

on

13
.3

 (5
.4

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

1.
03

2 
(1

.0
19

, 1
.0

44
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
Tw

o-
po

llu
ta

nt
 m

od
el

 w
ith

 O
3

1.
02

2 
(1

.0
09

, 1
.0

35
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

W
en

dt
 e

t a
l. 

   
(2

01
4)

 [2
3]

Ja
n 

1,
 2

00
5-

 
   

De
c 

31
, 2

00
7

Bo
st

on
, U

SA
0-

17
 y

 
   

- �M
ay

 to
 O

ct
: 6

06
1 

pa
tie

nt
s

   
- �N

ov
 to

 A
pr

: 7
89

4 
pa

tie
nt

s

3 
Fi

xe
d 

si
te

s;
 

   
�a 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

HA
CC

D
Co

nd
iti

on
al

 
   

�lo
gi

st
ic

 
re

gr
es

si
on

15
.0

 (6
.0

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

- �M
ay

 to
 O

ct
: 1

.1
0 

(1
.0

3,
 1

.1
7)

 fo
r 6

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- �N

ov
 to

 A
pr

il:
 1

.0
6 

(1
.0

0,
 1

.1
4)

 fo
r 6

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
 

Tw
o-

po
llu

ta
nt

 m
od

el
 w

ith
 N

O 2
- �M

ay
 to

 O
ct

: 1
.1

3 
(1

.0
4,

 1
.2

4)
 fo

r 6
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

- �N
ov

 to
 A

pr
: 1

.0
0 

(0
.9

3,
 1

.0
7)

 fo
r 6

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

(C
on

tin
ue

d 
to

 th
e 

ne
xt

 p
ag

e)

Ta
bl

e 
1.

  C
on

tin
ue

d 
fro

m
 th

e 
pr

ev
io

us
 p

ag
e 



Hyungryul Lim, et al.

212

A
ut

ho
r 

(p
ub

lic
at

io
n 

ye
ar

)
[R

ef
] 

St
ud

y 
pe

ri
od

Lo
ca

tio
n

Sa
m

pl
e

Ex
po

su
re

 
as

se
ss

m
en

t
O

ut
co

m
e

St
ud

y 
de

si
gn

St
at

is
tic

al
 

m
od

el

PM
2.

5 
ar

ith
m

et
ic

 m
ea

n 
co

nc
en

tr
at

io
n

(μ
g/

m
3 ) (

SD
)

M
aj

or
 e

ffe
ct

 e
st

im
at

es
 (r

is
k 

ra
tio

) (
95

%
 C

Is
)

By
er

s 
et

 a
l. 

   
(2

01
6)

 [2
4]

Ja
n 

1,
 2

00
7-

 
   

De
c 

31
, 2

01
1

In
di

an
ap

ol
is

, 
   

US
A

5-
17

 y,
 3

3 
98

1 
pa

tie
nt

s
3 

Fi
xe

d 
si

te
s;

a 
po

pu
la

tio
n-

w
ei

gh
tin

g 
av

er
ag

e 
ac

ro
ss

 m
on

ito
rs

 
ca

lc
ul

at
ed

 a
nd

 u
se

d

ED
 v

is
its

TS
GL

M
 w

ith
 

   
�Po

is
so

n 
re

gr
es

si
on

13
.6

 (7
.1

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

- �A
ll 

se
as

on
s:

 1
.0

07
 (0

.9
86

, 1
.0

29
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- �A

pr
 to

 S
ep

: 0
.9

85
 (0

.9
34

, 1
.0

40
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se
- �O

ct
 to

 M
ar

: 0
.9

76
 (0

.9
30

, 1
.0

25
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

Gl
ea

so
n 

et
 a

l. 
   

(2
01

5)
 [2

5]
Ja

n 
1,

 2
00

4-
 

   
De

c 
31

, 2
00

7
N

ew
ar

k,
 U

SA
3-

17
 y,

 3
67

5 
pa

tie
nt

s
Su

bj
ec

t a
dd

re
ss

es
 w

er
e 

   
�ge

oc
od

ed
; 

us
in

g 
gr

id
 fr

om
 th

e 
M

ul
ti-

Sc
al

e 
Ai

r Q
ua

lit
y 

M
od

el
 

to
 e

st
im

at
e 

po
llu

ta
nt

s 
at

 
ea

ch
 re

si
de

nc
e

ED
 v

is
its

TS
 a

nd
 C

CD
GL

M
 a

nd
 

   
�co

nd
iti

on
al

 
lo

gi
st

ic
 

re
gr

es
si

on

N
A

Si
ng

le
-p

ol
lu

ta
nt

 m
od

el
1.

00
 (0

.9
6,

 1
.0

5)
 fo

r 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

 in
 T

S
1.

00
 (0

.9
6,

 1
.0

4)
 fo

r 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

 in
 C

CD
M

ul
tip

ol
lu

ta
nt

 m
od

el
 w

ith
 O

3 a
nd

 o
th

er
 p

ol
le

ns
0.

93
 (0

.8
9,

 0
.9

8)
 fo

r 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

 in
 T

S
0.

95
 (0

.9
1,

 1
.0

0)
 fo

r 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

 in
 C

CD

St
ric

kl
an

d 
   

�et
 a

l. 
(2

01
5)

 
[2

6]

Ja
n 

1,
 2

00
2-

 
   

Ju
n 

30
, 2

01
0

Ge
or

gi
a,

 U
SA

2-
18

 y,
 

   
18

9 
81

6 
pa

tie
nt

s
Su

bj
ec

t a
dd

re
ss

es
 w

er
e 

   
�ge

oc
od

ed
;  

us
in

g 
a 

tw
o-

st
ag

e 
m

od
el

 
th

at
 in

cl
ud

es
 la

nd
 u

se
 

pa
ra

m
et

er
s 

an
d 

sa
te

lli
te

 
ae

ro
so

l o
pt

ic
al

 d
ep

th
 

m
ea

su
re

m
en

ts
 a

t 1
-k

m
 

re
so

lu
tio

n 
to

 e
st

im
at

e 
po

llu
ta

nt
s

ED
 v

is
its

CC
D

Co
nd

iti
on

al
 

   
�lo

gi
st

ic
 

re
gr

es
si

on

12
.9

1
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

1.
01

3 
(1

.0
03

, 1
.0

23
) f

or
 th

e 
sa

m
e 

da
y 

10
 μ

g/
m

3  in
cr

ea
se

Al
ha

nt
i e

t a
l. 

   
(2

01
6)

 [2
7]

Ja
n 

1,
 2

00
6-

 
   

De
c 

31
, 2

00
9

Da
lla

s,
 U

SA
0-

4 
y, 

m
ea

n 
da

ily
 

   
�co

un
ts

: 1
6.

91
 

pa
tie

nt
s

5-
18

 y,
 m

ea
n 

da
ily

 
   

�co
un

ts
: 2

5.
75

 
pa

tie
nt

s

Al
l a

va
ila

bl
e 

m
on

ito
rs

; 
   

�th
e 

m
on

ito
rin

g 
da

ta
 w

er
e 

fir
st

 s
pa

tia
lly

 in
te

rp
ol

at
ed

 
ac

ro
ss

 th
e 

st
ud

y’s
 g

eo
-

gr
ap

hi
c 

do
m

ai
n 

an
d 

th
en

 
a 

po
pu

la
tio

n-
w

ei
gh

te
d 

av
er

ag
e 

ac
ro

ss
 m

on
ito

rs
 

ca
lc

ul
at

ed
 a

nd
 u

se
d

ED
 v

is
its

TS
GL

M
 w

ith
 

   
�Po

is
so

n 
re

gr
es

si
on

11
.1

 (4
.7

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

0-
4 

y, 
0.

98
 (0

.9
4,

 1
.0

2)
 fo

r 3
-d

 a
ve

ra
ge

 IQ
R 

in
cr

ea
se

5-
18

 y,
 0

.9
9 

(0
.9

5,
 1

.0
3)

 fo
r 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

W
ei

ch
en

th
al

 
   

et
 a

l. 
(2

01
6)

 
   

[2
8]

Ja
n 

1,
 2

00
4-

 
   

De
c 

31
, 2

01
1

On
ta

rio
, 

   
Ca

na
da

To
ta

l; 
12

7 
83

6 
   

pa
tie

nt
s,

<
9 

y, 
N

A

Fi
xe

d 
si

te
 in

 O
nt

ar
io

 w
hi

ch
 

   
�is

 p
ar

t o
f C

an
ad

a’s
 

N
at

io
na

l A
ir 

Po
llu

tio
n 

Su
rv

ei
lla

nc
e 

ne
tw

or
k;

 a
 

da
ily

 a
rit

hm
et

ic
 m

ea
n 

w
as

 c
al

cu
la

te
d 

an
d 

us
ed

ED
 v

is
its

CC
D

Co
nd

iti
on

al
 

   
�lo

gi
st

ic
 

re
gr

es
si

on

7.
1 

(6
.3

)
Si

ng
le

-p
ol

lu
ta

nt
 m

od
el

1.
07

2 
(1

.0
42

, 1
.1

00
) f

or
 3

-d
 a

ve
ra

ge
 IQ

R 
in

cr
ea

se

Re
f, 

re
fe

re
nc

e 
nu

m
be

r; 
HA

, h
os

pi
ta

l a
dm

is
si

on
; E

D,
 e

m
er

ge
nc

y 
de

pa
rtm

en
t; 

GL
M

, g
en

er
al

ize
d 

lin
ea

r m
od

el
; G

AM
, g

en
er

al
ize

d 
ad

di
tiv

e 
m

od
el

; N
A,

 n
ot

 a
va

ila
bl

e;
 IQ

R,
 in

te
rq

ua
rti

le
 ra

ng
e;

 T
S,

 ti
m

e 
se

rie
s;

 C
CD

, 
ca

se
-c

ro
ss

ov
er

 d
es

ig
n;

 P
M

, p
ar

tic
ul

at
e 

m
at

te
r; 

SD
, s

ta
nd

ar
d 

de
va

iti
on

; C
I, 

co
nfi

de
nc

e 
in

te
rv

al
; I

CU
, i

nt
en

si
ve

 c
ar

e 
un

it;
 C

O,
 c

ar
bo

n 
m

on
ox

id
e;

 S
O 2

, s
ul

fu
r d

io
xi

de
; N

O 2
, n

itr
og

en
 d

io
xi

de
; O

3, 
oz

on
e.

 
1 M

ed
ia

n 
va

lu
e 

of
 th

e 
da

ily
 P

M
2.

5 d
is

tri
bu

tio
n 

du
rin

g 
th

e 
en

tir
e 

st
ud

y 
pe

rio
d.

 T
hi

s 
st

ud
y 

do
es

n’
t p

re
se

nt
 th

e 
ar

ith
m

et
ic

 m
ea

n 
of

 P
M

2.
5.

2 Th
e 

au
th

or
s 

re
ga

rd
ed

 a
st

hm
a 

m
or

bi
di

ty
 a

s 
ho

sp
ita

l e
nc

ou
nt

er
s 

w
hi

ch
 c

ou
nt

ed
 b

ot
h 

HA
 a

nd
 E

D 
vi

si
ts

. 

Ta
bl

e 
1.

  C
on

tin
ue

d 
fro

m
 th

e 
pr

ev
io

us
 p

ag
e 



213

Effect of PM2.5 on Asthma in Children

After extracting all effect estimates and CIs from the main 
body of each research paper and its supplementary materials, 
we broke it down to a total of 244 effect estimates. Of those, 
we selected 33 representative effect estimates from each 
study to use in our primary meta-analysis. 

Primary Meta-analysis
In the random effects model, we were able to find that 

when the concentration of PM2.5 increased by 10 μg/m3, the 
risk of a child’s hospital admission or ED visit increased by 4.8% 
(RR, 1.048; 95% CI, 1.028 to 1.067). The I-squared value, which 
shows the heterogeneity of the included studies, was 95.6%, a 
high figure. We presented a forest plot for the included effect 
estimates and pooled estimates (Figure 2).  

Publication Bias
To schematically examine the tendency toward publication 

bias, we found a relatively symmetrical shape in the funnel 
plot and confirmed that there was not much of a bias because 
there was not statistically significant (p=0.42) in the Egger ‘s 
test (Figure 3).

Category-specific Meta-analyses
We found that the effects are greater on children below the 

age of five than on children ages 5 to 19, in warmer seasons, 

and in North America and Europe than in Asia. The pooled ef-
fect estimates extracted through the multi-pollutant model 
was also statistically significant (RR, 1.040; 95% CI, 1.022 to 
1.057). According to the lags, the effect changed greatly from 
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Figure 3. Funnel plot for a possible selection bias in the primary meta-analysis (A). After removing three estimates (Anderson 
et al. [8], Tecer et al. [12], and Halonen et al. [13]) from the right-lower area in A, still symmetrical shape is shown (B). Each black 
circle denotes each effect estimate of the selected studies, and the vertical red dotted line denotes the pooled random effect risk 
ratio in the primary meta-analysis. The p-value is derived from Egger’s test. 

Figure 2. Forest plot for selected effect estimates in primary 
meta-analysis. RR, relative risk; CI, confidence interval; Wt, 
weight. 
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0.2% to 6.5%, and the effect was large for 3-day lag and 3-day 
average lag (Table 2). 

Meta-regression Analyses
We did not find a tendency toward change in the statistical-

ly significant RR according to the time of study and the stan-
dard deviation of the background concentration of the region 
of study. We found a negative tendency in the mean PM2.5 
concentration by the region of study, but it was not statistical-

ly significant (β=-0.0008, p=0.14) (Figure 4).

DISCUSSION

In the primary meta-analysis of the effect estimates ob-
tained from the 26 studies, we found that in the short-term, 
when the concentration of PM2.5 increased 10 μg/m3, the risk 
of a child’s hospital admission or ED visit increased 4.8%, 
which is statistically significant. The effect of PM2.5 could be 
considered quite robust, since the effect was maintained to 
4.0% even when we pooled the estimates extracted by the 
multi-pollutant model in this study. This number is greater 
than the 2.3% found among the total population presented in 
the aforementioned study of Zheng et al. [5]. These results 
show that children are more vulnerable to air pollution be-
cause their alveoli and airways are still growing, their immune 
systems are underdeveloped, and they spend more time out-
doors, which increases ventilation [38].

Based on known biological mechanisms, the generation of 
reactive oxygen species (ROS) is accelerated because of the 
transition metal included in PM2.5. Oxidative stress from ROS 
may be related to epithelial cell destruction and allergic in-
flammation, and this process is known to be related to exacer-
bation of asthma [39]. Meanwhile, previous studies reported 

Ri
sk

 ra
tio

Study mean concentration (μg/m3)

p=0.14

10	 20	 30	 40	 50	 60

1.25

1.20
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Figure 4. Bubble plot and regression line for mixed-effect 
meta-regression of study mean fine particulate matter (PM2.5) 
concentration and effect estimate. The black circles denote 
each effect estimate and their sizes represent each weight. 
The bold red line indicates a linear relationship between 
study mean PM2.5 concentration and relative risk and the 
black dotted lines indicate a 95% confidence interval.

Table 2. Results of category-specific meta-analyses

No. of study 
(no. of estimate) RR (95% CIs)1 I2 (%)

Age2

<5 7 (9) 1.044 (1.017, 1.071) 81.9

5-18 12 (15) 1.027 (1.011, 1.043) 76.8

Outcome

HA 10 (15) 1.048 (1.029, 1.067) 77.7

ED visits 15 (17) 1.027 (1.011, 1.044) 79.5

Season

Cold 7 (8) 1.015 (0.994, 1.037) 57.1

Warm 9 (11) 1.085 (1.051, 1.119) 94.8

Study design

TS 15 (19) 1.028 (1.015, 1.041) 76.9

CCD 13 (17) 1.051 (1.020, 1.084) 96.6

Area

North America 14 (19) 1.047 (1.019, 1.076) 96.1

Europe 8 (11) 1.075 (1.030, 1.123) 65.9

China 3 (3) 1.019 (1.013, 1.025) 0.0

Multipollutant model

No 25 (33) 1.054 (1.037, 1.071) 96.0

Yes 13 (18) 1.040 (1.022, 1.057) 83.1

Time lag (d)

0 (same day) 12 (14) 1.018 (1.005, 1.028) 60.9

1 11 (13) 1.018 (1.005, 1.030) 59.6

2 8 (8) 1.002 (0.984, 1.021) 84.6

3 10 (11) 1.030 (1.015, 1.045) 66.6

4 4 (4) 1.016 (0.969, 1.065) 83.1

5 5 (6) 1.019 (0.975, 1.065) 93.5

Average

2 3 (7) 1.065 (1.020, 1.113) 81.7

3 11 (15) 1.019 (1.006, 1.033) 82.2

5 10 (14) 1.025 (1.007, 1.043) 77.4

6 3 (5) 1.029 (0.938, 1.129) 69.9

RR, relative risk; CI, confidence interval; HA, hospital admission; ED, emer-
gency department; TS, time-series; CCD, case-crossover design.
1Calculated by DerSimonian and Laird random effects model [33].
2There are two exceptions: Silverman et al. [14] and Iskandar et al. [18]: cut-
off age is six.
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that arginase may participate in a process that fine particles 
exacerbate childhood asthma [40]. In vivo studies report that 
the overexpression of arginase influences the hyperrespon-
siveness of airways [41] and that fine particles exacerbate the 
airway’s responsiveness in asthma in murine models [42]. Hu-
man epidemiological studies have shown that the variation of 
the ARG1 and ARG2 genes—which are related to the manifes-
tation of arginase in childhood asthma patients—is statistical-
ly significant [40,43]. 

In the preceding meta-analyses by Zheng et al. [5], they sug-
gested 20 relevant studies on children’s asthma. We found a 
discrepancy between the selected studies of Zheng et al. [5] 
and ours even aside from seven papers published more re-
cently. They cited several studies that we excluded in the pro-
cess of extracting eligible studies. On the other hand, the six 
studies included in this study were not cited by the preceding 
study. We selected studies and extracted results carefully fo-
cusing on children. Therefore, we believe that the 26 referenc-
es selected for this study comprise the best selection. 

We found that when the concentration of PM2.5 increased by 
10 μg/m3, the risk of a child’s hospital admission or ED visit in-
creased by 4.8%. This value is greater than the 2.5% increase 
in children found in the preceding meta-analysis by Zheng, et 
al. [5]. The following are some reasons to explain this differ-
ence. First, the newly added original studies included several 
studies in which the RR exceeded 1.10 when the measure of 
effect estimates was converted to 10 μg/m3 per increase 
[7,9,13,20,23,28]. Second, while the previous study pooled the 
effect estimates from the 0-day, 1-day, or 2-day average lags, 
we used the model with the greatest effect size out of the lags 
reported in the original studies.      

In this study, we found a difference in RR according to the 
season, and during the warmer seasons, the RR was 1.085 
(95% CI, 1.051 to 1.119). The studies included in our meta-
analysis showed quite consistent results [9,20,22,23,31]. We 
thought the reason for this was that during warmer seasons, 
children spend more time outdoors and therefore spend more 
time exposed to PM2.5. In addition, greater ventilation of build-
ings during these seasons makes it easier for air pollutants to 
penetrate inside the buildings. It was reported that the indi-
vidual exposure concentration of PM2.5 that people living in 
well-ventilated environments showed high correlation to the 
concentration of the atmosphere [44]. The difference in com-
ponents of PM2.5 according to the season may also be related, 
but because the extent of heterogeneity by region is too great, 

the evidence is not yet definitive [45-47]. 
In terms of the design of the studies, the pooled RRs for the 

time-series and the case-crossover design studies were 1.028 
and 1.051, respectively. For the case-crossover design, the OR 
was calculated using the conditional logistic regression model. 
Compared to the RR, the OR has a tendency to overestimate 
the actual risk. However, it may be thought as a closer repre-
sentation of reality than the exposure assessment of the time-
series because a recently published case-crossover study more 
accurately matched air pollutants using the addresses of indi-
viduals [20,21,25,26]. Residential information of patients en-
tering hospitals or visiting the ED cannot be reflected in time-
series. If we suppose that PM2.5 having an influence on exacer-
bating asthma as true, even in one study region, there is a 
possibility that the large effect in certain area with a high con-
centration could be diluted because of smaller effects in other 
area with a low concentration. We think that the actual effect 
is somewhere between the RRs of the time-series studies and 
the ORs of the case-crossover studies. 

When we examine the pooled RR of each lag, we can see 
that there is up to a 6% difference in value depending on the 
type of model. The effects of both the concentration three 
days before (3-day lag) and the average concentration over 
three days (3-day average lag) were considerable. This result is 
somewhat difficult to interpret. We need to consider the fol-
lowing factors when dealing with lags: that the ethnicities of 
the subject of study differ by regions and an accessibility to 
health services could change depending on the time of study.
Through meta-regression analysis, we found a negative ten-
dency among effect sizes depending on the mean concentra-
tion of PM2.5, but it was not statistically significant. Aside from 
the three studies in China which the mean concentrastion ex-
ceeded 30 μg/m3 (Figure 4), we did not find a negative ten-
dency in the meta-regression analysis (β=-0.0004, p=0.90). 
Therefore, we could not draw conclusions in this study regard-
ing such a limited tendency. A negative tendency means that 
the effect on asthma is smaller for regions where the mean 
concentrations of PM2.5 are higher. This means that the rela-
tionship between the mean concentration and the childhood 
asthma could be non-linear, or more specifically, supra-linear.  

When we examine the results according to region in the cat-
egory-specific analyses, the pooled RR of the three studies 
conducted in Shanghai and Hong Kong was 1.019, which is a 
smaller value than those in North America (1.047) and Europe 
(1.075). This is similar to the results of the previous meta-anal-
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ysis that examined the short-term effects of PM2.5 on total 
mortality and cardiorespiratory mortality, and found that the 
pooled estimate in China was lower than in the US, Europe, Ja-
pan, and Australia [48]. A hypothesis that the components of 
PM2.5 in China are different from those of developed countries 
was raised regarding this finding. In other words, in China, the 
contributions of coal combustion and desert dust—rather 
than exhaust from automobiles—were greater than in other 
regions.

However, in a preceding meta-regression analysis including 
studies on PM10 and cardiorespiratory mortality conducted in 
China only, a statistically significant negative tendency was re-
ported regarding the association between the mean concen-
trations of study regions and the effect sizes [49]. A study con-
ducted across 27 US regions also reported that the effect of 
PM2.5 was greater in regions with lower background mean 
concentration, even though the result was not statistically sig-
nificant [50]. In a cohort study on the effect of PM2.5 on cardio-
respiratory mortality, the risks with the concentration level 
formed a supra-linear shape [2]. Therefore, for the regional ef-
fect variation in this study, the hypothesis that the effect was 
lowered in high concentrations seems more plausible, since 
only groups with resistance remain and detrimental effects on 
individuals vulnerable to PM2.5 occur in lower concentrations. 

There are many other genetic and environmental factors re-
ported to cause childhood asthma besides PM2.5. Another hy-
pothesis, following hygiene theory, states that allergic reac-
tions decrease when children are exposed to micro-organisms 
because immune reactions are suppressed. Since westerniza-
tion is still in progress in China, the effects of PM2.5 on asthma 
may be small [51,52]. There may be an objection to this state-
ment since the three Chinese studies included in this study 
were conducted in Shanghai and Hong Kong, two very west-
ernized large cities, but the infrastructure of the residences 
and the lifestyles of children growing up in such regions are 
different from those of North America and Europe. 

There are some limitations of this study. First, outpatient vis-
its, use of inhalers, and other symptom outbreaks could all be 
considered health effects and consequences, but we confined 
the results to hospital admissions and ED visits which were 
mainly reported in previous studies. Therefore, the pooled ef-
fect estimate reported in our study might be underestimated. 
But in a study that uses surveys on symptoms and use of in-
halers, the period between the exposure and outbreak could 
be imprecise. Moreover, results from a survey could be subjec-

tive. In cases of outpatient visits, we cannot exclude periodic 
follow-up cases. Second, we combined the RRs with the ORs 
because we deemed the OR to be proxy to the RR. Because of 
this, we may have calculated an overestimated value rather 
than the actual risk. However, in the case of Korea, hospitaliza-
tion due to asthma among children between the ages of zero 
to 19 was 0.14% in 2014 [53]. The frequency of hospital admis-
sions or ED visits due to asthma is rare so a possible bias will 
be negligible. Third, we could not control the innate heteroge-
neity of the selected studies. Components of PM2.5, ethnicities 
of the study population, and accessibility to health service as 
well as different age range, season, and adjusting variables or 
parameters in statistical models all probably affected the het-
erogeneity of the studies. However, we did not find a signifi-
cant decrease of heterogeneity (Table 2). In order to obtain a 
more accurate pooled effect estimate, a meta-analysis should 
be conducted after an in-depth examination of the methods 
and quality of research. 

The strength of this study is that we newly included seven 
recent studies in our meta-analysis. In addition, with a focus 
on children, we examined variations in effect of different pos-
sible factors, and presented the direction for future studies. In 
particular, we raised the need for an epidemiological study on 
regions besides China with high concentrations of PM2.5. 

CONCLUSION

We found that in the short-term, when the concentration in-
creased by 10 μg/m3, the risk of a child’s hospital admission or 
ED visit increased by 4.8%. If we consider the fact that air pol-
lution affects a vast range of regions and many populations, 
this is not a negligible figure. A more fundamental solution is 
the reduction of the matter from emission sources, so we need 
to conduct studies on sources that emit PM2.5 and draft feasi-
ble environment-friendly policies for such emission sources.
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