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Abstract. Several epidemiological studies have demonstrated the association of short-term exposure
toair pollution with transient declinesin pulmonary function. Although the magnitudes of declinesin
pulmonary function found in these studies are relatively small, the effects vary among children. This
study examined whether the variation is evidence of biological heterogeneity or dueto random varia-
tion by analyzing datafrom a panel study of 83 asthmatic school children exposed to SO, and PM in
the Mae Moh district of Thailand. Daily pulmonary function testing was performed on the children
for 61 days. General linear mixed models were used to examine and test for the null hypothesis of no
variation in the subject-specific slopes of pulmonary functions in response to the air pollutants. The
individual daily pulmonary functions measured were FVC, FEV1, PEFR, and FEF,, ... These were
used as an outcome to compare with air pollutant concentrations as random effects, adjusting for
height, gender, time, and temperature. The results indicate evidence of inter-individual variation for
subject-specific changesin FVC, FEV, and PEFR due to the effects of SO, and PM,,; on children. In
conclusion, even at low concentrations of daily SO, and PM, in the study area, thereis evidence of a

heterogeneous response to short-term exposure to SO, and PM ,in children.

INTRODUCTION

Many epidemiological studies of the acute
effects of ambient air pollution on respiratory
health using repeated measurements of pulmo-
nary function have been reported (Pope et al,
1991; 1992; Braun-Fahrlander et al, 1992;
Roemer et al, 1993; Neaset al, 1995). These stud-
iesdemonstrated that daily increasesin air pollu-
tion, especialy particulateair pollution, are nega-
tively associated with pulmonary function. Many
studies have also documented that some children
are more sensitive to air pollution than others
(Popeet al, 1992; Roemer et al, 1993; Neaset al,
1995; Vedd et al, 1998). Children who have a
history of symptomatic asthma or chronic lung
diseases screened by questionnaire, or clinical
cases of asthma, have been reported to be more
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susceptible to air pollution than asymptomatic
children.

Although previous studies suggested differ-
encesin susceptibility to air pollution among chil-
dren who have underlying health conditions, itis
still not clear whether there are heterogeneous
responseswithin thisgroup of children. Dockery
and Pope (1994) reviewed studies of the acute
respiratory effects of particulate air pollution.
They found the observed health effects on pul-
monary function changes were modest, approxi-
mately 0.15% decreasein FEV or FEV .. and a
0.08% decrease in peak flow per 10 ug/m®. Al-
though the magnitude of the lung function change
estimates were relatively small, there might be
persons with responses much larger than average.
Brunekreef et al (1991) analyzed data from three
studies of children exposed to air pollution and
pulmonary function responses to investigate
whether the observed variability in pulmonary
function indicates a difference in sensitivity or is
due to random inter-occasion variability among
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subjects. After statistical analyses comparing be-
tween-child variation towithin-child variation, this
study found evidence of a heterogeneousresponse
to ozone but not to total suspended particles.

It would be interesting to reinvestigate
whether there is evidence of heterogeneity in re-
sponse to air pollution among affected children
as opposed to random errors. If there is system-
atic biological variation in response to air pollu-
tion, some children would be more susceptible
and someless susceptibleto air pollution, asmea-
sured by pulmonary function. The identification
of the existence of a more sensitive subgroup is
of importance in terms of control and prevention
measures. For the less susceptible group, further
studies of underlying factorsrelated to their lower
susceptibility are also of importance.

Using data from a panel study on the acute
effects of exposureto air pollution on pulmonary
function in schoolchildrenin Mae Moh, Thailand
(Aekplakorn et al, 2003a), we investigated the
hypothesis that there is no substantial difference
between subjectsin the dopes of pulmonary func-
tion in relation to daily changes in SO, or par-
ticulate air pollution (PM,,).

MATERIALSAND METHODS

Data from an epidemiological study con-
ducted in the winter of 1997 in Mae Moh, Thai-
land was used. Population selection, exposure
assessment and pulmonary function measurement
methods were described previously (Aekplakorn
et al, 2003b). Briefly, asthmatic children and non-
asthmatic children identified by across-sectional
survey of asthmatic children were recruited from
706 school children aged 6-14 yearsold living in
asuburban areainthe Mae Moh district, Lampang
Province, Thailand. In aprevious cross-sectional
study, the parents of these children were asked to
complete a respiratory symptom questionnaire
modified from the World Health Organization
(WHO) questionnairefor children (Florey, 1982).
The children were considered as suspected cases
of asthmaif they reported a positive response to
the following question: ‘Has your child had at-
tacks of shortness of breath while wheezing dur-
ing the past year? The suspected asthmatic chil-
dren were then physically examined by a local
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physician. The children were considered as asth-
matics and eligible for the study when they re-
ported to the physician that the asthmatic symp-
tom was diminished by taking bronchodilator
medicine. This analysis includes only asthmatic
children, because the previous study did not find
adverse effects of exposure to air pollution on
pulmonary function among non-asthmatic chil-
dren. Of the 98 asthmatic childrenidentified from
the above criteria, 88 participated in the study.

Pulmonary function

Pulmonary function testing on each child
was obtained on a daily basis for 61 days. The
spirometry maneuver was performed while stand-
ing, without a nose clip, using a pneumotach
spirometer (S& M instrument, USA), coupled with
automatic data acquisition software in a laptop
computer based on the recommendation of stan-
dardization of spirometry by the American Tho-
racic Society (ATS1994). The acceptablevalues
of forced vital capacity (FVC), forced expiratory
volume at one second (FEV,), peak expiratory
flow (PEF), and mean forced expiratory flow
during the middle half of the FVC (FEF , .,)
were obtained from the children under study in
accordance with ATS criteria.

Air pollution

Air pollution was concurrently measured at
three outdoor monitoring stationsin the villages.
Daily 24 hours measurements of SO, and PM
were obtained from the El ectricity Generating Au-
thority of Thailand. During the study period, the
level of SO, was relatively low, except for afew
days. Mean SO, concentrations of 10 (maximum
99), 16.9 (maximum 128), and 26.5 ug/m? (maxi-
mum 109) were measured at the Sob Pad, Sob
Moh and Hau Fai stations respectively, which
were lower than the Thai (300 ug/m?) and WHO
(125 ug/m?) ambient standards. PM, had amean
concentration of 36 ug/m?® (maximum 113.3). The
mean temperaturein the study areawas 25°C, and
no extreme low or high temperatures occurred
during the study period.

Data analysis

We performed analyses designed to evalu-
ate the evidence for heterogeneity in response to
air pollution. The analysis was based on regres-
sion models that examined the variation in sub-
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ject-specific regression slopes describing the re-
lationship of daily pulmonary function with daily
variation in air pollution concentrations. Because
the repeated measurementsresulted in correlated
outcomes for each subject, general linear mixed
models were used. Each of the individual daily
pulmonary function measures of FVC, FEV,,
PEFR, and FEF,, .., were used as an outcome to
compare with air pollutants and other explana-
tory variables. The general mixed models method
was used to examine the subject-specific coeffi-
cients through a random effect component and
take into account the correlated data.

Mixed models have the general formula:
\{i:: )glg + Zibi+ E%

in which Y is an outcome variable for the i
individual, X, and Z are n. x p and n, X g,
(n=number of observations for each subject, p
and g are the number of parameters) design
matrices, # and b, are unknown coefficients, and
e isan x 1 vector representing measurement
error. The parameters in 8 are common for al
subjects, and parameters b, are subject-specific.
It is assumed that the components of e are
normally distributed with mean zero and com-
mon variance o2

The model building strategy included the
following steps. First, the base models were cre-
ated using each pulmonary function parameter
(FVC, FEV,, PEFR, FEF, ) as an outcome
variable to control for the effect of time trends,
temperature, weekday, personal characteristics of
height, and gender. These explanatory variables
were included in the models as fixed effects. A
final base model for each lung function para-
meter was chosen from several models that in-
cluded time and weather variables in various
forms based on biological plausibility and
Akaike'sinformation criterion (AlIC) values. Af-
ter the base models were created, the air pollut-
ant variables were added to the models. The two
pollutant models were evaluated, in which the
effect of one pollutant was examined while con-
trolling for the effect of another pollutant and the
effects of the other covariates. In the two-pollut-
ant models, random effect terms of deviation of
intercept, SO,, and PM,, were aso included in
the models as full models. Next, we evaluated
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the reduced model, which included al fixed ef-
fects but excluded the random effects of air pol-
[utants.

The null hypothesisisthat the slopes of pul-
monary function on SO, and PM,, did not differ
across subjects. If the null hypothesisistruethen
thereisno variability in the subject-specific slope
of pulmonary function on air pollutants (SO,,
PM,,) across subjects.

A comparison was made between (full) mod-
elswith the random effects of air pollutants (SO,
and particulate air pollution) to the (reduced)
models without the random effects of air pollut-
ants.

The full model has the following formula:

Y= B, + B, (ht) + B,(gender)+ B, (time)+
B, (temp)+ B, (SO,)+ B, (PM,p) + b+ by, (SO,)+
b, (PM,y) + e
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The reduced model is:

Y=, + p,(ht) + B, (gender)+ f, (time)+
B, (temp)+ 3, (SO )+ S (PMy) + by + e

In the full model, the fixed effects include
intercept (f3,), height, gender, time, temperature,
SO,, and PM,,, and the random effects are ran-
dom intercept (b, ), random slope deviation on
SO, (by) and on PM,; (b,), and within-subject
residual ( €). The covariance parameters (d,, d,,,
d,,) for theintercept and slopesindicate how much
variation thereisacross subjects. Inagenera lin-
ear mixed model, to test whether there is vari-
ability in pulmonary function for the effects of
SO, and PM,; among children, the variability is
tested by thenull hypotheses: d ;= d,,=0. Thetest
isbased on the covariance estimated, its standard
error providing Z-statisticsand p-value. Theseare
based on asymptotic properties and are not reli-
ableif the degree of freedom to estimate the co-
variance component is small (Little and Rubin,
1987).

Another test was to use likelihood ratio test
statistics, sincethereduced model isaspecial case
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of the full model when b, =b,, =0. Similarly, this
is to test that the population-average slopes (3,
B provided by the fixed effects parameters ad-
equately describe the relationship between air
pollutants and pulmonary function. In other
words, there is no real variation in subject-spe-
cific slopes across children. We used the likeli-
hood ratio test to address the H;: b, =b, =0. We
computed the difference of restrictive maximum
log likelihood (REML) between the two models.
The difference of -2REML was then compared
to a chi-square distribution with the degrees of
freedom equal to the different number of covari-
ance parameters between the two models (Littel
et al, 1999).

Inthe preliminary analysis, wefitted thefull
models with the unstructured covariance matrix
and the results showed that the covariance be-
tween the random intercept and slopes deviation
(d,, d,,) and covariance between the random
slope deviations of pulmonary function for the
effects of SO, and PM, (d,,) were not different
from zero. Thisindicatesthat thereisno evidence
that the effect of SO, on pulmonary function de-
pends on the effect of PM,, and vice versa. In
addition, the 2REML log likelihood test also
indicated that d ;=d,= d,,=0. Asaresult, our fi-
nal random coefficientsmodel s (full models) were
fitted assuming the covarianced,,=d ,= d,,= O.

In mixed model analysis, the within-child
variation is controlled through the covariance
parameters of the residua error. However, to ex-

clude the influence of observationsthat have ex-
treme values, a predictive and residua value for
each observation was cal cul ated to identify those
observations. An additional analysis to test the
null hypothesis that the variance of the random
slopedeviation of pulmonary functionon SO, and
PM ,isequal to zero was performed with the data,
excluding the extreme values.

Each pulmonary function parameter (FVC,
FEV,, PEFR, and FEF,, .., ) was analyzed in the
same manner as a separate outcome in the mod-
elswith a specific set of best-fit base models. To
eliminatethetraining effect, we excluded thefirst
week of pulmonary function datafrom the analy-
sis. Participants who performed pulmonary func-
tiontestsfor lessthan 15 dayswere excluded from
theanalysis (n=5), thuswe had 83 childrenin the
analysis. Thestatistical analyses procedureswere
performed using SAS (version 8.1).

RESULTS

Table 1 shows the percentile distribution of
subject-specific slopes of pulmonary function
parameters in relation to a 10 ug/m? increase in
SO, and PM, after adjusting for height, gender,
timetrend, and temperature. The subject-specific
slopes for each pulmonary function parameter
ranged from negative to positive. The frequency
distributions of these subject-specific slopes for
FEV, are also shownin Figs 1-2.

Table 2 shows the covariance parameter es-

Tablel
Percentile distribution of subject-specific slopes of pulmonary function in relation to an increase of

10 ug/m? of SO, and PM,,, after adjusting for height, gender, time, and temperature.
Min 5% 25% 50% 75% 90% Max

SO, (n=84)

FVC (ml) -8.39 -4.68 -2.32 -0.57 121 281 6.33

FEV, (ml) -8.55 -5.26 -2.25 -0.48 124 261 7.78

PEFR(ml.sec?) -21.69 -13.82 -6.87 -2.63 217 5.80 27.50

FEF,, .., (ml.sec?) -9.08 696  -381 -1.52 0.56 414 11.96
PM,, (n=84)

FVC (ml) -23.37 -13.32 -8.31 -5.64 -2.48 0.43 5.23

FEV, (ml) -31.47 -16.01 -8.38 -5.10 -0.04 441 8.53

PEFR (ml.sec?) -62.06 -42.19 -25.18 -16.71 -7.43 0.88 28.63

FEF,. ., (ml.sec?)  -18.87 -1358  -564 -.98 312 6.51 23.16
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Table 2

PM, on pulmonary function, adjusting for height, gender, time, and temperature.

Pulmonary Covariance parameter Standard error p-value -2REML
function estimates
FVC (n=3,479) 11,516.6
- Oy 5.6351 0.9451 <0.0001
-d, (SO, 0.000027 0.000014 0.0282
- d,, (PM,) 0.000056 0.000030 0.0310
- 0% (residual) 1.3833 0.03437 <0.0001
FEV, (n=3,479) 10,934.8
- Oy 5.5363 0.9863 <0.0001
-d, (SO, 0.000021 0.000013 0.0467
- d,, (PM,) 0.000074 0.000040 0.0326
- 0% (residual) 1.1632 0.02896 <0.0001
PEFR (n=3,479) 18,447.0
- Oy 56.7950 10.0740 <0.0001
-d, (SO, 0.000175 0.000103 0.0443
-d, (PM,) 0.000591 0.000327 0.0353
- 0% (residual) 10.1186 0.2520 <0.0001
FEF ., (N=3,479) 16,324.4
- Oy 53.7558 9.7030 <0.0001
-d, (SO,) 0.000042 0.000048 0.1864
-d,, (PM,) 0.000198 0.000160 0.1077
- 0% (residual) 5.4481 0.1357 <0.0001
Frequency Frequency

30

20

10

0
-6.0 64 -48 -32 -16 -00-16 32 48 6.4

Fig 1-Distribution of individual slopesof FEV, on SO,,
asthmatic children, Mae Moh.

timates and standard errors of the random effects
of intercept, SO, and PM ; in the full models.
There are variations in the intercepts of pulmo-
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Fig 2-Distribution of individual slopesof FEV, onPM,,

asthmatic children, Mae Moh.

nary function parameters across subjects, as the
tests of the null hypothesesfor the variance com-
ponent estimates of the intercept (d,) of each
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Table 3
The -2REML of models with and without the random-effect of SO, and PM after adjusting for
height, gender, time, and temperature.

-2REML

Models\ Pulmonary function (n=3,479)

FEV PEFR FEF

1 25-75%

Model 1

Fixed effects + Random effects of intercept,
SO,, PM,,

Model 2

Fixed effects + Random effects of
intercept, SO,

Model 3

Fixed effects + Random effects of
intercept, PM

Model 4

Fixed effects + random intercept

11,516.6

11,519.0

11,520.7

11,526.9

10,934.8 18,447.8 16,324.4

10,940.1 18,452.2 16,326.4

10,939.4 18,451.6 16,325.2

10,948.1 18,457.8 16,328.1

Fixed effects: height, gender, time, and temperature.

pulmonary function parameter did reject that d,,
isequal to zero. This suggests that the baselines
of pulmonary function adjusting for height, gen-
der, time, temperature, and air pollution vary
across subjects.

The hypothesis testing presented in Table 2
also indicatesthat both variance component esti-
mates of FVC, FEV,, and PEFR slopes for the
effects of SO, (d,,) and PM,, (d,,) are different
from zero. However, for FEF, .., the test did
not reject that the variance component estimates
of theslopeson SO, (d,,) and PM, (d,,)= 0. This
suggests that the subject-specific slopes of FVC,
FEV,, and PEFR for the effects of either SO, or
PM,, do differ across children except for the
slopes of FEF, .

The evidence of heterogeneity of subject-
specific slopes was confirmed by the results of
the log-likelihood ratio test comparing the full
model with the reduced models. Table 3 shows
the restrictive maximum likelihood of several
models of random effects and fixed effects. The
comparison of Models 1 and 4 suggests that the
random slope deviation (b, b,) of FVC, FEV
and PEFR differ from zero, and that the models
that include both the random effects of SO, and
PM., fit better. For FEF ., neither random slope
deviation wasdifferent from zero. In addition, the
model that includes both the random effects of
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SO, and PM, also provides a better fit than the
mode! including either SO,, or PM,, only (mod-
es2and3).

Table 4 shows that the results of the addi-
tional analysesexcluding extremevaluesare simi-
lar to the analyses with full data. There is evi-
dence of variation in the random slope of FVC,
FEV,, PEFR on SO, and PM, across subjects
after excluding observations with the extreme
values of the pulmonary function. In addition,
there is also evidence of variation of FEF, .,

individual slopes for the effect of PM,, across
subjects.

DISCUSSION

The present study evaluated whether there
is evidence that the variation of pulmonary func-
tion response to air pollution across subjects is
greater than expected from random variation
alone. Theanalysisusing the general mixed mod-
els method has the advantage of accommodating
the correlation of repeated measures within sub-
jects and in detecting the subject-specific effect
through the random effect component.

We tested the null hypothesis that there was
no variation in association of air pollution with
pulmonary function across children. In models
including SO, and PM ; as random effects, we
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Table 4
Covariance parameter estimates of random effects in the full mode! for evaluation of effect of SO, and
PM, on pulmonary function adjusting for height, gender, time, and temperature. in data excluding

extreme values.
Pulmonary Covariance parameter Standard error p-value -2REML
function estimates
FVC (n=3,411) 10,320.8
- Oy 5.7475 0.9585 <0.0001
-d, (SO, 0.000029 0.000013 0.0119
-d,, (PM,) 0.000076 0.000039 0.0253
- 02 (residual) 1.0232 0.02574 <0.0001
FEV, (n=3,424) 9,921.0
- dy, 5.9105 1.0435 <0.0001
-d, (SO, 0.000022 0.000011 0.0213
-d,, (PM,) 0.000087 0.000037 0.0088
- 02 (residual) 0.8960 0.02251 <0.0001
PEFR (n=3,402) 16,904.6
- dy, 59.1329 10.3212 <0.0001
-d, (SO, 0.000177 0.000081 0.0141
-d,, (PM,) 0.000861 0.000316 0.0032
- 0% (residual) 7.0954 0.1789 <0.0001
FEF,; s, (N=3,426) 15,222.2
- dy, 56.4941 9.9878 <0.0001
-d, (SO, 0.000054 0.000040 0.0871
-d,, (PM,) 0.000307 0.000153 0.0227
- 0% (residual) 4.1768 0.1049 <0.0001

evaluated whether there was evidence of varia-
tioninthe covariance parameters of random slope
deviation for FVC, FEV,, PEFR, and FEF,, ,,
for the effects of both SO, and PM, (H,:d,, = d,,
=0). A better test for the null hypothesis of no
variation was provided by thelikelihood ratio sta-
tistic, based onthe REML log-likelihood ratio test
comparing the full model with a reduced model
excluding therandom effectsof air pollutants. The
results of both tests show that there is evidence
of aheterogeneous response of individual changes
in FVC, FEV, and PEFR in response to expo-
sure to both SO, and PM,, across the children in
Mae Moh. The additional analyses of dataexclud-
ing extreme values did not substantialy change
the results.

It should be noted that the variation of sub-
ject-specific slopes of FVC, FEV,, and PEFR in
response to SO, and PM,, across subjects was
higher than those of FEF,, .. This may suggest
that FVC, FEV ,, and PEFR are more sensitive in
detecting the variability of pulmonary function
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across subjects and/or that the air pollutants have
amore homogeneous effect on small airwaysthan
on large airways across subjects. The variability
across subjects being larger for FVC (reflecting
large airway effects) than FEF, ., (reflecting
effects on small airways) was also observed by
Kinney et al (1989), athough they studied the
effects of short-term pulmonary change in asso-
ciation with ozone. They measured weekly the
FVC,FEV ,, FEF, ., and Vmax,, of 154 school
children in Kingston, Tennessee for a 2-month
period. Inthat study, only FV C showed that there
was variation in slopes across children.

A very limited number of epidemiological
studies have examined the heterogeneity of re-
sponse of pulmonary function changes in rela-
tion to exposure to SO, and particulate air pollu-
tion (Nowak et al, 1997; Roemer et al, 1999).
Theresultsof the present study are consistent with
the results from an experimental study by
Horstman et al (1986). They reported the distri-
bution of individua bronchial sensitivity to sul-

Vol 35 No.4 December 2004




Response To AIR POLLUTION AMONG ASTHMATIC CHILDREN

fur dioxide on 27 nonsmoking asthmatics,
metacholine reactive, but not on inhalation of
corticosteroid or cromolyn sodium. The bronchial
sengitivity to SO,, defined as the concentration
of SO,, provoked an increase in specific airway
resistance 100% greater than the responseto clean
air. Variability in sensitivity was observed for 23
subjects with bronchial sensitivity to SO, rang-
ing between 800 and 5,434 ug/mé, while for the
other four subjects, the response to SO, was
greater than 5,720 ug/m?®. The median for bron-
chia sensitivity was at 2,145 ug/m* SO,, and 6
subjects had bronchial sensitivity at 800 to 1,430
ug/mé. This experiment suggested heterogeneity
intheresponseto SO, inasthmatics. Even though
the concentrations of ambient SO, measured in
the present study were much lower than those in
the experimental studies, the present study also
observed heterogeneous changes in pulmonary
function following exposure to SO,

For particulate air pollution, Brunekreef et
al (1991) analyzed data from a study of children
exposed to air pollution in Steubenville, Ohio.
This study a so included non-asthmatic children;
however, they reported a lack of evidence for a
heterogeneous response to total suspended par-
ticles (TSP) and explained that the observed vari-
ability in the responses was due to sampling vari-
ability rather than the presence of asensitive sub-
group. Whittemore and Korn (1980) reported a
study of asthmatics in Los Angeles in which
asthma attack rates were positively associated
with TSP concentration after controlling for tem-
perature, relative humidity, day of week, day of
study, and attacks on the previous day. They also
found that the estimated coefficients for TSP did
not vary among individuals. Theinconsistent find-
ings of the present study relative to the previous
studies mentioned above may be due to the dif-
ferent indicators for particulate air pollution ex-
posure. The previousstudiesused TSPrather than
PM, as measurement of exposure to particle air
pollution. TSP is not as sensitive as PM,, in de-
tecting adverse effects and heterogeneity of re-
sponse (Brunekreef et al, 1991). The different
results might also be due to the different statisti-
cal methods used in the analysis. Previous stud-
ies used the variance ratio method to compare
between-subject variability to within-subject vari-
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ability. The present study used a mixed models
approach, which takesinto account correl ated data
and allows us to examine subject-specific re-
sponsesthrough random effects and may be more
sensitive to variation across subjects. Another
possibility isthe different biologic effects of par-
ticles in different research locations due to the
physical and chemical nature of the particlesin
the study area. Finally, the childrenin the present
study included only asthmatics, and one would
expect arelatively homogeneousresponsein this
group of children. However, sincethe criteriafor
recruiting asthmatics were based on parental-re-
ports, this process might constitute a study group
with children who have only mild symptoms of
clinical asthmawhich resultsin variation of sus-
ceptibility to air pollution.

Recently, the issue of heterogeneity in re-
sponse to air pollution has been of interest.
Roemer et al (1999) reported theresults of amulti-
center panel study of the acute effect of particles
(PM,,), black smoke, SO,, and NO, on respira-
tory health of children with chronic respiratory
diseases in Europe. They evaluated whether the
potentially more sensitive subgroups were asso-
ciated with thevariationsinair pollution. The pre-
defined potentially sensitive groupswerethe pres-
ence of chronic respiratory symptoms, the use of
respiratory medication, atopy, sex, and baseline
lung function. They did not find a strong associa-
tion between respiratory morbidity and air pollu-
tion among these groups of children.

A potential limitation of the present study is
the measurement of air pollution exposure, as it
was based on outdoor monitoring to represent the
exposure of the individual. However, the study
area is relatively small and we expect that air
pollution is relatively homogenous and that the
problem of spatial variability is reduced. This
study did not incorporate time spent by children
outdoorsand indoors. It isunlikely that we over-
estimated exposure, however, the study area had
a moderate temperature and most of the houses
and schools had open windows and were well
ventilated with indoor air-quality not different
from the ambient air. Therefore, using ambient
air pollutant concentrations should be appropri-
ate. All the potential limitations mentioned above
might affect only the popul ation-average associa
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tion of air pollution with pulmonary function. It
is unlikely to influence the pattern of heteroge-
neous responses among children.

The present study lacks information on cer-
tain personal characteristics that are potentially
associated with responseto air pollution, such as
history of atopy, evidence of alergy, and severity
of asthma. Thisinformation should be taken into
account in future studies. A more detailed medi-
cal history of the subjectswho had large negative
slopes of pulmonary function in response to pol-
[utants might help identify the underlying factors
related to susceptibility to air pollution. Other
known air pollutants (0zone and nitrogen oxides)
in the study area, that could confound the asso-
ciation between pulmonary functionand SO, and
PM, are at low concentration.

Conclusion

The results of this study suggest that, even
with low concentrations of daily SO, and PM ;in
the study area, there is evidence of a heteroge-
neous response of lung function changes due to
short-term exposure to SO, and particulate air
pollution (PM,,). This study only evaluated tran-
sient changes in pulmonary function from short-
term exposure. The pattern of long term effects
and thefactorsthat relateto their variation in sus-
ceptibility should be further evaluated.
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