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Abstract: To identify acute respiratory health effects associated
with air pollution due to coal combustion, a subgroup of elementary
school-aged children was selected from a large cross-sectional study
and followed daily for eight months. Children were selected to obtain
three equal-sized groups: one without respiratory symptoms, one
with symptoms of persistent wheeze, and one with cough or phlegm
production but without persistent wheeze. Parents completed a daily
diary of symptoms from which illness constellations of upper
respiratory illness (URI) and lower respiratory illness (LRI) and the
symptom of wheeze were derived. Peak expiratory flow rate (PEFR)
was measured daily for nine consecutive weeks during the eight-
month study period. Maximum hourly concentrations of sulfur
dioxide, nitrogen dioxide, ozone, and coefficient of haze for each
24-hour period, as well as minimum hourly temperature, were

Introduction
Cross-sectional studies and most longitudinal studies on

the health effects of air pollution are not designed to detect
daily changes in respiratory symptoms or pulmonary function
that might be related to daily changes in air pollution
concentrations. Panel studies, in which subjects are followed
over time and daily exposures and outcomes for each
individual in the panel are monitored, have been undertaken
in an attempt to identify these acute health effects.' These
features result in potential biases that must be taken into
account.

Korn and Whittemore2 have suggested a method of
analysis that adjusts for bias due to non-response and to
time-dependency. They applied their method to a group of
Environmetal Protection Agency Community Health and
Environment Surveillance System (CHESS) panel studies in
which asthmatic subjects were followed for the occurrence of
asthma attacks.3 Subjects tended to have more attacks on
days with cooler temperature, higher oxidant, or higher
particulate pollution. Perry, et al,4 used a similar analytic
method and followed subjects for symptoms of asthma and
nebulizer use as well as measuring daily peak expiratory flow
rate (PEFR). Fine particulate nitrates were associated with
increased symptoms and with increased nebulizer use, but no
associations were found for total particulates or particulate
sulfates, for gaseous pollutants, or for temperature.
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correlated with daily URI, LRI, wheeze, and PEFR using multiple
regression models adjusting for illness occurrence or level of PEFR
on the immediately preceding day. Respiratory illness on the pre-
ceding day was the most important predictor of current illness. A
drop in temperature was associated with increased URI and LRI but
not with increased wheeze or with a decrease in level of PEFR. No
air pollutant was strongly associated with respiratory illness or with
level of PEFR, either in the group of children as a whole, or in either
of the symptomatic subgroups; the pollutant concentrations ob-
served, however, were uniformly lower than current ambient air
quality standards. Moreover, since exposure estimation based on
monitoring of ambient air likely results in misclassification of the true
exposure, the negative findings of this study must be interpreted
cautiously. (Am J Public Health 1987; 77:694-698.)

This report presents data from a panel study of children
who were identified from a cross-sectional sample of school
children used for investigating the health effects of air
pollution in the Chestnut Ridge region of western Pennsyl-
vania. This region was selected because of its high concen-
tration of coal-fired power plants and its extensive air
pollution monitoring network. Results from the cross-sec-
tional analyses of adult women and of children from this
population have been previously reported.5'6 This panel
study was not limited to asthmatic subjects and included
analysis of upper and lower respiratory illness in addition to
wheeze occurrence and measurement of PEFR. Analyses
were performed both with and without control for possible
biases due to non-response or time-dependency.
Methods
Sample Population

The children in this study were a subsample from the
1979 Chestnut Ridge cross-sectional study of over 4,000
elementary school age children.6 As part of the cross-
sectional study, parents completed a modified version of the
American Thoracic Society Children's Respiratory Ques-
tionnaire (ATS-DLD-78C).7 The subsample was obtained by
first limiting participants to the six schools located in the
study area that had consistently higher levels of air pollution
over the previous four years. Three approximately equally
sized groups of children, classified by responses to the
respiratory symptom questionnaire in 1979, were selected to
participate. The first group comprised all children with
persistent wheeze, defined as wheeze with colds and occa-
sionally apart from colds, or wheeze on most days or nights.
A second group comprised all children without persistent
wheeze but with cough and/or phlegm production for most
days of the week for at least three months. The third group
of children had neither persistent wheeze nor chronic cough
or phlegm production and was selected to obtain an age, sex,
and geographic distribution similar to those of the other two
groups.

Parents of the children who agreed to participate in the
eight-month follow-up study begining in the fall of 1980
completed the ATS-DLD-78C questionnaire again as they
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had one and one-half years previously. Responses were
compared between the two sets of questionnaires.

Daily Diaries and Peak Flow Measurement
Parents and children were instructed at the beginning of

the school year in completing daily diaries of respiratory
symptoms. The diaries were eight-month calendars with
space for entry of numbers corresponding to symptoms for
each day.8 Possible symptom entries included hoarseness,
sore throat, cough, phlegm from the chest, pain in the chest,
wheezing, fever, ear pain or discharge, runny or stuffed nose,
headache or muscle ache, and burning, aching, or redness of
the eyes. Parents were contacted by telephone every two
weeks to ensure that the diary was being completed. Re-
sponses were read from the diary at those times and recorded
independently by the staff.

For nine consecutive weeks during this eight-month
period, morning PEFR measurements were obtained on each
school day, with approximately one-fourth of the children
supplying measurements during any nine-week period. Each
child was assigned a specific Mini-Wright Peak Flow Meter
(Armstrong Industries, Inc., Northbrook, IL) which was
used throughout the study period, and performed the PEFR
maneuver three times each school morning. The maximum of
the three efforts was used for the analysis.

Three symptom outcomes were defined from the diary
accounts using definitions conforming to those used in the
Tecumseh study of respiratory illness:9 1) wheeze; 2) upper
respiratory illness (URI), defined as the presence of coryza;
and 3) lower respiratory illness (LRI), defined by wheeze,
pain on breathing, or phlegm production. An episode for LRI
or URI was defined as the first day of at least two consecutive
days of symptoms if preceded by at least two days without
LRI or URI, respectively. URI was only diagnosed if LRI
was not also present. An episode of wheeze was defined for
each day wheeze occurred. Incidence rates for each symptom
were calculated as the ratio of the number of episodes of each
symptom to the number of person-days for which data were
present and for which subjects were at risk for a symptom
episode.

Air Pollutants and Temperature
Pollutant data were obtained from two sources. Sulfur

dioxide (SO2) concentrations were measured at 17 monitoring
stations and averaged. Daily changes in level at a single SO2
monitor were generally reflected at all monitors, with most
correlation coefficients between monitor pairs ranging from
0.4 to 0.8.10 Nitrogen dioxide (NO2) and ozone (03) concen-
trations, and coefficient of haze (CoH), were measured at a
single monitoring site in the study region. Maximum hourly
levels for each 24-hour period (7 pm through 6 pm) were used
to reflect the daily level for each pollutant. Minimum hourly
temperature was recorded at a centrally located monitoring
station. Details of the terrain, meteorology, pollutant sourc-
es, and monitor locations have been reported.6"0

Analysis
Three separate analyses were performed. First, a pre-

liminary analysis was done using incidence rates of LRI,
URI, and wheeze episodes. Incidence rates were calculated
for the entire sample and for the three subgroups. The
association between levels of air pollutants or temperature,
and incidence rates, was evaluated by calculating incidence
rates for strata of air pollutants and temperature levels. Also,
incidence rates for each symptom were divided at the mean

into high and low incidence groups. Mean pollutant concen-
trations and temperature for each group were compared.

This method of analysis is limited by failure to account
for interdependency of symptoms from one day to the next or
one episode to the next, and for missing data in which either
more symptomatic or less symptomatic subjects drop into or
out of the study. We used two other analytical approaches to
account for these limitations. One approach, proposed by
Korn and Whittemore,2 models each subject's probability of
having an episode of a given symptom by a multiple logistic
regression equation. The independent variables were the
symptom outcome on the previous day, the maximum daily
pollutant values on the current day, and the minimum current
daily temperature. The coefficients of the explanatory vari-
ables in the logistic models are estimates of the change in
symptom logarithmic odds ratios for each unit change in the
explanatory variables. The variable indicating presence or
absence ofsymptoms on the previous day attempts to remove
from the analysis the dependency of current symptoms on
previous symptom history. The summary coefficient over all
subjects was calculated as a weighted average of the indi-
vidual coefficients, each coefficient weighted by the inverse
of its variance. The model used corresponds to the "fixed
effects" case reported by Korn and Whittemore.2 Symptoms
odds ratios were calculated as the antilogarithms of the
regression coefficients and their 95 per cent confidence
intervals were calculated." Subgroup susceptibility was
evaluated by averaging summary coefficients only within a
given symptom subgroup.

A similar approach was used to evaluate the association
between PEFR and air pollution or temperature. The PEFR
was modeled as a linear function of the previous day's PEFR
and the other explanatory variables used in the preceding
logistic analysis. However, in this analysis each subject's
mean PEFR was allowed to vary; the effect of PEFR on the
previous day and the current day's pollutant concentrations
and temperature were assumed to be the same for each
subject. Specifically we use the model:

Yit = ao + ai + BYi, t-, + 13xt + eit
where Yit represents the level ofPEFR for individual i on day
t, ao the intercept, a, the addition to the intercept required to
obtain the mean PEFR for individual i (ia, = 0), 8 the
coefficient of the effect of PEFR on day t-1, 3 the vector of
coefficients representing the temperature and pollutant var-
iables on day t, and e the error term which is assumed to be
normally distributed with zero mean and unknown variance
aj2. Coefficients from this model estimate the change in PEFR
for each unit change in the explanatory variables.
Results

Of the 351 subjects selected for the eight months of
follow-up, 128 participated in the completion of diaries, 144
performed PEFRs, and 122 had the ATS Children's Ques-
tionnaire completed again in 1980. The 229 children whose
parents did not complete the second questionnaire were
compared with those children who participated.
Nonparticipating children were comparable in age (9.5 vs
10.1 years) and sex (55 per cent male vs 62 per cent male), but
had slightly less chronic cough (34 per cent vs 42 per cent) and
chronic phlegm production (22 per cent vs 28 per cent) based
on the initial questionnaire responses than participating
children. Nonparticipating children had a 10 per cent prev-
alence of physician-diagnosed asthma compared to 7 per cent
in participating children. Among the 122 children with a
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TABLE 1-Maximum Air Pollutant Concentrations and Minimum Temper-
atures in Chestnut Ridge, September 1980-April 1981

Mean Range

S02 (p.g/m3) 51.2 18-176
CoH (CoH units) 0.38 0.1-1.3
NO2 (,Lg/m3) 40.5 12-79
03 (1g/m3) 32.4 0-129
Temperature (0C) -1.3 -22-+20

second parent-completed questionnaire, 33 (27 per cent)
initially reported persistent wheeze, 59 (48 per cent) reported
chronic cough or phelgm, and 30 (25 per cent) reported
neither set of symptoms. Consistency of response between
the questionnaire completed in 1979 and the questionnaire
completed one and one-half years later in 1980 was 74 per
cent for persistent wheeze and 71 per cent for chronic cough
or phlegm production. Because of this change in symptom
designation over one and one-half years, subjects were
grouped according to current rather than initial symptoms.

Concentrations of the pollutants were lower during the
follow-up period (Table 1) than was anticipated from con-
centrations measured in previous years. The mean of maxi-
mum hourly SO2 concentrations in 24 hours of the 17
monitors was often considerably lower than the maximum
hourly concentration which might be measured at a single
monitor. For example, the highest mean maximum SO2 level
was 176 ug/m3, but the highest level recorded by a single
monitor was 604 ug/m3. Levels of individual SO2 exposures
in some instances were therefore higher than those reported
by the mean levels. However, as noted previously, the
change in level from day to day was generally reflected by all
monitors. Minimum temperature and ozone concentrations
were highly correlated (Table 2). Only modest correlations
were present between the other environmental variables.

An average of 79 per cent of subjects completed diaries
in each month from November through March. Fewer sub-
jects completed diaries in September and October because of
staggered recruitment. Fewer subjects also completed diaries
in April, the last study month.

Symptom Incidence Rates
The incidence rate of URI did not vary across symptom

group (Table 3). Wheeze incidence, as expected, and LRI
incidence were most common in those with persistent
wheeze. No consistent trend in incidence rates was present
for any of the symptom episodes over the observed ranges of
air pollutants or temperatures. Minimum temperature, how-
ever, was lower on days with a higher incidence of URI or
wheeze; no pollutant was substantially higher on days with
higher symptom incidence (Table 4).

TABLE 2-Correlation Coefficients among the Pollutants and Tempera-
ture in Chestnut Ridge, September 1980-April 1981

Minimum
Temperature SO2 CoH NO2

SO2 -.18
CoH -.32 .29
NO2 .27 .15 .30
03 .57 .05 -.31 .38

TABLE 3-incidence Rates (per 1,000 person-days) of Symptom Episodes
In Chestnut Ridge Children Stratified by Symptom Group

Symptom Episodes

Symptom Groupt URI* LRI* Wheeze

Persistent wheeze 19 15 62
Cough or phlegm 18 9 9
Asymptomatic 21 4 9
All subjects 20 8 21

*URI = Upper respiratory illness
LRI = Lower respiratory illness
tSee text for definitions

TABLE 4-Mean Level of Air Pollutant or Temperature on Days with High
versus Low Symptom Incidence Rates, Chestnut Ridge, Sep-
tember 1980-April 1981

Minimum
SO2 CoH NO2 03 Temperature

Symptom Incidencet (,ug/m3) (CoH units) (,Lg/m3) (,ug/m3) (0C)

LRI high 52.1 .42 40.2 27.0 -2.2
low 50.9 .37 40.6 34.1* -1.0

URI high 52.1 .38 38.5 29.4 -3.2
low 50.1 .38 42.6 35.5* 0.6*

Wheeze high 50.2 .40 41.2 28.8 -3.7
low 52.1 .36 39.9 35.4* 0.7*

*p < 0.05 for difference between high vs low incidence.
tincidence rates were divided at the mean into high and low rates.

Regression Analysis
Regression models could not be fit for subjects who

never had symptoms. Consequently, Ill subjects were
included in the regression analysis of URI, 55 were included
in the analysis of LRI, and only 26 in the analysis of wheeze.
Estimates from the Korn and Whittemore analysis indicated
that the presence or absence of symptoms on the previous
day was an important predictor (p < .001) of the occurrence
of symptoms on the current day. Because neither 03 nor NO2
were predictive of any symptom outcome, the regression
models included only symptom status of the previous day,
minimum temperature, and maximum SO2 and CoH as the
independent variables. Low temperature was associated with
increased occurrence of LRI and URI but not with wheeze
(Table 5). For LRI, for example, given two consecutive days
with the same SO2, CoH, and symptom status as on the first
day, but with temperature on the second day being 20°C less
than on the first day, the odds of LRI occurring on the day
with the lower temperature would be 1.3 times the odds of
LRI on the day with the higher temperature. Neither SO2 nor
CoH was associated with any important increase in daily

TABLE 5-Odds Ratios (95% confidence intervals) of Respiratory Symp-
toms Given Changes* in the Environmental Variables, Chest-
nut Ridge Region, September 1980-April 1981

200C Decrease 50 FLg/m3 0.5 unit Increase
Symptoms in Temperature Increase in SO2 in CoH

LRI 1.3 (1.04, 1.68) 0.9 (0.61, 1.35) 1.3 (0.93,1.82)
URI 1.2 (1.05, 1.37) 1.0 (0.92, 1.08) 0.9 (0.76, 1.07)
Wheeze 1.1 (0.79, 1.49) 1.2 (0.78, 1.56) 1.0 (0.97, 1.06)

'Amount of change was chosen to represent a substantial change in either temperature
or air pollutant.
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symptom occurrence, although increased CoH tended to be
related to increased LRI occurrence. Subgroups of children
with either chronic cough or phlegm production, or with
persistent wheeze, similarly had no increase in daily symp-
toms associated with increases in the pollutants.

Level of PEFR on the previous day was the strongest
predictor of daily PEFR. A drop in daily temperature was
weakly associated with a decrease in PEFR, with a drop in
temperature of 20°C being associated with a drop in PEFR of
only 1 L/min (p = 0.12). As with respiratory symptoms, none
of the pollutants was associated with a substantially de-
creased PEFR. The subgroup with persistent wheeze tended
to be sensitive to changes in SO2 concentration.

Models for symptoms and for PEFR were fit examining
associations with temperature and pollutant levels lagged by
24 hours and by 48 hours. All associations were weaker with
the lagged variables in the models than with the unlagged
variables.
Discussion

Because of strong correlation between the occurrence of
respiratory symptoms on any given day and symptoms on
preceding or subsequent days, we used a multiple regression
model similar to that proposed by Korn and Whittemore2 in
their analysis of asthma occurrence and air pollution. A
modification of this approach was used for analyzing PEFR,
a continuous measure which also has a strong day-to-day
correlation. We found no important association in this sample
of elementary school aged children between respiratory
symptoms of URI, LRI, or wheeze and relatively low levels
of air pollution. Potentially more susceptible subgroups, such
as children with chronic cough or phlegm production, or with
persistent wheeze, were not more susceptible to these levels
of air pollution. Children's PEFR was similarly unassociated
with the pollution levels measured. Cooler temperature was
associated with more URI and LRI, but not with more
wheeze, or with lower PEFR. Because characterization of
exposure depended on ambient measurements, however, the
absence of observed associations may have reflected misclas-
sification of actual exposure.

The results of the analysis of symptoms and air pollution
using the Korn and Whittemore method generally corrobo-
rated those using incidence rates, but only the former method
detected an association between lower temperature and more
LRI. Stebbings and Hayes' have argued that incidence rates
(attack rates) not only reflect day-to-day symptom variation
but also variation over longer time periods such as weeks or
seasons which might be included in the follow-up period.
Also, symptom incidence rates may be affected by nonre-
sponse rates varying over the study period. Nonresponse was
more prevalent early and late in this study which could have
resulted in a bias of the relationship between respiratory
symptoms and pollution or temperature. The Korn and
Whittemore type of analysis is designed, first, to remove the
time-dependency of symptoms by adjusting for symptom
occurrence on the previous day, and second, to make the
analysis insensitive to non-response bias by using each
individual as his own control. For these reasons this ap-
proach seems justified. It is not surprising that the two
different methods, one designed to remove the deficiencies in
the other, show some varying results.

The observed association of LRI and URI with cooler
temperatures is consistent with prior related observations.
Whittemore and Korn3 observed more asthma attacks with
cooler temperatures, as have others.'2"13 Rhinitis in adults

was associated with temperature in a random sample of
adults in Tucson, Arizona.'4 Temperature has also been
associated with respiratory mortality.'5

A limitation of this study that is shared by all other such
studies is that the ambient pollution concentrations may not
adequately reflect exposures of individual subjects. Since
most of a child's time during a school year is spent indoors,
and since indoor pollutant concentrations, especially for NO2
and particulates, can be markedly different from those
outdoors,'6"7 the outdoor concentrations measured in this
study may not have been valid estimates of each subject's
exposure. However, if day-to-day variation in indoor con-
centrations reflected the variation in the outdoor concentra-
tions, even though the absolute concentrations differed, then
the results from the Korn and Whittemore analysis would be
satisfactory. Analysis of incidence rates by levels of pollu-
tion, on the other hand, would be affected by misclassifica-
tion of the exposure if measured and actual absolute pollution
concentrations differed. Such misclassification, if random,
would result in a bias toward the null state of no association
between level ofpollution and respiratory symptoms.'8 When
indoor sources ofNO2 and particulates are present, however,
even the day-to-day variations outdoors may not reflect those
variations occurring indoors.

Another weakness of this study is that PEFR is primarily
a measure of large airways function. Thus, to the degree to
which the anticipated effect is due to small airways abnor-
malities, PEFR may not be a sensitive measure of pulmonary
function decrement due to air pollution.

Air pollution concentrations measured during the study
period were lower than anticipated given the concentrations
observed in preceding years. On no day did the levels at any
single monitor exceed the National Primary Air Quality
Standards.'9 This study can at best then be interpreted as
showing no acute effects of these pollutants on respiratory
symptoms or PEFR in children at levels which are lower than
the current standards.

Despite selecting this study population from a popula-
tion-based cross-sectional survey, the low participation rate
of subjects selected suggests that the children in this sample
should not be taken to represent any general population of
children. However, for the study findings to be invalid it
would have been necessary for those children susceptible to
low levels of air pollution to have selectively not participated.

The conclusions, then, which might be drawn from this
study need to be tempered by the relatively low levels of air
pollution encountered during the course of follow-up and by
the possibility of misclassification of pollutant exposures.
Higher levels might be associated with respiratory symp-
toms. Also, a susceptible subgroup might be affected only by
levels higher than those observed. Future studies would be
improved by use of more sensitive measures of pulmonary
function and by stronger links between subjects and their
individual exposures.
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Newly Revised Fact Book on Smoking, Tobacco, and Health

The Office on Smoking and Health of the Centers for Disease Control recently issued its newly
revised publication, Smoking, Tobacco, and Health, a 43-page fact book which for nearly 20 years has
been an important source of information for high school and college students on the medical, social and
economic aspects of cigarette smoking-the chief preventable cause of death in the United States.

The new issue of the booklet was mailed earlier this year to all public and private high school
libraries throughout the country so that it would be available as a research and background resource for
teachers and students. In addition, as long as supplies permit, the Office on Smoking and Health will
send individual copies to teachers and students on request.

To obtain a copy of the booklet, Smoking, Tobacco, and Health, Pub. No. (CDC) 87-8397, contact
the: Office on Smoking and Health, Centers for Disease Control, US Public Health Service, Department
of Health and Human Services, Rockville, MD 20857. Telephone: 301/443-5287.
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