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The aim was to investigate the effects of the 3-h mean concentration of suspended particu-
late matter (SPM) on peak expiratory flow (PEF) in asthmatic children. Subjects were 4- to
11-year-old boys and girls with asthma in Fukuoka, Japan. Daily measurements of PEF were
made between April 2002 and March 2003. PEF was measured morning and evening. To as-
sess the association between 3-h mean concentrations of SPM and morning PEF and evening
PEF separately, we used generalized estimating equations. All models took into consideration
seasonal effects: modified effects were examined using a two-level indicator variable for the
warmer months (April through September) and the colder months (October through March).
Among the 70 asthmatic children, 44 were boys. In warmer months, declines in morning PEF
for 10 µg/m3 differences in 3-h concentration of SPM measured at 2 a.m. to 5 a.m. of the same
day and 11 p.m. to 2 a.m. and 8 p.m. to 11 p.m. of the previous day were −0.78 L/min (95%
CI: −1.40, −0.16), −0.61 L/min (−1.18, −0.05) and -0.73 L/min (−1.32, −0.15), respectively.
Results were robust even after adjustment for other air pollutants. We also found that declines
in evening PEF were weakly associated with increases in 3-h concentrations of SPM in warmer
months, but the associations were not statistically significant. In colder months we did not find
any robust association between SPM and morning/evening PEF. In conclusion, an increased 3-h
concentration of SPM is associated with declines in PEF in warmer months.

INTRODUCTION
Many epidemiological studies across varied environmental

conditions have indicated an acute impact of ambient air pollu-
tion on lung function (USEPA, 2004; Ward and Ayres, 2004).
Children are considered to be more sensitive to air pollution
than adults (Pope and Dockery, 1992). Environmental causes of
asthma are usually related to climatic conditions that promote the
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appreciable concentration of atmospheric pollutants and anti-
gens. Under these circumstances, although those in the gen-
eral population can develop respiratory symptoms, persons with
asthma and other respiratory diseases tend to be more severely
affected. For example, the sensitivity to ambient particulate mat-
ter (PM) differs between asthmatic and non-asthmatic children.
Results of examination of the association between daily con-
centrations of PM and peak expiratory flow (PEF) in asthmatic
children tended to show decrements with increasing concentra-
tions of PM (USEPA, 2004). On the other hand, results of studies
that examined the association between daily concentrations of
PM and PEF in non-asthmatic children were inconsistent, with
fewer studies reporting results similar to those for asthmatic
children (USEPA, 2004). Given the conclusion that asthmatic
children were more sensitive to PM than non-asthmatic chil-
dren, the effects of transiently high concentrations of PM on
lung function remain unclear. Nemmar et al. (2002) found that
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inhaled nanoparticles could be detected in blood as early as
1 min after inhalation and could remain at their maximum level
in blood for up to 60 min, concluding that inhaled particles pass
rapidly into the systemic circulation. On the other hand, Mills
et al. (2006) found that the majority of inhaled nanoparticles
remained within the lung for up to 6 h after inhalation. Whether
inhaled nanoparticles can readily access the circulation in hu-
mans is controversial and is the subject of intense research debate
(Mills et al., 2007). However, evidence of acute health effects
of air pollutants has been shown (Salvi et al., 1999; Scapellato
et al., 2007). Transiently high concentrations of PM have been
observed from hourly data, but have not been observed from
daily data (Shoji and Tsukatani, 1973). To look for links be-
tween hourly short-term air pollution and pulmonary function,
we collected and analyzed hourly air-pollution data and records
of lung function testing noted in a health diary among asthmatic
children.

MATERIALS AND METHODS
Subjects and PEF Measurements

The study was conducted in Fukuoka, which is designated as a
major city by the government of Japan. Subjects were 4 to 11 year
olds who were diagnosed as having asthma by a pediatrician and
who received treatment at Fukuoka National Hospital. They par-
ticipated in swimming exercise sessions which were conducted
by the hospital to improve the health of asthmatic children. Ses-
sions were held in an indoor swimming pool attached to the hos-
pital. Table 1 summarizes the characteristics of the 70 asthmatic
children (44 boys, 36 girls; mean age 7 y, range 4 to 11 y), with
a mean height in April 2002 of 118 cm (range: 100 to 139 cm).
With respect to medication, 34 children (49%) used medication
of any kind for >90% of the days for which the diary was com-
pleted and 19 (27%) used medication of any kind for ≤10% of
the days for which the diary was completed. With respect to the
severity of asthma, 7 (10%) experienced attacks >10% of the
days for which the diary was completed. Daily measurements of
PEF were made between April 1, 2002 and March 31, 2003. PEF
was measured with a MiniWrite peak flow meter (Clement Clark
International Limited, Essex, UK) at the child’s home twice a
day, once before breakfast (hereafter, morning measurement)
and once before evening bedtime (hereafter, evening measure-
ment). Both PEF measurements were done before any medica-
tion was taken. Participants and their parents were instructed on
how to perform the PEF measurements. Each test consisted of
three maneuvers, and participants were instructed to enter the
largest PEF readings in a diary noting whether the measurement
was a morning or evening measurement. The exact time of the
measurements was not recorded.

Air Pollutants
Suspended particulate matter (SPM) is defined under the

Japanese Air Quality Standard as any particle collected with
an upper 100% cut-off point of an aerodynamic diameter of

TABLE 1
Demographic characteristics of subjects

Subject (N = 70)

Sex
Boy 44 63%
Girl 26 37%

Age (y)
4 to5 26 37%
6 to 7 23 33%
8 to 9 14 20%
10 to 11 7 10%

Height (cm)a

<110 17 24%
110 to 119 22 31%
120 to 129 18 26%
130 to 140 13 19%

Frequency of medication (%)b

≤10 19 27%
11 to 50 9 13%
51 to 90 8 11%
91 to 100 34 49%

Frequency of asthma attack (%)c

0 24 34%
0< to 1 15 22%
1< to 10 24 34%
10< to 100 7 10%

Ethnicity
Japanese 70 100%

a Range: 99.5 cm to 139.2 cm.
b Percentage of any days subjects took medication among measured
days.
c Percentage of asthma attack days among measured days.

10 µm. The 50% cut-off diameter for SPM is assumed to be
approximately 7 µm; therefore, we referred to this variable
as PM7 (USEPA, 2004). In Japan, hourly and 24 h (0 a.m. to
0 a.m.) mean concentrations of SPM are measured and recorded
at government managed monitoring stations. We used data
from the monitoring station nearest to the hospital in Minami-
Ward, Fukuoka, Japan. The monitoring station was located
on a residential street. Hourly concentrations of SPM, nitro-
gen dioxide (NO2), and ozone (O3) from April 2002 through
March 2003 were used. For this study, the 3-h mean concen-
trations of air pollutants were calculated. Hourly temperature
data for the area were obtained from the Japan Meteorological
Agency.

Statistical Methods
To examine the association between 3-h mean concentrations

of air pollutants and PEF, we used generalized estimating equa-
tions (GEE) (Liang and Zenger, 1986). We examined 3-h mean
concentrations because we could not obtain data on the exact
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HOURLY AMBIENT PARTICLES AND LUNG FUNCTION 1265

time when PEF was measured, and we thought that children
would awaken between 5 a.m. and 8 a.m. and go to bed be-
tween 7 p.m. and 10 p.m. These models correct for repeated
measurements in response data. Standard error of the regression
estimate is therefore adjusted for the fact that responses from any
one subject are likely to be correlated. This method generates ro-
bust estimators regardless of the specifications of the covariance
matrix. As autocorrelation is included in the covariance, coeffi-
cients can be interpreted as usual. We estimated the difference
in PEF according to each 10 µg/m3 increment or decrement in
SPM adjusted for sex, age at baseline survey, height at baseline
survey, growth index and temperature (single-pollutant model).
With respect to the growth index, it was defined not only as the
growth of children from April 2002 to the month when PEF was
measured, but also as a seasonal index, because it was a categori-
cal variable that denoted the number of months passed from April
2002 to the month when PEF was measured. We also estimated
the difference in PEF according to each 10 µg/m3 difference in
SPM adjusted for 10 ppb differences in NO2 and 10 ppb differ-
ences in O3 and adjustment for the variables described above
(multi-pollutant model). Morning and evening PEF values were
used as dependent variables separately because of adjustments
for the circadian rhythm. With respect to the temperature as an
adjustment variable, it was measured at 8 a.m. of the same day
as the morning PEF examination. For the evening PEF test, the
temperature at 10 p.m. of the same day was used as an adjustment
variable. For the morning PEF examination, the assessed time
periods for the 3-h mean concentration of air pollutants were 5
am to 8 am on the same day as the examination and 2 a.m. to 5
a.m., 11 p.m. to 2 a.m., and 8 p.m. to 11 p.m. on the previous
day. With respect to the evening PEF examination, the assessed
time periods for 3-h mean concentration of air pollutants were
7 p.m. to 10 p.m., 4 p.m. to 7 p.m., 1 p.m. to 4 p.m., and 10 a.m.
to 1 p.m. on the same day as the measurement.

We also examined the association between the 24-h mean
concentration of air pollutants and PEF. With regard to the morn-
ing PEF, the hourly data were summarized over a 24-h period
(8 a.m. to 8 a.m.) while those for the evening PEF test were from
10 p.m. to 10 p.m. All models took into consideration the effects
of the season: modified effects were examined using a two-level
indicator variable for the warmer months (April through Septem-
ber) and the colder months (October through March). In addition,
we examined details of the seasonally modified effects using a
6-level indicator variable for April through May, June thorough
July, August through September, October through November,
December through January, and February through March. The
GENMOD procedures of SAS release 9.1 (SAS Institute, Inc.,
Cary, NC) were used to perform the GEE. All tests were 2-tailed,
and alpha was set at 0.05.

RESULTS
Among the 70 asthmatic children there were 16,158 PEF

measurements in the morning and 15,240 in the evening, with

an average of 230 per child morning measurements and 218 per
child evening measurements. Figure 1 shows the mean PEF and
the minimum and the maximum PEF for each child, ordered by
age. The 3-h mean concentrations of air pollutants are shown
in Table 2. Table 3 shows the correlation coefficient of hourly
measured concentrations at 8 a.m. and 10 p.m. and the correla-
tion coefficient of 24-h measured concentrations for the warmer
months and colder months from April 2002 through March
2003.

Association Between 3-h Concentration of SPM and PEF
Table 4 shows the association between air pollutants and

morning and evening PEF measurements separately for warmer
and colder months. In the single-pollutant model, a decline in
morning PEF was associated with the 3-h mean concentration
of SPM during the period from 5 a.m. to 8 a.m. We also found
that a decline in morning PEF was associated with the 3-h mean
concentration of SPM measured in the periods of 2 a.m. to 5
a.m., 11 p.m. to 2 a.m., and 8 p.m. to 11 p.m. Some of the signif-
icant associations remained even after adjustment for other air
pollutants using the multi-pollutant model (2 a.m. to 5 a.m., 11
p.m. to 2 a.m., and 8 p.m. to 11 p.m.). A decline in evening PEF
was weakly associated with the 3-h mean concentration of SPM
in warmer months, but the associations were not statistically
significant with both the single- and multi-pollutant model.

Table 5 shows the association during the colder months be-
tween air pollutants and morning and evening PEF measure-
ments separately, but no significant associations were shown
with both the single- and multi-pollutant model. The effect es-
timates were even in the opposite direction.

Figure 2 shows the association between air pollutants and
morning and evening PEF measurements separately for specific
seasons using a multi-pollutant model. A significant association
was found between morning PEF and SPM measured in June
through July.

Other than for SPM, we did not find any associations between
3-h O3 or NO2 and morning/evening PEF in warmer/colder
months. Temperature was associated with an increase in PEF
in warmer months in the morning (0.73 L/min (95% confiden-
tial interval (CI): 0.18–1.29) increment for 1◦C increment) and
in the evening (0.67 L/min (95% CI: 0.13–1.21) increment for
1◦C increment), but not in colder months.

Association Between 24-h Concentration of SPM and PEF
For warmer months we observed an association between the

24-h concentration of SPM and morning PEF with the single-
pollutant model. The difference in morning PEF according to 10
µg/m3 increments in SPM was −0.818 L/min (95% CI: −1.474,
−0.162). However, the statistical significance disappeared when
we examined the association using the multi-pollutant model.
We did not find any association between air pollutants and
evening PEF in warmer months. In colder months we also did not
find any association between the 24-h concentration of SPM and
morning/evening PEF with the single-/multi-pollutant model.
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1266 H. ODAJIMA ET AL.

FIG. 1. Mean peak expiratory flow (PEF) and minimum and maximum PEF in each child in order of age. (A) morning PEF, (B)
evening PEF.

Other than SPM, we did not find any association between 24-h
O3 or NO2 and morning/evening PEF in warmer/colder months.

DISCUSSION
In this study, declines in morning PEF were associated with

increasing 3-h concentrations of SPM in warmer months, a re-
sult that persisted even after adjustment for other air pollutants.
We also found that declines in evening PEF were weakly as-
sociated with increasing 3-h concentrations of SPM in warmer
months, but the associations were not statistically significant.
We did not find any robust associations between SPM and both

morning and evening PEF in colder months, and the effect es-
timates were even in the opposite direction. With respect to the
24-h mean concentration of SPM, we found a significant as-
sociation between SPM and morning PEF in warmer months
with the single-pollutant model. However, when we analyzed
the association using the multi-pollutant model, the significant
association disappeared.

There is a question as to why the association between SPM
and PEF was found only in warmer months. Previous studies
have not resolved this question. For example, Roemer et al.
(1993) found an association between the daily concentration of
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TABLE 2
Summary statistics of 3-h mean concentration of air pollutants

Days for
measurement Mean

Standard
deviation Minimum Maximum

Warmer monthsa

5 a.m. to 8 a.m.
SPM (µg/m3) 130 40.7 23.3 11.0 126.0
NO2 (ppb) 130 15.2 7.2 1.3 44.7
O3 (ppb) 130 17.7 12.4 0.3 52.3

7 p.m. to 10 p.m.
SPM (µg/m3) 131 41.5 28.2 8.3 191.3
NO2 (ppb) 131 20.0 9.4 3.0 51.3
O3 (ppb) 131 28.1 15.5 1.3 71.3

Colder monthsa

5 a.m. to 8 a.m.
SPM (µg/m3) 170 32.6 19.9 9.0 160.3
NO2 (ppb) 170 20.5 8.8 1.3 44.0
O3 (ppb) 170 17.5 14.3 0.6 48.7

7 p.m. to 10 p.m.
SPM (µg/m3) 170 34.7 18.8 10.3 131.0
NO2 (ppb) 170 28.0 11.0 3.6 49.0
O3 (ppb) 170 19.4 14.6 1.0 60.0

SPM: suspended particulate matter (considered as PM7); NO2: nitrogen dioxide; O3: ozone.
a Warmer months: April to September; colder months: October to March.

PM10 and PEF in children with chronic respiratory symptoms
in winter in the Netherlands. Neas et al. (1996) found a weak
association in the summer in the USA between the 12-h day-
time concentration of PM2.1 and evening PEF of children who

TABLE 3
Coefficients of correlation between hourly measured and 24-h

concentration of SPM, NO2, and O3

Correlation coefficient

Warmer monthsa Colder monthsa

8 a.m.
SPM-O3 0.092 −0.213
SPM-NO2 0.316 0.373
O3-NO2 −0.253 −0.692

10 p.m.
SPM-O3 0.203 −0.098
SPM-NO2 0.257 0.345
O3-NO2 −0.297 −0.782

24-h mean
SPM-O3 0.32 −0.02
SPM-NO2 0.30 0.45
O3-NO2 0.08 −0.72

SPM: suspended particulate matter (considered as PM7); NO2: ni-
trogen dioxide; O3: ozone.
a Warmer months, April to September; Colder months, October to
March.

were not being medicated for asthma. Tiittanen et al. (1999)
found an association between the daily concentration of PM and
PEF in children with chronic respiratory symptoms in March
through April in Finland. On the other hand, Just et al. (2002)
found no association between daily concentrations of PM and
PEF in asthmatic children in April through July in Paris. There
are some differences between these previous studies and the
present study, such as ethnicity, concentration of air pollutants,
correlation coefficients for air pollutants, and perhaps even com-
position of particulate matter. Moreover, the difference between
indoor and outdoor pollution in winter might be larger than in
summer because of indoor heating. That is, potential explana-
tions could include better exposure characterization by central
site monitoring because children spend more time outdoors in
warmer months than in colder months, and the indoor/outdoor
relationship may be stronger in warmer months than in colder
months (Koenig et al., 2005; Katsouyanni et al., 2001). These
factors may have obscured a possible association of PEF with
SPM in colder months in this study.

A second question is why the association between SPM and
PEF was found only in the morning, but not in the evening. Many
studies have suggested that the concentration of outdoor particu-
late air pollution is associated with PEF; however, few have dis-
cussed the inconsistency between morning and evening PEF. For
example, Roemer et al. (1993) examined daily concentrations of
PM10 and PEF in children with chronic respiratory symptoms
in winter and found that the difference in morning PEF for 10
µg/m3 differences in PM10 was −0.41 L/min (p < 0.05) and the

In
ha

la
tio

n 
T

ox
ic

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
In

st
itu

to
 S

up
er

io
re

 d
i S

an
ita

 o
n 

05
/3

1/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TA
B

L
E

4
C

ha
ng

e
of

m
or

ni
ng

an
d

ev
en

in
g

PE
F

ac
co

rd
in

g
to

un
it

ch
an

ge
in

3-
h

co
nc

en
tr

at
io

n
of

ai
r

po
llu

ta
nt

s
in

A
pr

il
th

ro
ug

h
Se

pt
em

be
r

(L
/m

in
)

M
ul

ti-
po

llu
ta

nt
m

od
el

a
Si

ng
le

-p
ol

lu
ta

nt
m

od
el

b

T
im

e
pe

ri
od

s
SP

M
C

ha
ng

ec
(9

5%
C

I)
O

3
C

ha
ng

ec
95

%
C

I
N

O
2

C
ha

ng
ec

(9
5%

C
I)

SP
M

C
ha

ng
ec

(9
5%

C
I)

Fo
r

ex
am

in
in

g
m

or
ni

ng
PE

F
5

a.
m

.–
8

a.
m

.
−0

.6
00

(−
1.

22
8,

0.
02

8)
−0

.5
75

(−
1.

56
9,

0.
41

9)
−0

.3
00

(−
2.

24
6,

1.
64

5)
−0

.6
70

(−
1.

23
6,

−0
.1

04
)∗

2
a.

m
.–

5
a.

m
.

−0
.7

80
(−

1.
39

9,
−0

.1
61

)∗
−0

.0
52

(−
0.

99
7,

0.
89

3)
0.

26
5

(−
1.

35
4,

1.
88

5)
−0

.7
61

(−
1.

32
8,

−0
.1

94
)∗

11
p.

m
.d

–2
a.

m
.

−0
.6

12
(−

1.
18

0,
−0

.0
45

)∗
−0

.3
05

(−
1.

26
9,

0.
65

8)
−0

.1
87

(−
1.

44
7,

1.
07

3)
−0

.6
61

(−
1.

15
9,

−0
.1

63
)∗

8
p.

m
.d

–1
1

p.
m

.d
−0

.7
32

(−
1.

31
8,

−0
.1

45
)∗

−0
.4

16
(−

1.
28

3,
0.

45
1)

0.
43

2
(−

0.
68

9,
1.

55
3)

−0
.7

14
(−

1.
21

2,
−0

.2
15

)∗

Fo
r

ex
am

in
in

g
ev

en
in

g
PE

F
7

p.
m

.–
10

p.
m

.
−0

.4
49

(−
1.

07
1,

0.
17

4)
−0

.2
20

(−
1.

17
1,

0.
73

1)
0.

29
6

(−
0.

80
6,

1.
39

7)
−0

.4
49

(−
0.

95
6,

0.
05

8)
4

p.
m

.–
7

p.
m

.
−0

.4
34

(−
1.

12
2,

0.
25

4)
−0

.1
18

(−
0.

80
9,

0.
57

4)
0.

22
0

(−
0.

81
8,

1.
25

8)
−0

.4
49

(−
1.

02
9,

0.
13

1)
1

p.
m

.–
4

p.
m

.
−0

.4
15

(−
1.

01
5,

0.
18

4)
−0

.1
86

(−
0.

88
8,

0.
51

6)
0.

43
8

(−
0.

56
8,

1.
44

4)
−0

.4
14

(−
0.

94
3,

0.
11

5)
10

a.
m

.–
1

p.
m

.
−0

.5
22

(−
1.

19
9,

0.
15

5)
−0

.3
15

(−
1.

12
3,

0.
49

3)
0.

53
6

(−
0.

54
6,

1.
61

7)
−0

.4
86

(−
1.

05
1,

0.
07

9)

SP
M

:s
us

pe
nd

ed
pa

rt
ic

ul
at

e
m

at
te

r
(c

on
si

de
re

d
as

PM
7
);

N
O

2
:n

itr
og

en
di

ox
id

e;
O

3
:o

zo
ne

;P
E

F:
pe

ak
ex

pi
ra

to
ry

flo
w

.
∗ P

<
0.

05
.

a
In

de
pe

nd
en

tv
ar

ia
bl

es
in

th
is

M
od

el
w

er
e

SP
M

,O
3
.N

O
2
,a

ge
,s

ex
,h

ei
gh

t,
gr

ow
th

in
de

x,
an

d
te

m
pe

ra
tu

re
.

b
In

de
pe

nd
en

tv
ar

ia
bl

es
in

th
is

M
od

el
w

er
e

SP
M

,a
ge

,s
ex

,h
ei

gh
t,

gr
ow

th
in

de
x,

an
d

te
m

pe
ra

tu
re

.
c

C
ha

ng
e

of
PE

F
fo

r
10

µ
g/

m
3

in
cr

ea
se

of
SP

M
,a

nd
ch

an
ge

of
PE

F
fo

r
10

pp
b

in
cr

ea
se

of
N

O
2

/O
3.

d
D

ay
be

fo
re

PE
F

m
ea

su
re

m
en

t.

1268

In
ha

la
tio

n 
T

ox
ic

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
In

st
itu

to
 S

up
er

io
re

 d
i S

an
ita

 o
n 

05
/3

1/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TA
B

L
E

5
C

ha
ng

e
in

m
or

ni
ng

an
d

ev
en

in
g

PE
F

ac
co

rd
in

g
to

un
it

ch
an

ge
in

3-
h

co
nc

en
tr

at
io

n
of

ai
r

po
llu

ta
nt

s
in

O
ct

ob
er

th
ro

ug
h

M
ar

ch
(L

/m
in

)

M
ul

ti-
po

llu
ta

nt
m

od
el

a
Si

ng
le

-p
ol

lu
ta

nt
m

od
el

b

T
im

e
pe

ri
od

s
SP

M
C

ha
ng

c
(9

5%
C

I)
O

3
C

ha
ng

ec
95

%
C

I
N

O
2

C
ha

ng
ec

(9
5%

C
I)

SP
M

C
ha

ng
ec

(9
5%

C
I)

Fo
r

ex
am

in
in

g
m

or
ni

ng
PE

F
5

a.
m

.–
8

a.
m

.
0.

29
0

(−
0.

27
9,

0.
85

9)
−0

.4
15

(−
1.

56
8,

0.
73

8)
−0

.3
19

(−
2.

26
9,

1.
63

1)
0.

30
8

(−
0.

18
9,

0.
80

5)
2

a.
m

.–
5

a.
m

.
0.

43
1

(−
0.

17
3,

1.
03

6)
−0

.0
46

(−
1.

24
5,

1.
15

3)
0.

26
2

(−
1.

77
7,

2.
30

0)
0.

48
5

(−
0.

02
6,

0.
99

6)
11

p.
m

.d
–2

a.
m

.
0.

30
4

(−
0.

31
1,

0.
91

9)
0.

00
4

(−
1.

26
5,

1.
27

3)
0.

60
9

(−
1.

13
2,

2.
35

0)
0.

48
6

(−
0.

04
9,

1.
02

2)
8

p.
m

.d
–1

1
p.

m
.d

0.
01

0
(−

0.
52

3,
0.

54
3)

−0
.4

70
(−

2.
01

7,
1.

07
7)

0.
15

5
(−

1.
54

5,
1.

85
6)

0.
10

0
(−

0.
41

4,
0.

61
3)

Fo
r

ex
am

in
in

g
ev

en
in

g
PE

F
7

p.
m

.–
10

p.
m

.
0.

05
9

(−
0.

39
7,

0.
51

5)
−0

.6
56

(−
2.

39
4,

1.
08

3)
−0

.4
15

(−
2.

44
4,

1.
61

3)
0.

07
1

(−
0.

38
8,

0.
52

9)
4

p.
m

.–
7

p.
m

.
0.

36
0

(−
0.

09
3,

0.
81

2)
0.

04
6

(−
1.

14
0,

1.
23

2)
−0

.1
44

(−
1.

49
0,

1.
20

2)
0.

31
8

(−
0.

12
3,

0.
75

8)
1

p.
m

.–
4

p.
m

.
0.

35
7

(−
0.

15
7,

0.
87

1)
0.

16
4

(−
1.

03
8,

1.
36

5)
−0

.1
81

(−
1.

82
1,

1.
45

9)
0.

31
7

(−
0.

17
1,

0.
80

4)
10

a.
m

.–
1

p.
m

.
0.

16
9

(−
0.

39
4,

0.
73

1)
0.

66
5

(−
0.

61
3,

1.
94

2)
0.

19
4

(−
1.

50
3,

1.
89

0)
0.

11
2

(−
0.

41
2,

0.
63

6)

SP
M

:s
us

pe
nd

ed
pa

rt
ic

ul
at

e
m

at
te

r
(c

on
si

de
re

d
as

PM
7
);

N
O

2
:n

itr
og

en
di

ox
id

e;
O

3
:o

zo
ne

;P
E

F:
pe

ak
ex

pi
ra

to
ry

flo
w

.
∗ P

<
0.

05
.

a
In

de
pe

nd
en

tv
ar

ia
bl

es
in

th
is

M
od

el
w

er
e

SP
M

,O
3
.N

O
2
,a

ge
,s

ex
,h

ei
gh

t,
gr

ow
th

in
de

x,
an

d
te

m
pe

ra
tu

re
.

b
In

de
pe

nd
en

tv
ar

ia
bl

es
in

th
is

M
od

el
w

er
e

SP
M

,a
ge

,s
ex

,h
ei

gh
t,

gr
ow

th
in

de
x,

an
d

te
m

pe
ra

tu
re

.
c

C
ha

ng
e

in
PE

F
fo

r
10

µ
g/

m
3

in
cr

ea
se

of
SP

M
,a

nd
ch

an
ge

of
PE

F
fo

r
10

pp
b

in
cr

ea
se

of
N

O
2

/O
3.

d
D

ay
be

fo
re

PE
F

m
ea

su
re

m
en

t.

1269

In
ha

la
tio

n 
T

ox
ic

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
In

st
itu

to
 S

up
er

io
re

 d
i S

an
ita

 o
n 

05
/3

1/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1270 H. ODAJIMA ET AL.

FIG. 2. Change in morning and evening PEF according to increase in 3-h concentration of SPM in units of 10 µg/m3. Independent
variables in this Model were SPM, O3. NO2, age, sex, height, growth index, and temperature. ∗P<0.05.

difference in evening PEF for 10 µg/m3 differences in PM10 was
−0.28 L/min “(not significant (NS))”. Romieu et al. (1997) ex-
amined the daily concentration of PM10 and PEF in children with
mild asthma in April through July and November through Febru-
ary in Mexico City. The differences in morning and evening PEF
for 20 µg/m3 differences in PM10 were −1.37 L/min (NS) and
−0.53 L/min (NS), respectively. Pekkanen et al. (1997) exam-
ined the daily concentration of PM10 and PEF in children with
asthmatic symptoms from February through April in Finland.
The difference in morning PEF for the inter quartile range of
PM10 on the same day was −0.73 L/min (NS) and that of the
evening PEF was −0.09 L/min (NS). In examination of daily
concentrations of PM and PEF in children with chronic respi-
ratory symptoms in March through April, Tittanen et al. (1999)
found that the difference in morning PEF for the inter quartile
range of PM10 on the previous day was −1.01 L/min (NS) and
was −0.33 L/min for evening PEF (NS). In addition, they also
showed that the difference in morning PEF for the inter quartile
range of PM2.5 on the previous day was −1.06 L/min (p<0.05)
and the difference in evening PEF for the inter quartile range of
PM10 on the previous day was −0.43 L/min (NS). On the other
hand, inconsistent results were shown in other studies. For ex-
ample, Roemer et al. (1998) examined daily concentrations of
PM10 and PEF in children with chronic respiratory symptoms in
winter in 14 European centers, and showed that the difference
in morning PEF for 10 µg/m3 differences in PM10 was 0.01
L/min (NS) and that of evening PEF was −0.06 L/min (p <

0.05). They speculated that stratifications between air pollution
and morning delta-PEF did not have clear patterns, which might
be explained by the timing of the morning PEF measurement.

These measurements were made just after the child arose, which
meant that a long period of indoor exposure preceded the mea-
surement. This might have obscured a possible association of
morning delta-PEF with outdoor air pollution.

In the present Japanese study we considered several fac-
tors in explaining the results. First, the time period for morn-
ing PEF measurement might have been narrower than that for
evening PEF measurement because the time before arising and
leaving for school was shorter than the time during which the
evening PEF could be measured. Second, evening PEF mea-
surements might have been affected by factors other than air
pollution. Exercise-induced bronchoconstriction (EIB) would
affect evening PEF, because a child’s activity during the day
could affect the severity of EIB. Third, although subjects were
instructed to measure their PEF before medication, we did not
know if they were compliant with their medications after the
PEF measurement. Thus, the evening PEF might be affected by
whether or not they adhered to the morning treatment regimen.
All of these points may have obscured a possible association of
evening delta-PEF with SPM.

Clinically Significant Size of Effect
In this study, the size of the change of PEF was about -0.7

L/min for 10 µg/m3 differences in SPM. Ward and Ayres (2004)
reviewed particulate air pollution and panel studies in children,
and found that a wide range of results was observed (mean esti-
mates from −1.6 to 0.1 L/min) for 10 µg/m3 differences in PM10

among the 13 studies that were reviewed. From the clinical point
of view, the size of the effect was very small. The small PEF
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decrements may have been mitigated by increased bronchodila-
tor use. However, Hoek et al. (1998) showed that these small
changes can be accompanied by sizable differences in the per-
centage of subjects showing clinically meaningful decrements
of PEF; moreover, because so many people are exposed to air
pollutants, a small difference in PEF is very important evidence
in considering issues of public health.

Characteristics of Asthmatic Children
Since the subjects of this study were asthmatic children, they

had practice in using a PEF meter and knew how to correctly
measure their own pulmonary function. Moreover, these chil-
dren participated in swimming exercise sessions. Swimming is
considered to be effective training for asthmatic children because
an asthma attack in relation to physical exercise would be less
likely to occur because of higher temperatures and higher rela-
tive humidity than with other types of exercise. Because these
study subjects trained their lung function and physical function,
their lung function might be stronger than in other asthmatic
children. Therefore, the association between the concentration
of SPM and PEF might have been stronger if the study subjects
were asthmatic children who were not undergoing training to
improve or maintain pulmonary function.

Limitations
Results of this study should be viewed cautiously for five

reasons. First, we did not obtain data on the exact time when
PEF was measured. Therefore, we could not determine the ac-
tual time lag between the time when air pollutants were assessed
and the time when PEF was measured. This may have obscured
a possible association of PEF with SPM for the reason of non-
differential misclassification. Second, we could not measure the
effect of indoor space heaters on the concentration of air pol-
lutants. In Japan, indoor space heaters are usually used in the
winter, especially December through February. Therefore, we
believe that, at least, the effect of indoor space heaters on the as-
sociation between the concentration of SPM and PEF in warmer
months was small. Third, we did not have detailed data on what
medications were used, data on pollen, and data on influenza.
We thought that these effects on association would be a non-
differential misclassification and that the estimated association
in this study would be weakened because these factors might
not be associated with the hourly concentration of air pollu-
tants. Fourth, ambient concentrations of air pollution might act
as surrogate measures of exposure to other agents or to specific
pollution sources that are in fact responsible for the observed
association between SPM and PEF. Fifth, in the first analysis in
which we used a subgroup analysis to reveal seasonally modified
effects using a two-level indicator, results of which are shown in
Table 4 and Table 5, we only estimated the common associations
between air pollutants and PEF in each of two 6-month peri-
ods representing subgroups, which were the warmer or colder
months, respectively. Moreover, we adjusted for months as the
growth index, which was a categorical variable denoting the

number of months passed from April 2002 to the month when
PEF was measured; we could not distinguish between the growth
effect and seasonal effect in the regression analysis. The results
should be viewed cautiously for these reasons.

CONCLUSION
We conclude that increased 3-h concentration of SPM is as-

sociated with declines in PEF in warmer months, especially in
morning measurements. Further studies are needed to clarify the
association in different populations to explain the reason for the
seasonal inconsistency.
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