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Abstract
Objectives—To investigate the short term
eVects of air pollution on the respiratory
morbidity of children living in São Paulo,
Brazil, one of the largest cities in the
developing world.
Methods—Daily counts of hospital admissions due to respiratory diseases along
with daily levels of meteorological variables and air pollutants (PM10, SO2, NO2,
O3, and CO) were analysed with Poisson
regression. Final models were adjusted for
the eVects of time trends, seasonal patterns, weekdays, holidays, meteorological
factors, and serial correlation.
Results—Daily admissions of children to
hospital for total respiratory disease and
pneumonia showed significant increases
associated with O3 (5–8%), NO2 (9%), and
with PM10 (9%) (results are for an increase
from the 10th to the 90th percentile of pollution measurements). Consistently, effects for pneumonia were greater than for
all respiratory diseases combined. Also,
eVects on infants (children <1 year old)
presented higher estimates. Similar associations were found for asthma admissions. Point estimates for most pollutants
were higher for asthma than for other
diagnosed admissions. However, these associations were not significant.
Conclusions—These results agree with the
limited publications on this subject but
indicate a rather smaller magnitude of
eVects. Nevertheless, given the present
concentrations of air pollution in São
Paulo and the large population potentially
exposed attention should be directed to
minimise such eVects.
(Occup Environ Med 2000;57:477–483)
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Respiratory diseases constitute one of the leading causes of ill health for both adults and children world wide.1 Acute respiratory infections,
of which pneumonia is the main single diagnosis, are responsible for about one third of all
deaths in children <5 years of age in developing
countries.2 3 Many risk factors for respiratory
diseases have already been identified and exposure to outdoor concentrations of air pollution
has been pointed out as possibly being one of
them.1
Several studies have reported significant
associations between urban concentrations of
air pollution and mortality for respiratory
diseases.4–8 These results, however, were for

mortality in all ages or in elderly people. There
is much less evidence of such an association
with mortality in children. On the other hand,
diVerent aspects of respiratory morbidity in
children have been described as associated with
outdoor air pollution. For example, changes in
pulmonary function,9–12 absence from school
due to respiratory conditions,13 14 and recorded
episodes of illness or symptoms.15–18 Also, few
studies found significant associations between
concentrations of air pollutants and hospital
admissions for respiratory diseases in
children.19–21
Studies of daily admissions to hospitals have
the advantage of making possible the examination of acute relations with daily variations in
air pollution. However, there are still few studies on hospital admissions to date that have
presented results for children. Most of these
studies were conducted in developed countries
where concentrations of air pollution, climatic
conditions, and many other factors are very
diVerent from those of most developing countries. Moreover, results of these studies have
generally been less consistent than for mortality. EVect size and the pollutants involved
varied considerably between publications.
This study is an attempt to investigate the
eVect of exposure to outdoor concentrations of
air pollution and the occurrence of hospital
admissions for respiratory diseases in children
<5 years old in one of the largest cities of the
developing world.
Methods
This study covered a period of 23 months
(November 1992 to September 1994) and was
carried out in the city of São Paulo, the most
urbanised, industrialised, and aZuent city in
Brazil. The population of São Paulo, according
to the 1991 national census, was 9.5 million
inhabitants.
Data on hospital admissions were available
from computerised files of the Health Services
Information Database of the Brazilian Unified
Health System (SUS). This system covers
about 66% of all admissions to the 150 hospitals in the city of São Paulo (M Lebrao,
personal communication) and provides information on date of birth, age, and sex, date of
admission and discharge, how many days were
spent in intensive care, the main diagnosis for
the admission (coded according to international classification of diseases, 9th revision:
ICD-9), and whether the patient died or not
after admission, besides other information.
The outcomes selected for this study were
hospital admissions for all respiratory diseases
(ICD-9 chapter VIII), pneumonia infections
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ANALYTICAL METHODS

Linear regression with log transformed outcomes was used first to obtain a baseline or
core model with potential confounders. The
contribution of each term to the fit of the
model was assessed by F tests. After establishing these core models, Poisson regression was
used to examine the contribution of air
pollution variables to the prediction of daily
admissions.
Long term temporal trends usually present
in time series of health events were adjusted for
by linear and quadratic functions of a continuous variable and indicators for years of the
Table 1 Descriptive statistics for air pollution, meteorological variables and hospital
admission data, in São Paulo, Brazil, November 1992 to September 1994
Percentiles

PM10 (µg/m3)
SO2 (µg/m3)
NO2 (µg/m3)
CO (ppm)
O3 (µg/m3)
Temperature
Relative humidity
Respiratory <5
Pneumonia <5
Pneumonia <1
Asthma* <5

Mean (SD)

Min

5

25

50

75

95

Max

64.9 (32.7)
18.3 (9.0)
174.3 (101.3)
5.8 (2.4)
63.4 (38.1)
19.4 (3.5)
77.6 (10.6)
56.1 (18. 7)
40.8 (15.0)
24.0 (11.4)
8.5 (3.9)

18.4
3.2
26.0
13.0
4.6
7.0
42.0
18
6
3
1

31.1
7.6
62.0
2.6
12.9
12.7
57.0
29
20
9
3

42.9
11.9
108.8
4.1
35.2
17.3
72.9
42
30
16
6

55.4
16.6
151.7
5.6
57.3
19.8
79.1
54
39
21
8

75.5
22.2
210.0
7.1
85.5
22.0
85.1
68
50
30
11

131.6
35.8
388.0
9.9
136.2
24.4
92.2
91
70
48
16

231.8
61.1
692.9
22.8
194.8
26.3
98.0
117
94
69
21

*Asthma and bronchitis.
Missing data for air pollutants: PM10=22 days (3.2%), SO2=22 (3.2%), NO2=340 (48.6%),
CO=25 (3.6%), O3=68 (9.7%).

study. Seasonal and other cyclical variations
were accounted for by the inclusion of sine and
cosine waves spanning periods down to 2
months. Short term eVects—such as day of the
week, bank holidays, and strikes in public
transport or in health services—were adjusted
for by the inclusion of indicator variables.
To adjust for temperature, initially cross correlation functions of seasonally adjusted residuals were used to identify the best lags at
which the eVect of temperature was greatest on
each series of hospital admissions. Plots of
these residuals against measures of temperature at the appropriate lags were examined to
help find the shape of the exposure-response
relation and therefore aid the choice of appropriate transformations of temperature variables
which would provide the best model fit. Functions with diVerent shapes—such as linear,
quadratic, two piece linear, three piece linear,
and non-linear shapes—were constructed to
allow for diVerent patterns of the relation
between temperature and hospital admissions.
This procedure was an attempt to adjust for the
eVects of temperature on hospital admissions
with suYcient flexibility for the diVerent
patterns of this relation but without overspecifying the model.
Single linear and quadratic terms were
explored for the daily relative humidity and the
one that provided the best fit as judged by F
tests was included in the final model regardless
of the significance of the coeYcient.
Spectral analysis and periodograms, plots of
residuals, and of predicted values were used at
each step to check the adequacy of the modelling and also to update the initial selection of
variables used to control confounding. The
partial autocorrelation function of the residuals
were also examined to assess the presence of
any remaining autocorrelation in the data.
Simple Poisson regression models allowing for
overdispersion or autoregressive log linear
regression models with Poisson errors were
used according to the presence or not of autocorrelation in the residuals. Regression coeYcients (95% confidence intervals (95% CIs))
for each specific exposure were then obtained.
All the statistical procedures were implemented in SAS with emphasis on the econometric and time series (ETS) module.22
Results
Descriptive statistics for the daily values of air
pollution, meteorological variables, and hospital admission data are shown in table 1. Each
air pollutant was unavailable for at least a few
of the days covered by this study, but NO2 had
a very high proportion (nearly half) of missing
data. This was due to technical problems and
occurred mainly during the last months of the
study period, which were therefore, excluded
from the analysis for that pollutant. The available data showed that concentrations of NO2
were above the recommended World Health
Organisation (WHO) guideline23 of 190 µg/m3
on >25% of the days. Other pollutants had only
a few days above the recommended guideline
concentrations.
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(ICD-9 codes 480–486), and asthma or bronchitis (ICD-9 codes 466, 490, 491, 493) for
children <5 years of age. Also, admissions due
to pneumonia infections were examined for
children <1 year of age. Hospital admissions
were defined as stays of at least 24 hours in a
hospital bed. Admissions of children <28 days
old (neonatal) are strongly influenced by perinatal conditions and therefore, were not
included in this analysis.
Data on air pollution were available from
CETESB, the environmental agency in São
Paulo. These data comprised daily values of
sulphur dioxide (SO2), respirable particles
(PM10), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone (O3). Data on PM10 and
SO2 were available for 12 and 13 monitoring
stations respectively. Other pollutants were
only collected in five (O3) or four (NO2 and
CO) stations. A 24 hour period starting at 1600
the previous day up to 1600 on the current day
was used to calculate the daily indicators for
each pollutant. For PM10 and SO2 the indicators were daily means (24 hour averages)
expressed as µg/m3. For CO the highest 8 hour
moving average expressed in ppm was used.
The maximum hourly mean during the 24
hour period and expressed as µg/m3 was used
for O3 and NO2. All available monitoring
stations were averaged to produce daily city
wide concentrations of each pollutant.
Meteorological data were also collected for
the same period and included daily measurements of temperature (mean, maximum, and
minimum daily level in °C) and humidity
(mean, maximum, and minimum daily levels
expressed as percentages).
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PM10
SO2
NO2
CO

SO2

NO2

CO

O3

0.72

0.40
0.37

0.63
0.65
0.35

0.001*
0.08*
0.25
−0.16

*Correlations not significant.

The Pearson correlation coeYcients among
air pollutants are presented in table 2. As can
be seen most air pollutants are positively correlated. However, whereas PM10 and SO2 had a
relatively high correlation, O3 was not highly
correlated with any other pollutant.
After decomposing the raw series of hospital
admissions with spectral analysis and plotting
the periodogram, the characteristic pattern of
seasonality present in these data was observed.
Large periodicities for periods around and
above 1 year and 1 week were evident (fig 1).
In general, lagged eVects of temperature
seemed to have a greater eVect than measures
taken on the same day. For admissions from all
respiratory causes and from pneumonia the
eVect of temperature was larger when lagged by
1 day, and for asthma a lag of 3 days provided
the best fit. For pneumonia in infants <1 year
old, measures of temperature on the same day
provided the best fit.

After performing all the adjustments for
temporal, cyclical, and meteorological patterns, the residuals of the final adjusted models
were plotted against the period to examine if
there were signs of temporal and seasonal patterns still unaccounted for. As observed in the
example of figure 2 the core model seems successful in controlling for all these patterns.
After all these adjustments, the residuals
from the core model were then re-checked for
the possibility of any remaining autocorrelation
which would be adjusted for with autoregressive models. We found that some of the models
had no remaining autocorrelation after the filtering procedures. Others had autocorrelation
of first order but with a low coeYcient.
Finally, the exposure variables were entered
one at a time into the final core models
produced for each outcome. Poisson regression
models allowing for overdispersion, and when
necessary, for autocorrelated errors were used.
Relative risks (RRs) were calculated for an
increment from the 10th to the 90th percentile
in concentrations of each air pollutant. Daily
variations in concentrations of all pollutants
showed positive associations with hospital
admissions for all respiratory diseases in children <5 years old. The coeYcient estimate for
O3 reached the significant 5% level, whereas for
NO2 it was of borderline significance (table 3).
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Figure 1 Periodogram of the residuals of unfiltered log transformed data for hospital admissions from all respiratory causes
in children <5 years old. The vertical dotted line refers to a frequency equivalent to a period of 2 months.
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Figure 2 Plot of the residuals of admissions for all respiratory causes from the core model adjusting for long and short term
temporal trends, plus meteorological variables versus time. A non-parametric smooth curve was plotted through the data to
indicate any remaining seasonal variability in the data.
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Table 2 Pearson correlation coeYcients between air
pollution variables in São Paulo, Brazil, November 1992 to
September 1994
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PM10
SO2
NO2
O3
CO

All respiratory

Pneumonia

Pneumonia <1

Asthma

1.040 (0.985–1.099)
1.038* (0.983–1.096)
1.063 (0.999–1.132)
1.054 (1.003–1.107)
1.017 (0.971–1.065)

1.050 (0.984–1.121)
1.024* (0.961–1.091)
1.093 (1.016–1.177)
1.076 (1.014–1.142)
1.015 (0.961–1.071)

1.094 (1.013–1.180)
1.071 (0.998–1.149)
1.091 (0.996–1.193)
1.070 (0.993–1.152)
1.035† (0.975–1.099)

1.052† (0.923–1.198)
1.106† (0.981–1.247)
1.107† (0.940–1.300)
1.011† (0.899–1.136)
1.081 (0.980–1.192)

*lag=1 day; †lag=2 day.
10th to 90th percentiles were: PM10=98.1 µg/m3, SO2=27.1 µg/m3, NO2=319.4 µg/m3, O3=119.6 µg/m3, CO=6.9 ppm.
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1.1
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Figure 3 Relative risks (RR) (95% CI) for admissions
from asthma in children <5 years old for a change in daily
concentrations of pollutants from the 10th to the 90th
percentile. EVect at the same day (left), lagged 1 and 2
days (middle and right respectively).

The eVects of other pollutants were also
positive but not significant. The eVects were
larger for exposures on the same day for PM10,
NO2, O3, and CO and on a lag of 1 day for SO2.
As explained in the methods section, measures
of air pollutants on a certain day already
include one third of a day lag as measurements
started at 1600 the previous day. An increase
from the 10th to the 90th percentile in concentrations of O3 and NO2 corresponded to a 5%
and 6% increase in admissions respectively for
respiratory diseases in children <5 years old.
For more specific causes of respiratory
admissions—such as pneumonia—in the children <5 year old, again all studied pollutants
showed positive eVect estimates. Moreover, the
magnitude of the eVects was usually higher
than for admissions for all respiratory diseases
although only O3 and NO2 reached significance. An increase in NO2 from the 10th to the
90th percentile was associated with a 9%
increase in hospital admissions for pneumonia
in children <5 years old. For O3 this increase
was estimated to be 8%.
When analysing the admissions for pneumonia among infants (excluding neonatal cases) it
was noted that the risk estimates for PM10, CO,
and SO2 were even higher than for all children
<5 years old whereas for NO2 and O3 they were
similar. The eVect for PM10 was significant (9%
for the 10th to the 90th percentile increase),
and all the other pollutants except CO were of
borderline significance.
It should be noted that the eVects of
exposure to air pollution on admissions for all
respiratory causes and for pneumonia infec-

tions were generally greater at lag zero (with
exposures on the same day) for most pollutants, and lagged by 1 day for SO2. By contrast,
for pneumonia admissions in infants <1 year
old, SO2 showed a larger eVect with measures
on the same day, and CO when lagged by 2
days. The somewhat lower RRs shown for CO
for all these outcomes should also be noted.
In the analysis of admissions for asthma and
bronchitis, the lag with the strongest eVect was,
with the exception of CO, 2 days (fig 3), a different pattern from that evident for other
respiratory diseases. The point estimates were
higher than for admissions for all respiratory
diseases combined for SO2 and NO2. For
example, an increase from the 10th to the 90th
percentile in concentrations of these two
pollutants is associated with about an 11%
increase in daily admissions. However, none of
these coefficients were significant at the 5%
level.
We then performed analyses in which the
eVect of each pollutant that was significant on
its own in any of the models was examined with
other pollutants (table 4). When both O3 and
PM10 were considered in diVerent models with
NO2, their eVect estimates increased by a third
or more whereas NO2 showed reduced estimates. Moreover, when O3 and PM10 were
included in the same model, O3 showed a
decrease on its estimated coeYcient whereas
PM10 again showed an increase. Decreases in
eVect estimates for NO2 were larger when PM10
was present in the model.
In a model considering all three pollutants,
O3 and PM10 still showed increases, although
they were smaller, in their estimated eVects but
the estimate for NO2 decreased. Also, it has to
be pointed out that estimates for O3 were either
significant or of borderline significance in all
multipollutant models. Similar results were
found for other outcomes.
To examine whether the association between
air pollutants and hospital admissions for children could vary by season, even after adjustments for seasonality and other weather related
variables, interaction terms between season
and single air pollutants were introduced into
the model for all respiratory admissions in children <5 years old. Due to the weather charac-

Table 4 Adjusted RRs of hospital admission for respiratory diseases in children <5 in single and multipollutant models
(RRs are for an increase from the 10th to the 90th centile in daily concentration of each pollutant)

PM10
NO2
O3

Single pollutant model

Two pollutant model
(NO2 and O3)

1.040 (0.985–1.099)
1.063 (0.999–1.132)
1.054 (1.003–1.107)

1.050 (0.985–1.120)
1.071 (1.008–1.139)

Two pollutant model
(PM10 and NO2)
1.058 (0.962–1.160)
1.043 (0.972–1.119)

Two pollutant model
(PM10 and O3)
1.058 (0.993–1.128)
1.045 (0.994–1.099)

Three pollutant model
1.044 (0.946–1.151)
1.035 (0.963–1.113)
1.065 (0.999–1.134)
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Table 3 Adjusted RRs of hospital admission for respiratory diseases in children <5 and <1 year old (RRs are for an
increase from the 10th to the 90th percentile in daily concentrations of each pollutant)
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Figure 4 Relative risks (95% CI) for respiratory
admissions in children <5 years of age for an increase from
the 10th to the 90th percentile in concentrations of
pollutants by season (c=cool and w=warm season).

teristics of São Paulo it was decided to explore
the eVect modification by season, dividing the
calendar year into only two categories—cool
and warm. Most of the pollutants presented
greater eVect estimates during the cool season
(May-October), with the exception of NO2, the
eVect of which was higher during the warm
season (fig 4). However, it has to be pointed out
that the interactions of each air pollutant and
season were not significant at the 5% level.
Discussion
This study found indications that current
ambient air pollution concentrations in the city
of São Paulo have short term adverse eVects on
children’s respiratory morbidity assessed
through admissions to hospitals. Although use
of health services has been previously used in
time series studies of air pollution, there are
specific issues that deserve discussion.
One concern is the possibility of selection
and information bias. Private hospitals covered
by private health insurance were not part of the
information system used in this study. Thus,
the wealthier portions of the population are
likely to be underrepresented. Also, admission
to the hospital can be aVected by the availability of beds, which may depend on some
independent event acting possibly on a diVerent timescale.24
However, although selected, this study population acts as its own control in a time series
study, minimising the possibility of bias. The
possible constraints in the availability of hospital beds were also not expected to be correlated
with concentrations of air pollutants. Thus,
neither aspect is likely to bias this time series
study.
Another concern is the quality of the
information on each hospital admission, especially the one related to the diagnosis. A previous study has examined this issue comparing
the information provided by the computerised
files used here against recorded information of
each patient available at the hospitals.25 They
found considerable agreement, especially for
diagnosis and demographic variables. Moreover, it is not expected that the quality of the
information on each admission will vary on a
daily basis, nor will it be correlated with air
pollution.
In summary, this study found that when air
pollution concentrations in São Paulo were
increased on the same day, or on the previous
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day, an increase in the admissions of children to
hospital was found. These associations were
found for admissions for all respiratory diseases
and for pneumonia infections in children <5
years old and infants. Consistently, eVects for
pneumonia were greater than for all respiratory
diseases combined. Also, eVects on infants <1
year old also presented higher estimates. There
was also some weaker evidence of similar associations with admissions for asthma.
Associations between hospital admissions for
respiratory diseases and air pollution have
already been reported.19 21 26–33 However, most
of these studies were conducted in developed
countries and refer to hospital admissions of
adults. Only few such studies considered the
issue of eVects of air pollution on hospital
admissions of children, and even fewer in a
developing country.
Our findings accord with this limited epidemiological literature. However, the size of the
eVects found in this study were somehow
smaller than most published studies. A recent
meta-analysis reported RRs of 1.06 and 1.13
for a 100 (µg/m3) increase in concentrations of
O3 and PM10 respectively,34 whereas in the
present study we found an RR of 1.04 for the
same increase in each pollutant. Studies on
mortality relative to air pollution carried out in
developing countries have also reported
smaller eVects than the ones usually found in
the United States or Europe.35 36 It should be
noted that a smaller eVect of air pollution on
mortality has also been described in an as yet
unpublished study conducted in São Paulo.
Reasons for such diVerences deserve further
consideration. We might speculate that diVerences in weather characteristics between most
developed and developing countries could
influence the composition of the pollution mix
and therefore, its eVect on human health.
Another possibility is that populations in
developing countries, especially vulnerable
groups such as young children, usually experience other competing causes of morbidity,
which are together more important than air
pollution. Therefore, population susceptibility
to the eVects of exposure to air pollution might
be diVerent between developed and developing
countries.
This study also found that eVect estimates
for most pollutants were higher for asthma
admissions than for other causes of respiratory
diseases. However, the 95% CIs were much
wider and none of these relations reached
significance.
Previous studies relating air pollution to
admissions to hospital for asthma or other
wheezy conditions have shown conflicting
results
even
when
using
identical
methodology.32 37 38 However, there are some
studies reporting positive associations between
O3 or PM10 and hospital admissions or
emergency room visits for asthma in
children.21 39–41
The failure to find a significant association
between air pollution and asthma admissions in
this study might be attributed to insuYcient
power. The median daily number of admissions
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indicators of a complex mixture of air pollutants make it diYcult to conclude that a single
component of air pollution is causally associated with adverse eVects on human health.
Taking these points into account, this study
indicates that concentrations of outdoor air
pollution have observable eVects on respiratory
morbidity in a special susceptible population—
children <5 years of age. Although such eVects
seem to be smaller than those previously
reported elsewhere they still have an important
impact on public health due to the large population potentially exposed in a city like São
Paulo. Future studies should attempt to
confirm these findings and explore in more
depth the diVerences in magnitude of eVects
among diVerent populations.

Early versions of this manuscript have received helpful
comments from Mr Stephen Bremner. This work was supported
by grant number 201310/91–0 from the Brazilian Research
Council (CNPq).
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for asthma and bronchitis was only eight
compared with 39 for pneumonia.
Also, this study was concerned with acute
eVects of air pollution on exacerbating asthma
attacks, and not the initiation of asthma. However, admissions to hospital would essentially
reflect the more severe cases of asthma. Less
severe cases are very likely to be larger in
number, to be treated at the emergency room,
and be discharged home. Such cases, therefore,
are not included in the hospital admissions
dataset.
It could also be that air pollution has
relatively little eVect on asthma admissions.
Recent studies have shown that rapid increases
in attendance with asthma in hospitals (asthma
epidemics) are associated with grass pollen
released before and during thunderstorms and
not with air pollution.42–44
In our study we found associations between
admissions for all respiratory diseases and for
pneumonia with concentrations of PM10, NO2,
and O3. Similar associations have been reported for SO2,26 27 CO,28 and NO2,29 but more
consistently for O326–28 30–32 and PM10.19 21 28 31–33
However, the question of which pollutant or
pollutants are the ones more strongly associated
with health eVects is not yet resolved. Previous
attempts to isolate the individual eVects of
diVerent air pollutants proved to be a diYcult
task45 mainly due to the high collinearity usually
present among pollutants in the air.
In this study the correlation among pollutants, although positive, was not particularly
high. Also, O3 was poorly correlated with most
other pollutants. We tried to separate the
eVects of the diVerent pollutants exploring
models with more than one pollutant and
found that the eVects of PM10, NO2, and O3
changed when they were included in pairs or all
together in the same model. The coeYcient
estimate for PM10, and especially for O3 showed
a more stable behaviour than the estimates for
NO2.
To interpret such results we need to consider
that if one pollutant was acting only as a proxy
for the other with no contribution of its own, it
would be expected that its eVect would become
very small in a two pollutant model whereas that
of the other would remain unchanged. The large
fall in the magnitude of the coeYcient estimate
for NO2 suggests that this pollutant is less likely
to be acting as a risk factor for hospital
admissions in children. It is possible that O3 and
PM10 have independent eVects on the respiratory admission of children in the city of São
Paulo.
However, it should be pointed out that
measurements of NO2 showed the highest proportion of missing data for the analysis of hospital admissions. Also, the analyses for the
multipollutant models were restricted to the
periods when NO2 was available. But more
importantly, pollutants in the air constitute a
complex mixture, the components of which
may interact with one another in their eVects
on human health.
The fact that any of the pollutants found to
be associated with hospital admissions can be
simply acting as a proxy for another or just
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