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A daily diary of respiratory symptoms was collected from the parents of 1,844 school children in six U.S. 

cities to study the association between ambient air pollution exposures and respiratory illness. A cohort 

of approximately 300 elementary school children in each of six communities were asked to keep a daily 

log of the study child's respiratory symptoms for one year. Daily measurements of ambient sulfur dioxide, 

nitrogen dioxide, ozone, inhalable particles (PM10), respirable particles (PM2.5), light scattering, and sul

fate particles were made, along with integrated 24-h measures of aerosol strong acidity. The analyses were 

limited to the five warm season months between April and August. Significant associations were found 

between incidence of coughing symptoms and incidence of lower respiratory symptoms and PM10. and 

a marginally significant association between upper respiratory symptoms and PM10• There was no evidence 

that other measures of particulate pollution including aerosol acidity were preferable to PM10 in predicting 

incidence of respiratory symptoms. Significant associations in single pollutant models were also found be

tween sulfur dioxide or ozone and incidence of cough, and between sulfur dioxide and incidence of lower 

respiratory symptoms. A change in 24-h PM10 concentration from 20 to 50 µg/m3 was associated with a 

relative odds of 1 .53 (95% Cl 1.20-1.95) for the incidence of lower respiratory symptoms, a relative odds 

of 1.22 (95% Cl 1.03-1.45) for the incidence of coughing, and a relative odds of 1.22 (95% Cl 0.98-1.52) 

for the incidence of upper respiratory symptoms. A change in 24-h ozone concentration of 30 parts per 

billion (ppb) was associated with a relative odds of 1.22 (95% Cl 0.96-1.49) for the incidence of coughing. 
The relationship between ozone and incidence of cough was independent of other pollutants. However, 

the relationship between sulfur dioxide and incidence of lower respiratory symptoms appeared to derive 

only from a few influential observations, and could be confounded by PM10• Aerosol acidity was not as

sociated with the incidence of any respiratory symptom. The highest daily PM10 concentration was 117 µg/m3 

during the study, indicating that these relationships occurred at concentrations below the ambient air qual

ity standard. Schwartz J, Dockery OW, Neas LM, Wypij D, Ware JH, Spengler JD, Koutrakis P, Speizer 

FE, Ferris BG Jr. Acute effects of summer air pollution on respiratory symptom reporting in children. 

Am J Respir Crit Care Med 1994;150:1234-42. 

Recent studies have reported that short-term exposures to par
ticulates (1-4) or ozone (5-7) are associated with acute, revers
ible decrements in pulmonary function. Acute exposure to pollu
tion has been associated with excess early mortality in episodes 
of high pollution (8) and in longer term studies across a broad 
range of pollution values (9-15). Air pollution also has been as
sociated with croup symptoms in preschool children (16), hospi-

tal admissions tor respiratory illness (17-20), respiratory symp
toms in preschool children (21), and increased symptoms and 
medication use in asthmatics (3). Recent studies have suggested 
that aerosol strong acidity may be an important factor for chronic 
prevalence rates (22), asthma symptoms (23), and acute mortal
ity (24). Many studies have analyzed sulfate (S04) ion concentra
tions as a marker of the concentration of various aerosol acids. 
Identifying the specific component of the mixture of pollutants in 

the ambient air which is responsible for acute health ef fects re
mains a critical need. (Received in original form January 4, 1993 and in revised form March 24, 1994) 
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Daily diary studies of respiratory symptoms represent an at
tractive approach to investigate the possible acute ef fects of air 
pollution. While the significance of reversible changes in lung func· 

lion has been debated, respiratory symptoms are clearly outcomes 
that produce discomfort and morbidity in their victims. In longitu
dinal studies of symptom reporting over time, the population serves 
as its own control, eliminating a possible source of confounding 
found In cross-sectional studies. The use of daily questionnaires 
allows the separate investigation of risk factors for symptom inci· 
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dence and r�sk factors for the duration of respiratory symptoms. 
Recent stu�1es have used such approaches to diary data t _ amin� possible associations with respiratory symptoms (25�2�;. This rep?rt presents results from a study of the association be
tw�en re�p1r�tory syi:n

.
ptoms in a sample of elementary school 

ch1ldr�n 1n six U.S. c1t1es and daily air pollution measurem t 
including aerosol acidity measurements. 

en s 

METHODS 

T.he Six Cities Study of respirable particles and sulfur oxides is a longitud1�al study of the �fleets of exposure to respirable particles and sulfur oxides on the respiratory h.ealth of children and adults (29). A stratified r��dom sample of 1,844 �h1ldren in grades two through five from six U.S. c1t1es (Watertown, MA; Kingston-Harriman TN· St Loui's M O· St b ·11 OH· p t 
' ' · • , eu en-v1 e, , . or �ge, WI; and Topeka, KS) was enrolled in a year-long diary study starting in Septemb.er 1984. Children were selected from stratum based on the �resence of �ndoor sources of air pollution (gas stoves and parental smoking) dete�mmed f�om a questionnaire administered to the wh�le cohort. The fa�1lies participated in an indoor air pollution stud which has been described previously (30, 31). Parents completed a da/ report on the child's respiratory (and other) symptoms. Symptom report� were .co�lected every 2 wk over the phone and parents mailed in the writ-ten d1anes monthly. One community Watertown was e · d · h . • , xamine in t e 1984185 sc�ool �ear. Children in two communities, Kingston and St. Louis �ere examined 1� 1985/86; two communities, Steubenville and Portage' in 1986/87; and finall.y one community, Topeka, in 1987/88. The dlarie� recorded symptoms in 13 categories (Table 1). 

Air Pollution Measurements 

Ambient. alr.polluti�n was measured daily during the diary study at a central mon.1to�ing station !ocated i� a residential area in each communit . 
Sulfur d1ox1de (S02), ni�rogen dioxide (N02), and ozone (0,) were me�sured hourly and the daily mean calculated for each day with at least 18 h of observation. Particulate matter was collected by a dichot pler wl

.
th aerodynamic size cut at 10 µm (PM ) and 2 5 µm (P

o
M
mous

M
sam

concent r d •0 • 2 s) . ass ra ions were etermined by beta-attenuation. Elemental sulfm as an index of SO,, was measured from the PM2 s filters by X-ray fluo:escence. A.nephelomet�r continuously measured lfght scattering by the very fine parliculate traction. 
Aerosol acidity (W) was measured daily. The Harvard aerosol im actor was us�d to collect particulates less than 2.5 µm aerodynamic dia!ter on teflon filters. Impactors were equipped with an ammonia (NH3) gas 
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denuder to pr�vent n�utralization of collected acid aerosols . The filters w_er.e re�oved immediately after sampling and placed in a vial of doubl d1st1lled ion-free Wat.er, sealed and returned to the Harvard School of Publi� Heal

.
th for pH and ion analysis . Before shipping and immediately upon receipt, the concentration of hydrogen was determined by ion selection electrode (32). 

Temperature was measured at the nearest National Oceanographic and Atmospheric Administration weather station. 

Analytic Methodology 

The sympt�ms .recorded on the diary (Table 1) are not independent. Rathe[ !hey occur in d1�crete combinations. Factor analysis combined with med� real judgment yielded four discrete respiratory complexes: lower respiratory symptoms, defined as reports of at least two of cough, chest pain, phlegm, and wheeze; upper respiratory symptoms, defined as the report of at least two of hoarseness, sore throat, and fever; cough alone, defined as the report of cough without any other symptom; and rhinitis, defined as the repo�t of runny nose without lower or upper respiratory symptoms as just defined. Rhinitis was not analyzed in this report. T he same factors that promote the development of respiratory symptoms may not necessarily determine the duration of those symptoms For �xample, '.n the�e data the number of lower respiratory symptom ev�nts is much higher in the winter than in the summer, but the mean duration is un�ffected by season. Because the mean duration of respiratory sympton:s is mon� than one day, prevalence data are highly autocorrelated which �o":phcates the analytic-al strategy. T his analysis therefore focuse� on the incidence of symptoms. Incident cases were defined by a positive report ot a symptom complex by an individual who had not reported that sym_ptom on the previous day. When symptom incidence is analyzed only sub1ects free of th� s��ptoms on the previous day are at risk. ' .. Although each md1v1dual contributing to the incidence rate on a spec1f1c day was by definition symptom-free on the previous da th . . 
dence rates to · t y, e inc1-. r respi�a ory symptoms may still exhibit autocorrelation. Au-tocorrelation (or serial correlation) refers to the tendency for incide �ates .close !��ether in time to be correlated. For example, symptom��� 1nfect1ous or191n m�y occur because other subjects had the symptoms on the same or pr�vious d�ys. In addition, time-dependent covariates such as weather and air pollution often exhibit serial correlation which could l�ad to ser!al correlation in daily symptom reporting. The st�ndard logistic regression model assumes independence of the daily incidence rates �fter controlling tor the covariates. If all appropriate covariates are included in t�e mod?'· this condition may be met, but if important covariates are omitted or inadequately controlled for, serial correlation in the data will 

TABLE 1 

Hoarseness: 
Sore throat: 
Cough: 
Phlegm from chest: 

Pain in chest: 

Wheezing: 
Fever: 

Ear pain or discharge: 
Runny nose: 

SYMPTOMS RECORDED ON DAILY DIARIES ANO DESCRIPTIONS OF SYMPTOMS GIVEN TO PARTICIPANTS 
Hoarse or dry throat; raspy voice; laryngitis. Any so�en�ss or

_
;rritation of the throat; strep throat; tonsillitis. Sporadic, intermittent, or protracted coughing. Phlegm or mucus coughed up from the lungs or area of the th.roat .b�low the voice box; congestion in' the lungs. Aching, 1mtat1on or feeling of constriction in lungs· shortnes f breath • s o  

Wheezing or whistling sound from the chest. 
An abov� aver�ge temperature recorded by thermometer at any point during the day or evening. 

Burning, aching, or red eyes: 

Ear ache �r ear infection; discharge of fluid from the ears. Nasal or sinus congestion; postnasal drip; phlegm or mucus from. back of throat; �neezing; itching of nasal passages. Sensations of burning, 1tch1ng, or aching in the eyes or eyelids· Restricted activities: 

Saw doctor: 

Hospitalized: 

red or watery eyes. ' 
Interruption in the child's daily routine resulting from any illness· e.g., .chil? stays home from school or on a nonschool day 

' 
remains indoors. 

Any appointment or visit with a health practitioner, whether regularly scheduled or not. 
Admitted to hospital or clinic as an in-patient for one night or more. 
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remain, and the residuals will exhibit autocorrelation. At a minimum, this 

can lead to biased estimates of the standard errors of the regression coeffi

cients, and Inefficient estimates of the coefficients themselves. Liang and 

Zeger (33, 34) have described methods for fitting logistic regression models 

where the covariance structure exhibits autocorrelation. In addition, this 

methodology allows for robust variance estimates when multiple indepen

dent subsets of the data are available. In this study, although the data 

from each city could be considered independent, city of residence was 

trea.ted as a categorical explanatory variable to account for differences 

Mtween communities unrelated to the air pollution exposures. Therefore, 

robust variance estimates could not be calculated. Statlstically insignifi

cant (p > 0.10) autoregression parameters in the covariance model were 

dropped. If no autocorrelation exists In the data, !he ef fect estimates are 

the same as from the usual logistic regression models. This approach 

has been successfully implemented in previous diary studies of air pollu

tion and respiratory symptoms (21, 25), and preliminary analyses of these 

data (35). 
Respiratory symptoms peak in the winter, primarily because of infec

tious disease epidemics. In contrast, ozone and aerosol acidity peak in 

the warm months and are near their minimal detectable limits in the win

ter. This creates considerable potential for confounding and errors in vari

ables. To avoid these problems, the analysis was restricted to data from 

the nonwinter months, April through August (153 days) in each community. 

A logistic regression of respiratory symptoms against a continuous 

pollution variable assumes that the logit (logarithm of the odds) of the 

symptom rate varies linearly (with no threshold) with the pollutant. Iden· 

ti tying possible threshold values or other nonlinearilies In the concentra

tion-response relationship in a major public health concern. Local non

parametric smoothing provides an attractive method for Investigating such 

issues. Local smoothing is a generalization of a moving average, where 

the predicted value of the outcome at xi. the exposure on day I, is taken 

to be the mean of the outcomes In a neighborhood around x;. Usually, 

a weighted mean is taken, with weights that decline with distance from 

x1. The Generalized Additive Model (36) extends this concept to include 

multi.pie covariates, and allows Its use in models for discrete outcomes, 

such as logistic regression. The logit of symptom rates is lit to a continu

ous function of pollution concentration, defined by local nonparametric 

smoothing controlling for covariates. The improvement In model fit com

pared with a linear relationship is evaluated with a chi-square test, with 

a nonsignificant test suggesting that the data are consistent with a linear 

trend. Smoothed plots of symptom rates versus pollution, controlling for 

cofactors, allow the visual evaluation of the shape of the concentration-re· 

sponse relationship. 
Because of the multiple pollutants being considered, a sequential ana

lytic strategy was utilized. Preliminary regressions showed that the Inci

dence of respiratory symptoms was highly correlated with the previous 

day's mean temperature and the previous day's temperature squared. There 

was little additional correlation with current day's temperature, or tern. 
perature for more than one day lag. Interaction terms were used to test 
for city-specific temperature dependence, and included where significant 
(p < 0.10). Incidence of respiratory symptoms was then regressed 
separately against each pollutant controlling for previous day's tempera
ture (and its square), day of the week, and city of residence. Pollutants 
that were significant in these regressions were then analyzed in multiple 
pollutant models. The effects estimated for each pollutant from the logis
tic model are reported as estimated odds ratios and 95% confidence in
tervals (95% Cl) scaled to a characteristic range of exposures approxi
mately equal to the interquartile range. 

Following a pollution episode, incident respiratory symptoms may de
velop immediately or possibly several days later (3). Associations of inci
dent respiratory symptoms were considered with pollution concentration 
on the current day, the previous day, and the mean of up to four previous 
days was assessed for each pollutant. Significant pollution relationships 
detected in the initial logistic regressions were examined using General
ized Additive Models (37). 

RESULTS 
Table 2 shows the percentile distribution of daily mean pollution, 

temperature, and the respiratory symptom incidence combined 

over the six cities for the five nonwinter months. The maximal 24-h 

concentration of PM,0 was 117 µg/m3, compared with a National 

Ambient Air Quality Standard (NAAQS ) of 150 µg/m3• For sulfur 

dioxide the maximal 24-h average was 82 ppb compared with the 

24-h standard of 140 ppb. The maximal 24-h mean aerosol acidity 

concentration observed during this period (372 nmollm3) corre. 

spends to an equivalent exposure to pure sulfuric acid of 18.2 

µg/m3• No ambient air quality standard has been promulgated for 

acid aerosols. Thus this study examines the effects of exposure 

to air pollution at levels below the current standards. There was 

strong day -to-day correlation between the measures of par ticu

late mass concentrations (Table 3) were high, with correlation 

coefficients greater than 0.75. Aerosols acidity had weaker associ

ations with particle mass, with correlation coefficients between 

0.55 and 0.76. The gaseous pollutants, sulfur dioxide, nitrogen di

oxide, and ozone, had weaker correlations with particle mass and 

with each other. 

Incidence of Cough 
Incidence of cough without other symptoms was serially correlated 

after controlling for day of week , city, and previous day's temper-

TABLE 2 

DISTRIBUTION OF 24-H MEAN POLLUTION, TEMPERATURE, AND HEALTH OUTCOMES FOR 
NONWINTER MONTHS (APRIL-AUGUST) COMBINED OVER SIX CITIES 

Days 
Variable (no.) 100/o 25% 50% 750/o 900/o Max 

Air pollutants 
so,, ppb 830 0.8 1.4 4.1 8.2 17.9 81.9 

N02, ppb 809 5.0 8.3 13.3 18.3 24.1 44.2 

o,, ppb 898 23.0 29.2 36.9 45.5 54.1 87.0 

PM,., µg/m3 657 13.0 20.0 30.0 41.0 53.0 117.0 

PM,.,, µg/m3 660 7.2 12.0 18.0 27.0 37.0 86.0 

PM,.5 Sulfur, µg/m' 660 0.8 1.4 2.5 4.0 5.9 15.1 

H', nmol/m3 684 3.1 8.5 18.1 35.4 61.0 371.7 

Weather 
Temperature, °F 918 52 61 71 77 82 

Health outcomes* 
Cough 0 0 3.1 5.8 8.6 

Lower respiratory symptoms 0 0 0 2.9 3.4 

Upper respiratory symptoms 0 0 0 3.1 5.7 

• Incident cases/1,000 child-days. 
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TABLE 3 

CORRELA�gzw�:T�������;�������G
C
U����:;���so��� �;M���URE FOR 

PM,0 PM2., Nephelomeler 
PM,0 1.0 

PM,., 0.92 1.0 

Nephelometer 0.76 0.88 1.0 

PM,.. Sulfur 0.80 0.93 0.90 

H• 0.55 0.69 0.69 

so, 0.53 0.55 

NO, 
0.35 

0.36 0.35 

o, 
0.21 

0.32 0.25 0.19 

Temperature 0.40 0.38 0.38 

ature. The patter� was well described by an autoregressive model 
of order on� , w�1ch was used in all analyses. �pon e�trn�a

.
trng the additional effect of daily mean concen

trations of ind1v1dual pollutants the best goodnes f f·t 2 

d f 
. . • s-o - 1 x was 

foun or incidence of cough with increased PM th · 

d ( dd 
. 10 on e previous 

ay o s rat1� f?RJ for 30 µg/m3 = 1.22, 9 50/o Cl = 1.03_1.45) 
A be�ter assoc1atron, measured by x2 goodness-of-fit statistic wa� 
obta1�e� for the �ean PM,o over the previous 3 d (OR for 30 
�glm - 1.29, 9 5  Vo Cl = 1.07-1.56). Fitting a Generalized Addi
tr�e Model showed that cough incidence increased monotonicall 
�1th �M,o concentra�io� (Figure 1) and that the deviation fro� 
lrnearrty was not st�t1strcally significant (p = o.a1). 

The
. 
on

.
fy other single pollutant significantly associated with 

cough incrdence was mean 03 on the previous day (OR for 30 
ppb 03 = 1.27, 95% Cl = 1.0 5-1.54). Two- and 3-day averaged 
03 ��ve a poorer fit . The locally smoothed fit by the Generalized 
Addrtrve Model showed cough incidence to increase with ozone 

PM,., 
Sulfur H• so, NO, o, 

1.0 

0.76 1.0 

0.50 0.23 1.0 

0.28 0.03 0.51 1.0 

0.26 0.13 -0.09 -0.28 

0.40 

1.0 

0.32 -0.03 - 0.11 0.35 

�Figure 2} .  Although the concentration-response association was 
ess regul�r ��an with PM,o. the test for deviation from linearity 
was not srgnit1cant (p = 0.31}. 

Cough incidence was not significantly associated with SO (OR for 10 ppb = 0.99, 95% Cl = 0.90-1.10}, with N02 (OR to� 
10 ppb = 1.10, 95% Cl = 0.96-1.26), nor with N02 on the revi
ous da� (O� for 10 ppb = 1.10, 95% Cl = 0.96-1.25). For l�n er 

�veragrng times, t�e estimated effect of the average concen;,a��� over the previous 4 d was statistically significant for SO 
for 10 ppb = 1. 1S, 95% Ct = 1.02-1.32) and also for N0

2 

(OR for 10 p�b = 1.35, 95% Cl = 1.11-1.63). However. the I � �onparametrrc smooth of the 4-d mean N02 concentrati�n sh;�� 
increased �ough incidence rates up to approximately the median 
concentration ("' 13 ppb} after which no tu th 

. 
r er increase was ob-

served. The test for deviation from linearity was significant (p -
0.01). For S02, the focal smooth showed increased cough inc� 
dence only above a 4-d mean of 20 ppb, that is, less than 50/o 

TABLE 4 

REGRESSION MODELS FOR COUGH INCIDENCE, CONTROLLING FOR 
TEMPERATURE, CITY, AND DAY OF THE WEEK* 

Pollutant Exposuret 
PM,0 (30 µg/m3):1: 
Ozone (30 ppb)§ 
so, (10 ppb)ll 
NO, (10 ppb)ll 
PM2.5 (20 µg/m3):1: 
PM,,, Sulfur (5 µg/mt 
Nephelometry (1 km-•) 
H• (25 nmol/m') 

Two-Pollutant Models 
PM,0 (30 µg/m'):I: 
Ozone (30 ppb)§ 
PM,0 (30 µg/m'):I: 
so, (10 ppb)H 
PM,0 (30 µg/m3):1: 
NO, (10 ppb)ll 
Ozone (30 ppb)§ 
NO, (10 ppb)ll 
NO, (10 ppb)ll 
so, (10 ppb)ll 
Ozone (30 ppb)§ 
so, (10 ppb)ll 

; Restricted to 762 d with complete air pollution data. 

* Increment in pollution used to estimate Odds ratios 

Mean of previous 72 h. 

· 
§ Mean of previous 24 h. 

i Mean of previous 96 h. 

Odds Ratio 95% Cl t Statistic 
1.28 1.07-1.54 2.77 

1.23 0.99-1.54 1.89 

1.15 1.02-1.31 2.25 

1.27 1.04-1.56 2.40 

1.19 1.01-1.42 2.07 

1.23 0.95-1.59 1.62 

1.21 1.02-1.45 2.19 

1.06 0.87-1.29 0.62 

1.27 1.06-1.52 2.67 

1.20 0.96-1.49 1.62 

1.22 0.99-1.50 1.86 

1.08 0.93-1.25 1.04 

1.21 0.99-1.47 1.91 

1.17 0.94-1.46 1.44 

1.23 0.99-1.52 1.84 

1.27 1.04-1.55 2.37 

1.19 0.95-1.51 1.53 

1.09 0.94-1.30 1.16 

1.23 0.98-1.53 1.84 

1.15 1.01-1.31 2.22 

Goodness-of-lit x' 

738.5 

739.5 

744.4 

748.8 

741.0 

741.4 

NA, 
NM 

732.4 

738.7 

741.7 

741.6 

747.0 

737.5 

1 Missing observations of neph 1 t e ome ry and hydrogen Ion imply that tests compared with other pollutants are not appropriale. 
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Figure 1. Relative odds of incidence of coughing smoothed against 3-d 
mean PM,0 (µg/m3), controlling for temperature, city, day of the week, and 
ozone concentration. 

of the data. Again, the test for nonlinearity was significant (p = 
0.002). An analysis testing for an association with 4-d mean S02 
restricted to days below 20 ppb was far from statistical significance 
(p = 0.54). Thus, at the relatively low S02 and N02 ambient con
centrations observed in this study, no clear associations with cough 
incidence could be observed. 
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Figure 2. Relative odds of incidence of coughing smoothed against 24-h 
mean ozone (ppb). controlling for temperature, city, day of the week, and 
PM10 concentration. 

The pollutants associated with the incidence of coughing, i.e. , 
PM,0, 03, S02 , and N02 were examined in multiple pollutant 
models, restricted to those days that had no missing values of 
any of the four pollutants (Table 4). For comparison, the one. 
pollutant models were reestimated on the restricted data sets (Ta. 
ble 4) . 

The associations for PM10 (OR for 30 µg/m3 = 1.27, 95% Cl == 
1.06-1.52) and 03 (OR for 30 ppb = 1.20, 95% Cl = 0.96-1.49) 
when simultaneously considered In the linear logistic model (Ta
ble 4) were both similar to the associations for the single-pollutant 
models. This suggests that the ef fects of PM,0 and 03 on cough 
incidence are independent and additive on the logit scale. The 
goodness-of-fit x.2 for this model was substantially better than any 
other two-pollutant models or the univariate model for PM10 (x.2 = 
6.1, 1 degree of freedom (d�. p = 0.27). 

The effect estimates for PM,0 and 03 each only slightly changed 
when other pollutants were considered in two-pollutant models 
(Table 4). The models with S02 and N02 had poorer goodness-of. 
fit statistics. The log odds ratio for S02 was reduced by almost 
half in the model with PM,0, suggesting its association was sub
stantially due to confounding with particles. The NOi log odds 
ratio was reduced by about one-third also suggesting some con
founding with PM10. 

Other measures of particulate matter on the previous 3 d also 
were associated with cough incidence, although the associations 
and statistical significance of these were weaker; PMu (OR for 
20 µg/m3 = 1.19, 95% Cl = 1.01-1.42), fine particle sulfur (OR 
for 5 µg/m3 = 1.23, 95% Cl = 0.95-1.59), and nephelometry (OR 
for 1 km-1 = 1.21, 95% Cl = 1.02-1.45). 

Aerosol acidity H" over the previous 3 d was not significantly 
associated with cough incidence (OR for 25 nmol/m3 = 1.06, 95% 
Cl = 0.87-1.29). Local smoothing with the Generalized Additive 
Model showed no increase in cough incidence until concentra
tions exceeded 50 nmollm3, approximately the 80th percentile. 
Above 50 nmol/m3 the incidence of cough increased with con
centration up to approximately 150 nmol/m3 and then decreased. 
Thus there was little evidence that W was more strongly associated 
with incidence of cough than the mass concentration of inhala
ble particles (PM,0). 

Incidence of Lower Respiratory Symptoms 

There was no significant serial correlation in the incidence of lower 
respiratory symptoms. Of the criteria pollutants, the strongest as
sociation (p = 0.0005) was with inhalable particles (PM,0) on the 
previous day (OR for 30 µg/m3 = 1.53, 95% Cl 1.20-1.95) (Table 
5). Sulfur dioxide also was associated with incidence of lower re
spiratory symptoms (OR for 10 ppb = 1.28, 95% Cl 1.13-1.46, p = 
0.0011), as was ozone (OR for 30 ppb = 1.35, 95% Cl 1.00-1.84). 
In two-pollutant models .(not shown) the estimated effects of in

halable particles were stable on inclusion of other pollutants, 

whereas the estimated effects of sulfur dioxide, ozone, and nitro
gen dioxide were all substantially reduced (and not statistically 

significant) after adjusting for particle concentrations. 
The incidence of lower respiratory symptoms was most strongly 

associated with each of these pollutants with a lag of 1 d. The 
association for each fell off when pollution was averaged over sev· 
eral previous days. The results when different components of the 
particulate fraction were examined (Table 5) showed no evidence 

that either the finer fraction (PMu). the sulfur fraction, or the acidic 

fraction was more potent than PM,0 in increasing the incidence 

of respiratory symptoms. Aerosol acidity (H") was not significantly 

associated with lower respiratory symptom incidence (p = 0.22). 

A test for increased incidence associated with episodes of aero

sol acidity (60 nmol/m3) was also insignificant. 
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TABLE 5 

LOWER RESPIRATORY SYMPTOMS REGRESSED ON INDIVIDUAL AIR POLLUTANTS ON THE PREVIOUS DAY AFTER CONTROLLING FOR TEMPERATURE DA y OF WEEK, AND CITY OF RESIDENCE 
' 

<D .,...: -

Pollutant• Odds 
Exposuret Ratio 95% Cl t Statistic 

Mean Gases 
so, 10 pb 1.28 1.13-1.46 o, 30 ppb 3.27 

1.35 1.00-1.84 NO, 10 ppb 1.96 
1.20 0.98-1.47 1.73 Particulate measures 

PM,0 30 µg/m' 1.53 1.20-1.95 PM,.5 20 µg/m' 3.47 
1.44 1.15-1.82 3.13 PM,,1 Sulfur 5 µg/m' 1.82 1.28-2.59 3.35 Nephelometry 1 km-• 1.36 1.14-1.63 3.33 H' 25 nmol/m' 1.05 0.25-1.30 0.44 • Mean of previous 24 h. t Values represent incremental increase in each pollutant for estimated odds ratio. 

When �moothed plots of the relative odds of the incidence of low
.
er respiratory sy�ptoms versus individual pollutants were examine� . a monot�nic concentration response relationship was seen wit� p��o (Figure 

.
3), and the test for deviation from linearity was not s1gnif1cant. No increase in the incidence of lower respiratory symp

_
toms was see� with S02 until concentrations exceeded 22 ppb (Figure 4 ), no� with hydrogen ion until concentrations exceeded 110 nm/m3 (Figure 5), which only occurred on a few days For �zone, the smoothed plot revealed a pattern of increasing lowe� r

.
espirato

.
ry symptom incidence with increasing ozone concentra�1on as h1�h �s about 40 ppb, at which point no further increase in rates with increasing ozone was seen. 

Incidence of Upper Respiratory Symptoms 
No significant serial correlation was observed in any models of 
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the inci�ence of upper respiratory symptoms. None of the measured air pofl� tants was significantly associated with incidence of up�er res�ira�ory symptoms. PM,o 2 d before the event was associated with increased incidence of upper respiratory symptoms (OR for 30 µg/ma = 1.22, 95% Cl 0.98-1.52, P = 0.076) as was PM2.5 2 d before (OR for 20 µg/m3 = 1.22• 95% Cl 1_00_1.49, 
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All of the particulate measures (PM10• PM�.s'. fin� sulfate, 
nephelometry) had essentially the same ass_oc1at1on _with the in-
"d e of these respiratory symptoms. While the high correla-c1 enc . 1 t tt ( · 

tion among the various measures of part1cu a e ma er ranging 
from 0.72 between PM10 and nephelometry to 0.94 betwee� PMM 
and its sulfur fraction) precludes drawing strong conclusions re
garding the relative importance of these measures, there ls cer
tainly nothing in  these data to �ug_gest that me�sures other than 
PM10 are better predictors of the incidence of respiratory sy�ptoms. 

In contrast, the correlation between PM10 a�d hydro�en ion con
centration is only 0.54 in these data, an� the difference tn the corre
lations with respiratory i nc idents is striking. While meas

.
urement 

error is a larger traction of the variability of the hydro�en ion m?a-
th f the PM measurements a dummy variable for high sure an o 10 • . . 

acid concentrations was likewise insignificant. !he n?nparamet-
ric smoothed curves indicated that hydrogen ion might have a 
threshold tor effect at 110 nmol/m3• However, the small numbe

_
r 

of days above these concentrations makes confo�ndlng a possi
ble alternative explanation . The Utah Valley studies (3, 4, 17, 19) 

reported associations of PM10 with r�spiratory symptoms a�d hos

pitalization in a location with essentially no S02 and a part1�ul?te 

aerosol with no detectable acidity. This fits well with our fm�1.ng 

of an association with PM10, but not with aerosol strong acidity. 

The exposure-dependent increase in symptoms see� ac�os_s the 

F" 6 Relative odds of incidence of upper respiratory symptoms (URS) 

s��:h�d against 24-h mean PM,. concentration 2 d earlier, controlling 

for temperature, city, and day of the week. 

t. e of PM certainly suggests that the effect is pnnc1pally 
en ire rang 10 . . "d" 
related to particle mass, and not specifically t� �he .ac1

. 
ic compo-

nents. Acid may increase the particulate effect if it Is �n high enough 

t t. ns however This may relate to neutrahzation of lower 

p = 0.056) . Hydrogen ion 2 d before was weakly associated (OR 

for 25 nmo1fm3 = 1.06, 95% Cl 0.98-1.15, p = 0.15). �hen th� 

shape of the relationship was examined in the Generahzed Addi· 

tive Model, incidence of upper respiratory symptoms showed an 

exposure-dependent increase across the entire r�ge of PM,o c�n

centrations (Figure 6). The test for improve? fl
_
t . compared with 

a linear model on the logistic scale was not significant (� =:= 0.67). 

In contrast. hydrogen ion showed no consi�ent assoc1at�on with 

incidence of upper respiratory symptoms unt1� c?ncentrat1ons ex

ceeded 110 nmolfm3. This relationship was s1m1lar to that for the 

incidence of lower respiratory symptoms. 

DISCUSSION 
Particulate matter concentration was ass�iat�d w�th the incidence 

of all of the respiratory symptoms examined in this s�udy. The as

sociation was strongest with incidence of lower _respiratory symp

toms and weakest with incidence of upper respiratory symptoms. 

concen ra 10 , • . · b h" 
concentrations of acidic aerosols by ammonia tn the re

_
a� i�g 

zone (38). Further investigation of any role of ae�osol _acidity m 

modulating the effects of PM10 Is needed to clarify this .. 
l1 ble 6 summarizes the associations reported her� in com-

ari:on with previously reported associations between inhalable 

�articulate concentrations and respiratory s�mptoms_. Overall there 

is good agreement among the studies, particularly given that there 

were differences in the definition of symptom complexes betwe
.
en 

the studies. The consistency of findings in both summer studi�s 

in Six Cities and winter studies in Utah suggests that the assoc1a· 

tions are not limited to phOtochemically produced aerosols. 

The observed association with other pollutants was not as clear. 

S02 was associated with the incidence of cough sympt�ms and 

of lower respiratory symptoms. For both of these endpoint�, �he 

association was weaker than that tor PM1?· The S02 �ssoc1at1on 

was also due to a few influential observations, an_d ?isappeared 

when those observations were excluded. No association wa� seen 

across the bulk of the range of variation of S02. Although this ma� 
reflect a threshold for the �ffect of S02. results dependent on 

TABLE 6 

OR A 30 /m, INCREASE IN PM,. 
ODDS RATIOS AND 95% CONFIDENCE INTERVALS F 

µg IARY STUDIES 
ASSOCIATED WITH RESPIRATORY SYMPTOMS IN RECENT D 

Lower Respiratory 

Symptoms 

Upper Respiratory 
Symptoms 

Cough 

Odds Ratio 95% Cl Odds Ratio 
Odds Ratio 95% Cl 

Study ' 
1 .20-1 .95 1 .22 

1 .22 1 .03-1 .45 1 .53 
Six Cities 

1 . 1 7-1 .70 NA 1 .23 
Switzerlandt (21) 1 .41 

Utah Valley 1 990-91 (4) 
1 . 1 2  0.85-1 .32 1 .02 

Asymptomatic children 1 .20 1 .04-1 .38 
1 .08-1 .37 1 .1 7  

1 .1 0-1 .34 1 .22 
Symptomatic children 1 .24 1 . 1 1  

Utah Valley 1989-9ot (3) NA 1 .1 6  , .03-1 .31 

• Numbers in parentheses refer to references. 

t PM,. converted to PM,. a ratio of PM,,JPM,, � . 0.6d5. 
. h . II t' n which may have dampened the eHect on symptoms. 

:t: Increased use of asthma medication was associate wit air po u 10 , 

95% Cl 

0.98-1 .52 
1 .06-1 .43 

0.84-1 .24 
1 .04-1 .32 
1 .02-1 .21 
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few influential observations must be viewed with caution. The 802 
results were confounded with the PM10 correlations for both out
comes. The better fit of the PM,0 models, coupled with the strong 
evidence of a monotonic increase in symptoms with PM10 across 
the entire range of its variation suggest that the PM10 relationship 
is more plausible. This is further supported by the evidence from 
other studies. 

ozone was also associated with cough incidence. Ozone had 
the best goodness-of-fit statistic after PM10 in the single-pollutant 
models for incidence of cough. Its coefficient was essentially un
changed when it was considered in models with other pollutants, 
suggesting little evidence that the association was due to con
founding with the other pollutants. Overall, the weight of the evi
dence suggests ozone as the most likely other pollutant associated 
with cough incidence. The estimated coefficient for ozone in the 
two-pollutant model was marginally insignificant, but this l ikely 
reflects the lower sample size caused by the greater number of 
days with missing PM10 data. The relationship between ozone and 
incidence of lower respiratory symptoms, in contrast, was only 
marginally significant, and the shape of the exposure-response 
relationship was implausible. This relationship is probably in
fluenced by confounding with other factors. 

One limitation of this study is the use of central station outdoor 
monitoring of pollution as the estimate for individual exposure. 
However, the study areas are small communities or defined areas 
of larger communities so that spatial scales are not large (< 10 
km). More importantly, in this study design, the sample day is the 
unit of measurement. Although there may be spatial or other differ
ences between individual and ambient exposure estimates, these 
will only affect the effect estimates if they vary day-to-day and spe
cifically if these differences covary with ambient pollution. Thus 
errors in individual exposure are l ikely to be random and bias the 
estimated effect with respect to personal exposure towards the 
null. Moreover, we are not attempting to estimate the effect of per
sonal exposure, but rather the effect of day-to-day variations in 
ambient exposure of respi ratory symptom incidence. This is the 
relevant exposure for standard setting. 

Misclassification of the reports of respiratory symptoms in chil
dren by the parents is also possible. This would introduce a bias 
if reporting varied with perceived air pollution concentrations. How
ever, because air pollution concentrations were low in  this study, 
almost all below the standards set to protect public health, it is 
unlikely that parents were aware of, or modified their reporting 
in association with exposures. 

Chamber studies of exposure to 80 ppb ozone in exercising 
young adults have reported increased coughing symptoms as well 
as decreased pulmonary function (39). Given the exercise pro· 
tocol in these studies, the cumulative daily dose was undoubt
edly higher than those seen in our study. Ozone exposure has 
been associated with increased respiratory symptoms in asth
matics (40) and weakly associated with respiratory symptoms in 
a general population of adults (41). Higher doses of ozone have 
been associated with evidence of cell damage, mediator release, 
and Inflammatory response in bronchoalveolar lavage fluid (42). 
Oxidant exposure has been associated with the incidence of chest 
discomfort (25) and the duration (but not incidence) of coughing 
episodes in a diary study of student nurses (43). 

Recent studies have found associations between acute ex
posure to airborne particles and a continuum of effects including 
reductions in lung function (1-4), increased respiratory symptoms 
in mildly asthmatic schoolchildren (3), increased need for asthma 
medication in those children, increased hospital emergency room 
visits for asthma and other respiratory conditions (44-47), in-
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creased hospitalization admissions for asthma and other respira
tory ailments (17-19), and increased daily mortality, particularly 
for respiratory conditions (10-15). Asthmatics are not the only peo
ple who appear to show these effects. Decreased lung function 
and increased symptoms were seen in nonasthmatic schoolchil
dren (4), and a test for heterogeneity of response of lung function 
to particles in a general population sample of schoolchildren in 
Steubenville showed no evidence for heterogeneity (48). Increased 
symptoms also were reported in a Swiss diary study (21), and in· 
creased hospital and pediatrician visits for croup have also been 
associated with particulate air pollution (16). Increased school ab
sences have also been associated with particulate air pollution 
in a general population study (49). Acute respiratory morbidity also 
has been associated with particulate concentrations in adults (41). 
Exposure to particulates and S02 has been linked to increased 
bronchial secretion during colds (SO). The consistency of these 
findings across the full range of acute respiratory responses ar
gues strongly for the causality of these associations. Although 
confounding can not be eliminated as an explanation for these 
epidemiologic findings, in such time series studies the principal 
confounder is likely to be weather factors that have not been per
fectly controlled. The studies mentioned previously cover two con
tinents, and include locations where particle concentrations peak 
in the winter as well as locations where they peak in the summer. 
Humid and dry climates are included. These contrasts in climate 
suggest that the observed air pollution associations are indepen
dent of weather. In this study only data from warm weather months 
were used, which reduces possible confounding by weather or 
epidemics. 

Indirectly supporting evidence is provided by studies l inking 
longer term exposure to particles to chronic respiratory responses. 
These include a cross-sectional comparison of these cities find
ing a strong association between rates of acute bronchitis and 
PM15 annual concentrations (28), and a long-term follow-up of Sev
enth Day Adventists which found an association between in
tegrated particle exposure and the prevalence of chronic bron
chitis in adults (51). 

Thus, this study suggests that episodes of particulate air pol
lution, measured by PM10, PMu. nephelometry, or sulfate con
centrations, are associated with increased incidence of cough, 
lower respiratory symptoms, and also upper respiratory symptoms. 
These data did not support the hypothesis that the acidity of the 
particulates was associated with incidence of these symptoms. 
Ozone episodes were also associated with cough incidence. Thus 
increased symptom reporting was observed in association with 
summer haze events, which are characterized by high ozone and 
fine particle concentrations. The acidity of particles during these 
summer haze episodes was not specifically associated with re
spiratory symptom incidence. • 
Acknowledgment This study was only possible ihrough the voluntary partici· 
pation of the study families. The diary data collection was organized and com
pleted by Dr. Cliff Brown, Anne Jemas. and Gail Salois. Susan Briggs com· 
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To prospectively identify the determinants of persistent or accelerated loss of lung function among workers 

occupationally exposed to asbestos and assess the relative contribution of cigarette smoking, asbestos

induced pleural fibrosis, and specific findings from bronchoalveolar lavage and high resolution CT scans, 

we examined the determinants of lung function changes in 117 subjects occupationally exposed to asbestos 

for at least 1 yr in a high exposure setting . A minimum of 20 yr was required between the first exposure 

to asbestos and entry into the study. Baseline studies included an independent assessment of dyspnea, 

lung volumes, diffusing capacity of carbon monoxide (DLco), a chest radiograph, a high resolution CT 

(HRCT) scan , and bronchoalveolar lavage (BAL). S ubjects were observed for an average of 2 yr (range, 

0 .5 to 4.0 yr), and lung function was measured on at least two separate occasions (mean, 4.1 separate 

tests). During the period of observation, there was an average 1.5% decrease in the TLC and a 2 .5% de

crease in the DLco. In this longitudinal data set, after controlling for age, height, pack-years of cigarette 

smoking, and follow-up time, persistently lower measures of TLC were independently related to moderate 
to severe dyspnea (p = 0.005), diffuse pleural thickening (p = 0.007), and higher concentrations of fibronectin 

in BAL fluid (p = 0.01). Interstitial lung disease either on the chest radiograph or HRCT scan was not in

dependently associated with persistently lower measures of TLC during the period of observation. How

ever, none of the clinical variables we examined were associated with an accelerated decline in TLC. After 

controlling for age, height , and follow-up time, persistently lower measures of DLco were independently 

related to moderate to severe dyspnea (p = 0.006), increased pack-years of cigarette smoking (p = 0.00001), 

honeycombing on HRCT scan (p = 0.0009), and higher concentrations of lymphocytes (p = 0.0008), neu

trophils (p = 0.0005), eosinophils (p = 0.03), and fibronectin (p = 0.02) in the BAL fluid . Importantly, higher 

concentrations of neutrophils and eosinophils in the BAL fluid were significantly associated with an ac

celerated decline in gas exchange during the period of observation. These results indicate that among 

asbestos-exposed subjects, prognostically important risk factors include symptoms of dyspnea, cigarette 

smoking, diffuse pleural thickening, honeycombing on HRCT scan, and higher concentrations of inflam

matory cells and fibronectin in the BAL fluid . Schwartz DA, Davis CS, Merchant JA, Bunn WB, Galvin 

JR, Van Fossen DS, Dayton CS, Hunninghake GW. Longitudinal changes in lung function among 

asbestos-exposed workers. Am J Respir Crlt Care Med 1 994; 1 50: 1 243-9. 

Asbestosis and asbestos-induced pleural fibrosis are traditionally 
thought to be slowly progressive disorders. Radiographic evidence of disease progression appears to be associated with advanced age (1-3), increased evidence of asbestos-induced lung disease on the chest radiograph (1, 4-7), more extensive occupational ex-
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posure to asbestos (2, 5, 8-10), and cigarette smoking (1, 7, 9). 
Progressive restrictive physiology has been reported to be as
sociated with cumulative asb�stos exposure (8, 11-13), cigarette 
smoking (11), and either the presence of asbestosis (8) or of dif
fuse pleural thickening (4, 8) on the chest radiograph. Excess 
declines in diffusing capacity have been associated with higher 
concentrations of neutrophils in bronchoalveolar lavage (BAL) fluid 
( 14). Risk factors such as advanced age, more extensive occupa
tional exposure to asbestos, cigarette smoking, and specific ra
diographic abnormalities, which are found to be associated with 
disease progression , are particularly important when one con
siders that , among those with asbestosis, as much as 20% of the 
attributable mortality appears to be caused by progressive, inter
stitial fibrosis (15). Beyond the inherent clinical utility of these prog
nostic factors, specific risk factors may be particularly useful in 
identifying populations that may warrant aggressive therapeutic 
trials to diminish the risk of disease progression . 


